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Abstract

The distribution of arrival directions of cosmic rays is r@ably uniform over the complete spectrum
of energies. At large angular scales only tiny deviationsnfisotropy have been observed and huge
statistics are required to quantify the corresponding dotds. The measurement of cosmic rays
with energies above 1DeV is only feasible with large, earthbound observatorielse Tosmic ray
primary particles initiate cascades of secondary pastiitiehe Earth’s atmosphere. Every aspect of
the development of these air showers down to the measureshém resulting particles at ground
level needs to be well understood and controlled in orderdoigpely reconstruct the properties of the
primary particle. The development of air showers is suliedystematic distortions caused by the
magnetic field of the Earth. Both this and other local effectscapable of inducing false anisotropy
into the distribution of arrival directions. In this thesitbe effect of the geomagnetic field on the
energy measurement is modelled and quantified; conseguarabrrection of the energy estimator
is derived. Furthermore, a method is introduced to fit dippkterns to the distribution of arrival
directions of cosmic rays as observed from the field of viewihef surface detector of the Pierre
Auger Observatory. After correcting for all relevant loedilects the method is applied to data and
the parameters of a potentially underlying dipole are deiteed and evaluated.

Zusammenfassung

Die Verteilung der Ankunftsrichtungen kosmischer Teilehist auffallend gleichférmig im gesam-
ten Energiebereich. Bei grof3en Winkelskalen wurden nun&lébweichungen von Isotropie be-
obachtet und eine Vielzahl von Einzelmessungen ist erfiicieum die entsprechenden Amplitu-
den zu quantifizieren. Die Messung kosmischer Teilchen mérgien oberhalb von $BeV ist nur
moglich mit groRen, erdgebundenen Observatorien: Kagmi®rimarteilchen losen Kaskaden von
Sekundarteilchen in der Erdatmosphare aus. Jeder AsieekEntwicklung dieser Luftschauer bis
zur Messung der resultierenden Teilchen auf Bodenhoharbgdten Verstandnisses, um die Eigen-
schaften des Primarteilchens prazise rekonstruierekbmnen. Die Entwicklung von Luftschauern
unterliegt systematischen Verzerrungen durch das Magjdeter Erde. Dieser und andere lokale Ef-
fekte sind imstande unechte Anisotropie in der VerteiluagAnkunftsrichtungen hervorzurufen. In
dieser Arbeit wird der Effekt des Erdmagnetfeldes auf dierGiemessung modelliert und quantifi-
Ziert; eine entsprechende Korrektur des Energiesclsaizied abgeleitet. Des weiteren wird eine Me-
thode eingefuhrt zur Anpassung eines Dipols an die Verigilder Ankunftsrichtungen kosmischer
Teilchen aus Sicht des Oberflachendetektors des PierrerAbigservatoriums. Nach der Korrektur
samtlicher relevanter lokaler Effekte wird diese Methedé Daten angewendet und die Parameter
eines moglicherweise zugrundeliegenden Dipols werdenittett und bewertet.






CONTENTS

Contents

1 Introduction 1
2 Ultra High Energy Cosmic Rays and Extensive Air Showers 3
2.1 COSMICRAYS . . . o o e e 3
2.2 EXtensive Air ShOWEKS . . . . . o oo i i 4
221 Electromagnetic Componbnt ..................... 6
2.2.2  Hadronic Componént ......................... 8
2.2.3  Muonic Component . . . .. ... ... ... 10
2.3 Flux of Cosmic Rays . . . . . . . . 11
2.4 Compositio\n .................................. 13
2.5 Anisotropy of Arrival Directions of CosmicRays . . . . . .. ... .. 14
2.5.1 Propagation and Magnetic Deflection . . . . .. ... ... ... 16
2.5.2  Sources of Cosmic Rays . . ... ... ... . . ... . .. 17
2.5.3 PointSource SEarches . . . . . . o 17
2.5.4 Large Scale Anisotropy Searches . . ... 20
3 The Pierre Auger Observator;Jr 27
3.1 Fluorescence Detector FD . . . o o oo oo 28
3.1.1 Angular Reconstructionofthe FD . . . . ... ... ... .. .. 29
3.1.2 Energy and Composition Reconstruction ofthe FD . . ...... . 30
3.2 Surface Detector SD . . . . . . 32
3.2.1 Trigger System of the SD . 33
3.2.2 Measuresofthe Size of the SD . . « . . o o v v oo 36
3.2.3 Angular ReconstructionoftheSD . . . . ... ... ... .... 39
3.2.4 Energy EstimatoroftheSD . . . . .. ... ... .. ....... 42
3.3 FUMher DEtECIONS . .« « v o v o o e e e e e e 4 4
4 Angular Resolution of the Surface Detector 47
4.1 Angular RESOIULON . . . o o o 8 4
4.1.1 AR from Angular Reconstruction Uncertainty Estinsate . . . . . 49
4.1.2 AR from Comparison to Hybrid Direction . . . . . ... ... .. 51
4.2 Angular Reconstruction Systemdtics O © V24
4.2.1 Concept of the Analy%is ....................... 53
4.2.2  SystematicSfromDAta . . . . . o o 54

‘4.2.3 Remarks and Outlo\ok ........................ 58




X CONTENTS
5 Local Effects Inducing False Anisotrop‘l/ 63
5.1 Varying Area of the SD over TINE © o o 63
5.2 Varying Atmospheric Conditions over Time . oo 67
5.3 Effect of the Geomagnetic Field . .o 68
5.3.1 Intuitive Approach . . . . . ... .. 70
5.3.2 Rigorous Approach . . . . . . . . .. .. ... .. .. ... . ... 74
5.3.3 Model Parameters from Simulations of Air Showers 78
5.3.4  Systematic UNCertainties . . . . . . . ... ..o 80
5.3.5 Impact on Anisotropy Searches . . . . . ... ... ... ..... 1 8
5.3.6 Correction of the EffeCt . . . . . v oo 82
‘5.4 SUMMArY . . . . e e e e 82
6 Methods to Study Large Scale Anisotrop&/ 85
6.1 Methods in TWo DIMENSIONS . . . .« . v v e 19
6.1.1 RayleighMethod . . . . . . . ... ... .. ... ... .. ... 91
6.1.2  Wavelet ANalySiS . . . . o . o e 92
6.2 DIPOIE Fit . . o o 08
6.2.1 Maximum Likelihood Method . . . . . . .. ..o 98
6.2.2 X2MEthOd .« o o o 08
‘6.2.3 Remar&s ............................... 99
7 Monte Carlo Studies 101
7.1 Monte Carlo SkyMaps . . . . .. 101
\7.2 Parameter Reconstruction Reéults ................... 102
7.2.1 Reconstruction Precision . . . . . . oo oot 102
‘7.2.2 Isotrop&/ ................................ 112
7.2.3  Significance of Amplitude Measurements . . . . .. ....... 114
7.3 SUMMArY . . . . e e 115
8 Application to Data 119
8.1 DataSet . . ... .. . . . . e 119
8.2 Correction of Local Effedts . . . . . . oo 120
8.3 Dipole Parameters from ApplicationtoData . . . . .. .. ....... 121
8.4 SUMMArY . . . . e 124
9 Summar 127
A _Coordinate Systems 129
Al Geographic Coordinates . . . . . . . .. ... ..o 129
A2 Local COOrdINAES . . « « « o o v e e 301
A3 Equatorial Coordinates . . . . . . . . ... 130
A.4 Hammer Projection of Spherical Coordinates 132
A5 Shower COOrdiNAES . . .« « v v e 321
‘B ExtensiveAirShowerSimuIation'}; 135



CONTENTS Xl
C Amplitude and Phase Measurements 139
C.1 Probability Density Functions - Isotrdpy ................. 139
C.2 Probability Density Functions-Signal . . . . .. .. ... ....... 140
C.3 Sensitivityto Anisotropy . . . . . . .. .. e e 143
C.3.1 TestonAmplitude . . . .. .. .. 143
C.3.2 Test on Phase and Amplitlhde ..................... 4 14
C.3.3 Powerof the TESIS . . . . o o v oo e 144
C.3.4 Conclusion . . . . . . . .. e 145
C.4 Transfer of Results in 2D to Sph\ere ...................... 146
D Dipole Fit Methods 149
List of Figures\ 157
‘ List of Table§ 159
| Bibliography\ 163
Acknowledgemenﬂs 173






Chapter 1

Introduction

Cosmic rays have been discovered almost one century agachyress in 1912. They are
known to induce particle cascades commonly referred torashaivers which can be mea-
sured by ground based detectors. The largest earthboundac@sy experiment is the Pierre
Auger Observatory. It started taking data in January 20@4camstruction was completed
in 2007. The surface detector has accumulated more thanrtdva &alf million records of
extensive air showers in the EeV regime.

Due to the steeply falling particle flux, only a few percentloése showers exceed the
energy threshold dE > 10'8° eV above which the detection of air showers with the surface
detector is fully efficient. They are of particular interedten it comes to anisotropy studies
for two main reasons: Firstly, the exposure of the fully édfint detector can be calculated
from purely geometric considerations. Secondly, the latge energy of the cosmic ray
primary particle the smaller its deflection by galactic arttagalactic magnetic fields it is
exposed to on its way from source to Earth. This may allow &afgrming astronomy with
cosmic rays of highest energies knowing that the angulatugen of the detector is of the
order of few degrees.

Large scale anisotropy studies aim at quantifying poteatissotropy in the distribution
of arrival directions at rather large angular scales. Thgelst angular scale is given by the
definition of the dipole on the sphere. These large scaldestuate especially attractive
in the absence of exact knowledge of the actual strengthsrlfilent magnetic fields cos-
mic rays propagate through. These fields may disperse theumezharrival directions to
large patterns on the sky although the corresponding castyscmight originate in the same
source. Furthermore, some models of the ordered galactmetia field predict a dipolar
anisotropy from the point of view of an earthbound detectoe tb a magnetic lensing ef-
fect. Consequently, the cosmic rays may arrive isotropyicl our galaxy and still cause
detectable anisotropy on Earth. The same applies in thempecesof the Compton-Getting
effect which predicts a dipolar anisotropy derived from filoet that an earthbound detector
travels through the reference frame in which cosmic rayssateopic.

The irregularly growing detector in the deployment phast amd-2007 as well as its
uptimes and downtimes introduce a modulation of the sizé@fdetector over time which
must be carefully accounted for when performing anisotrsfudies. Besides, the mea-
surement of cosmic rays with the Pierre Auger Observatocygcindirectly by means of
the particles produced in the air shower cascades that they ihitiated. This makes the
observables sensitive to external conditions in terms célleffects such as atmospheric
variations and the geomagnetic field. If not accounted feqadtely, the unsteady size of
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the detector as well as these external conditions will baloi@pof mimicking anisotropy in
the distribution of arrival directions of cosmic rays.

In chapter 2, the history and theory of ultra high energy dosialys and air showers
as well as the current status and results of extensive aweshexperiments is introduced.
An overview of the Pierre Auger Observatory is given in clea®, the basic properties of
the detectors and the respective reconstruction methods ehowers are discussed. The
angular resolution of the surface detector is analysedapteh 4. In chapter 5, the impact of
external conditions on large scale anisotropy studiesantjied and the respective correc-
tions are described. Methods to study dipolar patternsamlistribution of arrival directions
as recorded with the surface detector of the Pierre Augee®atory are presented in chap-
ter/6 and tested on sky maps generated by means of Monte @atéatons in chapter 7.
These methods are applied to real data taken with the sulfsteetor of the Pierre Auger
Observatory in chapter 8 after having applied the necessamgctions to get rid of local
effects.



Chapter 2

Ultra High Energy Cosmic Rays and
Extensive Air Showers

2.1 Cosmic Rays

Highly energetic particles coming from outer space are paently hitting and penetrating
the Earth’s atmosphere. The charged part of these is comymgfiefred to as cosmic radia-
tion which mainly consists of ionized nuclei (98 %), ther8@f% protons, 12 % -particles
and 1 % heavier nuclei; electrons yield the remaining 2 %. tilgas and photons finally
make up the neutral part of the incoming particles [Lon92jeJe values rely on direct mea-
surements of the huge patrticle fluxes at energies beld®'® eV which yield far more than
99 % of the integrated flux of cosmic rays.

History

In 1785, Charles-Augustin de Coulomb unsuspectingly alegkthe ionizing effect of cos-
mic radiation when he found that a simple electroscope laseharge though being well
insulated. After the discovery of radioactivity in 1896 bt Becquerel it was believed
that ionization by naturally radioactive material coulghkn the charge leakage.

A series of experiments followed investigating this pheraon and its dependence on
altitude above ground, i.e. distance to the potentialhgatind sources. Measurements on
the Eiffel tower [Wul09] showed a significant drop of the ipatiion rate. In order to increase
the distance to ground Victor Hess performed balloon flight$912 reaching altitudes of
5300 m. He found out that the ionizing radiation indeed distiad up to 1500 m. However,
then it started to increase again finally reaching even fages at 3600 m compared to
ground level [Hes12]. This led to the idea of an extrateri@sirigin of the radiation. Further
experiments could establish this idea and even show thataiiation was of extrasolar
origin.

In 1925 Robert Millikan discovered that this cosmic radiatwas capable of causing
changes of the atmospheric composition; the interactiéreosmic rays and particles of
the Earth’s atmosphere, i.e. usually nitrogen or oxygenaenygroduce secondary particles
which themselves may interact with atmospheric constigierhe particles produced during
this process are referred to as secondary cosmic rays. Adews\after Millikan's explo-
rations of cosmic rays and secondary particles the firstiddal particles could be identified
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Table 2.1: Typical particle fluxes at various orders of magnitude indowmit of energy. These
values have been estimated from the results of the PierrerADgllaboration [Abr10a]
and the famous spectrum by Sworelyal. [Swo01].

energy 1blev 3x10%ev 3x10%eV 3x10%eVv 1020 eV
flux  1(mes) UMmed)  1(nfy)  5/(knPy) 5/(1000 kn?y)

by means of photographic plates and cloud chambers, e.gidhethe muon, the kaon and
the positron.

In the late 1930s, while the Nobel prize was given to Victossian 1936, Pierre Auger
observed time coincidences of particle detections in lbotally separated detectors on
ground level [Aug38]. Relying on Millikan’s investigatisrhis conclusion was to assume
a common origin of these coincidently measured particlessn@c ray primaries initiate
cascades of secondary particles originating from the mdimteraction with an atmospheric
constituent. These cascades are commonly referred to ah@iers. Additionally, the
measurement of coincidences caused by secondary pamidpatially separated detectors
provided a first means to estimate the energy of cosmic rays.

While Pierre Auger was capable of measuring energies to gerupmit of 10t eV,
the energy range of cosmic particles as being measured @radeair shower experiments
during the previous decades continuously grew up 8 &. The highest energetic cosmic
ray event reported so far was recorded in 1991 by the HiResrgmpnt at an energy of
3.2 x 10?% eV. However, cosmic rays become less frequent with inongasinergy; in fact,
their flux has been shown to follow a steeply falling power.l&@me values of the flux of
cosmic rays are given in table 2.1 for typical energies. Bongarison, the energy reachable
by state-of-the-art man made particle accelerators arsdont 1012 eV in the centre of
mass system corresponding 4010’ eV in the cosmic ray case. And maybe even more
tangible, the energy of a tennis ball played at a speed of 200 kas a kinetic energy of
1.4x 10%eV.

The altitude of first interaction of a primary cosmic pasialith atmospheric constituents
typically amounts taZ(10) km. Therefore, only satellite and balloon experiments amia
cable to measure cosmic rays directly. For obvious reasbisdjmits the detection area, so
that only primaries below 28 eV arrive with fluxes large enough to be measured directly
with reasonably high statistics. Alternatively, groungbesximents are suitable to detect sec-
ondary particles that yield information about their “imneg@” origin, i.e. the cosmic ray
primary. On ground level, huge detection areas allow tosgeaergies up te 10°% eV with
sufficient statistics. Therefore, it is necessary to inges¢ and understand the properties of
Extensive Air Showers (EAS).

2.2 Extensive Air Showers

When a cosmic ray particle hits the Earth’s atmosphere detgoes a nuclear reaction with
an atmospheric constituent. In case of a hadronic primarycpg its strong interaction
partner is a nucleus of a nitrogen or oxygen atom, accordirthe composition of the at-
mosphere. This first interaction forms a multitude of seempgbarticles which themselves
may interact with atmospheric constituents, thus initigta cascade (see figure 2.1, left).
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Figure 2.1: Schematic view of an extensive air shower [Alk75]: The léfitshows typical particle
interactions and decays leading to the development of ttee ttlominant components
of an air shower. The right plot schematically indicatesdeemetric properties of an
air shower; the dimensions are not to scale, the first intieratypically occurs at an
altitude of~ 10 km and while the longitudinal thickness of the shower désof the
order of 1 m, the lateral spread of the shower amounts to alkitsmetres.

The particles in such an air shower form a disc with a thickreés few meters and a lateral
diameter of up to some kilometres (see figure 2.1, right)eddmg on energy and type of
the primary particle. Furthermore, the thickness of th&cds small at the shower centre,
©0'(1) m, while increasing to its edgey 100 m. The shower disc propagates through the
atmosphere with the speed of light, virtually; since theoselary particles have the same
spatial direct or indirect origin, i.e. the point of first@maction, the shower front is slightly
curved. However, it can be considered as plane in good appabion.

The number of secondary particles produced rises with tta¢ éaergy of the primary.
A proton at an energy of 0 eV for example produces 10° secondary particles [Gru00].
Air shower simulations show that protons Bf= 10'° eV produce even more than 10°
secondary particles. The instantaneous number of partielees while the air shower prop-
agates in the atmosphere. It firstly rises as described bgeada like process of particle
production. As soon as the particle energies drop below théyation limit of new secon-
daries, the number of particles falls exponentially witmaspheric depth.

Cosmic rays at high energies generate extensive air showkose secondary particles
are capable of reaching the Earth’s surface. The integraposition of secondary patrticles,
as being produced during the development of an air showeiyén by table 2.2. These
particles are not only created by hadronic, but also by mlewgnetic interactions. The
dominant decay modes of mesons responsible for the gememaitithe muonic and elec-
tromagnetic component of air showers are given in table Pt& basic properties of these
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Table 2.2: Integral composition of secondary particles: Relative am@f particles produced in air
showers in the atmosphere.

particle type photons electrons muons hadrons
percentage 80 % 18% 4% 03%

Table 2.3: The table shows decay modes of charged mesons produceddevbi®pment of an air
shower. The most relevant processes responsible for tiieigiion of the main compo-
nents of the shower are indicated.

Production of electromagnetic component
Kt — w4+, ® —  y+vy

Production of muonic component
o= P4y, T = pt4yy
Ko — pu +v,, Kt — pf4y,

components will be described in the following subsectidri®e aspects of air shower simu-
lations including the display of tracks of secondary p#&tids given in appendix|B.

2.2.1 Electromagnetic Component

The decay of neutral pions, themselves generated e.g. fraom idecay or other hadronic
interaction processes, initiates an electromagnetic (Eddgade; the photons produced gen-
erate electron-positron pairs (pair production) that im tcreate newys via bremsstrahlung,
thus forming a cascade. Of course, this type of cascade sarbalinitiated by an electro-
magnetic primary particle. Other EM interactions like pietectric effect, Compton effect
(photons) and ionization (electrons) can be neglected regpect to the high energies nec-
essary for the cascade development [Rao98]. Based on thiesactions, Walter Heitler
introduced a model for the characterisation of an electgpraic shower [Hei36]. This
model will be reviewed briefly in the following.

The short radiation length of electrons and photons iniaify 36.7 g/cn?, results in a
rapid absorption of EM particles; therefore, the EM compang commonly referred to as
the soft component of an air shower. The development of thecBd¢ade can be modelled
in steps of splittings. Splittings are the interaction @sses available in the EM component,
see figure 2.2(a). They occur every

d = A In2= 254 g/cnf (2.1)

with d the average distance after which a photon splits inte'a@ pair or the distance over
which an electron loses half of its energy by radiation. kt,fd is the distance after which
an electron loses on average half its energy due to radjaggunvalently, according to the
definition of the radiation length, a photon has travellegragimately half of its mean free
path for pair production. Aften splitting lengths, a distance af= nd has been travelled
and the total number of particles, also known as the showey isiN = 2" = &/ In air the

critical energy below which radiative energy loss fallsdvelthe loss due to ionizations is
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n=1

n=2

n=3

(a) (b)

Figure 2.2: Cascade steps of an extensive air shower [Hei36]: (a) shgpisat alternation of
bremsstrahlung and pair production of the electromagrestgcade. (b) indicates a
hadronic cascade eventually feeding the muonic compoment fr*-decays next to
the contribution to the electromagnetic part of the showaitlve generation of neutral
pions. The drawings are not to scale.

Eé’m =85 MeV. In case the cascade initiator was a photon of enéggihe shower reaches
its maximum number of coexisting secondary partitlegxwhen all particles have reached
the critical energy, so that

Eo= Egm *Nmax - (2.2)

The corresponding depth of penetration of the shower atasimmum is reached aftetit
splitting lengths. Using equation 2.2, the relatpax = 2"t < nerit = IN[Nmay/IN2 leads

to Nerit = In[Eo/Eé’rit]/In 2. Finally, withx = nd and equation 2.1, purely electromagnetic
cascades reach their maximum at

Xhax= Neritd = Ar IN[Eo/Elyy ] - (2.3)

The elongation rataV is defined as the “rate” at whickhaxincreases with primary energy
Eo,

y — dLan

dlog;oEo

The Heitler model of EM cascades has proven to produce rahtopredictions when it
comes to order of magnitude estimates. More preciselyproduces two important features
of EM shower development which have been confirmed by bothilddtsimulations and
experiments: The maximum size of the shoNggyis proportional to the primary enerdgy
and the depth of maximum grows logarithmically wigh at a rate of 85 g/céper decade of
primary energy. However, testing the model predictionsregaimulations also shows that it
is inadequate to some extent: As already pointed out by iteoauthe model underestimates
the ratio of photons to electrons; it does not take into astowltiple photon generation via
bremsstrahlung and in turn neglects the quick absorpti@heatrons. In order to correct for
this inadequateness, the actual number of electigrean be estimated to be a tenth of the
total number of EM patrticles, e.g. the charged fraction efshower size at the maximum
becomedNe = Nimay/10 [Mat05].

= 2.3\, = 85g/cnf . (2.4)
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The lateral spread of the electromagnetic component ofraghaiver reaches values of
up to several kilometres depending on energy. This lateredldpment is due to multiple
Coulomb scattering; the corresponding lateral densitgtion (LDF) models the lateral dis-
tribution of EM patrticles; this is commonly done by the Nisthira-Kamata-Greisen (NKG)
approach [Gre56, Kam58, Gre60],

(s-1) (s—4.5)
A(Ner) = 2 Cy(s) (L) (1+i) , (2.5)

2mr§ ro ro

whereNg is the number of charged particles in the EM shower AndNe,r) is the area
density of particles (per f) at distance from the shower axis in a plane perpendicular to
this axis;Ce is constant for a fixed shower age, parametrisegldnydr is the Moliere radius,
i.e. a measure of the transverse dimension of the EM showgwroXimately, the Moliere
radius relates to the radiation length likex~ 0.0265\,(Z + 1.2) with Z the atomic number
of the material penetrated. This expression is meaningiubffixed atmospheric depth,
i.e. fixed air density, and, given inm. According to Greisen referring to the exponential
nature of the atmosphere in pressugeshould be taken at two radiation lengths 2bove
observation level, e.g. at sea level thisis 81 m. The shogerss = 0 at the point of shower
initiation, s= 1 at the shower maximum arsd= 2 at the point where the shower dies out.
The validity of the NKG function has been tested with simiolas extensively and ranges
from 0.8 < s< 1.6, [Gai90].

2.2.2 Hadronic Component

When a hadron (most likely a proton) enters the atmospheoe|lides with atmospheric
constituents being subject to strong interaction. In chsetimary is a proton this first col-
lision will take place in an altitude of 15 to 20 km becausehaf proton interaction length of
/\lp = 90 g/cnt [Gru05]. Thus a hadronic cascade is initiated producingseary particles,
mostly pions. Kaon production on the other hand is lessylikath a relative probability
of 10 % compared to pions. The interaction length of pions @am®toA™ = 120 glcnt.
Charged pions are supposed to be subject to further hadirderaction, whereas neutral
pions decay most likelyl® — 2y as the life time of the latter is much shorter than the in-
teraction length: Since they decay electromagneticailir fife time is a factor of~ 10~°
times shorter compared to the weakly decaying charged plan®inciple, a hadronic cas-
cade can also be initiated by an electromagnetic primary ¢éhdEM component originally
produced by a®; though not very likely, the probability of this to happertieases with the
primary’s energy.

The Heitler model of electromagnetic showers has been addptproduce a depiction
of the cascade induced by a hadronic primary [Mat05]. In tieing this model will
be reviewed briefly. There is need to account for not only daidrinteractions of charged
pions but also EM processes initiated by neutral pions, geeefi2.2 (b). The model of the
purely hadron driven cascade can be designed similar tothedSe. The analogous of the
radiation length for EM particles is the (strong) interantiengthA;. In every interaction
step, roughlyN., = 10 charged pions are produced. Since there are three pighsyws of
them charged, two third of the total energy can be assumed to be transferred to charged
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pions. Aftern interactionsN; = (N¢h)" charged pions exist and their average energy is

B
(3Nen)"

The critical energy of charged pions is the energy at whidy thmave equal probability to
interact or decay. It can be estimated applying equatiom2d6amounts t&l, ~ 20 GeV.

crit
The number of interactions necessary to make the energyaojeti pions drop to the critical

valueE[;; can now be calculated,

(2.6)

s

ncrit = w = 085|0g10[E0/EC|'|t] 5 (27)

In [%Nch]

leading tonerit = 3, 4, 5, 6 for Eg = 1014, 1015, 106, 107 eV, respectively. The full set of
five parameters for the Heitler model of hadronic showers the

A =37glent, E/y =85MeV, Nen=10, A =120g/cnt, EZ; =20 GeV. (2.8)

With these parameters and usiNg = Ny, the total energyEy is given by the number of
hadronic and electromagnetic particles and their resgeectitical energy,

Eo = 10NEY +N,EZ; ~ 0.85 GeV(Ne+24N,) . (2.9)

The electron and muon numbexgs and N, can be computed from the total and critical
energies.N, is obtained from equation 2.7 asNp = Neyit INNep = 0.85In[Eg/EL..] andNeg

crit

is estimated under the observation of energy conservaign- Eo — N,EL, so that

E 0.85 1E
Nu:( 0) o Ne em (2.10)

E(L:lrit 10 E(‘:/rit

For the estimation of the atmospheric depth of the showelmax of a hadronic shower
initiated by a proton, the EM cascades must be consideresl/fy step of® creation. The
first interaction occurs at an atmospheric degh= A, In2 and yielddN., photons produced
from the decay of thé&.,/2 neutral pions available. The EM shower initiated in turn by
each of these photons carries an energg9f(3N). Similar to equation 2/3 the depth of
maximum is obtained as

XL =IN2A) + Ar IN[Eo/ (BNGhEY )] = Xiax+ N 241 — Ar IN[3Np] . (2.11)

Finally, the elongation rate for proton induced showers is

d
P_ AV = — ~ . .
AP=AY 4 d100,0Eo {In2A; — Ar IN[3Ngy] } ~ 58 glent (2.12)

The transverse momenta of highly energetic hadrons on geésaather low compared
to their total momenta; thus, they are concentrated withiacdus of~ 10 m around the
shower axis. When the energy of a hadron drops below the pimtuption threshold, it
loses energy through ionization until it decays or is stappe



10 Ultra High Energy Cosmic Rays and Extensive Air Showers

LDF / a.u.

1024 =TT N
10
10° |
] ~——muonic

7 , L
10 177" electromagnetic

1 10 10° 10°
r/m

Figure 2.3: Comparison of lateral profiles of muonic and electromagnedF: The functions are
taken from equations 2.5 and 2,13, for the qualitative coiapa they have been scaled
to match with the same y-axis range.

2.2.3 Muonic Component

80 % of the charged particles reaching sea-level are mudres; dre produced by the decay
of charged mesons; the production modes via the decaysé piad kaons as given in table
2.3 are dominant. Muons live 100 times longer than pions éir trespective rest frames;
moreover, their range is extended by relativistic timetdiian enabling most of them to
reach the Earth’s surface. Muons gain less lateral momewturtheir way through the
atmosphere than multi-scattering electrons. Similargoation 2.5, Greisen has introduced
a parametrisation of the lateral distribution of muons e

AN 0 (L)_lhzs (1+ L) _2.5, (2.13)

2mr3 \ro ro

whereN, is the number of muons in the showéx(N,,r) is the area density of muons at
distance from the shower axis in the shower plamgjs again a measure of the transverse
dimension of the muonic component. According to Greiggrhas to be obtained experi-
mentally and a value af = 320 m is adequate for the observation at sea level. A quaétat
comparison of the LDFs for the muonic and electromagneticpmnent of the shower, see
equations 2.13 and 2.5, is given in figlre 2.3; it shows theetgul behaviour of a smaller
spreading of the muons compared to the EM component. Mu@nsarcentrated around
the shower axis, while EM particles tend to spread more gtyon

Neutrinos in air showers are mainly generated by both piahnanon decay. On the one
hand, they play an inferior role in the measurement of seagnparticles in EASs as they
interact only weakly and the corresponding cross sectiemigll. On the other hand, these
atmospheric neutrinos make up a huge background for expetgraiming at the detection
of primary neutrino particles such as IceCube [Hul11l] and3Nét [HR09]. With IceTop
[Sta09] the former even makes use of an air shower detect@ttoatmospheric neutrinos
originating in extensive air showers.
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2.3 Flux of Cosmic Rays

The flux of cosmic rays is described as the particle fladepending on the enerdy. The
differential expression commonly used as an approximdtoeeveral orders of magnitude
is the following power law:

(2.14)

whereé is called the spectral index. Accordingly, the flux is ofteferred to as the energy
spectrum of cosmic rays, especially when emphasis is laith@energy. At first sight, the

energy spectrum looks almost featureless. This propertybeanterpreted as the result of
a mechanism of stochastical acceleration of charged {estis proposed by Fermi [Fer49].
The acceleration mechanism could for example apply to whppéns during supernova
explosions: Material of several solar masses is ejecteld watocities beyond the speed of
sound into the interstellar medium. Strong shock wavededethis way propagate radially
and could accelerate a particle every time it passes th&$rmd.

The flux of cosmic rays is described by a broken power law vetitbut apparent changes
of the spectral index, see figure 2.4. For energies startimg L0 eV & equals 27. A
convex bent in the spectrum around3 x 10'° eV, commonly referred to as theeg cor-
responds to an increasing spectral indéxchanges to 3. At ~3x 108 eV it falls to a
value of 26 corresponding to a concave bent of the spectrum curvertkie For energies
beyond several & 10'° eV, the spectrum experiences the feature ofttee another con-
vex bent changing the spectral indexéte= 4.3. In general, possible interpretations of the
features in the spectrum cover changes of the acceleratemianisms at the sources, an
effect of cosmic ray propagation and energy dependent @saingthe hadronic interaction
cross-sections (see [BIu09] and references therein).

There are three concurrent scenarios attempting to extilaknee Firstly, it may be a
feature generated by the limitations of thinkable accélemgprocesses. More precisely, the
energy of the cosmic ray is proportional to the charge of #gmigle; the maximum energy
the cosmic ray can be accelerated to is determined by the&ike accelerator which must
be larger than the gyroradius of the particle. Therefore,kieecould be explained by
limitations of the spatial extent of accelerating regionben, the energy of theneewould
be proportional to the cosmic ray particle charge Z. Anoptasible explanation of tHenee
is a change in the regime of diffusion in the galactic magrigid [Can02]. Appropriately
parametrised, these changes can impact the energy degerafehe escape probability of
cosmic rays from the galaxy. Thirdly, ttkkeeeis possibly not a genuine feature of the cosmic
ray flux itself but rather of its observation on Earth. Thisilkcbbe caused by a change of the
hadronic interactions at highest energies, e.g. new typlesayvy particles might be created
which in turn escape undetected [Erl02]. In this scenaroethergy of thé&kneewould scale
with the particle mass number A.

There is another feature in the cosmic ray energy spectrum3ak 107 eV, thesecond
knee Common interpretations relate it to composition-spegfaperties of cosmic rays in
the context of the transition of their origins from galadbextragalactic.

The most commonly believed explanation for Hreklein the energy spectrum would be
the transition from a dominantly galactic to an extragatabmponent [DMO5, Hil06]. The
ankleis the energy at which both components contribute in equakuomre to the particle flux.
Different elaborations of this scenario exist concerning ¢xtragalactic composition and
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Figure 2.4: The flux of UHECRSs as obtained from measurements by the Pharger Observa-
tory (PAO) [Abrl0a], HiRes [Abb08b], KASCADE [Ant05] and KBCADE Grande
[Hau09]. The flux has been scaled by a power @f @& the energy to emphasize devia-
tions of the gradient from a pure power law. Three featuresbesidentified in the plot:
In analogy to the anatomy of a human leg, they are commongyned to aknee ankle
andtoewithin the astrophysics community. The plot was providedSbgfan Fliescher,
Dr Christine Meurer and Tobias Winchen.
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Figure 2.5: The composition of cosmic rays is measured indirectly makise of the observable
of the shower maximunXnax. Measurements by the Pierre Auger Observatory imply
a change in the composition from rather light particles taerately heavy nuclei or a
mixed composition. Plot taken from [Roul1l].

relatedly the actual energy at which the transition occbos.example, extragalactic protons
dominantly contributing to the flux already at lower enesgieoduces™ e -pairs with CMB
photons [Ber0O6a]; consequently, these protons lose erardytheir flux is suppressed at
higher energies while being enlarged at lower energiess &kplanation would make the
ankle a pure propagation effect, it is called the dip model.

Above energies of & 10'° eV, proton primary particles are supposed to lose energy via
the production of pions when interacting with photons of¢bhemic microwave background
(CMB), N+ yms — A — N+ m. This prediction is commonly referred to as the Greisen,
Zatsepin and Kuzmin (GZK) cut-off [Gre66, Zat66] and was maldortly after the detection
of the CMB in the 1960s [Pen65]. Essentially, this prediti® supported by the clear kink
in the flux of cosmic rays at several 10 EeV, toe it has been measured consistently by
both the Pierre Auger Observatory and the HiRes experinmieriact it was shown that the
spectral index changesat30 EeV from—2.6 to —4.3 with a significance of 50 [Abr08b,
Abrl0a]. However, other explanations of ttae exist such as a drop of the acceleration
power at the sources and its true origin remains uncertain.

2.4 Composition

Below 10 eV the elemental abundance in the flux of cosmic rays can beursédirectly
using detectors above the atmosphere. This is not appticaliligher energies due to the
steep decrease of the flux with growing energy. Ground bagestienents can make a state-
ment about the mass of the cosmic ray primary particle by oreagsthe secondary particles
and estimating the altitude of first interaction. Heavy Buale supposed to interact higher
in the atmosphere than light particles. Often, the pointrst fnteraction is not accessible
with the detector, or more precisely out of the field of viewtlué detector. However, with a
detector capable of measuring the longitudinal developmitihe particle cascade it is pos-
sible to determine the shower maximMpay the depth at which the number of secondary
particles is largest. It is connected to the depth of firgriattion and thus, to the primary
particle mass.

Both the mean and the RMS of the shower maximum distributioa specific energy
bin contain information on the composition of the cosmicsr@ppulating this bin. The
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measurements can be compared to the expectations demvedimulations of air showers
which make use of different hadronic interaction modelsighést energies. As shown in
figure 2.5, these different model predictions produce rcamyeement for the extreme cases
of the lightest charged hadron, the proton, and the heavie$¢us thinkable as a cosmic ray
primary particle. The results obtained with fluorescendcecer measurements by the Pierre
Auger Observatory imply a change in the composition frorheatight particles at energies
of 108 eV to moderately heavy nuclei or a mixed composition beyodtf &V [Roul1].

In the overlapping energy range of the measurements, tless#{s agree with HiRes data
published in [AZ0O0].

Also uncharged cosmic particles such as photons and nesitaire capable of initiating
extensive air showers. Photons are investigated with oespéheir contribution to the total
cosmic ray flux since their abundance provides informatimthe composition of dark mat-
ter. For example, several models predict dark matter to bderog of Weakly Interacting
Massive Particles (WIMPs) [Pri88]; if WIMPs were majoraratles [Maj37], the annihi-
lation of a pair of these would possibly generate photongeding on the respective dark
matter model, predictions of the photon abundance at higlressgies can be derived and
tested by corresponding experiments. Furthermore, thieoptabundance is sensitive to the
type of process of cosmic ray particle acceleration: Toprdowdels predict cosmic rays at
highest energies to be generated by decay processes frofdamal defects and relics of
the early universe. This is opposed to the bottom up modeishadiaim that charged par-
ticles of the interstellar matter are accelerated to higéesrgies e.g. by shock waves. Top
down models predict a larger photon fraction since photoadilely to be produced in the
decays of cosmological relics where the energy of the plsotogenerated instantaneously.
It is unlikely that photons are accelerated in bottom up ades. Some of these models
have been excluded recently by measurements of in panticoganic ray experiments such
as the Pierre Auger Observatory, see figure 2.6(a). Anothiengial source of highest en-
ergy photons and also neutrinos is the GZK process desceiaier: The pions produced
by the interaction of cosmic rays with the CMB photons decdgyg two gammas or muons
and neutrinos (see table 2.3) which in turn would lead to asueble fraction of these in
the cosmic ray flux.

Measurements at energies around®¥V and above have been able to set limits on the
flux of neutrinos and photons, see figures 2.6. These limigsdy exclude the super heavy
dark matter and hot dark matter models with the latter piogidhe necessary basis for
top-down models of cosmogenesis, figure 2/6(a), [Ber05¢abe the cosmic rays at highest
energies are protons, both limits obtained by the PierreeAQ@dpservatory [AbrO9b, Abr09d]
are supposed to become sensitive to the GZK photon and mepirediction within the next
years of data taking.

2.5 Anisotropy of Arrival Directions of Cosmic Rays

The distribution of arrival directions of cosmic ray prires is remarkably uniform. Espe-
cially for the huge statistics of particles with energiebel 01 eV no significant deviation
from isotropy was observed. Observations related to theadplstribution of arrival direc-
tions of cosmic rays can have implications on their sournggrms of spatial distribution
and models of acceleration and theories of the propagatidmegnetic deflection of these



2.5 Anisotropy of Arrival Directions of Cosmic Rays 15

Photon Fraction

E2f(E) / [GeV cm2 s sr]

10"

102

-
e
[

ey
e
»

=y
]
a

A2

poiihnl

e : ' Augér SD
L~ !‘::‘*_I Augefsp SHOM _
R A 2 PR PP SHDW'
L= T e ™ |
= Z Burst 3
C GZK ]
C 1 1 1 1 1 1 I 1 1 1 1 1 1 11 I B
1019 1020
Lower Energy Threshold / eV
(@)
= GLUE'04
iy [
= Auger differential FORTE 04
= SO
= Lo
- E)~-E}--'\‘E]‘ a
e o
e o o
C ICH S
= ANITA-lite
E Baikal = =0 M HiHes T TTTTTTTTTTTtt
E e RICE'06
| AMANDA
S A ANITA'08
3 A‘uger‘ Ime\g I‘at‘ed | SRS | | |
1 014 1 016 1 018 1 020 1 022 1 024 1 025

Neutrino Energy / eV

(b)

Figure 2.6: Upper plot: Limits (95 % confidence) on the photon abundamc&lHECRs by the
Pierre Auger Collaboration exclude super heavy dark m&g8etDM) and top down
(TD) models (adapted from [Abr09d]). Both plots: Both photand neutrino limits are
close to becoming sensitive to the predictions derived f@&fkK interaction with CMB
photons (lower plot taken from [Abr09b]).
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Figure 2.7: Aspects of the propagation of cosmic rays. (a) Gyroradiuss a function of magnetic
field strengthB and cosmic ray energl, see equatioh 2.15. (b) Attenuation length
versus energy of the cosmic ray primary for various parttgfges at redshifz = 0
[AllO6], see text for details.

particles. Anisotropies at small angular scales may pimpbie directions of point sources
while large scale anisotropies are supposed to yield irdition on propagation and deflec-
tion aspects the cosmic rays are subject to.

2.5.1 Propagation and Magnetic Deflection

As cosmic rays are charged particles, they are deflected lagtgaand extragalactic mag-
netic fields while travelling through outer space. Thusedional information originally
carried by the particles may be lost, depending on the erdrthe primary, the distance of
its origin and strength and topology of the magnetic fields @xposed to. The gyroradius,
also Larmor radius, is given ag= pr/(|q|B) with the transverse momentupi of the par-
ticle, its chargeg and the B-fieldB it is exposed to; in the relativistic case it can be written
as a rule-of-thumb expressing the physical quantities pr@iate units:
E/EeV
Mg~ (108pom , (2.15)

with E the energy of the particle, Z its number of charge easrand B the magnetic field
strength; 1 pc = 3857 x 10> m. Figurd 2.7(a) shows the development of the gyroradius
for varying magnetic field strength and cosmic ray energync&ithe deflection decreases
at higher energies, it is not too unlikely, that the arriviakdtions of highest energy cosmic
ray primaries point back almost directly to their source$ie Tact, that gyration radii are
expected to be rather large at these high energies (e.gti@y@al5 yieldsrg ~ 100 pc at
a particle energy oE = 1 EeV = 108 eV and for a field strength of the order Bf= 1
nT), does not reduce the necessity to take into account tlymetia fields and even their
evolution through the last tens of million years; sourcey esily reside at distances larger
than 10 Mpc corresponding to 32x 10° ly [Gru00].

Unfortunately, only little is known about the topology ofcéufields. There is no consen-
sus on the size of the magnetic field strength within our galBstimates and measurements
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differ by several orders of magnitude €8(10~/ —107°) T) [Bec09, Han09]. Finally, it is
worth noting that the observation of (small scale) anigotnmay not only indicate possible
sources but also yield an upper limit on the influence of magriields in turn providing
information on their strength and shape.

Next to magnetic deflection, cosmic rays are supposed tolijectuo attenuation during
their propagation. According to the GZK effect describediea protons of energies beyond
E ~ 5 x 10'° eV will suffer energy loss when producimgresonances with photons of the
CMB. In case of primary particles heavier than protons, grscedure will not only lead
to energy loss processes but also result in spallation afigletei. Further interactions with
photons of the CMB, but also in the infrared (IR), visible arltaviolet (UV) wavelength
range, are supposed to occur at lower energies and thusjbctatto the attenuation of
cosmic rays. In figure 2.7(b), the attenuation length is giversus the primary energy for
different primary particles at a redshift o= 0 [All06]. It shows for example that if cosmic
primaries at energieB ~ 10! eV (10?° eV) are protons or iron nuclei, their sources will
likely reside at distances closer thas 80* Mpc (10° Mpc). In the range between, however,
iron nuclei are allowed to travel larger distances thangrst Finally, at energies above
E ~ 10%° eV the attenuation length falls quickly below100 Mpc for any particle type.

2.5.2 Sources of Cosmic Rays

There is a fundamental restriction to the possible sitesadiigle acceleratic% Given the
size of the magnetic field at the site of acceleration and baege of the particle that is
subject to this acceleration, the diamekeof the accelerating region must be two times
larger than the gyroradius of the particle. This is necgsgakeep the particle inside the
region until it has gained a certain energy. Mathematicalban be written a&-B 2 2ry-B
and accordingly we derive from equation 2.15:

L/pc-B/nT > 10 E/Eev . (2.16)

A summary of known astrophysical objects and their positioa plotmagnetic fieldrersus
sizeis given in figure 2.8. Apparently, none of the known object$ils the fundamental
conditions to accelerate protons to?4@V. However, some of them are capable to accelerate
heavier nuclei (with largeZ) to such energies, e.g. Active Galactic Nuclei (AGN) and
Gamma Ray Bursts (GRB).

2.5.3 Point Source Searches

At highest energies the gyroradii of cosmic rays becomeelaggy.rq > 100 kpc for particle
energies oE > 10'° eV and magnetic fieldB < 1 nT. In this case there is a chance that
cosmic rays point back to their origin, and thus make UHECQRbasmy feasible. However,
the small flux of these UHECRSs leads to the task of derivingchimions from only little
information available. This can make it difficult to prodwgignificant results with regard to
anisotropy studies.

INote that the sites of particle acceleration are often retkio as the sources of the cosmic particles. Even
though that may not necessarily be the case, the main foclmsarest of astroparticle physicists lies on the
particle acceleration process, not the generation process
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Figure 2.8: The Hillas diagram shows the relation of size and magnetid & possible sites of
particle acceleration, see equation 2.16. Objects belewdihgonal solid line cannot
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erating shock. Larger shock velocities correspond to en&#ields and sizes of the
regions necessary to accelerate particles to the sameyameigdicated by the dashed
line. The same applies to nuclei heavier than protons. Asdbfpom [Blu09], originally
in [Hilg4].

The AGASA collaboration has reported a clustering at angadale of< 2.5° at energies
above 4x 10'° eV [Hay96]. This finding was based on only three pairs of event of a
total of 36 events and its chance probability to have beesarhby an isotropic distribution
was computed to be.2 %. The HiRes collaboration could not confirm the observatibd
clustering [Abb04] based on the analysis of a data set olairsize.

In order to produce a larger set of arrival directions of UHRESC published data sets
of AGASA, HiRes, SUGAR, Yakutsk, Haverah Park, Volcano Raand Fly’s Eye have
been combined to a set of 107 events in total [Kac06]. Thiskesn made feasible by
adjusting the energy scales to make the positions of theskngbe spectra of the respective
experiments coincide. The analysis produces a signal anguala scale of 25(in the
autocorrelation function) with a chance probability a8 @6 to have occurred from isotropy.
An autocorrelation analysis on data taken at the Pierre ADfservatory shows to peak at a
similar intermediate angular scale in the range-22°; here, the chance probability is 2 %

[Mol09].

Next to the investigation of clustering, correlation séas of arrival directions of cos-
mic rays with positions of astrophysical objects such as @arRRay Bursts (GRBs) and
Active Galactic Nuclei (AGN) have been performed but reredininfruitful until recently:
The arrival directions measured by the PAO have been fourdrtelate with the positions
of AGN catalogued by Veron-Cetty and Veron [Abr07, AbrO&ae figurée 2.9. Technically,
this has been achieved by defining a prescription on the satenfts collected from start of
2004 until mid 2006. Three parameters have been scannedeahe significance of the
correlation: A lower energy cut for the cosmic ray&h(> 5.6 x 1019 eV), the maximum
angular radius within which points on the sphere are constl® be correlatedy(= 3.1°)
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Figure 2.9: Equatorial sky map of UHECRs and AGN. Measurements of drdiractions by the
PAO (circles) [AbrQ7, AbrO8a] and HiRes (squares) [AbbQ8&adterisks indicate the
positions of AGN closer than 75 Mpc according to the VerontCand Veron catalogue
[VCO06] and the shaded regions display the relative expasiuiee PAO. Plot taken from
[Blu09].

and the maximum redshift of AGN contributing to the cornelat(z.x = 0.018 correspond-
ing to distances of less than 75 Mpc). These values have d#amed by minimising the
probability that the correlation was caused by an isotrggic In the resulting parameter
scenario, 12 out of 15 events correlated whil2 &here expected from isotropy. Appar-
ently, this observation was made a posteriori; the computaif a significance from these
results would need to account for this fact in terms of thegpeation via trial factors. This
procedure can be avoided by defining a running prescriptioiciwonly allows to evaluate
new data accumulated after the exploratory scan. With tleel fset of parameter values the
arrival directions of cosmic rays collected after mid 20@&d been investigated with re-
spect to whether or not they would contribute to and confirendbrrelation: Do they have
energies beyond.6 x 10'° eV and do they spatially coincide within a radius o13with
AGN closer than 75 Mpc. Until mid 2007 another 6 out of 8 evdulfilled the criteria and
the signal found in the exploratory scan was considered tmwh&rmed. Before publication
in September 2007, the number of correlating events in thedaa set grew to 8 out of
13 with 27 expected from the hypothesis of isotropy; this lead to anchgrobability of
0.17 % that an isotropic flux had produced the correlation ofegerin an update including
data up to end of 2009 [Abr10c], the chance probability iasesl slightly to B %. Al-
though the significance of the observation of the corretadiiol not improve (as would have
been expected from the extrapolation of the numbers olataingl the time of publication),
the result is still capable of excluding isotropy at the patdevel. As sort of a cross-check,
the HiRes collaboration has analysed UHECR data makingfube same set and values of
parameters [Abb08a], see figure|2.9. The correlation fowedmed with a chance probabil-
ity of 82 %. Thus, HiRes data is not distinguishable fromrigpy in this context. Whether
or not this result contradicts the observation of a cori@aby the PAO is debatable. Ac-
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counting for different systematic uncertainties in theediron and energy reconstruction of
the two experiments could in principle explain the discregya In any case, it is worth em-

phasising that the two experiments cover a different fieldied since they are located on

different hemispheres. Based on measurements on one lerespo safe expectations nor
extrapolations can be derived with respect to the other $igmeire.

2.5.4 Large Scale Anisotropy Searches
Motivation

Large Scale Anisotropy (LSA) studies aim at quantifyinggmial anisotropy at rather large
angular scales. The results of large scale anisotropyestade expected to provide hints with
respect to the origin and nature of UHECRSs as well as to thteg@galactic magnetic fields
they propagate through. The energy dependence of meadylage scale) anisotropy can
provide information connected to features in the energgtspm: A possible explanation of
theanklein the energy spectrum as a signature of the transition fralacgic to extragalactic
UHECRSs could result in a dipolar pattern in the event raté&ribistion measured on Earth
[Lin63]. Theoretical expectations for the amplitude of ls@cdipolar anisotropy can be de-
rived from predictions by galactic magnetic field modelswdifferent geometries [Can03].
Another possible interpretation of ttenkleis the distortion of an extragalactic spectrum
dominated by protons which suffer energy losses dug tproduction with photons of the
Cosmic Microwave Background (CMB) [Hil67]. The latter sesio is expected to result in
a dipolar pattern due to the movement of the Earth within tMBQCest frame as described
by the Compton-Getting effect with an amplitude of the omler 0.6 % [Com35].

Compton-Getting Effect

If a cosmic ray detector moves at a veloaity: equalling a significant fraction of the speed
of cosmic rays, i.e. the speed of lightit will experience an excess of cosmic ray detections
peaking in the direction of travel. This is true in case tHenmence frame in which cosmic
rays are isotropic is at rest compared to the moving detedtogether with the deficit in
the opposite direction of the excess peak, both featurddead to a dipolar pattern in the
distribution of arrival directions of cosmic rays as measloy the moving detector. This has
been found as early as 1935 [Com35] and is commonly refear@d theCompton-Getting
effect

Arrival directions relative to the direction of travel shiaé defined by the polar angé
with 8 = 0° indicating the direction of travel. As an order of magnited¢imate, the ampli-
tude of the dipol® can be derived from the velocity of the detector by simply patmg the
ratio D = v4et/C = B. In order to derive the exact amplitude of the dipole fromvhakcity
of the detector, use of the analogy to the relativistic Deppffect can be made:

. \/:I-_B2 Bkl
E' = El—BCOSQ E/(1—pBcosh) . (2.17)

The measurement of the ener§y of a particle by a moving detector is systematically
changed compared to the eneiyneasured by a detector at rest depending on the incident
direction of the particle. In this context, the primed quized indicate the measurements by
the moving observeE’ will be overestimated for incident directions from the ftoh < 90°,
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Figure 2.10: Geometry of the Compton-Getting effect: A detector movirapf A to B at a speed
Bc will measure different energies for different incident ks of cosmic rays origi-
nating in C, see text for details. Adapted from [Com35].

underestimated for incident directions from the bagk; 90°, and it will not be changed for
6 = 90°. Intuitively, the modulation of the energy behaviour is ezied to be described by
a cosine of the incident directighrelative to the direction of travel.

The detector is assumed to be fully acceptant in a plane noontize direction of flight. To
calculate the increase of the rate of cosmic particles patneg this plane, A€ ycis defined
as the distance travelled by a particle in unit time. The nemlof time units necessary for
a particle to travel from C to B then can be estimated from timagarison of the velocities
denoted in figure 2.10 by following the cosine rule,

_[(Be2+ (02— 2(Be)(ye)cosh 1
a (yo)? p<1

At a constant velocity of the detector the same number oigbastare detected per unit path.
The purely geometrical acceptance of a flat detector is adteddor with a factor co8. The
number of particles hitting the surface of a stationary ceteat B within a range ofié and

in the time interval ofr units is proportional to

1—pBcosh . (2.18)

n=(1—pcosh)-cosh-2rsin6deo , (2.19)
whereas the detector moving from A to B will measure
n' = (1)-cosd’ - 2msing'de’ . (2.20)
Again with figure 2.10 the following relations are obtained:
sing =sin@’/(1—pBcosh) , do=d6’'/(1—Bcosh) . (2.21)

Therefore, within the same ranges of observed aryasl 6’ the ratio of the rates measured
by the moving and stationary detectors is

)3 Bkl

n'/n=1/(1-pcosd 1+ 3Bcosh . (2.22)
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which represents the very basic formula of a dipole with tineation 6 = 0° given by the
moving direction of the detector and the amplitude amowttin33. Finally, the cosmic ray
flux dN/dE 0O E~¢ with spectral index leads to an additional contributidn— 1 producing
the following expression for the total dipole amplitudes a function o8 [Com35, Har10]:

D~ (§+2)B. (2.23)

In order to compute the dipole amplitude of a specific scenéne question in which frame

of reference cosmic rays actually are isotropic needs tobe/@red. Then the problem can
be reduced to the vector additions of known (relative) véiles. Expressed invertedly, an
experiment observing a dipole amplitude and direction b&lable to confirm or exclude

certain scenarios. For the reality of cosmic rays, threaates that may lead to dipoles as
described by the Compton-Getting effect will be considenetie following.

The first one is caused by the orbital motion of the solar systeund the galactic cen-
tre. In case UHECRs are isotropic in the rest frame of thexgaltne relative motion of
the solar system would cause a dipole in the distributionatdgtic UHECRs. The velocity
of the solar system g3y ~ 200 km/s with a direction ofa,d) = (270°,30°) in equatorial
coordinates. Together with the spectral index 3.3 above thekneethis leads to an am-
plitude of D"~ 0.35 %, see equation 2.23. In case the UHECR rest frame caesobath
the solar system, the overdensity of UHECRs arriving fromdhrection of travel might be
partially diminished and so might the dipole amplitude. ty &vent, this scenario is es-
pecially applicable as a possible expectation for domigagdlactic UHECRs at energies
belowE < 10 eV.

The Compton-Getting effect is supposed to occur also in dseological context at
energies abov& > 10'8 eV, commonly referred to as the extragalactic Comptoni@gtt
effect: Astronomers believe the Milky Way galaxy is movirtigaaspeed of approximately
Vet = 630 km/s relative to the local co-moving frame of refereri@d tmoves with the Hub-
ble flow [Jon04]. It is supposed to move towards the Grealétor at(a, d) = (241°,61°).
This motion of our galaxy through intergalactic space cadpce a relative motion of the
reference frame where extragalactic cosmic rays are iotrd his relative motion would
lead to a dipole in the distribution of extragalactic UHEC&s measured by a detector
within the solar system, e.g. on Earth. If UHECRs are isatrap the rest frame of the
Great Attractor, the total velocityﬁj‘gt is obtained from the vector addition of'+ vgz't.

It gives vhoett ~ 800 km/s corresponding to an amplitude@f = 1.3 % and a direction of
(a,0) = (251°,54°). Note that this scenario has been chosen to exemplify timeipte of
computing the predicted dipole parameters for the Comfetiing effect; many further

scenarios are generally thinkable though more or less wativatable.

The third scenario presented here is the one most commofdygred to at energies
around theankle It describes the situation where the frame of referenceatfopic ex-
tragalactic UHECRs coincides with the CMB rest frame. Thiecigy of the solar system
with respect to the rest frame of the CMB can be computed frarditpole measurement in
the CMB data by e.g. the COBE experiment [Fix96] Ieadingg@bz 370 km/s, the direc-
tionis (a,d) = (168, —7°). With a spectral index of = 2.7 the expected amplitude of the
dipole then iD°™P ~ 0.6 %.
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Figure 2.11: Galactic magnetic field geometries. On the left the symmetdf the field within
the galactic diskASSandBSS are shown. On the right the scenarios for the field
directions below and above the disk are indicated: Dipolamaeparallel directions
(same direction below and above), referred t&asnd quadrupole means antiparallel
directions, referred to a&. The possible combinations lead to four scena8S-$
ASS-ABSS-SBSS-ATaken from [Bro10], originally in [Zwe97].

Magnetic Fields

Even though it is still uncertain which model describes liestmagnetic field in our galaxy
[Han09], many of them exist producing a variety of predieo The predictions of interest
for this work are those relevant for the study of anisotropgwe@n responsible for the genera-
tion of anisotropy. In [Ptu93] a model of cosmic ray defleatio the galactic magnetic field
has been proposed aiming at the explanation oktreein the energy spectrum of UHE-
CRs. Phenomenologically, the model makes use of the Hateintroducing a drift into
the propagation of galactic cosmic rays. While this addaiceffect of systematic diffusion
is expected to be negligible compared to the random walkisidh belowE < 10'° eV, the
model predicts the drift to become dominant possibly at tlexgy of theknee Concerning
the amplitudes of anisotropies induced by the systeméatitzaber leakage of cosmic rays
from the galaxy, predictions vary depending on the modedmpaters from @1 % to 10 %
at 10" eV. This model has been slightly adapted and tested with tammdsrd geometries
(ASS and BSS, see figure 2/11) of the galactic magnetic fiedd(3]. This model yields ex-
pectation values for the parameters of dipole anisotragaesed by cosmic rays at energies
belowE < 10 eV generated within the galaxy.

Another possible cause of a dipolar pattern is the poteexistence of a lensing effect
of the galactic magnetic field: The coherent part of the fiedld lead to a focussing of
extragalactic UHECRs and an excess of measurements froesponding directions which
in turn could induce a dipole anisotropy. The size of the adtugé and the direction of a
dipole generated by magnetic lensing strongly depends@pdhameters of the respective
model describing the galactic magnetic field. Recent apalyf this effect concerning its
impact on the (CMB-related) Compton-Getting dipole havavginthat the predicted ampli-
tude of 06 % may be suppressed at energies befoy 5 x 10'® eV and could reach down
to DC™P ~ 0.45 % atE = 3 x 108 eV andD°™P~ 0.3 % atE = 10'8 eV [Har10].

Finally, and even simpler, a strong single source of cosays rcould result in a large
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scale pattern in the distribution of UHECRs which might bseatibed at best by a dipole. If
one assumes that the source produces cosmic rays at ratesexgdes similar to the overall
flux measurement, see figure 2.4, the following considenatapply: The highest energetic
particles would probably point back rather directly to tioeirge and could be analysed by
cluster and autocorrelation methods mentioned earlidnigsiection. The dominant fraction
of UHECRSs produced in the source, however, are comparaghergetic particles which
are expected to be subject to significant deflections by nexgfnelds with the angular dis-
tortion increasing with decreasing primary energy. Théud# part of the magnetic fields
would lead to a larger spread of the arrival directions messon Earth around the source.
This scenario could result in a dipolar pattern in the disiion of arrival directions of UHE-
CRs. However, it is clear that again the amplitude and doeatf a dipole generated this
way do not only depend on the source itself but also on thessidalirection of the coherent
component of the magnetic field.

Status of Experimental Results

Large scale anisotropy studies by means of the Rayleighdiism (see chapter 6) applied
to the right ascension distributions have been performee\aral air shower experiments in
the knee energy range. The Akeno air shower array did not fangheficant amplitude of the
first harmonic modulation [Kif86]. Ten years later, the EASP collaboration claimed the
observation of the Compton-Getting effect with an ampktad D5'"= (0.036+ 0.006) %
and a direction compatible with the direction of travel of golar system within the galaxy
[Agl96]. KASCADE obtained upper limits on the flux of cosmiays for Rayleigh ampli-
tudes between.@ % and 1 % [Ant04].

The SuperKamiokande experiment [Oya06] has searched fige lscale anisotropies
in the distribution of cosmic rays with energies around™#v/. An excess of
(0.1044+0.020) % (Taurus excess at a right ascension phas@sf 7)°) and a deficit of
(—0.09440.014) % (Virgo deficit) were found with directions on the sphere aétnop-
posite (130+20)°). This observation will be compatible with the predictionedto the
Compton-Getting effect [Com35] if the cosmic ray rest frapaetially co-rotates with the
galaxy, so that the relative velocity will bd®' ~ 50 km/s. Remember that the actual speed
of the solar system about the galactic centre amoung“fer 200 km/s. The IceCube ex-
periment has reported dipolar anisotropy supporting th&eovation both in amplitude and
phase, essentially [Abb09]: In the energy range ardeird (10— 10'#) eV an amplitude
of (0.064+0.002) % has been found at a right ascension phas@6# +2.6)°. It is re-
markable that the observations of SuperKamiokande andulbe@gree well while being
detected with experiments covering independent (digjfiacttions of the sky. On the other
hand, the Tibet experiment has detected cosmic rays atiesaagpundE = 3 x 10* eV
[Ame06]. The investigation of a potential modulation of fficsder from isotropy yields an
anisotropy amplitude 0f0.03+ 0.03) % which is consistent with isotropic arrival directions
of galactic cosmic rays. Thus, there is no clear evidencé¢h®igalactic Compton-Getting
effect and a co-rotating rest-frame of the UHECRs whichioate in the galaxy is likely.

The Yakutsk collaboration has searched for a dipole ang#®iin a set of 135000 arrival
directions at energies between knee and afkie (106> —10'"°) eV. These directions
have been found to be distributed in a way compatible wittragxy [GluO1]. The AGASA
experiment has not found anisotropy within a similar eneemnge E ~ (107 — 10'75) eV,



2.5 Anisotropy of Arrival Directions of Cosmic Rays 25

D—' 1§ 1 1 1 1 1 1 E
o ] -
o i L
2 A1 B
© 1073 :
© ] i
§ i L
© 102+ =
> E F
O m C
LL] ] i
107
f . i

10

0% 10% 10° 107 10° 107 10
Energy / eV

Figure 2.12: Amplitudes and upper limits of the dipole amplitude as a fiamcof energy. The ampli-
tudes and upper limits of dipole analyses on the right asmemsstribution are shown
for several experiments. For the sake of comparability siilts obtained with exper-
iments located at different geographical latitudes or enedifferent hemispheres the
amplitude measurements are scaled to the value the pditenteasured dipole would
have in case it points to the equator. To do so, the amplitadg®gally measured are
divided by the cosine of the average declination value adraival directions involved.
Predictions are displayed from two different galactic metgnfield models with dif-
ferent symmetries (A and S) up to 1 EeV, from a purely galagtigin of UHECRs
up to a few tens of EeV (Gal) and the expectations from the Gom@etting effect
for an extragalactic component of UHECRSs that are isotropihie CMB rest frame
(C-G Xgal). Plot taken from [Abrlic].

but reported an excess around the galactic centre and Cyggios at ankle energies around
E = 10 eV [Hay99]. The amplitude of the dipolar structure found lBASA amounts to
D =4 % and can have occurred by chance with a probability.2®0. While data taken
with the SUGAR experiment could confirm the AGASA measurenjBel01], it was not
confirmable by Haverah Park and Yakutsk because they arataowfth. However, a dedi-
cated search for a dipolar anisotropy originating in thagia centre with the PAO could not
confirm the AGASA excess [Agl07]. Recently, upper limits fost harmonic dipolar mod-
ulations on the basis of studies of the right ascensionibiigion at energies above 16 eV
have been derived by the Pierre Auger Collaboration [Abr@rel1]. These limits range
from D=1.3% atE = (103 —10'"") eV to D = 9.9 % aboveE = 10'®% eV and were
computed at a confidence level of 95 %. The upper limit founth@tPAO atE ~ 108 eV
amounts tdD = 1.5 %, which does not confirm the AGASA excess. However, it mest b
kept in mind that different parts of the sky are covered byttheeexperiments.






Chapter 3

The Pierre Auger Observatory

The southern part of the Pierre Auger Observatory (PAO) ¢sited in the Pampa Ama-
rilla near Malargue in the province of Mendoza, Argentitiais an air shower experiment
dedicated to the measurement of extensive air showers (BA®geing initiated by ultra
high energy cosmic rays (UHECR), which carry energies ramfiom 137 eV (0.1 EeV)
to 10?1 eV (1000 EeV). The PAO combines two complementary obsematchniques to
a hybrid approach: the detection of particles at ground &edobservation of associated
fluorescence light generated in the atmosphere above thmdjroExperimentally, this is
realised by employing an array of 1600 water Cherenkov tietgadistributed over an area
of 3000 knf, and operating 24 wide-angle Schmidt telescopes, positi@t four sites at
the border of the ground array. The surface detector (SDfcttmeer) measures the lateral
footprint of the shower at ground level and the fluorescemteddor (FD, the latter) records
the longitudinal development of the particle cascade iratheosphere.

Several almost unique conditions resulted in the selectfidhe Pampa as the optimum
place for such a measurement. The experiment is set up oreaated plain at the base of
the Andes mountains. The plateau has an altitude of 1400 rea®a-level, corresponding
to an atmospheric depth 8§ = 875 g/cnf. The Andes act as a shield against clouds, thus
forwarding almost perfect weather conditions during thigreryear. Only little precipitation
can be measured, while Malargiie weather statistics peomasstly clear sky. The advantage
of the altitude of the observatory is the decrease of distam¢he shower maximum. The
number of particles at a given point or time in the developnoérihe shower reaches its
maximum typically at a few kilometers height above sea ledepending on energy and
inclination. This facilitates the observation of the showaximum with the FD on the one
hand and also allows enough particles to reach ground leddba detected by the SD on the
other hand. Being on this elevated height, EAS are recordirhigh statistics and quality.

The Pierre Auger Collaboration intends to build a similasatvatory on the northern
hemisphere. The purpose of this second hybrid observataligd Auger Next, is to provide
full sky information for cosmic ray research complementarthe Pampa site. Both will, and
the southern observatory already does, yield an unpreteiézvel of statistics at highest
energies. The full sky coverage of two observatories opdray the same collaboration is as
well unprecedented and is supposed to provide ideal comgifor cosmic ray analyses of all
kinds. The sky coverage both sites will have in commen{25° about the Earth’s equator)
allows cross-checks e.g. for anisotropy searches. AllljrAaiger North is considered to be
a promising complement of the southern part of the PAO. Hewevhile Auger North has
reached the status of thouroughly conducted R&D [Nit1(®cpme plans for the construction
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Figure 3.1: (a) Geographical map showing the positions of the detecbthke site of the Pierre
Auger Observatory. The positions of the stations of the SDimdicated by red dots
while the locations and fields of view of the FD cameras arplaigd by green lines.
Starting with the lower left and going anticlockwise theanmes ard.os LeonesLos
Morados Loma Amarillaand Coihueco At the Coihueco site, thelEAT extension
(yellow lines show field of view) is installed and the magetn&pezium indicates the
position of theAMIGA and AERAdetectors, see 3.3. (b) Picture of an SD station in
front of one of the FD buildings; the tower in the upper mididleised for wireless data
transmission.

phase and location lack the igniting spark from funding cotmrants.

In this chapter the different detector types are presenRd/sical measurement prin-
ciples are discussed and the reconstruction of shower paeasis explained. After the
introduction of the fluorescence detector in section 3.&,nttain focus of this chapter lies
on the surface detector, section|3.2, which will be the pnami source of data that is used
throughout this work. Emphasis is laid on properties of teedtor that relate to anisotropy
studies. Finally, further detectors conceptually desilgioeenhance and/or complement the
hybrid detector are briefly described.

3.1 Fluorescence Detector FD

As described in chapter 2, cosmic rays initiate a cascadeaufrslary particles when they
hit a nucleus of an atom in the uppermost layers of the Eaativesphere. Depending on
energy and type, the individual secondary particle canrimute to the generation of new
particles or excite atmospheric particles. The electraretig component of the air shower
is capable of exciting nitrogen molecules. In turn, fluoegse light in the ultra-violet (UV)
range is emitted isotropically in the process of de-exiatabf these nitrogen molecules.
According to [Per03],~ 5000 photons are produced per ionising particle and km ¢diaée
travelled. This light can be detected by UV-sensitive caser

The fluorescence detector consists of 4 telescope builthogsed at the perimeter of the
SD array. Each telescope building (also called “eye”) heuseameras in turn consisting
of 440 pixels realised by photo multiplier tubes (PMTs). Tiedd of view (f.0.v.) of a
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(b)

Figure 3.2: Schematic setup (a) and picture (b) of a fluorescence camena D building (taken
from [Abr10b]), see text for details.

single camera comprises an angular area 663B0°, so that each telescope building covers
a region of 180 in azimuth and 30in elevation starting at the horizon. The four FD sites
together allow for the observation of the atmosphere abww&D array.

Figure 3.2 indicates a schematic view of the setup of a canhedear, moonless nights
the shutters of the FD buildings are opened. Fluorescegheih the UV range passes the
aperture system and the UV filter and is collected on a segrdentrror and concentrated
on the camera. The light observed is transformed into arogrggnal by the PMTs and
digitised in the local electronics. The digital signal igprocessed and transmitted to the
central data acquisition system (CDAS) at the central cagbthe PAO.

In this section overviews of several aspects of the fluoreseeletector and the recon-
struction are presented. Subsection 3.1.1 covers theamnggbnstruction of EAS by means
of data taken with the FD. In subsection 3|1.2 the energy oreasent will be described
and finally the principle of determining the composition bétprimary particle is briefly
illuminated.

3.1.1 Angular Reconstruction of the FD

Thorough characterisations of the angular reconstructiohe fluorescence detector can be
found in [Kue08] and [Abr10b]. Here, however, the basic pifites are elucidated to equip
the reader with a qualitative picture of the method staréibhthe level of triggered pixels.
The angular reconstruction of FD data makes use of the geigraégnment of these pixels
in the camera and of the timing information of the signal aftepixel.

Fundamental types of patterns of 5 triggered pixels geocadiir regarded as straight
track segments are defined. To make a set of triggered pixelsde a fair basis for the
reconstruction of the projection of the shower directiotodhe camera it has to match one
of these fundamental patterns. This projection togethén thie position and f.o.v. of the
camera defines the orientation of the shower detector p#IDP) that is illustrated in figure
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Station D ﬂ

Figure 3.3: Coordinate system of the fluorescence detector. Angle tefisirelevant for the mea-
surement of the arrival direction of an air shower with the BDP = Shower Detector
Plane, 0 < 65pp < 180 = inclination of the SDP, 0< xp < 180 = inclination of the
shower within the SDHR, = shower impact parametd®gye = eye to core distance.

3.3: Both the inclination of the SDBgpp, and the azimuthal orientation of the SDP can be
derived from the geometry of the aligned pixels and theiwinig directions. A third angle

is needed for the shower direction to be completely desdriidis angle is obtained from
the time information of the pixel signals.

The signal start times of all pixels within one shower triggee required to lie within a
reasonably small time window. This interval is chosen agsgrthat both shower particles
and fluorescence photons travel with the speed of light inwac In principle, this informa-
tion should fix the inclinatiorxg of the shower within the SDP. However, the camera pixels
can only provide a relative measurement: The absolutertistaf the shower to the FD
cameraRp, is unknown. Sinc&,, closely relates to the inclination ang{e both are difficult
to reconstruct. In [Kue08] it is shown, that a global fitRyf, xo and the pixel signal times
can solve the issue. Nevertheless, the uncertainty of tstructedo for directions mea-
sured only with data from the FD can easily be of the order a{°. This is why whenever
applicable the position and time information of the surfdegector station with the largest
signal (thehottest statioptriggered by the same shower is considered in additionic&jlg,
the SD station used in this procedure is located far away traD building compared to
the relative pixel timing. Therefore, given the correctdioffset between the SD and the FD
systems, it can provide a huge lever arm to limit the unaettaif xo of the same shower to
the ~ 1°-level. Air shower events making use of the FD and one detet&bion of the SD
are called reconstructed hybrid mod@.

3.1.2 Energy and Composition Reconstruction of the FD

With the complete angular reconstruction of the shower #igocore position is known.
After the determination of the SDP it is given by the showepatt parameteR, and xo or

LIn this work, the term&D andhybrid are used equivalently in fact always meaninghigbrid case.
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Figure 3.4: Energy deposit over slant depth and Gaisser-Hillas fit fanaer of (30+0.2) EeV
(adapted from [Abr10b]): The points and error bars show tgeads in time bins of
pixel traces involved in the reconstruction after transfimg the time information to
slant depth. The red dashed line indicates the positioneo$tiower maximunXmyax. To
guide the eye, a grey horizontal line has been plotted itidigahe null position on the
dE/dX-axis.

equivalently by the distand®zye of the core to the FD building. This information is essential
to correctly relate the number of collected photons in th@era pixels to the converted
energy in the atmosphere along the track of secondary |est€ the recorded shower.

The pixels (i.e. PMTs) measure the number of photons celtkict time bins of 100 ns.
With the knowledge of an individual pixel’s viewing direati and its distance to the shower,
the time measurement can be translated into an altitudeureasnt. Typically, the altitude
is expressed by means of the so-called slant depth: Statitige “boundary” of the atmo-
sphere, the slant depth grows with decreasing altitudenitgasured in units of areal density
and reaches a value ef 875 g/cnf at the altitude of 1400 m of the PAO.

The atmosphere acts as a calorimeter: The signal in a céntanbin of the pixel is a
measure of the energy depodiE(X)/dX at a certain slant deptd. Using the number of
photons measured in relevant time bins in all triggeredlipjxeprofile of the energy loss over
slant depth of the shower is sampled, figure 3.4. For thisqaepthe conversion between
the locally counted number of photons and the energy depbse#condary particles in the
line of sight of the respective pixel must be known. The mabtssantial parameters for this
conversion are the fluorescence yield and atmospheric grepafluencing the propagation
of these isotropically emitted fluorescence photons. Therdkcence yield indicates the
fraction of deposited energy that is transferred to flu@ese photons in the process of
interaction of secondary particles with nitrogen molesulEhe atmospheric properties such
as pressure, air-density and temperature dictate theatien probability both of secondary
particles with nitrogen molecules and of photons with aglis This is why it essential
to have a good knowledge and / or parametrisation of the githess, i.e. the calorimeter
material.

The sampled longitudinal profile of the energy loss givenguifé! 3.4 can be described
theoretically by means of the Gaisser-Hillas function [GaiGai90],
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X —Xo (Xmax—Xo0)/A
fen(X) (dE/dX)max(XmaX_Xo)

with the free parameter®E/dX)max Xmax Xo andA. Fitting this function to the pro-
file sample and computing the integral gives the total endiggipated electromagnetically,
which is approximately 90 % of the total energy of the primeogmic ray [Abrl0b]. (The
total shower energy is obtained after the necessary carngctr the invisible energy carried
away by high energy muons and neutrinos.) Currently, theesyatic uncertainties of the
energy measurement with the FD add up to a total of 22 %. Thearagormcontributions
come from the systematic uncertainties of fluorescence yiel %), reconstruction method
(10 %) and absolute calibration of the FD telescopes (9 %j18b].

The composition reconstruction of the FD relies on the sam@surement of the longitu-
dinal profile of the air shower. Having obtained the showeximam Xnyaxas a fit parameter
from the Gaisser-Hillas parametrisation, equation 3.& ntfeasurement needs to be related
to the primary particle type. As already mentioned in chaBtethis is typically achieved
making extensive use of air shower simulations. From theselations predictions can be
derived with respect to what particle types do make the shogaeh its maximum at what
slant depth.

exp((Xmax—X)/A), (3.1)

3.2 Surface Detector SD

After reaching the maximum of the number of particles in thents depth range of
600 < Xmax/(g/cn?) < 850, the lateral extent of the shower decreases and thelpattn-
sity within the shower front is thinned out. As less secoggearticles exceed the necessary
energy limits, the generation of new particles loses theglemce with respect to absorption
processes, see also chapter 2. Given the exposed posittenPAO at an altitude of 1400 m
a.s.l., the diameter of the lateral distribution of padscht ground level amounts to several
kilometers. The surface detector array measures thisldtatprint of the particle cascade
of an EAS at ground level. By sampling the extended showent &b several discrete posi-
tions aligned in a hexagonal grid of5lkm spacing it records a snapshot of the amount and
the time of particles reaching ground.

Each of the 1600 SD stations is self-sufficient in terms ofdpaing and storing their
own electric energy by means of a solar panel and a 12 V bagegyfigure 3.5. Data is
transmitted via the communications antenna and the GP8mymvides time and position
information which is of capital relevance for the reconstion. Each detector station con-
sists of a plastic tank containing 12 tons of purified watdrreE PMTs are installed in the
top cover of the tank facing downward and observe the watbarged relativistic shower
particles travelling through the water produce Cherenkalation ranging from UV to vis-
ible blue. Since mostly downgoing particles are expectee narrowly emitted Cherenkov
photons need to be reflected from the walls and bottom of aitemitder to be detectable for
the PMTs. To this end the tank is lined with Ty¥&kvhich provides uniform reflectivity at
UV wavelengths. The measured light is converted into ancgnBMT signal which in turn
is sampled by 40 MHz FADC:s.

The first part of this section is dedicated to the triggeresysand trigger probability of
the surface detector (subsection 3.2.1). In subselctiog 2 size of the SD is discussed
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Figure 3.5: Schematic layout of a water Cherenkov station of the SD (té@n [Dem09]), see text
for details.

and measures of the effective area and exposure are présévitesst emphasis is put on
subsection 3.2.3 which covers the discussion of the priesipf directional reconstruction
with the SD. The arrival direction of the respective shovgenltained by the measurement
of the rise times and sizes of the signals caused in the statipthe penetrating particles of
the shower front. Finally, in subsection 3.2.4 the enerdiyregor of the SD is presented and
the calibration procedure for the energy assignment iscired.

3.2.1 Trigger System of the SD

A uniform background flux of atmospheric muons constantlyegated by cosmic rays of a
few GeV produces a high rate of muon hits of roughly BHz in each station. On the one
hand, this flux is used for self-calibration purposes in pwedividual station [BerO6b]: It
is reasonable to express the signals measured in the indivitiations in units of vertical
equivalent muons (VEMSs). This unit is defined as the chaf@g=(s) or current (vem)
signal produced in the respective station by a verticallyrgoing atmospheric muon. The
size of this signal is subject to several parameters detémmihe individual station’s data
taking characteristics, such as water quality, amplifocatif the PMTs and alike. Since these
parameters differ from station to station, the large flux h@spheric muons is an ideal
and natural source for calibrating the SD stations and ngaltieir signals quantitatively
comparable. On the other hand, this rate needs to be supgrese.g. 1 shower every 5
days at energies above 3 EeV for an individual station. Thes#ers can be estimated from
the values given in 2|1 assuming on average 4 stations iesdlva shower measurement
above 3 EeV.

The trigger system of the surface detector has been desigratbw for the operation
at a wide range of primary energies with full efficiency fosotc rays above 18° eV. It
aims at selecting events of interest and rejecting backgtaum the one hand and keeping
the rate constraints imposed by the communication and dgtasation system on the other
hand. In the following the trigger system is presented tkfiéiating between local station
trigger levels T1andT2) and event trigger leveld @, T4 andT5).
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Local Triggers

The local electronics of the SD stations continuously rétbe signals of the PMTs. The sig-
nals are temporarily stored into buffers as digitised sagih a time binning of 25 ns. These
traces are preprocessed and analysed locally by means #&4-HGe trigger logic searches
for two different trigger modes. Firstly, a Time over Threkh(ToT) trigger is implemented,
requiring a coincidence of two PMTs with signals abova&\d:=y in 13 bins (325 ns) within
a time interval of 3000 ns. The measured ToT rate.6fHz matches the expectation for the
rate of double muons in an SD station. The technique of chgckibin window instead of a
single bin is extremely efficient for the suppression of Bragmospheric muons and for the
detection of both high energy distant EAS and low energy gnsythese showers typically
provide rather small but spread signals correspondingeadahgitudinal particle distribu-
tion within their shower fronts. In parallel, the secondgger within the T1 level requires
a three PMT coincidence of a simple/b- Iygm threshold. At a rate of 100 Hz it is more
noisy; nevertheless it is essential in order to detect themeucomponent of very inclined
air showers which generates fast signalg (< 200 ns, corresponding to 8 bins at most).

A ToT at T1 level is directly promoted to T2 status, wherealy @ % of the T1 sin-
gle bin threshold triggers fulfill the T2 requirement of agé#fold coincidence at a higher
threshold of - 15¢,, [LYO5]. Thus, the T2 rate is reduced to about 20 Hz. Only teiggy
passing the T2 level are used to define the basic event tri§eBesides, monitoring the
T2 rate for each station individually, provides both a valeaool to monitor the SD array
performance and a means to calculate the array exposuré wghiiscussed in subsection

Event Triggers

The T3 trigger level is based on the implementation of twéedént trigger modes. Firstly,
the time coincidence of three stations meeting the ToT reqent defines the so-called
3ToT; these stations need to be spatially aligned in theestreg they are next or next-to-
next neighbours. Based on the local low-background ToT3tfeel selects 90 % physical
events. The other trigger within the T3, being applied irafiat again, is more permissive:
Indeed, four stations must pass the T2 level coincidenttynie, but they are allowed to be
spread spatially up to 6 km distant. Although the time windowcoincidence is chosen
under the assumption that secondary particles travel Wwelspeed of light, only 2 % of the
events selected by this T3 are real air showers; neverthélés needed to allow for the
detection of strongly inclined showers, that produce basht $ignals and spread footprints.
T2 triggers are communicated to the closest FD building wltiee T3 decision is taken.
All data obtained from events that meet the T3 requirememrgtgransmitted to the central
data acquisition system (CDAS) and stored. A physical aigd4) performs real shower
selection on this T3 data offline. Again one out of two differeequirements has to be met.
The simple application of the “standard” zenith angle @u(6ma60°) improves the selec-
tion efficiency for the 3ToT criterion on T3 level from 90 % t® %. Consequently, the 3ToT
simply advances to T4 level. Alternatively, the so-call€il4rigger condition has to be ful-
filled. Among the stations triggered, at least one statiostrba surrounded by three stations
with T2 out of its six closest neighbors. In any case, reaslenaming conditions have to be
obeyed: Secondary particles are assumed to travel withpdedsof light and thus, the time
differences between signals measured by neighbouringrssa© = 1500 m) detecting the
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same shower must be smaller thein< D/c =5 us. A tolerance of at most 200 ns for de-
viations from this assumption is defined; in fact, only sgigrinclined so-called horizontal
showers necessitate this reduction due to larger flucngimthe longitudinal distribution
of particles in the shower front. Due to chance coincidensesie accidental stations not
fitting into the spatial and time conditions still have to leenoved in most selected events.
The two trigger methods work somewhat complementarilyhasféw showers lost by the
3ToT are likely to be recorded by the 4C1 [LYO05].

Finally, a quality trigger T5 is defined to facilitate accapte calculations and energy
spectrum studies. The angular and energy reconstructiait showers need to be precise.
For this purpose, the T5 ensures the shower-core to liemiitiei array of the SD stations. Itis
obvious, that in case e.g. the shower core lies (just) oaithiel array, a T4 condition may still
be possible, but a lot of the available lateral informatibthe shower is not accessible for the
measurement. Therefore, the T5 requires the reconstraotedo lie within an equilateral
triangle of working stations and, moreover, the statiorsest to the core to have at least 5
direct neighbours available for data taking. Two definisionthe T5 are commonly used for
the SD, the mild T5 (5 direct neighbours working) and thecsifb (all 6 direct neighbours
working). These neighbours do not have to be relevant fofuligment of the actual T4
condition. In other words, they do not need to have seen tbeehbut need to have been
able to see it. Within this context it is worth noting thatstgossible to effectively make use
of the information that a working station has not measuredntimimum signal necessary
to pass the local trigger conditions. This information ofigaper limit on the local signal is
useful for the estimation of the energy of the EAS with the [S2,4.

Full Trigger Efficiency

In order to compute the effective size of the SD for a givenfigomation of the array the
trigger probability needs to be known. It is determined by émergy and arrival direction
of the shower. Several methods are available to investthatprobability of a shower with
given parameters to produce a physics trigger (T4) on ther&y.2On the one hand a purely
data driven approach can be realised by making use of Golgbriddand hybrid data. It is
possible to estimate the hybrid trigger probability andwiethe SD trigger probability from
the comparison of events that are detected by the FD at fidiezfcy but are not recorded in
the set of Golden Hybrid data [Rov03]. On the other hand,riggér probability of a single
station can be estimated from data as a function of the distemthe shower axis [Lhe03]
and can be used to compute the event trigger probabilityddeFinally, simulations can be
considered the intuitively obvious way to study showergegefficiencies at various energies
and zenith angles [Mar08]. A detailed discussion of theséhaus and their results lies
outside the scope of this thesis. However, the results médawith the different approaches
agree well and predict 100 % trigger efficiency above an enefr§ = 3 EeV for the typical
zenith angle cu@ > 6nax= 60°. The results obtained from the complete chain of shower and
detector simulations in [Mar08] state that the thresholéutbefficiency is in fact slightly
higher than 3 EeV; it occurs rather&t> 10'8%eV ~ 3.2 EeV. This is the energy threshold
that will be used for the anisotropy studies in this thesis.
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Figure 3.6: Definition and size of an elementary cell of the area of the Bxase of full trigger
efficiency of the SD, the area of an elementary cell can be atedpfrom purely ge-
ometric considerations. For a central station surroundesbbworking stations (strict
T5, left drawing) the area of an elementary o&fLD” is indicated by blue shade and
can be calculated &&0, = D?-v/3/2 ~ 1.95 kn?. Similarly, in case of five working di-
rect neighbours (mild T5, right drawing) the cell size j8&50, = D?-1/3/3 ~ 1.3 kn?.
Figure taken from [Par05].

3.2.2 Measures of the Size of the SD

The basic measures of the size of the surface detector agenpeel and quantified. Starting
at the simplest level of area, the definition and computatibaperture and exposure is
elucidated.

Theareaof the SD is the ground area equipped with SD stations seasitithe detection
of air showers. The case of full detection efficiency of the(®& primary energies above
log(E/eV) > 18.5) will be considered in the following. In this case a showsriways
measured with the SD. It does not matter where (within th@yathe shower core is located
nor what direction (up to a zenith of 80the shower arrives from.

An SD hexagon consists of a central detector station andxtslgsest neighbours.
An elementary cell of the SD is defined as the sensitive detea@rea that can be as-
signed to the central station in case all surrounding statiave been in the DAQ- strict
T5). This area is illustrated in figure 3.6 [Par05], its siz de computed easily as

oD =D?-1/3/2~1.95 kn? with D = 1.5 km the distance of neighbouring stations of the
SD. In case one of the six next neighbours has not been ontisenply does not exist
(— mild T5), 2/3 of the elementary cell are counted to be part of the dete@two out of
the six equilateral triangles do not contribute to the Saamymore, because showers with
cores inside these two triangles do not fulfill the T5 triggendition, see above. Note that
in the limit of a very large array with a small ratio of the leh@f the borderline to the area
covered, these values can be roughly confirmed by the singpiguatation of the ratio of
~ 3000 kn?/1600~ 1.9 km?. Consequently, in an ideal senario the sensitive area @Ehe
is approximately as large as the area of the whole array;-i2000 kn¥.

Theapertureof an elementary cell is defined as its area multiplied withititegral solid
angle covered. In case of full trigger efficiency up to zemitigles of 60 the computation
goes

60°

ao = A / d6 cosssing = 4.59 kn? sr (3.2)
9 O
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Technically, to compute thexposur@ of the whole SD array the aperture needs to be
integrated over time. The number of elementary cells inateously active must be known.
This is achieved by monitoring the T2 trigger rates of altistas and determining the spa-
tial arrangement of those stations which are in the DAQ. Ba@io, the number of elemen-
tary hexagonal cells is recorded every second. Conseguéntithe computation of the
integrated exposure over time of the SBP, the number of “cell-second$.e; must be
multiplied with the aperture of the elementary cell

/\SD: Ncell'aggl)l (3-3)

Therelative exposurev of a fully efficient surface detector after the applicatidrthe
typical zenith angle cutd < 6hax= 60" has been computed in [SomO01]. In this context,
full efficiency means the flat detector only introduces a [yjugeometric zenith angle de-
pendence into the exposure according to the scaling of #ee\asible to cosmic rays, sim-
ilar to afgl [Jcosh. Given these conditions and the geographical latitude efdétector,
latpao = —35.25°, the relative exposure@ does only depend on the declinatién

w(9) O coglatpap) Sing cosd + ¢ sin(latpap) Singd, (3.4)
with ¢ given by
0 ifé&>1
(=9 if &€ < -1 (3.5)

1/cosé otherwise

and ) _
COSBmax— Sin(latpap) Sind

¢ = coglatpap) COS3
The definition ofé and its utilisation in the intermediate step is needed t@actfor the
sharp zenith angle cut 8,.x= 60°. For convenience, the relative exposure has been plotted
alongside a full sky plot in equatorial coordinates in fig@ré. The sharp increase around
o < —85° indicates the transition to the part of the sky that is coder@nterruptedly. It con-
sists of a cone of 5° radius about the south pole. This feature can be undersived the
geographical latitude of the PAtpao &~ —35° and the maximum zenith angg,ax = 60°.
Even though the cone lies at the edge of the exposure andpordingly the weight derived
from the area of the SD visible from this region is diminishogda factor~ cosfnax= 0.5,
the fact that this part of the sky is always covered by the fdldiew of the SD leads to a
peak in the relative exposure function.

More intuitively, the relative exposure on the sphere ofatqual coordinates can be
derived from the local acceptance of the SD. According toaéqn/3.2, it is given by
cos6 - sin6 with the former coming from the scaled size of the projecteshaf the SD
and the latter accounting for the solid angle in (local) sya&coordinates. In the local sys-
tem this produces a field of view defined by a cone of angulansaxf 6,ax = 60°, see figure
3.8(a). By rotation this cone can be transformed to equatodordinates, see appendix A,
using the position of the observatothonpap, latpag) = (—69°, —35°) and introducing an
arbitrarily chosen point in (local sidereal) time, see f&gBc8(b). Finally, this cone needs
to travel 360 in right ascensiomr, corresponding to the integration over one sidereal day in
time, in order to produce the correct relative exposu(&) as displayed in 317 (b).

(3.6)

Note that the terms exposure and coverage are used ambigtioosighout this work; they place emphasis
on the passive and active properties, respectively, of ¢hector.
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Figure 3.7: Relative exposure of the PAO SD. The dependence on declinaois shown on the
left; for convenience, the weights(d) have been plotted on a projection of the full sky

observing flatness in right ascension on the right. Thisegighmap is what a perfectly
isotropic sky would look like from the PAQO's field of view in sa of infinite statistics.

Figure 3.8: Acceptance of the PAO SD. The locally available field of vidwhe SD weighted with
cos6 -sinf to account for geometric effects is plotted on the left; ther&sponding

transformation to equatorial coordinates is displayedherright.



3.2 Surface Detector SD 39

Station <d» East

Figure 3.9: Coordinate system of the surface detector. Angle defirstr@tevant for the measure-
ment of the arrival direction of an air shower with the SBP<06 < 180 = zenith angle,
0° < @ < 360° = azimuth angle, similar to figure A.1.

Bad Periods

Next to the monitoring of the T2 triggers of SD stations aeotimeasurement is necessary
to properly evaluate the exposure: It is possible that Tyats are continuously monitored
but at the same time the CDAS does not operate accuratelyt m@y not produce central
triggers, which in turn would lead to an overestimation @ #xposure. In order to correct
for this kind of malfunction, an expectation for the rate @ iggers to be seen by the
CDAS can be computed under the assumption that T5 triggkosvfa Poisson distribution.
Assuming a constant T5 ratex~ 1000 per day and hexagon, the probabiftipo measure an
interval larger tham between two consecutive T5 triggers is

P(T)=¢e"T. (3.7)

The expectation can then be compared to the measurementtmthiing periods are
rejected in cas® drops below a certain threshold value. The choice of thestiuiel value
is obtained from the data itself [Bon06]. After accountirmg bad periods, the integrated
exposure of the SD array for the time from start of January28@nd of June 2010 using
the strict (mild) T5 condition is

ASP = 20,905 (25,806) km? sry (3.8)

3.2.3 Angular Reconstruction of the SD

The direction of an air shower is estimated by means of measemts of the arrival times
of the shower front in the triggered SD stations. The showmttfdenominates the very first
particles in the lateral spread of the particle cascadeeo$tiower. In addition to this timing
information the location of every triggered statiogiven byx;, yi andz in the coordinate
system of the array is needed to reconstruct the arrivatiire of the shower.

It is possible to predict the arrival times of the shower fronthe stations, i.e. the
time of the first particles of the particle cascade of the sravausing signal in the station
electronics. To do so, several shower front models (plgpiegrsc, parabolic) may be used.
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Assuming a plane shower front for the simplest case, a flatr&ly and a particle velocity
again close to the speed of light, the time difference betvike measured arrival tinteat
stationi and the expected arrival time with respect to the statiois®dce from the shower
core can be written as [Pri03]

A=t — (To _ (i Xeore)u i b yc”‘*)v) : (3.9)

whereTy is the arrival time of the shower core at ground and sin6 cosp andv = sinf sing

are the direction (co-)sines;ore andycore are the coordinates of the core position. In a first
step the core position is determined by the barycenter afigiered stations, weighted by
the square root of each station signal. The typical accusaty0 m at 10 EeV [Dem09]. To
be able to take into account the shower front curvature, ¢terchination of the additional
parameter of curvature necessitates at least 4 stations itavblved in the measurement.
Furthemore, another term has to be added to the right of ieql&o:

Alc~r?/(2R)), AjJc= (\/RZ-I-I'iZ—R) /c (3.10)

in case of a spherical shower front or a parabolic showert fnr@spectively (withA the
additional distance travelledR the curvature radius ang the distance of stationto the
core), see figure 3.10. Remember that the common nomerelafitthe angles in local
coordinates izenith= 6 andazimuth= ¢. These angles define the locally measured arrival
direction of the shower. They can be extracted from equai@nby minimization of

X2=3 (L6)?/ (3.11)
|
whereay, is the uncertainty of the measured arrival titnat stationi. It is worth noting
that thex? presented here can also be used as a goodness of fit estimfitmr dut which
shower front model describes the data better. It can be shibvahusing a curved shower
front model, be it spherical or parabolic, produces adefjagteement between expectation
and measurement [Bon09].

To have a handle on the spread of the expected first partaiegal times in the detectors
a Poisson model can be used to describe their longitudissilaition within the shower
front [Bon08]. Propagated from the time measurement to flogver direction estimation,
this spread provides a measure of the precision of the angeganstruction. Precisely
speaking, the angular uncertainties in the locally measdiection,o(6) and sir{6)o(¢),
are derived from the uncertainty of the time measurement.

It is possible to compute the order of magnitude of the angelsolution from the tim-
ing precision of the SD stations. The GPS clock accuraey i ns and the FADC trace
resolution can be computed as 25442~ 7 ns. The latter is limited by the sampling fre-
guency of 40 MHz of the data taking electronics of the statiofihe quadratic sum of the
given uncertainties yields an expected total time pregisio~ 12 ns for the individual trig-
ger times of the stations. Note that the intrinsic uncetyaof the locations of individual
particles within the shower front can only be derived fronad®on08]. From the compar-
ison of trigger data in doublets, i.e. twin stations that ar&0 m distant from each other
and thus measure different samples of the shower front ahBaBy the same time, a value
of ~ 14 ns is derived [Bon09]. The time resolution estimates ftbensignal time measure-
ments in doublets and from the examination of the electsoagcuracy can be contrasted to
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Figure 3.10: (a) Plane shower front. A shower arrives at zenith agléne central point of impact
of the particles is the core position. Compared to the ctwe atditional distance for
the particles necessary to reach statie@wu- r; with r; the station to core distance and
u=sinf. See text for details; note that, for the sake of simpliditye problem has
been projected from 3 to 2 dimensions. Figures (b) and (plalithe extra difference
in travel distance for the shower to reach the same statidren assuming a spherical
and a parabolic shower front instead of a plane one. Compai@glane shower front,
for (b) the extra travel distance 4% and for (c) it isA/ + 5 — R.



42 The Pierre Auger Observatory

each other: With the concept of the quadratic sum the intriRsisson uncertainty of the
particle times within the shower front can be estimated tatb@uty/14% — 122 ns~ 7 ns.
Assuming the shower particles travel with the speed of litet total time precision of
~ 14 ns corresponds to a length precision-of.2 m of distance travelled. Using the typical
station distance in the hexagonal grid of 1500 m a crude astim obtained of the contribu-
tion to the total angular uncertainty of approximately ant4.2/1500) ~ 0.2°. This uncer-
tainty estimate is meant to give an impression of how the raoyuof the hardware timing
and fluctuations of the longitudinal distribution of pakie within the shower front propa-
gate to the precision of the reconstruction of angular imftion. In some sense it quantifies
a lower limit on the possible angular resolution that is saggal to be only reached under
ideal conditions. The angular resolution of the SD is disedsn more detail in chapter 4.

3.2.4 Energy Estimator of the SD

In this subsection the energy estimator of the SD is intredwand the principle of the cali-
bration by means of data recorded in Golden Hybrid mode itagxgd. The technical sub-
tleties of the reconstruction can be found in [Dem09] andoP& and will not be covered
here in detalil.

The lateral distribution of secondary particles within gte@wer front is expected to be
symmetric about the shower axis. In fact the axial symmstdistorted by the geomagnetic
deflection of the charged particles of the shower. While #wailting effect on the energy
measurement is negligible for zenith angddselow 60, itinduces a directional bias which is
important to be considered when performing anisotropyietuat small signal to noise ratios,
see chapter 5. One of the dominant sources of uncertaingecoimg the measurement of
the lateral profile of the shower is given by physical showestower fluctuations. These
fluctuations occur in the very first steps of interactionsrythe development of a shower. It
has been shown that the uncertainties due to shower to sfioatelations can be minimized
if a characteristic signal is measured at a shower corerdistaf > 600 m [Hil71]. For the
SD of the PAO with a station spacing of 1500 m the optimum distafor estimating the
shower energy has been found to bezdt000 m [New06]. This is why the energy estimator
of the SD has been chosen to®@000), the signal at 1000 m distant from the shower core.

The energy estimate by the SD is obtained from the signal uneaents by the stations
which sample the lateral footprint of the shower. The sigizds in the individual stations
together with their distances to the shower core are usedt tteefivalue 0fS(1000. To do
so, the lateral samples of the longitudinal particle dgnsithin the shower front, i.e. the
station signals, are related to the core distances of thresqmrnding stations and modeled
by an NKG-like lateral density function (LDF),

S(r) = S(1000) (ﬁm)ﬁ (1+ﬁn)ﬁ, (3.12)

with S(r) the signal measured in an SD station at core distanaed the parameter
and §(1000 for the slope and for the shower size, i.e. the energy estiniathis context
[New05]. The basic shape of this LDF is similar to the pararsation of the lateral dis-
tribution of the muonic (and electromagnetic) componerdioshowers given in equation
2.13(2.5). It has proved to describe the signal data redongéh surface detectors of EAS
experiments such as the PAO sufficiently well [New06].
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Figure 3.11: Dependence of the SD energy estimator measurement on thie aegle for a set of
simulated showers at an energy interval fromt®0< E / eV < 10'®7: S(1000 de-
creases for increasing inclination of the shower. Mean aktSRire plotted (black
solid) and a parabola is fitted (white dashed). The numbetkdrplot indicate the
number of entries in the respective bin pairs.

Since the shower front is only sampled at several discresgipns on the ground by
the stations of the SD, it is intuitively clear that changéshe estimated direction lead
to changes of the estimated position of the shower core arelwersa. More precisely,
if the core position is moved, the inclination of the showeeds to be adjusted to fit the
(relative) time information in the stations involved in threeasurement. Consequently, the
energy estimator is affected by changes of the estimateseaftidn and core position for
the following reason: The core position defines the coreadir of the individual station
with signalS(r) which is essential for the LDF fit that in turn provides the rglyeestimator
S(1000). These correlations are typically accounted for by apiyn iterative procedure
in the reconstruction of core position, direction and epestimator of the shower [Veb05].
Furthermore, another solution by means of a global fit has pegposed recently [Dem10].

Calibration of S(1000)

Another step in the process of the energy measurement vatBEhis necessary before the
final calibration can be performed. The particle densityritistions observable at ground
level are strongly affected by the zenith angle of the shageihe zenith angle determines
the amount of atmosphere, or slant depth, the particles toapass. Larger zenith angles
mean longer travel distances within the atmosphere andggraattenuation which in turn
leads to a diminished number of secondary particles regcthie SD. This behaviour is
displayed qualitatively in figure 3.11 for a set of simulasbdwers at an energy interval from
10185 < E/eV < 10*7. From purely geometric considerations the amount of atimesp
to be traversed by the particles approximately goes ljjao¥ 6) and thus is roughly a factor
of two larger for a zenith angle & = 60° compared to an exactly vertical showér= 0°).
The zenith angle dependence of the energy estimator carmbieaied by means of the
constant intensity cut (CIC) method. The basic ingredierthts method is the assumption
that cosmic rays arrive isotropically at Earth, i.e. ther@o preferred arrival direction and
the primary energy distribution should be the same in evegukar bin. The CIC method is
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applied using data above full efficiency, [&yeV) > 185. Thus, directional bins covering

the samesolid anglex detector areaare supposed to measure the same number of showers
of the same energies. For this task, azimuthal effects agkgitde above full efficiency.

The zenith angle axis can be scaled ag (®5sto achieve the adequate binning. Figure 3.11
illustrates the functioning of this approach, all bins is%®) contain the same (within the
given statistics) number of entries.

It is necessary to define a reference zenith argjle,= 38°, to relate the measurement
of the energy estimat@(1000 (6) to a zenith angle independent quantiByz is defined as
the signal expected at 1000 m distant from the shower axissa the shower had arrived at a
zenith angle oBet = 38°. The connection betwee®{1000 (6) andSsg- is called the atten-
uation curve and must suffice the constant intensity camitmentioned above. Therefore,
it is reasonable to make use of a polynomial in%63. Currently, the following parabolic
solution is implemented in the reconstruction of air sha@weith Offline3 [VebO5]:

S(1000)(6) = Ssg (14 a- (coF(6) —coS(ret)) +b- (COFL(8) — oL (6ef))?),  (3.13)
with the fit parameters given in [Mar08].

a=0.919+0.055(stat) "5 55(sys (3.14)
b= —1.13+0.26(stat) ;3 7g(sys - (3.15)

Using this relation, the zenith angle independent quarSiity can be obtained for any
S(1000)(6) measured at ang. The unit ofS3g- is VEM and it has to be scaled to be as-
signed the correct energy. The details and properties oérleegy calibration of SD data
are thouroughly addressed in [Mar08]. Basically, this ficalbration step is performed by
making use of Golden Hybrid data, i.e. the set of showershvhave been detected coinci-
dently by both the FD and the SD. The energy measured withBh&fFp, and the corrected
energy estimator of the S[3g-, correlate and the relation between the two is well desdribe
by

Erp =A- S (3.16)

with the parameters given in [Abr08b].

A= [1.4940.06(sta} + 0.12(sys)] - 10 eV (3.17)
B = 1.08+0.01(staf £ 0.04(sys . (3.18)

Note thatB is close to unity and the relation can be considered almusafti The directional
and energy reconstruction Bffline of an example air shower is visualised in figure 3.12.

3.3 Further Detectors

The southern part of the Pierre Auger Observatory is dedigmeork efficiently in the EeV-
range of cosmic ray primary particles. Enhancements of ttattSD and the FD detector
have recently been deployed in order to extend the efficielogyn to energies of.Q EeV.
With decreasing energy, air showers produce less fluoresdaght and develop higher in

30ffline is the detector simulation and reconstruction softwarel fsethe offline analysis of data taken by
the Pierre Auger Observatory
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Figure 3.12: Visualisation of the main properties of an example air shraweonstructed by the SD
with Offline: (a) shows the lateral footprint with triggered stationsgoound level, the
size of the circles is a measure of the detected signalsindénidicates the azimuthal
incident direction of the shower. (b) shows an LDF fit to thgnsis at the respective
core distances and (c) gives an impression of the arrival direction recatsion by
means of the time residuals under the assumption of a cusgeical) shower front.
For all plots, the colour code of the data points indicatesdtrival time, from light
yellow (early) to dark red (late).
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the atmosphere and their lateral spread becomes smalled @iection probabilities can
only be maintained with fluorescence telescopes that logtertiin the atmosphere and with
surface detector arrays of smaller granularity. Furtheemanly near showers are detectable
with the FD. Additionally, the properties of rather new (it the PAO) air shower detection
techniques are presently investigated. All enhancemestsl@scribed here briefly, their
geographical position within the array is indicated on thegrm figure 3.1 as described in
the corresponding caption.

The High Elevation Auger Telescopes (HEAT) consist of thedditional fluorescence
cameras located close to the Coihueco FD building site [BtjtOEquipped with basically
the same optical and technical properties as the standardraa, the HEAT cameras are
situated in small shelters. These shelters can be tiltedbyo3provide the cameras with an
elevated field of view that directly borders on the f.o.v.lté standard FD installation at the
Coihueco site. This combination allows for stereo deteotibair showers with the standard
cameras of Coihueco and those of HEAT.

The Auger Muon detectors and Infill for the Ground Array (AMABGIs also located
close to the Coihueco site [Abr09c]. In the context of thellifdr the ground array, in a
limited region within the regular grid stations are depldyeth a smaller lattice constant
of 750 m and partly even 433 m. Next to providing the basis faveer detections at lower
energies, data taken with the infill array can be used forseob&cks and reliability tests of
the standard SD up to EeV energies.

For the second part of AMIGA, muon detectors are buried doselected SD stations. The
increased attenuation in the earth shields the electroet@gcomponent and scintillation
detectors measure the penetrating, almost purely muom@aoent of the air shower. This
measurement is expected to provide a deeper understanfding different components in

the lateral distribution of the secondary particles of himsers.

In the densely instrumented area around Coihueco, anogperdf EAS detector is
presently being installed: Air showers generate radiaibmadio frequencies, which is
commonly interpreted as synchrotron radiation of eledrand positrons deflected in the
geomagnetic field. Given a shower disk of a thickness of thderoof ~ 1 m, this radiation
turns out to be coherent in a frequency range-df...100 MHz [vdB09]. The first phase
of deployment of the Auger Engineering Radio Array (AERA} lacently been finished.
Measurements with an array of up to now 25 radio antennasuarently being performed.

The basic concept of the Pierre Auger Obserbatory of maksegpfihybrid and multiple
detection techniques applies. It provides the opportuniitgross-checks and -calibration
which are essential for an improved understanding of etdwmique and allows for achiev-
ing highly precise air shower measurements.



Chapter 4

Angular Resolution of the Surface
Detector

In this chapter the angular resolution (AR) of the surfadeder (SD) is studied. The precise
reconstruction of the arrival directions of air showersigtal to allow for anisotropy studies
of Ultra High Energy Cosmic Rays (UHECRS). It is shown, tlinet AR of the SD is always
better than~ 2° and as good as 1° at energies above 19eV. This makes the data set
collected with the surface detector of the Pierre Auger @ladery well suited for all kinds
of anisotropy studies at all angular scales down to thel@vel. The work presented in this
chapter has contributed to the understanding and the ieduaftsystematics of the angular
resolution of the SD and the FD. Furthermore, part of thiskwiersubject to publication
in the context of a full author list paper that is currentlyrigeprepared for submission to
Astropatrticle Physics [Abrlla].

The angular reconstruction of the SD was discussed in se8tth3. Here, focus is put
on the estimation of the AR of the SD in section 4.1. Two apphea are applied: Firstly, the
AR is computed making use of the angular uncertainties es¢éidby the SD reconstruction.
Secondly, the AR is derived by comparing the arrival dimattneasured with the SD to the
one reconstructed by the FD. For this purpose, only a suli&stents can be used, namely
the Golden Hybrid ones which have been reconstructed imakgmely by the SD and the FD.

Section 4.2 of this chapter is dedicated to the investigaifeystematic distortions of the
directional precision of the SD (and FD) measurements. Wgase is made of the Golden
Hybrid subset of events to estimate systematic effectseftigular reconstructiﬂw.The
differences of the two reconstructed arrival directiors studied in the dimensions of the
respective detector-specific coordinate system.

Data, Simulations and Cuts

Many of the analyses presented here, especially the stuslystématic uncertainties in sec-
tion/4.2 rely on Golden Hybrid events, i.e. showers that leaen directionally reconstructed
by both the SD and the FD. This is why for the sake of consisgtaméact all analyses re-
lated to AR studies which are shown here have been performédeoGolden Hybrid data

Lt is worth remembering that doing so, advantage is takem@fiybrid detection principle at the Pierre
Auger Observatory: The possibility to cross-check one mstroction with the other is a very remarkable
feature of the experiment.
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set. Note that in this context, FD reconstruction alwaysmsdsybrid reconstruction: The
information of the SD station with the largest signal (thatest statiohis adjoined to the
information of the FD to produce the FD or equivalently hglmeconstruction. Correspond-
ingly, physical quantities obtained with the hybrid redpastion will be denoted byHY.

The set of real Golden Hybrid events comprises data takem fréanuary
2004 until December 2010. The reconstruction has been meefb with Offline
v2r 6p4- Ast eri xQbel i x. The simulation of air showers has been performed with COR-
SIKA making use of QGSJetll and Fluka. For these shower sitiauls, detector simulation
and reconstruction have been performed V@fflin€ 2. 2p4- noj o- svn t runk (thanks
to loana Maris for making available the resulting evens $itar08]).

To obtain a proper event selection, the cuts agreed on vitlikiangular resolution work-
ing group are applied, see table|4.1. The application ofcbasis is intended to remove
events that do not fulfil the most fundamental requiremeotsafreliable reconstruction:
Each event is required to have at least one triggered stiatialtow for FD hybrid detection
mode, Ntat> 0. Note that in fact there is an implicit trigger allowing grdvents with at
least 3 stations since the SD reconstruction is requireddwige directional information.
The axis of the shower measured with FD must have a non-zemsesimpact parameter
Rp (Rp is the distance of the shower axis to the FD eye), and a nanagle of inclina-
tion of the shower axis within the shower detector plgpdan illustration of the shower
detector plane (SDP) and the angle definitions is shown indi§u3). Concerning the SD
shower, in this study only showers with zenith angles belOwlégrees are taken into ac-
count (see figure 3.9 for the (SD) angle definitions, notettade follow the definitions of
local coordinates in appendix A).

Geometrical cuts are applied in order to remove showersviea¢ not reconstructed
reasonably well: Events are only used in case the fittinggmoe of the shower axis pro-
duces small reducegf-values considering both the purely geometric fit of the Simnfthe
triggered camera pixel positions and the time fit from thggeer times of these pixels. Fur-
thermore, the SD station used in the FD hybrid reconstrndtigpically the hottest station,
i.e. the station with largest signal) is required to be l&s$1t2000 m distant to the shower
axis and the time offset of SD and FD involved in the detecturst be smaller than 200 ns.

In the end, one quality cut is applied: The angular tracktleithe trace of the triggered
pixels in the FD eye camera) is required to be larger thaniibrder to use only showers
with a large lever arm considering both the position and tinfermation of the camera
pixels.

4.1 Angular Resolution

The angular resolution (AR) of the surface detector of tlereiAuger Observatory is typ-

ically obtained in two different ways [Bon09]. On the one Hancan be computed on an

event by event basis from the angular uncertainty estintdtié® directional reconstruction.

Here, the precise knowledge of the timing resolution of tindase detector stations and an
adequate shower front model is necessary. On the other ttendR can be obtained from

the comparison of the reconstructed shower arrival dwastby the FD and the SD mea-
surement. For the latter method the AR of the FD reconstincieeds to be known. It can

be reliably obtained from simulations of FD hybrid showeasieements.
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Table 4.1: Cuts applied to both real and simulated events for angusaludon studies. These cuts
are the 'standard’ cuts agreed on within the angular résolutorking group. Note that
unfortunately, information on the angular track length wasprovided in the simulation
files available. However, all results concerning the datsehaen reproduced ignoring
the quality cut essentially yielding the same results. Thesults obtained from data and
from simulations can be compared with each other.

Category Name Value Ndat Nsim
No cuts 110942 52259
Basic cuts Niat >0 110917 52259
Rp/m >0 104369 49220
Xo/° >0 104317 49212
6/° <60 97173 49212
Geometrical cuts SDP fjg?/Ndf <7 96057 49142
Time fit x¥2/Ndf < 8 94679 48639
Hottest station to axis distangen < 2000 94507 48628
SD-FD Time Offset/ns < 200 94442 48620
Good quality cut Angular Track Lengtft > 15 71488 not available

It is natural to investigate the behaviour of the AR depegdin several shower param-
eters. The dependence on the zenith angle, the energy amdithiger of stations (also
multiplicity) involved in the reconstruction is studied in the coursehaf work.

4.1.1 AR from Angular Reconstruction Uncertainty Estimates

Technically, for the first case Gaussian distributions @& taconstructed angles and ¢
around the true values are assumed. For the sake of a singikgiom the true values
are assumed to be zero in this section. Note that at thesé angailar scales, i.e. small
values of the variances?(6) and sif(6)c?(p) of the angular distributions, the deviation
from a Gaussian due to the curvature is neglected. The a&riahthe angular distance
n = (6%+sir?(6)¢?) /2 of the measured direction compared to the true one can hiebit
as

0% = 5(0%(0) +itP(6)0%(9)) (4.1)

with 02(6) ~ sir?(8) (). In this scenariop follows a Rayleigh probability density func-
tion:

n) 20%(n)
The AR is defined such that it contains 68 % of the shower doestdiced from a 2D
Gaussian around the true direction, which can be identifyevalently as the 68 % quantile
of values ofn diced from a Rayleigh, see figure 4.1. Assumirf6) = sir?(6)o%(¢p) =1,
o, needs to be scaled with a factor-ofL.5 to make it contain 68 % of the shower directions.
Thus, the uncertainties of the reconstructed angles arbiceahin the following way to yield
the AR:

: n? n?
Rayleigh.q.1.(n) = W“P( 7) : (4.2)

ARsp=15- \/%(02(6)+sin2(6)02(<p)). (4.3)
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Figure 4.1: The upper plots show distributions of the horizontal angleand sir{6)¢ diced from

Gaussians of meagmn= 0 and variancer? = 1. The two-dimensional Gaussian obtained
from these independent processes is plotted on the lowteTle¢ corresponding radial
distribution of the angular distancgis presented on the lower right. The circles on the
left and the lines on the right indicate the 39 %168 % (150) and the 95 % (&0)
guantiles (drawn in blue/dashed, red/solid and greerdatashed) of the 2D Gaussian
and then distribution, respectively. The latter has been fit by a Bigyl probability
density function. The AR is defined as the 68 % quantile of ik&ridution of n which
leads to a factor of- 1.5 with respect to the variance of the 1D Gaussians.
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Figure 4.2: Angular resolution of the surface detector depending orzéimith angle computed with
two different methods: (a) from the angular uncertaintiethe reconstruction accord-
ing to equation 4.3 and (b) from the comparison to the FD lybeference direction
according to equation 4.4. The dependence on the zenitle ariglgiven for various
station multiplicities indicated by the value of\in the legend.

It is worth emphasizing that this method is sensitive toistiaal uncertainties of the
time measurement in the stations as well as to the goodneise afodel both of the lateral
shape of the shower front and of the shape of the longitugissdicle distribution within the
shower front. However, it may be conceivable that there #nercsystematics such as for
example an asymmetry of the particle distribution withia ghower front which the method
is insensitive to; sectidn 4.2 about systematics will shgtat lon this issue.

The results foARsp from the timing resolution estimates of the reconstrucéiocording
to equation 4.3 are shown in figure 4.2(a) and 4.3 (blackesjcl The angular resolution
is plotted against the zenith angle and against energy,hfoifdrmer use is made of the
number of stations used in the reconstruction as a parawietez number of samples taken
from the shower front. The AR of the SD is always better th&i And reaches down to
0.5°. It is worse for low station multiplicities and small zendhgles while being better for
high multiplicities and large zenith angles. Both obseaora can be understood applying
the following reasoning: Low multiplicity corresponds &sk information about the shower
front which can be expected to provide less certain angefaidts. Furthermore, small zenith
angles correspond to small lever arms with respect to tineahtimes of the first particles
of the shower front measured in the stations. Note that foexactly vertical shower the
difference of the arrival times in the hit stations can behefarder of their timing resolution.
This leads to comparably large uncertainties of the ortemaf the shower front and thus,
of the reconstructed direction.

4.1.2 AR from Comparison to Hybrid Direction

For the second approach to obtain the AR of the SD the arrivattion of the shower
measured with the SD is compared to the one reconstructdd ybrid mode. Againg is
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Figure 4.3: Angular resolution of the surface detector depending orettergy computed with two
different methods: from the angular uncertainties of theonstruction according to
equation 4.3 (black circles) and from the comparison to tBeéhfforid reference direc-
tion according to equatidn 4.4 (red squares).

the angular distance, in this case the distance betweewthmtependently reconstructed
directions;neg is the 68 % quantile of the cumulative distributionmpfin order to derive the
AR of the SD fromngg, the angular resolution of the FD hybrid measuremAaR;y, has to

be subtracted:
ARsp = 1/ né;— ARGy (4.4)

Note thatARyy has to be derived from simulations [Bon09]. It denotes théw@uantile of
the cumulative distribution of the angular distance betweeonstructed and true directions
of these simulations. In figure 4.4, the results &Rqy from FD hybrid simulations are
presented. Figures 4.2(b) andl4.3 (red squares) show autsrés ARsp as computed from
the FD hybrid reference according to equation 4.4.

The values oARsp obtained using the FD hybrid direction as a reference agetdry up
to ~ 0.5° than those computed with the method that relies on the waingrtestimates of the
reconstruction. There are essentially two categories s$ipte reasons for this observation:
Firstly, the uncertainty estimates of the reconstructiaghtbe too small. However, this has
been largely excluded in [Bon08]: It was shown that the Etshape of the shower front is
in fact adequately described by simple, curved models aaidthie longitudinal distribution
of particles within the shower front follows a Poisson fuait This proof has been achieved
with goodness of fit tests. Secondly, there may be systerbatses of the angular recon-
struction, be it from the SD or the FD part. This category dftsynatic distortions of the
angular reconstruction is studied in the following section

4.2 Angular Reconstruction Systematics

In the previous section the angular resolution was comployedio different methods, both
being sensitive to thstatisticaluncertainty and different potential origins ®fstematiain-
certainties of the angular reconstruction. The resultemin figure 4.8 differ by up to



4.2 Angular Reconstruction Systematics 53

~ ] —AR,,, from sim.|
< 3 5
2 - L
1+ L
4 = .

0 - — T

17.5 18 18.5 19 195
log, (E/eV)
10
Figure 4.4: Angular resolution of the FD hybrid reconstruction as atedi from simulations. It

is defined as the 68 % quantile of the cumulative distributibrthe angular distance
between the measured and the true directions.

~ 0.5°. In this section a method to study puredystematidiases in the measurement of
arrival directions is presented.

In [Kue08] physical motivations and their implications ceming the impact of the ap-
plication of idealising assumptions w.r.t. the propagatid the fluorescence light in the
course of the FD reconstruction have been thoroughly imyeststd and discussed. How-
ever, this is not the scope of the present work. Instead, proaph that covers all possible
sources of systematic deviations regardless of its phiysiican is presented. The concept of
the analysis is introduced in subsection 4.2.1. Some réaagoprovided how the system-
atic uncertainties observed may be assigned to the detbepiare supposed to have been
caused by. In subsection 4.2.2 the analysis is applied to ddter the presentation of the
results and their implications some remarks are made cetateork in progress in the field
of directional reconstruction systematics in the angutgolution working group. Finally,
conclusions are derived and presented.

4.2.1 Concept of the Analysis

In this analysis again use is made of the Golden Hybrid dataZ@den Hybrid air shower
events have been detected and reconstructed by both thed3BealRD. Since the FD hybrid
reconstruction only makes use of the signal time infornmatsd one single triggered SD
station (the hottest station), the two reconstructionscaresidered independgntAnother
study investigating the issue of systematics from the ratd dide including the systematics
of the core position reconstruction can be found in [CreG@08].

In order to find a systematic shift in one reconstructionhb@tconstructed directions
will be compared within the corresponding detector-specifiordinate systems. The basic
concept relies on the idea that systematics e.g. of the Fidgdronstruction are supposed
to be uncovered at best when transforming the SD directiartive coordinate system of the

2in principle, this remains to be shown, but will not be cowtirethis work.
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FD eye that has seen the same shower and comparing therrggdardinates. Apparently,
the fundamental assumption and necessary condition o altpibuting any systematic un-
certainty to the FD detector is that the SD itself should maivik a preferred direction within
the eye-specific coordinate system of the FD. This basicaégns that the SD direction is
regarded as the true one when investigating FD coordinatései FD coordinate system.
Therefore, the difference between the values of relevamtdioates reconstructed with the
FD and the SD, x5 — Xgp, is plotted against the value reconstructed by the §B Wice
versa, the same considerations apply aggd-xXgp is plotted againstpp in case the SD
systematics are investigated in the SD coordinate system.

4.2.2 Systematics from Data

The angular distance of the directions of incoming air shevadtained from SD and FD

reconstructions is investigated. In order to reveal syatenerrors of each particular recon-
struction, the directions obtained from the respectivéiheoreconstruction are transformed
into the detector-specific coordinate system of the forniEne directions are compared
by calculating the difference in each of the relevant catatis in the respective detector-
specific coordinate system.

SD Reconstruction Systematics

According to figure 3.9, SD specific coordinates are defingelamtion to the ground plane
of the array, i.e. a shower core centred horizontal plange Nt this can be considered the
“natural” reference frame of the SD, since all detectolistetrelevant for the reconstruction
of an individual air shower are located on this plane, esséntConsidering the coordinate
systems available i®ffline the ePampaAmarilldrame of reference is used. The direction
of the shower is given by its zenithand azimuthp angle. The zenith angle ranges frofm 0
(vertical) to 90 (horizontal) but is effectively cut at 6@Gccording to table 4/1. The azimuth
angle starts with Qin eastern direction and is counted anticlockwise.

The reconstructed directions of SD and FD in this SD specdardinate system shall
be compared. Figure 4.5 shows the difference of the zengleambtained from SD and FD
against the latter. Note that the results are not the samalféD eyes, which may be an
indication that systematic distortions by at least soméeRD eyes are involved. Small dif-
ferences mostly in the extreme ranges of the zenith angleteserved; the SD reconstruction
slightly underestimates the zenith angle at large indlimatalues especially for Los Leones
and Los Morados. This behaviour has already been reportfcr@®8]: It is presumably
caused by the fact that in the early part of the shower langgrats are found than in the
late part. It was shown in [Cre08] that only low multiplickéyents suffer this slight shift in
inclination due to the SD reconstruction. This shift orages in the fact that the reconstruc-
tions of core position and direction are correlated. Théy#ate asymmetry in the signals
measured at ground level leads to a bias of the reconstruetithe position of the shower
core, which is obtained as the barycentre of the signalss ifhiurn causes a systematic tilt
in the reconstruction of the direction of the shower. Sireedignal asymmetry grows with
the zenith angle of the showers, the directional bias alsapposed to be largest for the last
bin, 55 < 6 < 60°. However, the largest difference is less tha2*0Thus, it is well below
the corresponding value of AR which is of the order of &R= 1.5° for low multiplicities
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Figure 4.5: The zenith angle reconstructed with the FIY\) is subtracted from the zenith obtained
with the SD @SP) and plot the result against the former in a 2D histogram. Zdréth
angle is binned in 12 bins, the y-axis takes 20 bins; for edthese 12 slices the mean
value and its error are computed and drawn in black. The vdaghed line indicates
zero and thus, the expectation of where to find the mean valtigei absence of any
systematic. This plot concept will be used throughout thidien.

(see also figure 4.2(b).

The same analysis is applied to the azimuth angle (figure dl&erving a small sys-
tematic behaviour that appears to be slightly periodic @ithaximum amplitude of 0.5°.
Apparently, the phase of this periodic behaviour dependherD eye involved in the re-
construction. This can be explained with the presence okteyatic distortion due to the
FD reconstruction. Since the fields of view of the eyes cpoed to different ranges of az-
imuth angle, each individual FD eye has a preferred diradgti@zimuth and therefore might
translate an FD-caused systematic into the SD specific cwiedsystem.

This observation can be studied more deeply: In figure 4. atimauth angle difference
is plotted against the difference of azimuth angle of thenshiap™Y and the eye-to-core
azimuth angleptC. The definition of the latter angle is visualised in figure. 4Ghoosing
this azimuthal difference for the abscissa should aligrptieses of the plots in figure 4.6 in
case the periodic behaviour originates in the FD reconistmic

Figure 4.7 indeed shows that the phases are aligned foredlwiien correcting for the
azimuthal position of the shower core relative to the reBpe€D eye: A sine-like behaviour
of the azimuthal systematic is clearly visible with a phake-®° in all plots. This leads
to the conclusion that a dominant fraction of the observestiesgatic in the azimuth angle
originates in the FD hybrid reconstruction.

Note that the investigations of systematic errors of bo#hzitnith and the azimuth angle

have been performed in much more detail than is presented Adre dependency of the
systematics on various quantities has been studied. Nowatgas more prominent than
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Figure 4.7: The plot shows the difference of the reconstructed azimugiesS® — ¢ against the
eye-to-core azimutigEY . The plot concept is identical to what is described in figuge 4
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Figure 4.8: The figure visualizes the definition of the eye-to-core atimpFC. With the recon-
structed anglg™" it is needed to align the phases measured in the azimuthehsstics
in figure[4.6, see text for details.

those presented in this work have been made. The same isfeglide next subsection,
where systematics originating in the FD are investigated.

FD Hybrid Reconstruction Systematics

FD-specific coordinates are defined in relation to the sted¢&hower Detector Plane (SDP),
I.e. the plane spanned by the direction of the shower andasi¢éign of the FD eye involved
in the detection. Given the shower core and the eye positi@ndirection of the shower
is given by the inclinatior®spp of the SDP and the inclinatiogy of the shower within the
SDP. Both angles range from @ 180, 8spp starts from zero on the right from the point
of view of the eye, whilgy starts from zero for showers pointing to the eye (see figue 3.
for visualisation). Note that due to the cut on the zenithl@iiigble 4.1), the range @kpp
and xo is limited to 30 to 15C0°. The reconstructed directions of SD and FD in the FD eye
specific coordinate system are compared. Note that nowtigeging FD systematics the
SD reconstructed value will be subtracted from the FD onethadesult is plotted against
the former.

Figure 4.9 shows the difference of the FD and SD reconstmsf the inclination angle
6spp of the SDP. A slight shift can be observed, in such a way thatRDd reconstruction
on average underestimates the valuégyp by ~ 0.1°. The worst bin slices in terms of the
biggest difference of- 0.4° can be found in the two upper plots for Coihueco and Loma
Amarilla. In order to quantify the size of the systematicidé@en it is possible to apply a flat
fit and interpret the fit parameter. Restricting the fit to ieistbetween 60< 6spp < 120° to
make it cover the most populated bins in the histograms farpaters ranging from.07°
to 0.11° are obtained. All results are small and compatible with zeitbin their statistical
uncertainties. The systematic differences in the recoastms are within the AR of both
detectors as presented in figures 4.2, 4.3 and 4.4.

When applying the same analysisyg i.e. the inclination of the shower within the SDP,
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Figure 4.9: The plot shows the difference of the reconstructed anglaaatihation of the SDP
LY, — 650 againsteSD.. The plot concept is identical to what is described in figure

4.5.

similar differences are observed (see figure 4.10). FD syaieally underestimateg, by

up to @5°, which only occurs in a few bins at Loma Amarilla. Again reéding the analysis

to entries between 60< 6spp < 120° the same flat fit procedure is applied as was done for
6spp and the fit parameter are interpreted. Values of aboQt05° for Los Leones and Los
Morados are obtained and 0.25° for Loma Amarilla and Coihueco. While the latter two
yield roughly constant differences at all angles, Los Lea® Los Morados show a slightly
curved dependence gpn. However, these small offsets can be considered negligitite
respect to the angular resolution values-dd.5° at best, see section 4.1.

4.2.3 Remarks and Outlook

At the time this study was performed and made available t@tigrilar resolution working
group and the collaboration, the systematics of the angatamstruction have been larger
[Gri09]. It is worth noting that the concept of the analysigldhe results have been taken
serious. In fact, with Jose A. Bellido, the analysis has hesad to tune a parameter of the
hybrid reconstruction in order to make it match the SD restilvas possible to identify the
cause of a major portion of the systematic as offsets in thag of the different hardware
systems used by the SD and the FD, respectively. Differesulate time measurements are
obtained from the two detectors resulting in a systematiiit shthe shower core position
reconstruction which in turn affects the angular recortsion, especially theo angle. The
tuning in fact allowed to diminish the systematics foundha analysis ofg by up to 05°,
see figure 4.11 as an example.

In the same study [Gri09] Golden Hybrid simulations haveliegestigated. It has been
shown that the results from applying the same analysis aflangeconstruction systematics
to simulations does provide compatible results only in adgbe zenith angle analysis. For
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Figure 4.10: The plot shows the difference of the reconstructed angl@sctihation of the shower
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scribed in figuré 45.
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Figure 4.11: The plot shows the difference of the reconstructed angl@scbhation of the shower
within the SDPx{'Y — xSP againstxSP. It shows a comparison of the systematics
measured at Coihueco before (black points) and after (redreq) the tuning of FD
reconstruction parameters.



60 Angular Resolution of the Surface Detector

c 6140 &
= -
> 3
£ 2
£ 6120 =

o) 1500 ©

c

6100
1400
6080

440 460 480 500
easting / km

Figure 4.12: Altitude distribution of the SD array plotted in a 2D histagr in UTM coordinates
[AbrO5]. Every bin contains the average altitude of showaes measured within its
range. The black triangles indicate the positions of the &ildilngs with the lowermost
Los Leones and then anticlockwise Los Morados, Loma Anaaaitid Coihueco. Open
areas in the plot correspond to small spaces in the field wdniemot instrumented,
compare to figure 311.

all other angles the results have been better for the simoktompared to the data. The
origin of this discrepancy is still subject to further intigation in theangular resolutiorand
thedata vs. simulationgorking groups within the Pierre Auger Collaboration.

It has been suggested [Bel09] that there is one propertyedPiérre Auger Observatory
site which relates the surface and the fluorescence desdcteach other: The array is not
completely plain in terms of altitude a.s.l.. On the one hianglcharacterised by an overall
inclination describing an increase of altitude towardsdhection of the Andes mountains
in the west-north-west. On the other hand, the FD buildirmgetbeen chosen to be posi-
tioned on slightly elevated points in order to guarante@on data transmission conditions
amongst other criteria. Both characteristics are visadlia figure 4.12. The implication of
the latter circumstance is that the SD actually is not cotepjl@einaware of the position of
at least some of the FD buildings. The stations of the SD araéal on increasing altitudes
towards the FD eyes. Especially the Coihueco building omigper left in the corresponding
figure displays this fact rather well.

The possible impact on angular resolution issues can bea&tstl by quantifying the
inclination of the array. It can be read from the plot thatéhis an increase of for example
~ 200 m (read from the colour axis) over a distance-d0 km around the Coihueco build-
ing resulting in a slope of.87 %= 0.4°. Note that this crude estimate roughly matches the
angular difference measured in tlgg analysis for Coihueco (and Loma Amarilla), figure
4.10. The intuitively first approach to identify the sourdettus difference would proba-
bly be to search its origin in wrong altitude assignmentshef $D stations. Efforts have
been taken to investigate the altitude assignments of SDs¢avia GPS measurements and
contingently apply corrections. However, these ongoingliss have not identified wrong
altitude assignments nor led to any improvement of the tesiithexg analysis, yet [Bel10].
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Conclusions

In this chapter the angular resolution of the surface detagas analysed. The computa-
tion of the AR based on the estimates of the directional rsitoation of the SD has been
described. It has been shown to be dependent on both zemjta and energy and mul-
tiplicity ranging from~ 2° for the worst combination (small values of zenith, energgt an
multiplicity) down to~ 0.5° at highest energies. These observations have been qgualitat
discussed and understood. Secondly, the AR of the SD hagleei®ad from comparing the
directions reconstructed with SD to the ones given by the F.this purpose, the AR of
the FD events has been computed from simulations. This daoethod has been shown to
produce an AR of the SD that is larger (than with the formerhod) over the full range of
energy and zenith angle by up400.5°. This observation can be understood in the presence
of systematic deviations in the directional reconstructiy either of the detectors. These
would not show up in the former but in the latter method.

Systematic uncertainties in the reconstruction of arrdiegctions of air showers have
been thoroughly investigated making use of Golden Hybriehé. The reconstructed di-
rections of one detector have been transformed into thealatoordinate system of the
other detector and have been used as the respective refer&éhe basic assumption be-
hind this concept is, that the two detector systems can b&idered independent and do not
“know” the position / behaviour / directional preferencésach other. The expectation of
finding a systematic uncertainty in the directional recargion of up to~ 0.5° has been
confirmed. According to the concept of the analysis, moshefsystematic deviations have
been attributed to being caused by the FD: They either oedumrthe FD specific coordinate
system (especially thgy angle) or could be assigned to the FD due to showing a behaviou
that is sensitive to the (position of the) FD eye involvedha teconstruction (the angle).

It has been shown that the precision of the directional rstraation by the surface de-
tector isARsp < 2° for all showers and better than 1° at energies beyond 1®eV. At
the energy range of interest to make large scale anisotitoplyes feasible, i.e. above full
detection efficiency of the SIE > 10'8° eV, the angular resolution amounts t®land
less. Therefore, the distribution of arrival directionsasered with the SD is well suited to
perform anisotropy studies at all angular scales down tavalfe






Chapter 5

Local Effects Inducing False Anisotropy

In this chapter the effect of a varying area of the SD on theoswpe of the SD and of
changing atmospheric conditions over time will be discdsgequalitative introduction into
the topic can also be found in [Grill]. Furthermore, the afia the geomagnetic field
on the energy measurement via the energy estimator of theibbDeapresented. Each of
these effects is capable of introducing systematic denatinto a potentially isotropic map
of arrival directions and thus, must be carefully accouritgdvhen performing anisotropy
studies.

5.1 Varying Area of the SD over Time

The definition of the area of the surface detector was intedun 3.2.2. The size of the
area of the SD is determined by the numNgy; of elementary cells with one central station
and its six closest neighbours active for the strict T5 coowi(five of them for the mild T5).
The activity, i.e. the availability of the station for datking, is monitored by means of the
local T2 triggers of every individual station. Every secptite positions of active stations
are recorded. The data accumulated this way allows to cartpatnumber of elementary
cells at a given GPS second. In turn, the sum of these calirsisan a given time interval of
n seconds is directly connected to the total exposure of thes8®equation 3.3. Secondly,
the identification of the GPS second with the part of the skyeoed by the field of view
of the SD at the corresponding time allows to compute thecefe relative exposure in
equatorial coordinates. In this section realistic origvisvariations of the area of the SD
will be discussed. Then the changing of the SD area over timiebes visualised. The
connection of the variation of the area over time to the vianeof the relative exposure will
be demonstrated by means of an example. The amount of falsetrapy induced when
not accounting for the varying area of the SD will be estirdaténally, a technique will be
presented that accounts for the changing exposure. Itdhauapplied to make anisotropy
studies insensitive to variations of the area of the SD.

There are essentially three dominant origins of time-li&gations of the size of the area
of the SD: Firstly, single and multiple detector station @AS downtimes cause a random
variation of the SD area over time. These downtimes may odgearto e.g. power outages
and maintenance work. In case the CDAS is affected, dataoloss's and the according
time intervals are tagged as bad periods which should noséeé n anisotropy or exposure
studies [Bon06]. Secondly, the overall number of staticass ¢ontinuously increased in the
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Figure 5.1: SD area growth and T5 trigger rate: The plot shows the SD agelx &nd the T5 trigger
rate (black) versus time after the subtraction of bad psriodhile growing contin-
uously during the construction phase starting in 2004, tea aeaches its maximum
corresponding to a T5 rate ef 18 triggers per day in the middle of 2007. The SD area
has been scaled to match the numerical range of the T5 trigteerboth agree well as
expected.

construction phase from 2004 to mid-2007; this obviousiylketo a systematically growing
detector in that phase. The corresponding growth of the £B @rindicated in figure 5.1
alongside with the (compatible) growth of the T5 triggereratThirdly, for optimization
purposes single stations are still being moved. For exanspd¢ions are moved from the
edge of the grid to fill up holes within the array which increaithe sensitive area by reducing
the length of the borderline of the compact grid of the SD.

The variation over time consequently leads to a variatiogr the viewing direction of
the detector since time and direction are directly coreelalue to the Earth’s rotation. More
precisely, the time is connected to right ascension, thategal longitude. A change of the
area of the SD corresponds to a change of the absolute sdhle ioktantaneous acceptance
cone of the SD which was displayed earlier in figure 3!8(a)taftg this cone of varying
scale about the Earth’s axis during one sidereal day leadsrédative exposurex (d,a)
varying over right ascensiom. This effect is displayed in figure 5.2 for the simple case of
a sinusoidal modulation of the acceptance with the periodnef sidereal day. The ampli-
tude has been arbitrarily chosen to b2 8nd the phase indicating the maximum acceptance
over time isp = 270°. To compute the impact on the distribution of the individagua-
torial coordinated anda the changed exposute, (3, a) must be integrated over and?,
respectively; technically, this is achieved by the progacof the sky map histogram in figure
’5.2(b) along the respective axis. The figure shows that thati@n of the area of the SD
is directly promoted to a cosine modulation of the right asgen distribution of the same
amplitude and phase. However, there is no impact of the ti@miaf the area of the SD on
the declination distribution.

In order to quantify the effect of the varying area of the SDaorsotropy studies use is
made of another example. The information of the GPS secamtbhze transformed to equa-
torial coordinates, effectively. To be more precise, theecepresenting the instantaneous
field of view of the SD weighted with the acceptance of the clete(see figure 3.8(a)) can
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Figure 5.2: A cosine variation of the SD area of amplitud® @nd phase = 270 within the period
of one sidereal day of data taking is directly promoted tossraomodulation of the right
ascension distribution with identical parameters, seeftaxdetails. The top left plot
shows the relative exposueg d) in equatorial coordinates in absence of a modulation of
the area of the SD. The top right plot displays the changedsexe functionw, (5, a) in
the presence of the described cosine modulation of the ibreay shows a dependence
on a. The bottom plots compare the two scenarios without (blatikilsand with (red
dashed) a modulation of the SD area in the declination ard aigcension.
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Figure 5.3: First harmonic modulation in the event rate induced by thi&tian of the SD area. The
numbers of cell seconds have been filled into the correspgriain in right ascension.
To guide the eye, the resulting modulation has been fit by eeds order to quantify
the effect of the changing area of the SD on searches of finstdrac modulations. The
plot has been produced for the data period from 2004 unti®200

be positioned on the equatorial sphere for a given pointme tand the corresponding area
of the SD available at that time. The corrected relative syp® map is then obtained by
adding up these cones at all GPS seconds within the timevaitef taking data considered

for analysis. The resulting variation of the SD area accuaedl in bins of right ascension is

displayed in figure 513. It shows that for the example of the@ropy search for a first order

harmonic modulation the amplitude artificially induced hg thanging size of the SD area
is about~ 0.5 %.

To dispose of the locally induced variation of the relatixp@&sure in equatorial coordi-
nates use can be made of the complete information contambe ihistogram in figure 5.3
bin by bin. The data points taken within a certain period widineed to be divided by the
SD area weights obtained for the same period. Doing so, ati®taken of how often the
detector has “looked” at a certain direction in the sky. lcallccoordinates the instantaneous
local exposure for a given local direction, time and enesgyiven by [Abrllc, Som01]

Woc(6, 9,1, Sg) = Neen(t) x A§e[|)| cos x £(Sze, 6, 9) (5.1)

with Nee the number of active elementary cells at timé\ﬁeD” the area of the SDg and¢
the zenith and azimuth angl&g the energy measurement of the SD antthe detection
efficiency. With the given position of the observatory and khcal direction and time the
local exposure can be transformed to the exposure in egalatoordinates by rotation, see
appendix A. The integral over time of the resulting instaetaus equatorial exposure yields
the expectation of what an isotropic sky would look like freime geographical position of

the PAO, the corrected exposung(d, a).

Note that at full efficiencyE > 10'8° eV and6 < 6(°, the local exposure does not de-
pend on the azimuth angle and in case of a detector of cor@ta@at o [1 CoS6 expresses
the acceptance cone of the local field of view of the SD, seedig8. Under these condi-
tions the integration over time achieved by one rotatiorhefdone in equatorial coordinates
around the axis through the poles yields the well-knewa) given in equation 3.4.
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5.2 Varying Atmospheric Conditions over Time

The particle content measured at ground level depends gordiperties of the atmosphere
the air shower cascade develops in. These properties ak@aneifor meteorological studies
and forecasts which is why the effects on the shower devetopiere commonly referred
to as weather effects. In this section, the connection Etve@mospheric conditions and
shower cascade physics will be briefly illuminated. The iotga these conditions on the
energy estimator of the SD will be discussed. Then the cdiorebetween systematically
varying energy measurements with SD over time and anispstylies will be drawn. Fi-
nally, the correction for the energy estimator will be prese and the size of the effect on
the event rate will be quantified.

The quantities describing the atmospheric conditions egssureP, densityp and tem-
peratureT; from the ideal gas law they are known to fulfil the relatierhl pT, approxi-
mately, so that the choice of the two observaliteandp suffices to basically characterise
the atmosphere. Changes of these thermodynamical chastacgeof the atmosphere affect
the interaction lengths of hadrons and radiation lengtlie@EM component of the shower.
For example, a higher air density is expected to cause aansddint depth of the shower
maximum and stronger attenuation of shower particles anwey to ground level. In turn,
fewer particles reach the SD and the signals measured byat@s of the SD are systemat-
ically smaller. Thus, the energy estimator is smaller cameghéo a measurement of the same
primary particle and energy in an atmosphere of less dense ai

Atmospheric conditions vary with time. Well-known featsref this behaviour are sea-
sonal and daily changes of the weather most commonly iretiday the temperature. Conse-
guently, the measurement of the energy estimator with thegBies over time, too. Consider
a set of extensive air showers reconstructed successfuhpomeasurements with assigned
energies and arrival directions of the respective cosnyigranary particle. Recalling the
fact that time of measurement and direction of the showgh{rascension) are connected
it becomes apparent that the variation of energies over taslt in variations of energies
over direction. For anisotropy studies on this set of everdsnecessary to apply an energy
cut; since the detection efficiency depends on energy, sesieq 5.1, the exposure can by
calculated correctly only if the energy of the particles isgisely known. Thus, after the
application of an energy cut to a set of events whose energrgsystematically over direc-
tion the steeply falling energy spectrum causes a nongibtgi fraction of this directional
dependence to be propagated to the event rate.

The air pressure and density are continuously monitorethetSD of the PAO and
recorded every 300 s. Figures 5.4(a) and (b) show the sdamodalaily variation of the
air densityp obtained from the monitoring files kindly provided by [Ke]11n [Abr09a] it
is shown that the sign&(1000 measured with the SD at 1 km from the shower core impact
position correlates with actual local values of pressuend air density. Using the average
valuesPy = 862 hPa angy = 1.06 kg n13 at the location of the observatory as a reference,
the signalS’(1000) that would have been measured at these reference values is:

(1000 = [1 - ap(8)(P— Py) — ap(6) (pu — po) — Bp(6) (0 — p0)]S(1000 . (5.2)

wherepy is the daily average air density at the time of the measureai¢he air shower and
6 is the zenith angle. The correlation coefficients a, andp, are reported in [Abr09a].
For the sake of visualisation of this effect, the correlatid air density and energy estimator
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of the SD is plotted in figure 5.4(c). The correction is applan the level of the energy
estimator and has to be transferred to a correction of theggne order to make typical
energy cuts feasible. This transfer is achieved perforrttiecknown process of the constant
intensity cut and energy calibration as described in chidterhe procedure is applied to
the corrected estimat& (1000 making use of the same CIC and calibration constants that
are obtained for the original values 8f1000).

In order to quantify and visualise the impact of the variatod the energy estimator of
the SD over atmospheric conditions (and thus, over time)raso&ropy searches, a subset
of real data events has been investigated. A comparisondesrbade of the raw data set
and the energy corrected data set according to equatiorA&er. applying a lower energy
cut, E > 3 EeV, to both data sets, the ratio of the event rates has Hetadpversus right
ascension in figure 5.5. From the cosine fit applied to guidee an amplitude of B % for
first order harmonic modulations can be read. This modulatiould directly be propagated
to a search for sinusoidal anisotropies as a systematict éffeot corrected for.

5.3 Effect of the Geomagnetic Field

In this section the directional distortions of the evenerat cosmic rays induced by the
geomagnetic field will be analysed. The charged secondatiglea of extensive air showers
are deflected in the geomagnetic field. This deflection affiaet energy estimat& 1000) of
the SD. The resulting variation & 1000 depending on the direction of the air shower with
respect to the direction of the B-field is propagated to themekate indirectly when applying
an energy cut, similar to what was already described in teeipus section in the context of
weather effects. Consequently, anisotropy studies magm&ts/e to this modulation of the
event rate that is induced by the geomagnetic field. If naeaoded for, this local effect leads
to false identification of anisotropy in the event rate disition on the equatorial sphere of
arrival directions.

In the simplest approach to quantify the influence of the BHam the event rate distri-
bution as described above one would want to make use of gotar shower simulations.
These simulations are expected to describe the reality gheta deflections of secondary
particles fairly well. After the detector simulation anc¢coastruction chain, an energy cut
would be applied and the effect on the event rate could bearsgteboth qualitatively and
guantitatively from the comparison to the isotropic exp&on. Isotropic expectation in this
context means the relative exposure which was describetapter 3. However, without
introducing a model a priori to restrict the shape and nurolbearameters of the influence
a huge number of shower simulations would be necessaryaw & precise results.

This is why the effect will be modelled before being quantfisy means of air shower
simulations. In a first step, a qualitative model of the dffatthe energy estimator will be
derived on an intuitive basis. A more rigorous approach shibw that this rather intuitive
model was sensibly chosen and holds for quantitative ceraiighns. Air shower simulations
will be used to derive the parameters of the model. It will beven that the modulation of
the energy estimator results in a systematic distortioh@ftvent rate distribution inducing
false anisotropy at the- 1 % level. The work presented in this section has contribtded
the understanding and quantification of the effect of thengggmetic field on anisotropy
studies. The aim of this work is to quantify the influence cf fleomagnetic field on the
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Figure 5.4: Variation of the weather conditions and correlation of tlaying air densityp and
the energy estimatd®(1000. (a) displays the daily variation of the air density during
southern summers (December - February), (b) shows thersdagmnges. As expected
from fundamental physics the air is densest after cold gderibe. at about 10 o'clock
in the morning and during southern winters. (c) gives an @agion of the impact of the
air density on the energy estimator: a variation of 5 % of the&ensity correlates to a
change of 10 % of the energy estimator.
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Figure 5.5: First harmonic modulation in the event rate induced by thétian of the conditions
of the atmosphere. The raw set and the weather correctedaskioe event rate distri-
butions over the right ascension. The plot shows the birwasio of these event rates
when applying an energy cut & > 3 EeV. To guide the eye, the resulting ratio has
been scaled to make the mean entry match unity and the mimttutzds been fit by a
cosine in order to quantify the effect of the changing atrhesp on searches of first
harmonic modulations. The plot has been produced for tremiriod from 2004 until
2009.

energy estimator measured with the SD; more precisely, itieeds the value of the energy
estimator is obtained that is due to the presence of the ggoetia field, a correction is
derived. The corresponding results obtained in a collalmral effort with the Large Scale
Anisotropy task force of the Pierre Auger Collaborationlwé published soon [Abr11b].

5.3.1 Intuitive Approach

The following general considerations provide an idea of tlogvgeomagnetic field affects
the energy estimatd(1000. A qualitative model of the variation (1000 in local coor-
dinates is derived from few fundamental assumptions.

Due to magnetic deflection the shower particles are sulpeztidrge separation on their
way to ground level. Thus, the lateral distribution of thetjgées in the plane perpendicular
to the shower axis is distorted: While in absence of the figldlaymmetry and a circular
distribution is expected, the deflection by the geomagrisid leads to an approximately
elliptical distribution, see figure 5.6. In turn, this digton is transferred to the signals mea-
sured in the individual stations detecting the shower atiggddevel. Since the measurement
of the energy estimatd$(1000 by the SD assumes axial symmetry of these signals around
the shower direction the estimator is subject to variatiepesthding systematically on two
guantities:

e Onthe one hand, itis affected by the angle= < (S, B) between the shower direction
S and the local direction of the B-fielB. The influence is large abg ~ 90° and
decreases for both smaller and larger angles until it vasisihshowers (anti-)parallel
to the field directionQg = 0° or Qg = 180C°. Due to this symmetry of the influence
aroundQg = 90° the simplest approach to model the influence on the energyatsr
would be a quadrupolar function; it turns out that

fa(0s) = (1—cog20p))/2 (5.3)

exactly matches the described properties. Note that irciptmit is not clear a priori
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Figure 5.6: Separation of charged air shower particles in the Earthgnatic fieldB: Muons u*
are deflected byx, on average according to their respective charge, the atlginir-
cular footprint of the lateral particle densities in the wsio front (light grey) becomes
distorted. In the drawing the separation is exaggeratedwaadtircular footprints are
generated (dark grey). In a more realistic scenario for rvizbntal showers with typi-
cal particle deflection®x, | of several 10 m and a lateral extent of the overall footprint
of a few km large fractions of these circles will overlap ttheeding to an approximately
elliptical shape. See also figure A.4 for reference.

whether the effect is of positive or negative sign, i.e. ieethe energy estimator will
be larger or smaller due to the influence of the geomagnelit fie

e On the other hand, the influence depends on the distnicvelled by the particles
through the B-field. There is a simple approximate connadbetween this distance
d and the zenith anglé of the shower as illustrated in figure 5.7. The distadds
given by the altitudén of particle generation divided by the cosine of the zenithl@n
9,
d=h/coso,

This relation is based on the assumption of a flat atmospféeespherical curvature
of the atmosphere in fact leads to smaller valued af large zenith angles than what

=doc1/cos (0)

Figure 5.7: The travel distancd of secondary particles in the atmosphere depends on zewjthé
Approximately, itis inversely proportional to the cosirfetge zenith angled 0 1/ cosé.
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Figure 5.8: Parametrisation of the influence of the geomagnetic fiele&dimg onQg and zenith
angled, see equations 5.3 (left), 5.4 (right). The latter is digethfor different expo-
nentsn = 2,3, 4 of the zenith angle dependence.

is predicted by the formula. However, this effect is partiynpensated due to the fact
that inclined showers are supposed to generate second#iglgsaat a higher altitude
than vertical showers. This is because the former has [@edta larger amount of
air when reaching the same altitude. The path of partickesliing through the geo-
magnetic field is known to be bent by the Lorentz force to autancorbit. For large
gyroradii magnetic deflections are small and the circul#n pgay be approximated by
a parabola. Thus, the influence of the geomagnetic field oerlbegy estimator can
be assumed to depend quadratically on the distance trdyelle

f0=2(6) = 1/cos(0) . (5.4)

Note thatn is introduced as a parameter. This degree of freedom accturthe fact
that in the rigorous approach in the following subsectioteager dependence on the
zenith angle is predicted. The actual valuaafill be derived from simulations. The
functionsfg(Qg) and f§=2(8) are displayed in figure 5.8.

These functions model the effect of two properties of theagrovhich are essentially
independent of each other, the combination of the two inflasiis described by the product.
The model of the effect of the geomagnetic field on the enesgynator therefore becomes

AS(1000 _ 1-cog20g)
S(1000 2cog(0)

(5.5)

with the parameters to describe the zenith angle dependenceRthdicating the ampli-
tude of the effect. According to this model, the expectedati@mn of the energy estimator in
the sky map of local coordinates is visualised in figure 5roafo exaggerated amplitude of
Rs = 0.2 andn = 2. The projections of this map along x- and y-axes yield tts¢rithutions
of AS%%%%Q in zenith and azimuth, respectively. In case of the largelénge Rs = 0.2, the
effect in the dimension of the individual coordinate is clgaisible and amounts to values
of comparable order of magnitude,0.2.
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Figure 5.9: Model of the influence of the geomagnetic field on the energiynasor obtained from
an intuitive approach, see equation 5.5 (top). The paramated for the visualisation
of the sky map in local coordinates d@Rg = 0.2 andn = 2. The respective effect on the
local coordinates zenith and azimuthyp (bottom) is obtained from the projection of the
sky map along the corresponding axis (black solid). For amspn, the distributions
expected in absence of a geomagnetic fiRgl=£ 0) are plotted (red dashed).
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The resulting variation 081000 is propagated to the event rate indirectly when apply-
ing an energy cut. In the simplest scenario the model woundhine unchanged qualitatively;
equation 5.5 would hold and only the amplitude of the effeatild possibly change.

With this solution the effect of the geomagnetic field on there rate and thus, on
anisotropy studies, is modelled from very basic ingrediemtd considerations. It can be
guantified by obtaining the parameters in equation 5.5 fronukations. Note that it is not
easily possible to derive the parameters from real data: distebution of arrival direc-
tions in local coordinates may partly contain true anigogr@.g. a strong source above the
south pole would result in an excess in the azimuth angleiloligton atg ~ 270°. While
the technical details of the air shower simulations arergimeappendix B, the results will
be reported later on in this section. In the following suliseca more rigorous approach
will be presented including more quantitative informatamthe geomagnetic field and the
deflection of charged shower patrticles.

5.3.2 Rigorous Approach
Magnetic Field of Malargtie

The geomagnetic field at the site of the PAO near Malargu#fastad by the south Atlantic
anomaly which results in a field strength that is roughly adiaof two smaller compared
to typical values e.g. at locations in Central Europe. Therhmational Geomagnetic Ref-
erence Field (IGRF) provides the following parameters dafithe local geomagnetic field
[Ocell]:

B = (B,lg,Dp) = (245uT,—35.4°,3.1°) (5.6)

with Ig and Dg commonly referred to as the inclination and declinationha tocal field
lines. Transformed to the coordinates of the local cootdisgistem as defined in appendix
/A, the magnetic field is

B = (B, 6, @) = (24.5uT,54.6°,86.9°) . (5.7)

The field strength and direction can be considered constarthé time scale of the data
taking of the PAO which is shown in figure 5/10.

Magnetic Deflection

The deflection of charged shower particles in the magnetecBeés described by the Lorentz
force,
IFL| = |qv(Sx B)| = |q|vBsinQg .

with g the charge of the particle andSvts velocity and direction. As before, the an-
gle between particle directio® and direction of the magnetic fiel@ is denoted as
Qg = <(S,B) = arcsin(Sx B)/(vB)). The component oB transverse to the direction of
the particle iBt = BsinQg. SinceB forces the particle on a circular track, together with the
centrifugal force the gyroradius of the particle can be cote@. The gyroradius of a shower
muon of an energy o, travelling perpendicular to the direction of the Earth’sgnatic
field isrg = E,/(eBr). The size of the magnetic deflection of the muon within thensiro
plane depends on the gyroradiysand the travel distanaof the muon in the B-field. The
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Figure 5.10: The change of the geomagnetic field during one decade angamlthe IGRF is neg-
ligible for the investigation of its effects on anisotropydies. The change in direc-
tion amounts to~ 0.1° per year (left plot) and the relative change in field strerigth
~ 0.6/24.4/10 ~ 0.25 % per year (right plot). The values have been obtainedhfor t
IGRF from [Ocel1]

shower coordinate system made use of is illustrated in appe&n The magnetic deflec-
tion ox. of the muon along the x-axis in the shower plane can be esafabm purely
geometrical considerations frorg andd,

OX4 ~ +d x sin(arctar{d/rg)) —rg .

This relation can be approximated by means of the expanditimeosine and arctangent
function to first non-linear order id/rq resulting indx.. =~ d?/(2rg). With the gyroradius
substituted again by the known formula the magnetic defladciecomes

ecBrd?

Xy ~ + . 5.8
X+ 2Eu (5.8)

Lateral Muon Density and S(1000)

In the presence of the geomagnetic field a dominantly quadsuphape of the lateral muon
density p, within the shower plane is generated by the charge separaiosed by the
magnetic deflections. Quantitatively, the dengityx,y) in presence of the magnetic field
can be derived from the densipy,(x,y) in absence of the field [Abrllb]. This is done
by means of the following Jacobian transformation idehticavhat has been done in the
context of horizontal air showers [Ave00]:

%) = | S

Pu(X(XY), Y(X,Y)) - (5.9)

with the Cartesian coordinates in the shower plane ful§ltime simple relations

X=X+0XL(Xy), Yy=Y. (5.10)

The quadrupolar character of the modulation of the muonitemmsthe shower plane
affects the signals measured by the surface detectorrstafidne signal sizes are modulated
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depending on the polar anglein the shower plane like

Sobs/Sexp=1+Try-(1—cog2¢ —@y))/2. (5.11)
with ry the amplitude andy, the phase of the modulation asghs the observed an8exp
the expected signal measured at an individual station. ishdbntext, the expected sig-
nal is obtained from the LDF fit that assumes a circular symynet the muon density
around the shower axis. Thus, the fit function yields the fage” signal size at a given
shower axis distance. Isotropic air showers of energieseaba> 3 EeV have been simu-
lated with spectral indeX = 2.6 with the geomagnetic field at Malargiie switched on (off).
The number of air showers simulated with AIRES is 52086 (§&8id the number of indi-
vidual tank signals included in the normalised average 888 (43422). The amplitude of
the quadrupolar modulation estimated by the procedureritdescisr, = (0.48+0.05) %
(ry = (0.10+£0.12) %), see figure 5.11. Similarly, the ratio is plotted for reatadabove en-
ergies of 2 EeV from 336410 tank signals observing an ang#itfry, = (0.53+ 0.04) %.
Both amplitude and phase of the modulation found in real dgtae with simulations in the
presence of the geomagnetic field while there is no signifiaerplitude in the absence of
the field. Note that the phase aligns the maxima withdtixeaxis direction which is where
the maximum deflections and thus, the muon overdensitiesxqected. Consequently, the
existence of an influence of the geomagnetic field on the dégntwith the PAO SD is
implied. Even more, the influence is described quantithtwéh air shower simulations.

When focussing on changes of the muon density at a distarid@06fm from the shower
axis, the variation of the magnetic deflectidx. depending orx andy has been shown to
be small [Abrl1b] compared to the distance to the shower. amnsequently, the muon
density in presence of the field can be approximated by

Pu(X,Y) = pu, (X—0X4,Y) + pp_ (X—0X_,Y) (5.12)
_ 5X)2 0%p, (X,
~ py(y) + (B OPuLY) (5.13)

with the deflection®x = dx, = —dx_ and muon densities,, = p, = p,/2 differing only
in the sign (of the muon charge), not in the absolute valuds iBhwhy the linear term is
cancelled out in the approximation. Therefore, the muorsitig@t the distance of 1000 m
is changed in the magnetic field by a factor proportional to

(6x)2 0 B2d*. (5.14)

Since the transverse component of the B-field depends oméiadual shower direction,
Bt = Bt(6, 9), the influence of the B-field on the energy estimator contamazimuth an-
gle and a zenith angle dependence. While the zenith ahdpendence affects the travel
distanced, see below, the azimuth angéedependence is indirectly derived from the de-
pendence of the Lorentz force on the angig between shower directio8 and direction
of B. Therefore, it is both intuitive and convenient to sepdyatensider the dependence
of the magnetic deflection o2z and 8. The former is described by equation 5.14 with
Bt = BsinQg leading to
(5x)2 0 B2sir?(Qg)d* . (5.15)

Again assuming a direct connection of the magnetic defleotvih the variation of the
energy estimator results in the following parametrisation

AS(1000 Sir?(Qg)

S(1000 Re cos(9) (5-16)
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Figure 5.11: Modulations of the ratio of observed and expected tank sgrexsus the polar angle
w in the shower front. The top plot shows the modulations fondated showers in the
presence (black solid) and absence (red dashed) of the geeti@afield. The bottom
plot shows the modulation for real data ab&e- 2 EeV.
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It is worth noting that this equation differs only slightlyom equation 5.5: The depen-
dence om2g given here is identical to what has been obtained with thetimé approach in
equation 5.3, s(Qg) = (1— cog2Qg))/2. However, the zenith angle dependence obtained
from the intuitive approach assumed a quadratic behavioar?. Instead, the result from
the rigorous approach claims a stronger dependence fikes(6). This apparent disagree-
ment is softened when recalling that the propagation of tfeeteof the geomagnetic field
on charged particles and the muon density to an effect onriteeyg estimator is a com-
plex issue which cannot be modelled easily; as an educatessgthe actual value ofis
supposed to lie somewhere in between the two results. In\amt,.ehe characterisation of
the connection of the variation of the energy estimator &edccbsine of the zenith angle by
a power law is considered a reasonable ansatz. Simulatidinsenused to determine the
powern and the overall amplitude of the modulatiBg.

In summary of and corresponding to the two presented appesathie parametrisation
of the influence of the geomagnetic field on the energy estimatdefined in the following
way:

Son—Soff RBsinz(QB) -cos'(6s)
Soff cos'(6)

with S and S denoting the energy estimat8 1000 measured by the SD in absence
(off) and in presence (on) of the B-field, respectively. Ntitat a factor of cd¥6g) has
been introduced to renormalize the formula to the specs¢ od showers coming in at the
same zenith angle as the B-field direction. This will allow tiee evaluation oRg without
interference by the zenith angle. Independently on whetmeB-field is switched on or
off, the lateral density function assumes axial symmetryuatthe shower axis. For this
reason, the given definition afcorresponds to the amount the measureme®( D000 is
over- or underestimated by due to the B-field. Contrariwike,correction that has to be
applied to every measur&{1000) to make the data set insensitive to the effect is given by
the permutation o0& and Sy, or essentially by-s. The uncertainty o is obtained from
the propagation of the uncertaintiéS¢ andASy, of S and S, respectively.

\/A%nsgff +Asgff%n
AS= S% .

S =

(5.17)

(5.18)

5.3.3 Model Parameters from Simulations of Air Showers

In order to derive the parameters of the model in equatioid, Sdeally two large sets of
isotropic simulations would be generated with the magrfetld switched on and off, re-
spectively. After the application of an energy cut to botts sthe event rate ratio of the re-
sulting distributions of arrival directions in local coandtes would be fitted with the model
and the parameters could be obtained. However, this apgpwwaald necessitate a huge
number of simulated air showers. That is because in isatrapival directions the angular
range at large zenith angles is under-represented. Largi zengles, at the same time, are
of major relevance to derive significant estimates of theupater values; the ratio defined
in equation 5.17 increases strongly with zenith angle asatsmbe observed in figure 5.8.
Basics on air shower simulations and the corresponding etsrdnd parameters used
in this work are introduced in appendix B. The air showerglpoed in the course of this
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Table 5.1: Isotropic air shower simulations generated with AIRES ia tourse of the study of the
effect of the geomagnetic field. The primary particle typpriston, the energy has been
diced aboveE > 3 EeV from an energy spectrum with realistic spectral inélex 2.6,
the directions are distributed isotropically and the dctligection of the Earth’'s mag-
netic field has been used, see equdtion 5.7. The strengthebasshvitched on and off,
respectively, and a number N of showers has been simulated.

AIRES simulation parameters for isotropic showers

primary| E | ] | ¢ |B/uT| N
D ‘NE—Z-G ~ €C0sPsind ‘ flat 2?)'5 ‘5826%876

thesis are summarised in tables|5.1 5.2. Large setstajpgoshowers simulated with
the AIRES program were already made use of for the plots indigull. Furthermore, a
number of mono-energetic and mono-directional air sholwave been simulated with the
CORSIKA program and partly cross-checked with the AIRESypan.

In order to quantify the geomagnetic field effect from theédasimulations, the mean
values(S(1000)) of the energy estimators reconstructed with the B-fieldaweitl on and off
in the respective set of showers are computed and compatiedadh other. The comparison
consists of inserting the mean values into equations| 5.875a18. Two scenarios are of
major interest for the computation of the model paramd®grandn.

Firstly, fixing the shower direction to a direction perpendar to the B-field direction,
Qg = 90°, while at the same zenith angle = 6g = 54.6°, the measurement of the ragan
equation 5.17 exactly becomes the amplitBde The mean values & 1000 obtained with
protons of energy 8 EeV are plotted in figure 5.12(a); addéily observing equation 5.18
for the uncertainty results in the following measuremerthefamplitude:

Rs = (2.56+0.32)%.

The amplitude is positive and thus, the energy estim&t@000 is overestimated due to
the influence of the geomagnetic field on the shower particles the determination of
the zenith angle dependence it makes sense to use direpgopendicular to the B-field
direction, Qg = 90°, and correspondingly produce sets of air showers at diffezenith
angles. With this approach the exponeiean be measured. Figure 5.12(b) shows the results
obtained fors at four different zenith angles. A fit to the points with eqaat5.17 produces
the second parameter,

n=2.99+1.06. (5.19)

Note that this value is compatible within its uncertaintythwin = 2, i.e. the preliminary
prediction made in the intuitive approach. It is also conipatwith n =4 predicted with
the rigorous approach. In a similar study using AIRES (witB$Jetl) simulations a larger
set of showers is produced and a valuenet 2.8+ 0.3 is obtained [Abrl1lb], compatible
with the result in equation 5.19 but confirming neither apgio As mentioned before, the
propagation of the effect of the geomagnetic field on indiaidparticle level to the level of
energy estimation with the SD is complex and both approaciesnly provide a qualitative
idea.

The amplituderg can be fitted from the zenith angle dependence plot as walpibtained
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Table 5.2: This table shows a summary of all mono-energetic and morestithtnal air shower sim-
ulations done in the course of the study of the effect of thangpgnetic field. The simu-
lation input parameters are given starting on the left witmpry, the type of the cosmic
ray particle, followed by the energy E, the zenith angl¢he azimuth angle (for com-
pleteness, the angtes of the shower relative to the local direction of the Earthagmetic
field, 6 and gs, is given, too), the strength of the field B and the number Nhofrxgers
simulated. On the right the result obtained when simulatirganswer of the surface
detector and reconstructing the air shower from the measmeof the simulated signals
in the detector stations. As an estimator of the effect ofjgmmagnetic field use is made
of the average value of the energy estimg®r1000) which is given with its statisti-
cal uncertainty. All results are obtained with CORSIKA egxcéor the bottom case: A
cross-check is performed with AIRES for protonstof 8 EeV and zenith angle of 35
confirming the CORSIKA results.

Simulation Parameters Result
primary | E/EeV | 0/° | ¢/° | Qg/°|B/uT| N | (S(1000)/VEM
CORSIKA

86 0 |5797] 1291+0.03

P 8 5 1307 90 | 245 | 7621|| 13244003

86 0 | 2573 11687L042

P 80 1 55 15571 90 | 545 | 2472|| 12019+0.42

86 0 | 6001 16.03+0.03

Fe 8 9 1307 90 | 245 | 7754|| 16.23+0.03

35 | 266 0 | 897 || 2488+0.16

35 | 266 245 | 912 | 25104015

: 45 | 312 | 0 |1752| 1836-+0.09

P 45 | 312 245 | 1822| 18544008

60 | 332 0 |1953| 1084+0.05

60 | 332 245 | 1914| 11244005

AIRES
86 0 | 998 | 1278+0.06
P 8 % 1307] 9 | 245 | 971 || 1308+0.08
as

Rs = (2.43+0.27)% (5.20)

and thus agrees with the estimate produced when only ustngiasurement at one zenith
angle.

5.3.4 Systematic Uncertainties

The dependence of the effect on energy and composition gdriheary particle is investi-
gated. For simulations of protonsit= 80 EeV and® = 6, Qg = 90° a compatible result

is obtainedRg = (2.8440.49) %, which implies that the influence of the geomagnetic field
on the energy estimator is essentially independent of tinegpy energy. This can be under-
stood because the energy spectra of the secondary pasitesonly little dependence on
the primary energy: The primary energy rather affects théiphigity, i.e. the number of
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Figure 5.12: Measurements of the mean valuesSp1000 from air shower simulations with the
B-field switched on and off, respectively. With= 6z and correspondinglf2g = 90°
in the left plot the ratio defined in 5.17 becomes the ampditse: Rg. In the right plot
the zenith angle dependence of this ratio determined bydhvem is investigated, see
text for details. The plots show the results for proton satiohs atE = 8 EeV.

secondary particles generated within the air shower caswade the atmosphere regulates
the typical energies of these particles after few stepstefaation. Since the gyroradius and
thus, the magnetic deflection scales with the particle gniérg not surprising that even for
primary energies differing by one order of magnitude theaotpf the field on the energy
estimator is roughly the same.

The same exercise is performed with iron primary particles8 &eV resulting in
Re = (1.254+0.26) %. It is significantly smaller by a factor of 2 compared to the re-
sult for protons. This is surprising since the energy speatithe charged shower particles
should be similar and in first order approximation no differe is expected at all. More-
over, iron nuclei initiate air showers earlier in the atmuos@; this in turn leads to larger
track lengths of the secondary particles and thereforeldhather cause larger deflections
in the B-field and a larger impact on the energy estimator. drigen of this discrepancy is
not clear. The work presented in this thesis assumes thainzof energies in the single-
digit EeV range can be considered to yield the dominantitvaaif the flux of UHECRs. A
cross-check with AIRES produces good agreement with the &IRR results for this case,
Re = (2.43+0.60)%. In the following the parameters of the model are fixed withvalues
given in equations 5.20 and 5.19.

5.3.5 Impact on Anisotropy Searches

The effect of the geomagnetic field on the energy estimafmoigagated to the reconstructed
energy and eventually, it affects the event rate expectédiodifferent directions as soon as
an energy cut is applied. In order to produce a reasonablaastof the amplitude of the
modulation of the event rate the step fr@f1000 to energy will be considered linear, i.e.
the assumption is made that the parameters found in eqed&iaf and 5.19 for the variation
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of S(1000 can be taken as they are and used to describe the variatiba ehergye. With
it the amplitude transferred to a modulation of the even catebe derived from the energy

spectrum:

dN

—OE¢ 5.21

dE ( )
with & = 2.6 in the range of energies of interest ab&e 3 EeV. A variation of the energy
leads to a variation of the event rate with an amplitude lalgea factor ofé — 1= 1.6.

Therefore, the amplitude parameter of the model on eveateaéel becomes
RY = 1.6 x (2.434+0.27)% = (3.89+0.43)%. (5.22)

With this amplitude the isotropic expectation of the dlastion of arrival directions in local
coordinates is changed. This changed local acceptancanisférmed to equatorial coor-
dinates by rotation as displayed in figure 3.8 and describeabpendix A. Finally, the
transformed acceptance cone needs to be rotated once hbauxis of the equatorial system
corresponding to the integration over one sidereal day.ré&idting sky map is identified as
the expected distribution of directions from isotropigalfriving cosmic rays when affected
by the B-field. It is compared to the isotropic expectatiorewimeglecting the field, i.e. the
relative exposure map of the SD according to equation 3.4.

The comparison is performed by computing and plotting thens&p of the ratio of the
respective bin entries in the two maps, see figure 5.13. Tieisaplotted on both the full
sky and in the projection to the declination coordinate. Acréase of the rate of roughly
2 % at the south pole is obtained when not accounting for tfkgeince of the geomagnetic
field. As mentioned before, the effect is constant in time g, does not affect the right
ascension distribution.

5.3.6 Correction of the Effect

With the previous subsection an estimate is given of the énda of the influence of the
geomagnetic field effect on the event rate. However, theecban of the influence of the
B-field will be performed on the reconstruction level cldseswhere the actual variation
in terms of magnetic deflection occurs, i.e. $1000 level. The correction of the energy
estimator is obtained from the reorganisation of equatidi,5

Sir?(Qg) -coé“(GB)) - (5.23)

_ -1_
St = Son(1+9) —80n<1+RB cod ()

Following the principle in the section on weather effectss relation produces the energy
estimator that would have been measured in absence of theageetic field. After correct-
ing all records ofS;,, the known relative exposure can be made use of again in anpgot
studies.

5.4 Summary

Three local effects have been described in the previousossctAll of them can be con-
sidered properties of the (surface) detector in the braadese and all of them have been
shown to induce significant modulations of the distributwdmrrival directions.
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Figure 5.13: Estimate of the influence of the B-field on the event rate. Tipeuplot shows the ratio
map of the scenarios with B-field switched on and off. The ugidwe distributions of
the declination coordinate are given in the left lower plad @ declination projection
of the ratio map, i.e. the ratio of the two curves on the Iafidisplayed on the right.
See text for detalils.
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1. The varying size of the SD over time immediately affectsekpectation of the event

rate over right ascension. The amplitude of the relative utaitbn of the event rate
has been estimated to be of the order0.5 %. A correction of this effect can be
performed by inversely weighting the event rate with the setonds, i.e. the actual
size of the exposure a certain region of the sky has beenwazbeasith.

The concept of how to account for the variation of the ared®f3D was presented in
[Aub05, Mol05, Abrlic]. The correction has to be appliedwitlually to the respec-

tive data set under study; in this work it will be performedtbe data taken in the time
interval from January 2004 until December 2010.

. Daily and seasonal changes of the atmospheric condgigisas air density and pres-

sure above the SD induce a modulation of the energy estir8gt000). This variation
over time is propagated to the event rate as soon as an endrgyapplied. The am-
plitude of the corresponding modulation of the event ratr oight ascension has been
estimated to be- 0.5 %. The correction is applied &1000) level by means of equa-
tion[5.2.

The concept of how to account for the changing weather comditvas presented in
[Abr09a, Abrlic]. The procedure of the corresponding adioa is applied in this
work.

. The geomagnetic field deflects charged secondary showaligs The resulting dis-

tortion of the lateral distribution of these particles iretbhower plane measured at
ground level affects the energy estimator. Corresponglitige energy estimator of the
SD is varied systematically depending on the arrival dioecof the shower. Again,
this variation is propagated to an event rate modulationis Time, the declination
distribution is affected only, since the geomagnetic fiedd be considered constant
in direction and strength. The amplitude of the modulatibthe event rate has been
estimated to be of the order 6f 2 %. The correction is applied d&1000) level by
means of equatian 5.23.

In this work a model of the influence of the geomagnetic fieldt@nenergy estima-
tor has been derived from an intuitive approach. The parmmetf the model have
been obtained from the complete chain of simulations anohscuctions of air show-
ers. Both the model and the results of the parameters agtea@study performed in
parallel making use of a more rigorous approach within thegé&cale Anisotropy
task force of the Pierre Auger Collaboration. The resultbath approaches will be
published soon [Abrl1b].



Chapter 6

Methods to Study Large Scale Anisotropy

In this chapter, several approaches to investigate lage aaisotropy will be discussed. All

studies will be restricted to largest angular scales, rst drder harmonic modulations in the
distribution of the arrival directions of UHECRSs. Motivati for dipole searches in general
have been given in section 2.5.4. In addition to simple sirsglurce models, the Compton-
Getting effect and galactic magnetic field models are sugghds be capable of causing
dipolar patterns. The latter two are known to produce téstpledictions concerning the

dipole amplitude (and direction). In the following, a brggneral introduction to standard
methods for large scale anisotropy studies is given. Suiesdly, four methods applied in

the course of this work are presented alongside their iddaliproperties.

Introduction

The multipole expansion can be considered the standardochdtin anisotropy studies at
all angular scales. It is realised by spherical harmonitstiams comparable to the Fourier
transform in Cartesian coordinates. While the Fourierdfam makes use of sine and cosine
functions of integral multiples of frequency in units of 2, the analogue transforms on
the sphere take advantage of spherical harmonics whichbdagned as the solution of the
Laplacian equation in spherical coordinates. These fanstare defined with the anglés
and e on the unit sphere,

Yim(6, ¢) = \/ 264;1 Ei;g: PM(coso) €M, 6.1)

with the associated Legendre polynomiBf8 and the coefficienté =0, 1, 2,... andm=

0, +1,..., +¢. The zeroth order/(= 0) describes a monopole, the first order describes a
dipole ¢ = 1), second order is quadrupolé=£ 2), third is octupole{ = 3) and so on. An
overview of the first orders of real spherical harmonics i@giin figure 6.1. A projection

of these excluding the monopole is displayed in figure 6.8gdale the formulas computed
from equation 6.1. Spherical harmonics are orthonormal,

T 2
/ VoY 42 = 8yt Gt - 6.2)
6=0.J¢=0
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Figure 6.1: First orders of real spherical harmoniég, (0, ). The coefficient indicates the order
of the multipole and is chosen so that the real functions fooaopole { = 0), a dipole
(¢ = 1), a quadrupolel(= 2) and an octupole(= 3) are displayed for values af < /.

The expansion in spherical harmonics of a distribution ofial) directions on the
sphere is commonly referred to as timelltipole expansionThis leads to a description of
the original distribution functiorf (8, ¢):

co /

f(6,9) = KZO _Zfaé,mYE,m(eﬂp) (6.3)

with the multipole coefficients,  for the spherical harmonic$ . Truncation of this infi-
nite sum provides an approximation ©f6, ) for a desired angular precision. The range of
angular scales the approximation comprises is determigpebebvalues o¥ considered in
the sum. For example, a purely dipolar distribution willuksn a, ,, # 0 only for/ = 1. In
this case, there are three values availablerfgr< 1 leading to three multipole coefficients
ay m- All of them describe amplitudes of dipoles for differentegitions on the sphere, com-
pare e.g. to figure 6.2, so that the combinations of theseallav for the description of a
dipole of any direction and amplitude. Just to note the absidrhe number of parameters
necessary to define a dipole also equals three, i.e. the grudeazimuthal angle8& andgp
of the dipole axis and the amplitude In general, the parametéfixes the multipole order
and thus, the angular range as displayed in figure 6.2. Tegetith the parametem the
orientation of the respective multipole is determined.

After the expansion in spherical harmonics, excesses aficitdgwith respect to the
monopole) of the contribution of angular scales to the itistion f (6, ¢) can be quantified
by means of the multipole momerg@s,

1 V4
Cr=xn— aym|?
¢ 2£+1mzz_é| t,m

(6.4)
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quadrupole octupole
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Y11= Fy/ & sinocosp Y11= F /35 5in(26) cosp Ya11=Fy/ 25 Sin(20) cosp

Y313 =Fy/ g Sin> 6oy 39)

Figure 6.2: First orders of real spherical harmoni¢g,(6, ). Similar to figure 6.1, the functions
are given for coefficienté = 1,2,3 and|m| = 0,1,2,3 in the Hammer projection of the
sphere, see chapter A for details. The monopole=a0 is not shown here, it is defined

by the constan¥gy = \/%T .
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Doing so, the orientation of the multipoles is ignored andemsure of the angular power of
the underlying distribution is obtained.

Multipole expansions have been applied successfully byCH& community to derive
the angular power spectrum of the distribution of cosmicrovi@ve background photons,
e.g. by the COBE and WMAP experiments [Sm092, Hin07, Hin@81L]. They work opti-
mally in the case of full sky coverage, i.e. in the case whata & available and distributed
on the complete sphere. However, they are applicable alseeighted) fractions of the sky
as they are typically observed by earth-bound EAS expelisnguch as the Pierre Auger
Observatory which mainly covers the southern hemisphésdield of view within the typ-
ically applied zenith angle cug < 60°, goes up to a declination @ ~ 25° in equatorial
coordinates. Additionally, as already mentioned in chaptehe field of view is weighted
by the coverage of the surface detector. The applicationulfipole expansions to the dis-
tribution of arrival directions as measured by the PAO wilt be covered in this work and
will be published by the Pierre Auger Collaboration soon.

Dipole

This chapter deals with first order harmonic modulationsandistribution of the right as-
cension on the circle cosine) and in the distribution of both right ascension agdidation
on the sphere~ dipole). The definition of the dipole in 2D is as simple as

feos(a) =14+ Dopcoga —ap) , (6.5)

with a the known right ascensiobyp the amplitude andp the phase of the cosine. For the
definition of the dipole on the sphere it makes sense to swaeh to vector notation: Let
D = (D, dp, ap) be the dipole vector of amplitud® andu = (1, 3, a) the unit vector on the
sphere of the equatorial sky, then

f4ip(d,a;D) =1+D-u. (6.6)

To build the bridge to the 2D case, equation 6.5, and to makeithe axial symmetry of the
pattern about the dipole direction it is useful to introdtloe angleQ between the direction
D of the dipole peak and the unit vectwion the sphere,

Q=<(D,u) = arccos(%) . (6.7)
Very similar to equatioh 6.5 the dipole expression then is
faip(Q2;D) =14+ DcogQ) . (6.8)
A full sky (i.e. full sphere) dipolefqi, according to equation 6.6 is given in figure
6.3 (top). It shows an example dipole with an amplitude andection of (D, dp,ap) =
(0.2,0°,270°). To obtain an expectation of what this dipole looks like frtra Pierre Auger

Observatory’s field of view the dipole must be multiplied lwihe coveragev described in
equation 3.4. This weighting produces the bottom plot ofrigfu 3,

f;Apo(é,a; D) = fqip(d,a;D) x w(J) . (6.9)
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Figure 6.3: Full sky dipole as observed from the field of view of the PAOeThp plot shows the
full sky dipole fgip with parametergD, dp,ap) = (0.2,0°,270°). It has to be weighted
with the coveragev of the PAO (middle plot) to obtain what the PAO will observerfr
this dipole (fqip x w, bottom plot).



90 Methods to Study Large Scale Anisotropy
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Figure 6.4: Dipole with parametergD,dp,ap) = (0.2,0°,270°) observed from PAO and corre-
sponding cosine in right ascension. The phase in right agmers reproduced correctly.
However, even though in this case the dipole points to thateqand cogp = 1, care
has to be taken of the evaluation of the amplitdg which scales witfcosd) accord-
ing to the preferred arrival directions caused by the cayeera

There are two general points to consider when going from lashliere investigation
of a dipolar pattern to a cosine pattern in the right ascensamrdinate: Firstly, since the
directional information of the declination component iaaged, the number of parameters
describing a dipolar anisotropy decreases from tfi2erp, &p) to two (Dop,ap). On the
one hand, that improves the situation in terms of increatssscs per degree of freedom
since the number of events remains the same. On the otherdmagdlipolar patterns with a
direction not too close to one of the poles of the equatodatdinate system will be acces-
sible. In principle, the amplitudB,p reconstructible with the 2D study in right ascension
scales with the cosine of the declination coordinate of tinection of the dipole, cod;
similarly, it scales with the cosines of the average of tha&raes of the measured declination
values, (cosd). The geometric reasoning addressing the latter statensegisen in ap-
pendix C. Thus, an example dipole of amplitudle= 0.2 pointing to(dp, ap) = (0°,270°)
will result in a cosine in the right ascension distributioithacorrect phaserp = 270° but
a reduced amplitude d@,p ~ 0.15 %, see figure 6.4. Secondly, time-independent local ef-
fects on the event rate distribution can introduce systiendatortions into the declination
coordinate; however, these effects do not affect the studght ascension. This aspect was
covered in detail in chapter 5.

For the two-dimensional case of deriving the amplitude amaksp of the right ascension
distribution, two different methods will be discussed: HBtendard Rayleigh method [Lin75]
and a new method making use of wavelet transforms. Then tke timensional investi-
gation of the complete sphere of arrival directions inahgdihe declination component will
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Figure 6.5: Principle of the Rayleigh method. To obtain the phase andiardp of a given distri-
bution of anglesxk on the unit circle the x and y components in Cartesian coatds
are averaged, see text for details.

be presented in terms of two new dipole fit methods. For the edkonsistency, the names
of the angles will be the ones that make up the sky map of adivactions of UHECRS in
equatorial coordinates, i.e. right ascenstoand declinatiord.

6.1 Methods in Two Dimensions

6.1.1 Rayleigh Method

The Rayleigh method to study (first order) harmonic modatetiis directly obtained from
discrete Fourier analysis. Interpreting the right asaemai as the polar angle in the x,y-
plane, arrival directions can be identified as unit vectassriduted on the unit circle. The
distribution of these angles shall be given by the funcfigi); it is also determined by the
Fourier series with Fourier coefficierdg:

n
fo(a) = % S (axcoska) +bysin(ka)) . (6.10)
K=1
For the first order harmoni& = 1, the Fourier coefficients; andb; are obtained as
1 2n 1 2n
ax = 7—1/ f(a)cosa da and by= 7_1/ f(a)sina da . (6.11)
0 0

These coefficients can be identified as the x and y coordirfdteesum of the unit vectors
that indicates the direction of the dipole, i.e. the ampland phase of the sine on the circle,
see figure 6.5. The number of arrival directions, i.e. vabfengles in right ascensian, is
finite which makes it reasonable to expragssandb; in discrete terms
2 N N
axX=—=H3f cosay and byrY=—Y\ f sinay . 6.12

1 N k; (ak) K K N k; (ak) sina (6.12)
Note that the factoﬁ is obtained from the approximation of the integrals withtaegular
areas of equal widtiv,

b
/ g(x) dX~ WY1 +Y2+ .. ) - (6.13)
a
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The width is identified asv = ZW" and observing equation 6.11 this leads to the facttﬁ.of

In equation 6.12 the discrete versioksaandY of a; andb; have been introduced. In a
sense, they are the averaged values of the x and y compoespeéctively, computed from
the cosines and sines of the set of right ascension anglesfuhlstion f (o) describes the
probability density of the distribution af. It is not known a priori when investigating real
data; it will be taken as constarft,a ) = 1, in the simplest case of the hypothesis of isotropy.
This simplifies equation 6.12 to

N
X=—3Y cosa and Y =
N 2, S0

2

sinay . (6.14)

2
N&

From these averaged values of x and y components the angligdand phaserp can be
computed as

Y
Dop =V X2+Y2 and tamp = < (6.15)

The uncertainties of the amplitude and phase measurementiermined by the statistics
available, i.e. the numbe\t of entries in the set of arrival directions. More preciséhgy

are propagated from the uncertaintieXcandY, ox = oy = \/% This leads to

2 1 2
U(DZD) = \/; and U(GD) = D—ZD N . (616)

The uncertainty of the amplitude is computed simply makiag ungD = X?+Y2, Fur-
thermore, it is intuitively clear that the uncertainty oéthhase measurement relates to the
size of the amplitude and should decrease for larger andglstuln fact, with the help of

1

%arctar(é) = T2 it turns out that the phase uncertainty is inversely propoal to the

amplitudeDop.

6.1.2 Wavelet Analysis

Next to standard Fourier transforms, wavelet transfornve leeen developed and adapted
during the last few decades in many fields of digital signatcpssing, e.g. in the compres-
sion of image data and in electrocardiogram analysis. Eurthre, wavelet transforms have
been proved useful for the testing of non-Gaussianity indd#a of the CMB recorded by
WMAP [Hob98, Vie04]. In this subsection the basic numerjgahciples of wavelets and
wavelet transforms will be elucidated. Then their appliligtto anisotropy studies will be
demonstrated using the example of a cosine pattern in rgletesion. The technical content
of this subsection is based on the “practical guide to wawlalysis” found in [Tor98]. The
work presented in this subsection has provided a basis éannderstanding and application
of wavelet analyses in 2D and on the sphere of arrival dwasti It aims at introducing
the principle of wavelet transforms and the way how they carapplied successfully in
anisotropy studies.

Wavelets are brief wave-like oscillations which eitherdénite length or are fast decay-
ing. The latter is typically achieved by scaling with an empotially decreasing term. In this
work use is made of the well-known Mexican Hat wavelet; swegelet transforms will be
applied in the right ascension space, the argument in thist@@y will again bex:

Ymn (a) O (1—a?)exp(—a?/2) . (6.17)
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Figure 6.6: Mexican Hat wavelet examples: Some combinations of valoies dndb are displayed.
The fundamental mother wavelet with,b) = (2°,0°) is indicated by the black solid
line. See text for further details.

This equation expresses the Mexican Hat asather wavelet The mother wavelet can be
adjusted in terms of a scaling of the width by the scale par@ra@nd a shift of the argument
by the shift parametds. Consequently, a family of wavelet functions is generated:

) 2 [2(a—b
wmﬂ(a)==\/%%ﬁf<——g£;—l) . (6.18)

This definition allows to identify the scake of the wavelet as the width of the wavelet in
terms of the distance between the two zero-crossings anshifid as the position of the
maximum of the wavelet. Fa = 2° andb = 0° the mother wavelet is reproduced. All other
cases are commonly referred to as daughter wavelets. Somigretions of values foa
andb are illustrated in figure 6.6.

Wavelets can be combined with a signal trace to extractmm&dion from the unknown
signal. This procedure is commonly referred to as the wavelasform; it is the convolu-
tion of the wavelet functiong of different scales with the signal tradéa) that is subject
to analysis. Signal trace is another place holder for thigibligion of angles in this context
motivated by the original application of wavelet transfarim signal processing. The convo-
lution can be realised by means of the Fast Fourier TransfBf) [Co065], a numerically
highly efficient version of the Discrete Fourier TransforH{T). Before the discussion of
convolutions and wavelet transforms, the basic propedfethe DFT will be elucidated
briefly.

The DFT provides a measure of to what extent a frequency,areangular scale, is
contained in a signal trace. In the case of 2D anisotropyietutie signal trace is given by
the right ascension distributioia = f(ay):

Nt 2
Fj = fk-exp<——jk) j=0,...,N—1, (6.19)
2 N

with i the imaginary unit an®ll the number of bins of the distribution in TheN — 1 values
of Fj make up the discrete Fourier transform fof Correspondingly, the inverse discrete
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Fourier transform is given by

S F exp< kaj) K=0,..N—1 (6.20)
k = i T =Y.y IN— Ly '
jZo N

The coefficientsj are complex numbers that can be denoted by ampliyd@d phasenp j
similarly to what has been discussed in the previous suioseah the Rayleigh method:

O(F;)
A =|Fj|=/0%(F)+0%F;) and tampj=—— (6.21)
= IFjl = /02(F) + D2(Fy) i~ TEy
with O(Fj) the real part andl(F;) the imaginary part ofj. The numbers producing the
right ascension distributiorfy, are real numberdy, = 0O(fy) Vke [0,...,N—1]. In this case
the DFT obeys the following symmetry:

This means that the output of the DFT of a signal trace madef upab numbers is half
redundant. E.g. for eveN there are two real elementsy and Ry, andN/2— 1 non-
redundant complex numbers, so that when accounting for feahand imaginary parts of
the latter there are in totdl independent real numbers (imaginary and real parts). Thes,
amount of information represented by the origiNaihdependent values df is conserved.
Consequently, both the information about typical angutaiess of a signal and the informa-
tion about the position where excesses at the respectile @&@aobserved within the signal
trace will be conserved and transferred from angle spacetpéncy space.

In this work, the implementation of the real FFT and inveess FFT provided with the
numerical python packageunpy has been used. Foneset of scale and shift parameters
a= ag andb = by, the convolution of the signal tradeand the wavele2-? comprises the
following steps:

(a) Provide the binned signal tra¢éo) and a binned version of the wavelet test function
yobo(a)

(b) Transform bothfy, and wlilobo into frequency space according to the rules of the DFT,
see equation 6.19; this results in the complex coefﬁciEpEdejao’bO, respectively.

(c) Multiply the coefficients in frequency spadg: = Fj x ;.
(d) Inversely Fourier transfori; to angle space and obtgip according to equation 6.20.

p is a measure dfiow well andwhere the signal tracd, i.e. the right ascension distribu-
tion f(a), agrees with the wavelet representatip in terms of angular scales. As an
example, in figure 6.7 a simulated signal is considered whidf a shape similar to the
Mexican Hat wavelet (in fact it is a Mexican Hat wigh= 10° andb = 100°). The wavelet
test function isp?®C and can be derived from equation 6.17. Note that in this eXaomy
one value for the scale parameter is used for the wasgeteR(°.

The scale off is not perfectly recovered ip since the scales of (a= 10°) and y
(a= 20°) do not (perfectly) match. However, the convolutiprcorrectly reproduces the
position of the signal peak at 100 Extrema ofp can be interpreted as indicators of the
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Figure 6.7: Example of wavelet transform at one angular scale. The topgiiows the wavelet
function g and a signal tracé. For the sake of simplicity, in fact both are Mexican Hat
wavelets with the wavelep = y20° and the signaf = yio+%. The figure in the middie
indicates the amplitude& of the FFTs of the wavele¥ and the signal tracE. Also
the product of the two transform3= F x ¥ is shown and they are plotted against the
angular scale. The bottom plot shows the result of the iIFFh@froduct,p, which is

also referred to as the convolution bandy.
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positions where to move, i.e. which value to assign to the shift paramdieio make
extrema off andy coincide. In this context maxima @fcorrespond to extrema dfandy

of same sign while minima indicate the coincidence of exa@fopposite signs. The major
peak ofp is found at 100 which corresponds to the shift gf necessary to make the main
maxima off andy coincide. The two valleys gb indicate the positions of coincidences of
extrema of opposite signs dfandy?%0, respectively. Finally, two side peaks fnoccur at
positions where the wavelet needs to be shifted to causetheidence of two minima of
andy. In many applications the square of the convolutiph,is used to describe matches
of angular scales of wavelet and signal regardless of tmessigmatching extrema.

For a complete wavelet transform, the steps 2-4 describakdiave to be performed on
each scala out of a set ol values. In principle, an arbitrary choice of scale paransate
possible and the wavelet transform can become sensitiad Yalifferent angular scales sen-
sibly accessible with the binning of the signal trace. Naeconvolutions obtained this way
are then summed up and yield a complete picture of the presamtposition of correspond-
ing scales in the signal trace. The information on the pmsitif the signal most adequately
represented by the wavelet at a given scale is directly ioddidirom the procedure described
above. This property is the most remarkable difference ofebed transforms compared to
standard Fourier transforms: Wavelet transforms are sems$o both frequencies (angular
scales) and shifts (positions) of features in the signalenoir Fourier transforms only the
former applies.

An example of a complete wavelet transform of simulated desa set drawn from a
cosine signal with amplitudB,p = 0.03 and phasep = 135’ is shown in figure 6.8. The
scale parameter range made use atis2°,...,360° in whole numbers. As expected, the
convolutionp of the signal tracd and the waveletg®? peaks at the scale of 18@hich
is the half period of the cosine. The most remarkable obsierves the confirmation of the
sensitivity of the wavelet transform to the position of theak of the cosine, as displayed
in the colour plot: The wavelet transform does reproducé buod position of the maximum
(phaseap = 135°) and minimum @p + 180° = 315°) of the cosine.

The phaserp of the cosine modulation can be reconstructed from the ipasdf the
maximum of the convolutiorp at the scale of interest. However, it is more difficult to
obtain the amplitud®,p. In this work the following approach has been chosen to dehe
amplitude value: A Monte Carlo data set is simulated fromsr@with variable amplitude,
the phase is set to zero since it does not matter in this anBa¢zMC data set is convoluted
with the wavelet in the same procedure that is applied to itnellated test data set. The
amplitude of the MC data set is calibrated so that the valtieeofnaximum of its convolution
with the wavelet matches the value of the maximum of the clutiam of the simulated test
data set with the wavelet.

It must be emphasized that the technique of applying wawelasforms in the field of
anisotropy studies is rather new. Wavelet transforms in2Bescribed in this section do not
natively expand a signal trace into orders of harmonic matiluts. This approach has been
chosen in order to provide a method that is testable and caleavith respect to a method
established for decades, the Rayleigh method. Eventua#ipy kinds of further questions
should be answered prior to the establishment of this nelmtqae. The type of the wavelet
function to be employed, the estimator to derive amplitugdsmses and significances are
only some of the issues that must be addressed. Howevers thig the aim of this work
which may rather be considered a feasibility study.
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Figure 6.8: Example of a wavelet transform. The top right plot shows igaad trace of a cosine

with amplituder = 0.03 and phasep = 135 (black dashed). For a more realistic sce-
nario the signal trace is randomised with Poisson unceiggiblue solid). The top left
plot shows the test wavel a“ﬂ for the case o= 2°. The bottom left plot indicates
the maximum (black solid) and minimum (red dashed) valueth@fconvolutionp as
obtained at various angular scales. The colour plot shogrsahvolution versus angu-
lar scale (y-axis) and directiom. It peaks largest at the correct angular scale of the half
period of the cosine, 180and the position of the peak, i.e. the phase of the cosine.
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6.2 Dipole Fit

In this subsection two possible realisations of a dipole fthod will be introduced. A
dipole is the first order harmonic modulation in 3D, it is désed on the equatorial sphere
by equation 6.6. Figure 6.3 (bottom) shows what a dipoleddide in equatorial coordinates
after being weighted with the coverage of the PAO, equatidgh B is described by the
product given in equation 6.9: After normalisation to unibys mathematical expression can
be interpreted as the probability density function. Fonegiset of parameters of the dipole,
(D, dp, ap), it assigns the probability of occurrence to directionsimgphere. The dipole
fit method presented here makes use of this p.d.f. in one dutaivays, respectively: The
p.d.f. is either used for an unbinned maximum (log-) likebl (LL) fit or for the preparation
of reference distributions in a binngd-fit. Both methods will be reviewed in the following.

6.2.1 Maximum Likelihood Method

In the course of the LL fit method the product of the individpedbabilities of allN entries
of arrival directions on the equatorial sky is computed fgiven parameter set, i.e. dipole
D, from equation 6.9. This leads to the likelihood function

r!fg’,ApO 5,ai;D) . (6.23)

InL(D Zl'” fin (&, ai;D) . (6.24)

The main advantage of the LL method consists in its unbinhedacter; every single direc-
tion is immediately and precisely promoted to the p.d.f. #m, to the likelihood function.
This can be relevant especially for anisotropy searcheatlaer small angular scales where
it makes a difference whether a couple of directions comewthin a solid angle of say°1
or in fact are distributed randomly within a solid angle o¥es@l degrees. This advantage
is expected to play a minor role for models such as the dipatecaher patterns of large
angular scales which are rather insensitive to scales entalin typical bin sizes.

6.2.2 x? Method

The x?2 fit method is a standard least squares method: it is appliea linned equatorial
sky map withNg bins. The computation of thg? is based on a binned reference map
f(iﬁo(lg, D) that yields the expectation for the respective dipole s@emad the binned map
obtained from the dat§}’Q(is) with ig the bin number and..(ig..) the number of entries
in the histograms of the data and model, respectively. Th&igbgram that contains the
predicted distribution is filled from the probability detysfunction in equation 6.9 for a
given set of dipole parameters. This is done by setting thebntents with the integral of
the p.d.f. between the bin limits of the respective bin. Aftermalisation the contents of

these maps are compared bin by bin,

e (1§A20is) — f6A(isiD))? 629

= fdip (i8:D)

x*(D) =
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Note that in this context the uncertainty of the model givethie denominator is assumed to
be Poissonian which is reasonable in case both histogram®amalised to the total number
of entriesN available in the data. The minimisation pf(D) yields the dipoleD that fits
the data best. Computationally, tlyé fit is more efficient than the LL method since the
amount of information that has to be processed is reducedodile binning by a factor of
0(10) — ©(100), typically. Furthermore, the value gf(D) obtained from the minimisation
process is a measure of the goodness of the fit, i.e. it quesitibw well the model describes
the data. Technically, this is done through dividing by theniber of degrees of freedom
nd f which is given by the number of bifdg minus the number of fit parameters, 3 in this
case to determine a dipoled f = Ng — 3. The probability to find &2 value larger than the
one measured at the minimum is commonly referred to apihalue It is derived from
the cumulative distribution function of thg? distribution for a given value ofid f. Thus,
the p-value is a measure of the probability that the dataibligion originates from the fitted
model.

6.2.3 Remarks

The dipole parameter set that describes the data distibbiest, i.e. the solution to the
maximisation of Ir.(D) or minimisation ofx?(D), respectively, is obtained numerically by
means of an iterative procedure. In this work use has beee wiatie highly efficient tools
of the MINUIT package [Jam75] provided with ROOT [Bru97]idtworth repeating that for
the correct assignment of the probabilities the dipolefplias to be normalised for every
set of parameters; the integral will in general be affectethle choice of these parameters.

Brief Review of Other 3D Methods

Other 3D methods aiming at the reconstruction of dipoleshin distributions of arrival
direction of UHECRs as recorded by earthbound experimeittsout full sky coverage
have been studied and developed during the previous dedtdepossible to adapt the
Rayleigh method to three dimensions for experiments of hdttsky [SomO01] and partial-
sky [Aub05] coverage. Furthermore, the two angular dim@rsin equatorial coordinates
can be analysed independently by applying the 2D Rayleigihadeto the right ascension
distribution and fitting the declination distribution wistrelative exposure function which is
adjusted to include a parametrised dipole [Mol05].






Chapter 7

Monte Carlo Studies

The properties of the large scale anisotropy methods destin chapter 6 are studied and
compared. To this end, a large amount of Monte Carlo (MC)dedsrival directions both in
the absence (isotropy) and in the presence of a dipole oingagmplitude and direction has
been produced. The arrival directions are diced from eqodi9 and interpreted as devoid
of local effects. The methods are applied to the resultingrsips and the reconstruction
precision is investigated. Furthermore, the significarfaa@asured amplitudes is obtained
from the comparison to isotropic results.

7.1 Monte Carlo Sky Maps

The parameters of the generated MC sets are given intableThd MC truth values of
the parameters are denoted §§f"® while reconstructed values will be referred to(§°.
The amplitude of the underlying dipole has been variedistaftom the isotropic case,
D!'u¢ = 0, over small values up to rather large fractions of anigmtroontributions: It is of
interest above which signal amplitude a method becomedtiserts the underlying dipole
parameters. Because of the rotational symmetry of the expad the PAO, no dependence
of the behaviour of the respective method on the right asoensalue of the dipole is ex-
pected; thus, it is fixed taf"¢ = 0° for all sets. On the contrary, the dependence of the
methods on the dipole declination is investigated in motaidd he declination distribution
of arrival directions recorded with the PAO is not flat buidals the relative exposure given
in equation 3.4. The increasing exposure towards the southage of declination values is
likely to cause statistical fluctuations large enough tooidtice a directional bias especially
in case of the binned dipole fit method. This is studied by &wtimg sky maps with varying
dipole declination in steps of 20ver the full range from north to south pole. The four
methods are applied to every single MC sky map created thys Wee results obtained with
the two 2D methods are compared with each other as well as tiaiained with the two 3D
methods. However, it is not possible to directly compareaimglitudes reconstructed with
the 2D methods to those of the 3D methods. A scaling of the 2pliardes is necessary
as discussed in appendix C to account for the geographiadatdf the observatory as well
as for the true declination of the dipole direction. Therm @implitudes and right ascension
phases reconstructed with 2D and 3D methods may be comtragteeach other.
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Table 7.1: Parameters of the Monte Carlo simulations of sky maps. 18tbamations of parameters
have been chosen. 500 maps have been produced for each afréimegper sets. 30000
directions have been diced for each map from the correspgmmbbability density func-
tion given in equation 6.9 witb'"'® = (D€ gliue liue),

ptrue 0, 0005, Q01, Q02, Q05, a07, 01, 015, Q2
altue je 0
63”6/O 0, £+£10, +20, +20, +30, +40, 4+50, +£60, +70, 480, +90

7.2 Parameter Reconstruction Results

The precision of the reconstruction is computed from themamson of the measured dipole
parameters with the input parameters of the dipole whichiebpective MC sky maps have
been generated with. Furthermore, the uncertainties ofeib@nstructed parameters as ob-
tained in the fit procedures are investigated. Next to thenstrtuction of the directional
parameters of right ascension and declination the abspbirtéing precision is of interest. It
will be obtained from the angular differencebetween the true direction of the dipole and

the reconstructed one,
Q — < ((altDrue, true)7 (aerec, FEC)) .

This quantity is especially useful because it is indepenhdéthe different properties and
definitions of angular coordinates on the sphere.

The most probable value for a reconstructed parameter éndiy the maximum of the
corresponding distribution. The average uncertainty cfa@nstructed value at a given set
of input parameters has been chosen to be described by tlie efithe integral covering
the 68 % most probable values. This measure is a reasonabtatior of the spread of
the distribution of reconstructed values because it isfantdfd by the potential skewness
of the distributions. Reconstructed amplitudes follow aeRdistribution which is rather
skew especially for small true amplitudes, see appendixuethErmore, the distribution of
angular distances originating from Gaussian statisticmmdimension have been shown to
be described by the Rayleigh p.d.f., see chapter 4. This ysamhindicator that produces a
symmetric uncertainty estimate in general, such as the RM®nsidered inadequate.

At first, the likelihood method for the dipole fit will be used ¢xemplify how the pre-
cision of the reconstruction of dipole parameters is qtigdti Then, the results obtained
from all methods are compared. Finally, isotropic mapsmarestigated and the significance
potential of amplitude measurements is derived for theaetspe method.

7.2.1 Reconstruction Precision
Dipole Fit Likelihood Method

The reconstructed values are investigated with regarddiv ttependence on the varying
input parameters. Figure 7.1 shows the distributions ofithele parameters and their un-
certainties reconstructed with the likelihood method fdixad amplitude ofD'"Y¢ = 0.05
and varying declination. The colour code displays the ntisad numben of entries in the
corresponding bins and the black bars indicate the rang® &6 6f the values most likely
reconstructed. The true values are indicated by black ddstes.
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Figure 7.1: Dipole parameters and uncertainties reconstructed wattikalihood fit method for the
MC scenarios of a fixed amplitude Bf*'® = 0.05 and varying declinatioa“e. (a), (b)
and (c) show the reconstructed dipole parameters amplitfe right ascensiorr;*©
and declination’® next to their uncertainties (D), o (af5°) and o (d5°), respec-
tively. The (logarithmic) z-axis indicates the normalisagimbern of occurrences of

corresponding values. The black dashed lines indicate Berith.



104 Monte Carlo Studies

(a) 68 % of the reconstructed amplitud®$® match the true valuB'"™® within less than
~ 0.02. The amplitude distributions become slightly wider fargler absolute values
of the declination. A marginal systematic tilt is observedtisat the amplitudes are
reconstructed somewhat larger at negative declinatiamegahnd smaller at positive
ones. As a result of the corresponding shift of these 68 %, Itlaesdistribution of
reconstructed amplitudes at northern declination valsiesmtred more closely on the
true amplitude than it is at southern declinations. Thistejence of the reconstructed
amplitude on the true declination is not a bias of the metlitdd;caused by the fact
that with a fixed numbeX = 30000 of events and a declination dependent field of view
of the detector the statistical power of an amplitude meament depends on the true
declination of the dipole. This connection becomes cleaminaving a closer look at
the number of events which is a measure of statistical po3@¥00 events originating
from a dipole D''® = 0.05) pointing to the south§u® = —90°, correspond to 29341
events in absence of the dipole. Similarly, with the sameldipointing to the north,
dhue — 90, isotropy would yield 30689 events. Note that both estimatgsume a
constant time of data taking. Thus, since the nunffvesf events is fixed a dipole
pointing to the northern hemisphere can be detected withgardatatistical power on
average. This aspect of dipole parameter reconstructialsesaddressed in appendix
Dl Consequently, plot (a) in figure 7.1 shows that the distiidms of reconstructed
amplitudes more precisely match the true amplitude forelavglues of the true decli-
nation.

These observations are both qualitatively and quantéitivonsistent with what can

be read from the plot of the amplitude uncertainteegd'®): They are as small as

~ 0.014 at the equator while increasing to values of up-t0.026 towards the poles.

At northern declination values the amplitude uncertagiee a bit smaller on average
than they are at southern declinations.

(b) The reconstruction of the right ascension parametehefdipole is precise within
+20° for |851¢| < 50°. It becomes worse for larger absolute valuegif® since the
solid angle of a unit step in right ascension decreases tsahe poles. Thus, this
observation does not necessarily imply a worse pointingigien for dipoles with di-
rections close to the poles.

Correspondingly, the right ascension uncertaintiés5 ) are small only at true dec-
lination values not too far from the equator.

(c) Similar to the right ascension parameter, the dipoldimiiions are reconstructed pre-
cisely within £20° for |851¢| < 50°. However, contrary to the former the spread of
the distributions slightly decreases towards the poles dibsolute values of the re-
constructed declination are limited to the defined dedlmatange+90°. This leads
to the bars not covering the dashed line of true values atetkteefne directions close
to the) poles which in turn results in skew distributions té&the similarity to what is
discussed in appendix| C in the context of the amplitude nreasent that is always
larger than zero.

Consistently agreeing with the spread of the declinatioampater, also the declination
uncertaintiesr (35°) are larger close to the equator and decrease towards the pole

Similarly, the dipole likelihood fit method has been choseextemplify results for the sce-
nario of a fixed declination a§Y¢ = 0° and varying amplitud®'™® in figure/ 7.2.
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Figure 7.2: Dipole parameters and uncertainties reconstructed watlikblihood fit method for the
MC scenarios of a fixed declination 6§!¢ = 0° and varying amplitud®'™®. (a), (b)
and (c) show the reconstructed dipole parameters ampl@ife right ascensiomr;*
and declination’¢ next to their uncertainties (D), o (af5°) and o (d5°), respec-
tively. For the sake of visibility, the results obtained lwid'™'® = 0 are shown at the
very left atD'"® = 3 x 10~3. The (logarithmic) z-axis indicates the normalised number
n of occurrences of corresponding values. The black dashed ihdicate the MC truth.
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(@) The reconstructed amplitudes match the truth only foplandes larger than

(b)

(©)

Di'"¢ > 0.02. The spread is constant for all input values as somewhsgctad in
analogy to the Rayleigh method that states that the unogrtaf the amplitude does
only depend on the statistics, see equation|6.16. For tlemgiumbeN = 30000 of
events the reconstruction by means of the likelihood methembmes insensitive to
amplitudes smaller than 0.02 which can be read from the asymptotic behaviour of
the 68 % - bars in the corresponding rang®8t® < 0.02.

The distributions of the amplitude uncertaintie$D™¢) confirm this observation:
While belowD!"® < 0.02 the 68 % bars hardly differ from isotropy, the amplitude
is reconstructed more precisely for larger valueDbfe. A sharp edge of smallest
values ofo (D'®°) is observed at- 0.014 which again relates to the fact that the small-
est possible amplitude uncertainty is determined by thessts.

The reconstructed right ascension values can be caesiflatly distributed for ampli-
tudes smaller than.01. While all values are equally likely in case of zero amyul#,

distributions become more and more narrow around the régpdoue value for in-
creasingD!"'®. At D'"'® = 0.02 they match the true valugU® =0 already within
+30°.

Consistently, 30is also the most probable value in the distribution of rigdtemnsion
uncertaintiesr (af!€) atD'"¢ = 0.02.

The observations made for the right ascension paramaksteapply for the declination
parameter. Remarking that the range of the right ascensioma times larger than
that of the declination, see the y-axes, the precision ofltrextional reconstruction
indicated by the length of the black bars can be considerpdogmately equal in
both coordinates abo\@™® > 0.02.

Consequently, also the distribution of the uncertaintigg"®) of the declination
peaks at 30for D!'U¢ = 0.02.

The precision of the directional reconstruction of the litkeod fit method in terms of the
angular differenc& of reconstructed and true direction is studied in figure 7.3.

(&) The results from the scenario of a fixed amplitude are samsed in the left plot of

(b)

figure 7.3. The distributions peak around 1015° most likely with a bar of a length of
~ 20° covering the 68 % most probable values. This observatioms&imindependent
of the true declination input value and only a small systétnaiobserved tends to
be larger by< 5° at the equator compared to the poles.

The right plot of figure 7.3 was produced from the scenafifixed declination value.
The directional precision given by starts at 90 with a width of 80 for the case of
isotropy. As soon a®'"™'® > 0 the range of most probable angular distance values
decreases to 20- 60° atD'''® = 0.02 and is better than 20- 30° aboveD!"U¢ > 0.05.

It is worth noting that the precision of the directional rastruction of the dipole
appears to be more sensitive and more immediately resppridia genuine signal
amplitude larger than zero while the amplitude measurertsasit is rather insensitive
atD'""® < 0.02, see figure 7]2. This observation is also addressed imdpp@.
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Figure 7.3: Precision of the directional reconstruction of the likelild dipole fit method. (a) is
obtained from the scenario of a fixed amplitudé'® = 0.05 and a varying declination
35ue while (b) displays the results for the scenario of a fixed idation §51¢ = 0° and
varying amplitudeD'"™"®, The (logarithmic) z-axis indicates the normalised numbef
occurrences of corresponding values.

Comparison of Methods

In order to compare the performance of all methods theirliesitained with the same
approach as described in the previous paragraphs areyspia figures 7.4 and 7.5. For
the x2 fit method a binning of the sky maps of (¥%) has been chosen in (right ascension
x declination). This choice is motivated in appendix D. Agatme cases of a fixed am-
plitude D¢ = 0.05 and varying declination as well as a fixed declina@#§® = 0° and
varying amplitude are given. Instead of the 2D distribusi@mly the bars are displayed
that indicate the 68 % most probable values. At first, the @ratenario is discussed. The
amplitudes and their uncertainties obtained with the 2Dhat are given for declination
values belowjop| <50°. Note that they have been scaled according to appendix C like
D¢ = D5/ (cosdp (cosd)) to match the 3D amplitudes.

(a) Compared to the likelihood method tlgé fit method shows slightly worse perfor-
mance in terms of a larger spread in the amplitude recorigirudt produces results
which are systematically shifted in a comparably weak faslas in case of the like-
lihood method: The amplitude is reconstructed slightlgdaufor negative declination
values and smaller for positive ones. Again, this obseswasi not a bias of the method
but can be assigned to the declination dependence of th&tisaltpower the sky map
pattern can be analysed with. The width in terms of the uac#st of the measure-
ments increases when moving the dipole direction to thespdlbe Rayleigh method
closely matches the true values in the given rang$if¢| < 50° while the wavelet
transform results are systematically too large alreadynailest declinations.

Larger widths are also observable in the amplitude unaegtalistributions of thec?

method compared to the likelihood method while the formedpres smaller uncer-
tainties on average. This observation is a bit countetinyisince larger spreads of
the distribution of a parameter should correspond to lavgéres of its uncertainty
and vice versa. Therefore, one of the methods is supposeddage either too large
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Figure 7.4: Dipole parameters and uncertainties reconstructed wathifferent fit methods for the

MC scenarios of a fixed amplitude 8f“® = 0.05 and varying declinatiodj"e. (a),
(b) and (c) show the reconstructed dipole parameters ardpl®™c, right ascension
a5 ¢ and declinationd© next to their uncertainties (D"¢), o (a5°) ando (85°), re-
spectively. The results for the amplitude obtained withZBemethods are only shown
for directions not too close to the poles, see text for detallhe (logarithmic) z-axis

indicates the normalised numbeof occurrences of corresponding values. The black

dashed lines indicate the MC truth.
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(likelihood fit) or too small g2 fit) parameter uncertainties. This issue is addressed in
appendix D and it turns out that the likelihood fit method estimates the parameter
uncertainties such that around 80 % of the reconstructeahpeters agree with the true
value within their respective uncertainties. The qualigabehaviour of the methods is
similar with small values of (D"€) ~ 0.014 at the equator and increasing towards the
poles. The Rayleigh method produces the smallest unceemimNote that the wavelet
method does not produce uncertainties in its current imefgation.

(b) The reconstruction of the right ascension parameteksvequally well and bias-free
with all methods. However, the statistical spread of valeepnstructed with the
wavelet method is always larger than ab&i®0°. The spreads obtained with the other
methods are always smaller and agree rather well with edr.ot
The distributions of the right ascension uncertaintiesdpo@ a consistent picture
again. The comparison shows that the Rayleigh method ang?fi¢ method pro-
duce smaller uncertainties than the likelihood method.

(c) Similar to the amplitude reconstruction, the declioatparameter obtained with the
x2 method does match the truth less perfectly than that medsvitl the likelihood
method. Again a larger width is observed with decreasinglabes value of the decli-
nation.

While showing the same behaviour qualitatively, th# fit again produces larger
spreads and smaller values on average compared to thédkelimethod in the dis-
tributions of declination uncertainties.

In the scenario of a fixed declination valuesgt'® = 0° the parameter reconstruction of all
methods are compared. Again, the amplitudes obtained hgétBD methods must be scaled
appropriately with a factor of 1.28 as described in appendix C.

(a) No method is sensitive to amplitudes smaller tB4H® < 0.01, the Rayleigh method
is the first to become sensitive to amplitudes larger thah tfiais is expected re-
membering the formula for the amplitude uncertainty catiah from the number of
eventsN = 30000 aso; = /2/N = 0.008: Multiplied with ~ 1.28 this is about @1
and no true amplitude smaller than that can be (significadtyected at all. The am-
plitude sensitivity of the dipole fit likelihood method ismarkably close to that of the
Rayleigh method. On the one hand, this is expected due tonhi@ned character of
the method; on the other hand, the need to fit three paramattead of two limits
the performance of the 3D method. The binédnethod reconstructs systematically
larger amplitudes over the full range D¥€. However, the shift is small and the 68 %
bars of both 3D methods match the truth abb¥&€ > 0.02. Similar to they? method,
the results obtained with the wavelet transforms also etienate the amplitude on av-
erage; additionally, this method produces widths that @réowa factor of two times
larger than with any other method. (Note the log-scale orytagis.)

As expected the Rayleigh method produces the smallest @mm@luncertainties at
~ 0.01. Both 3D methods produce larger uncertainties with xhelikelihood) fit
reaching down to values of@12 (Q014) asymptotically for large true amplitudes.

(b) The reconstructions of the right ascension parame{? = 0° perform comparably
well for the 3D methods and the Rayleigh method. The lengthhe 68 % bars
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Figure 7.5: Dipole parameters and uncertainties reconstructed wathifferent fit methods for the
MC scenarios of a fixed declination §Y¢ = 0° and varying declinatio®'""®. (a), (b)
and (c) show the reconstructed dipole parameters ampliitfe right ascension5°
and declinationdT° next to their uncertainties (D"°), o (a5¢) and o (85°), respec-
tively. For the sake of visibility, the results obtained lwid'™*® = 0 are shown at the
very left atD!""® = 3 x 10~3. The (logarithmic) z-axis indicates the normalised number
n of occurrences of corresponding values. The black dashed indicate the MC truth.
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Figure 7.6: Precision of the directional reconstruction of the 3D dipfil methods. (a) is obtained

from the scenario of a fixed amplitu@®® = 0.05 and a varying declinatiod ¢ while
(b) displays the results for the scenario of a fixed declimadf® = 0° and varying am-
plitudeD'""®, The (logarithmic) z-axis indicates the normalised numrbefroccurrences
of corresponding values.

decrease quickly with increasing amplitude remarkablpoesing already to smallest
values ofD!"“® > 0.005 and reaching values smaller thafi fid) true amplitudes larger
than~ 0.1. Again, the wavelet transforms produce up to three timgeftavidths over
the complete range @',

The observations regarding the right ascension also appiysfuncertainty which is

consi

istently smaller than 1®or true amplitudes larger than 0.1.

(c) The declination parameter is reconstructed more peboigith the likelihood method.

Both

3D fit methods show a slight preference for producingatieg declination val-

ues. However, this bias is negligible compared to the si@disvidths of the distribu-
tions.

Again, the observation is made that the likelihood methoetestimates the declina-
tion parameter uncertainty, see appendix D. Neverthdbesis, methods agree qualita-
tively and a precision of 15° can be read from the distributions of both the declina-
tion and its uncertainty for amplitudes larger tHaf'® > 0.1.

The precision of the directional reconstruction of the 3Dthods in terms of the angular
differenceQ of reconstructed and true direction is compared in figure 7.3

(&) The results from the scenario of a fixed amplitude are samsed in the left plot of
figure[7.6. The pointing precision of thé fit indicated byQ is slightly worse (larger)
on average than that of the likelihood method. This obseEmwatpplies over the full

range ofdy

X2 fit

(b) The

produces larger widths than the likelihood method.

right plot of figure 7.6 was produced from the scenafi@a fixed declination

value. The angular distance of the reconstructed and tmeetains is smaller for

the i

kelihood method than for thg? method. Once more, it is worth noting that
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the directional precision “improves” already at smallesipiitude values while the
amplitude measurement is still compatible with noise.

The unbinned methods have proven to perform better thanitimed ones both in the
fields of amplitude and directional reconstruction. Theapaaters reconstructed with these
methods are closer to the true values than those obtainédtiwgtbinned methods. This
agrees with the expectation that the larger amount of inédion processed by the unbinned
methods leads to more precise results. However, compartbe fikelihood method thg?
fit produces smaller uncertainties of all parameters in temarios considered. This obser-
vation is counterintuitive considering the fact that jfeit also produces wider distributions
of the parameters. Small parameter uncertainties inaljtigre supposed to correspond to
small widths of the parameter distributions and vice veldas observation is addressed in
appendix D and assigned to an overestimation of the unnéesiobtained with the likeli-
hood method.

Both 3D methods have shown to produce a bias depending orutndéclination value.
The methods reconstruct preferentially negative degbnatalues which is probably caused
by the shape of the relative exposure and its asymmetricndigmee on declination. This
bias is transferred to systematics in the precision of thectional reconstruction of these
methods. The bias becomes smaller with increasing amplitodl always remains well
within the estimated range of the 68 % most probable valumswarthe MC truth. Therefore
it is considered negligible compared to the statisticakutainties.

A declination dependent shift in the amplitude measurerhastbeen observed with both
3D methods as well. This is not considered a bias but an effdtie statistical power that
changes with the true declination value.

The binned method by means of wavelet transforms performstwd all methods. It
shows the largest systematic overestimation of the anagiaund the largest widths describ-
ing the 68 % most probable values. Some of the propertieseofithod must be kept in
mind when evaluating its characteristics. The wavelet tioncmade use of does not na-
tively match sinusoidal functions and the angular scale dipale at which the analysis is
performed is at the edge of what a wavelet transform canvesbdlevertheless, the method
has proven to work in principle and further studies have leiated towards a multi-scale
implementation in 3D on the sphere.

7.2.2 |sotropy

A measurement obtained from real data with any of the metd@tsissed in the previous
paragraphs can only be evaluated if the response of theatespenethod to isotropic dis-
tributions is known and understood. More precisely, thestigation of isotropic sky maps
as observed by the PAO yields the necessary basis to degndicinces from amplitude
measurements. Isotropic maps are produced Wt = 0; since the parameter of the dec-
lination of the dipole does not affect the distribution ofival directions in this scenario,
the MC sets generated with zero amplitude at various decima&alues are merged to one
isotropic set. The reconstructed dipole parameters addaiith the different methods are
shown in figure 7.7. The amplitudes obtained with the 2D meshare scaled as described
in appendix C by a factor of 1.28.
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Figure 7.7: Normalised fractiom of dipole parameters obtained from isotropic maps with four

different methods: The log-likelihood (black solid) agd method (red dashed) for a
dipole fit and the Rayleigh (green dotted dashed) and Waflalet dotted) method for
a cosine fit in the right ascension coordinate. (a) showséhenstructed amplitudes
D'®¢, (b) the reconstructed right ascensigi® and (c) the declinatiod© of the dipole;
(d) indicates the pointing precision in absence of a dipoipldaude. 9500 isotropic sets
have been analysed with each method.
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(a) The distributions of amplitudes reconstructed with fineér methods differ more or
less strongly. The Rayleigh method performs best in termreadnstructing ampli-
tudes closest to zero. The method is considered a referartbésistudy in terms of
producing the limit of what is achievable at best: Both thet that only two param-
eters are fit and that it is an unbinned method lead to the sstadbssible ratio of fit
parameters per degrees of freedom. The wavelet transfatmitpie produces ampli-
tudes from the same isotropic data sets approximately arfattwo larger than those
obtained with the Rayleigh method. The 3D dipole fit methoeldgym better than
the Wavelet method but worse than the Rayleigh method. Aadjrobserved before,
the unbinned likelihood fit produces smaller amplitudesttree binnedy? fit which
is due to the larger amount of information made use of in tHenmed method.

(b) The distribution of the right ascension phase valags is flat for all methods as
expected in the absence of a dipole signal. All valuegi$ffare reconstructed equally
likely.

(c) The declination distributiodS* is expected to be symmetric about the equator. This
symmetry is observed for both the likelihood and jfefit method. However, both
distributions shows a little asymmetry preferring negatieclination values. As stated
before, this observation probably relates to the relatipgosure of the SD of the PAO
which dominantly covers the negative declination range.

(d) The pointing precision given by the angular differedzdetween the true direction
of the dipole and the reconstructed one follows a sine. Biecause the decreasing
solid angle toward® — 0° andQ — 180° must be accounted for. Both the likelihood
method and thg? method agree with this expectation.

7.2.3 Significance of Amplitude Measurements

As a measure of the power of a method with regard to the andelitteasurement the fraction
n"®¢ of reconstructed amplitudes significantly larger than tkgeetation from isotropy is
considered,

Nrec [D > DCL}

1ISO
L ’
with D = D¢ the reconstructed amplitude aM¢ the total number of amplitudes in the
respective setDSL- is the amplitude that indicates the threshold below whictaetion of
C.L. of amplitudes obtained from isotropy are distributed biftf [D > DZL] is the number
of amplitudesD in a given set that exceed this value. C.L. is identified ascthidence
level indicating a measure of the significance of a reconsttlamplitude with regard to its
distinctness from isotropy. The fractioff® is displayed in figure 718 as a function of the true
amplitudeD!"V®, The y-axis offsets of all methods areéi®~ 0.32 (~ 0.05,~ 0.01) directly
corresponding to the chosen confidence level of significah€elL. = 68 % (CL. = 95 %,
C.L. =99 %).

For example, a true amplitude &f'“¢ = 0.03 causes a significant measurement at a
confidence level of @.. =68 % in~ 90 % (~ 70 %) of all realisations with the unbinned
(binned) methods, figure 7.8 plot (a). Bt"'® = 0.05, with the unbinned methods the mea-
surement will be significant almost always even with a comidgeof 95 %, plots (a), (b)

(7.1)

n¢[D>Dgy] =
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Table 7.2: Amplitudes obtained from isotropic sky maps correspondintiree different quantiles.
E.g. an amplitude measured with the Rayleigh method mustrger tharD.9° = 0.0255
to be significant at the 95 % level.

| FitLL | Rayleigh| Fit x* | Wavelet
DY68 I 0.0222| 0.0157 | 0.0280] 0.0386

ISO

D995 || 0.0354| 0.0255 | 0.0460| 0.0556

ISO

D999 || 0.0440| 0.0318 | 0.0576| 0.0663

ISO

while a level of 99 % is only reached above a true amplitude@7 OThe values oDSL- are
summarised in table 7.2.

The two binned methods, wavelet transforms and dipdléit method, perform com-
parably well. Note that the reconstructed amplitude endety relatively to the isotropic
distribution obtained with the same method in each cases iitplies that the amplitude ob-
tained with the wavelet method contains precise infornmatihen being interpreted rather
relatively than absolutely: On the one hand, the absolufditude scale appears to be rather
off when compared with the other methods, see figure 7.5. ©ottier hand, estimating the
significance by relating the amplitude measurements witiermethod to each other shows
that the method is competitive in this respect.

7.3 Summary

The performance of four methods to study potential dipokttesns in the distribution of
arrival directions of UHECRSs recorded with the surface deiieof the Pierre Auger Obser-
vatory has been investigated on simulated Monte Carlo skysmgenerated in the absence
and in the presence of a dipole of varying direction and aiungbé.

Best results in terms of small systematic uncertaintiesséatiktical spreads are achieved
with the unbinned methods in 2D and 3D: The sensitivity ofaheplitude measurement to a
dipole underlying a distribution dfl = 30000 arrival directions starts at a true amplitude of
D'"V¢ > 0.03 depending on the desired confidence level. Above thisiirdplthe direction
is reconstructed correctly withi@ ~ 40° with the 3D method and within a right ascension
of +20° with the 2D method. However, for the application to data itsinoe kept in mind
that the likelihood method overestimates the parametezntaiaties such that it covers about
~ 85 % instead of- 68 % of the distribution around the true value of the respegtaram-
eter.

The results obtained with the Rayleigh method confirm thesetgiion as described by
the distributions given in equations C.5 and C.6: The praibpallensity functions are fit-
ted to the distributions of amplitudes and phases (right@son) obtained from isotropy.
These distributions are displayed in figure 7.7. The fit toah®plitude distribution pro-
duces a signal amplitude @& = 0.004 compatible with isotropy and an uncertainty of
op = 0.0077+0.0004 compatible with the expectation afy = /2/30000~ 0.008. The
fit to the right ascension distribution yields a tiny signaiitude of(0.5+5.0) x 10~ also
compatible with flatness, i.e. isotropy.

The performance of the likelihood method is compared todiselts of the 3D Rayleigh
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Figure 7.8: The fraction of reconstructed amplitudes significanthgéarthan the expectation from
isotropy is displayed. The plots show the fraction of anuplits larger than 68 % (a),
95 % (b) and 99 % (c) of the amplitudes expected from isotrbflicsamples. For every
true amplitude 500 sets are analysed and the reconstruttelitiedes are compared to
those of the 9500 isotropic sets. Error bars are estimatadecaatively asan™¢ =
+0.01 accounting for the limited statistics.
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Table 7.3: Example comparison of the reconstruction precision of tipolé fit methods. The like-
lihood fit method is contrasted to the method described inl(8ofor the parameter set
(D' ap,dp) = (0.05,0°, —45°). Note that in case of the likelihood method the num-
bers have been estimated from the interpolation betweemnethdts obtained with the
parameter sets faph = —40° anddp = —50°

| FitLL | [Mol05] |
o (D" [ 0.012-0.014| 0.013

o(a5®)/° 17-19 17.6
o (81 / ° 15— 16 16.1

method given in [SomO01, Aub05]: The directional precisidthe latter method is stated to
be better than 10for true amplitudes larger thanX) The results of the likelihood method
compare well with these numbers as can be read fromipdot in figure/ 7.5 (d). The
amplitude reconstruction precision with the 3D Rayleighhmod is obtained to be as good
as 001 and mostly independent of the true amplitude with a $tati$ 32000 events. Again
this compares well to the results found with the likelihoadrfethod as can be verified from
figurel 7.5 (a).

Similarly, the results obtained with the 3D method that viEsithe dipole parameters
for each dimension independently [Mol05] agree very wellmthe likelihood method.
As an example, table 7.3 compares the dipole parameter s&aotion precision for
(D' ap, dp) = (0.05,0°, —45°).

The likelihood method performs competitively well when qmared to existing dipole
fit methods. All methods described in this chapter are apprately bias-free. In the next
chapter the four methods are applied to real data taken hatlsD of the PAO. The results
will be evaluated by relating them to the performance of #spective method as obtained
from MC sky maps.






Chapter 8

Application to Data

In this chapter the four large scale anisotropy methodsepies in chapter/6 and tested in
chapter 7 are applied to data taken with the surface detettbe Pierre Auger Observatory.
Firstly, the data set, cuts and periods of data taking adedaathe analysis are introduced.
Then, the corrections freeing the data from local effectdeseribed in chapter 5 are briefly
recapitulated and performed step by step on the data sedén tr get rid of artificial modu-
lations of the event rate. In the subsequent section théedgayameters obtained with each
of the four methods are given after being reconstructedftdrdnt steps of the complete
chain of corrections. Eventually, the final results in tewhglirections and amplitudes of
the dipole after the application of all corrections are giadongside their uncertainties and
significances, respectively.

8.1 Data Set

The data set comprises all air shower events detected with3B between Jan-
uary 2004 and December 2010 that have been reconstructdd Q¥ftine version
v2r 6p4- Ast eri xQoel 1 x. To allow for full trigger efficiency only events passing the
zenith angle cud < 60° and the energy clE > 10'8° eV are applied. All air shower mea-
surements are required to fulfil the quality trigger T5 coiodi.

Bad periods are always excluded. Time intervals in whichemords of measurements of
the atmospheric parameters are available are excluded thbemeather dependent energy
correction is applied. The time intervals of non bad periadd of when weather data was
available as well as the conjunction of the two are displapdajure 8.1. The sum of bad
periods amounts to 313 days corresponding to a fraction &b 13 the total time of data
taking. Weather data is missing for a fraction of another 1@f%hat time. The conjunction
of bad periods and intervals of time without atmospheriadatords produces a fraction of
data of 78 % that can be used when applying the weather cammedthe records of atmo-
spheric parameters made use of in this work have been obtora the weather monitoring
database kindly provided by [Keill].

The number of events surviving the different cuts and remgiposterior to the correc-
tions are summarised in table 8.1. After the applicationut$é 37407 events survive. This
number remains unchanged when account is taken of the gaayga of the SD. Differ-
ent from that, the procedure of the correction of atmospgleffects impacts the number of
events in two aspects: On the one hand, the data set is tedtt@intervals of time where
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— has weather records AND is not in bad period bad
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—is not in bad period
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Figure 8.1: Availability of weather data and periods of data taking mgiged as bad over time. The
bottom black line indicates the periods of data taking nggéal as bad, the red middle
line displays the times where data records of the weathatittons have been available

and the blue top line shows the conjunction of the two. Uppéwmas indicatdrue and
lower values indicatéalsefor the respective statement and the corresponding line.

records of the atmospheric conditions are available. Owtiher hand, the correction of the
energy causes events to pass or fail the energy cut. The stdtement is also valid with

regard to the energy correction according to the geomagfielil effect. The arrival direc-

tions of these events are analysed by means of the four netbatldy potential large scale
anisotropy in the data.

8.2 Correction of Local Effects

SD Area Correction

The correction necessary due to the varying area of thecgudatector is performed by
means of a weighting technique. Following the order of mtagla of the angular resolution

Table 8.1: Cuts applied to real data for anisotropy studies on the lzemigled, on the energ¥ and
the T5 trigger. The number of events depends on the correctipplied, e.g. on whether
or not measurements of the atmospheric parameters araldeaillt is also subject to
variation when correcting the energy for atmospheric ongggnetic effects since more
or less events will survive the energy cut, consequently.

Category | Name Value N
Internal cuts e/° <60
log(E/eV) > 185
Quality cut T5 trigger 6T5 37407
External conditions SD area apply correction 37407
and corrections Atmosphere has records & apply correct. 31875
Geomagnetic field apply correction 31295
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of the SD, the right ascension range is divided iNkghs = 360 bins each containing the
accumulated area with regard to this directional sectorasightw; with i = 1,..., Npins
The width of each sectaiin right ascension is?] consequently. The weights are normalised
in such a way that they match the conditiNgns = ,'\':"TSW% so that every weight is close
to unity, compare to figure 5.3. The corrections of the binmethods are simply given

by scaling the bin entries with the attributed inverse weigfw;. In case of the 3D un-
binned likelihood method the weights are passed on to thegtibty density function of the
dipole as additional factors depending on the right asoenglue of the individual arrival
direction. For the unbinned Rayleigh method the weights@pplied at the level of the
basic parameter® andY from which the amplitude and phase measurements are derived
following equation 6.14:

X 2 % 1 cosay and Y 2 % 1 sina (8.1)
= — —_— k = — Kk - .
N ] w; (K) N ] w; (K)

The connection betweem andk is drawn from the histogram containing the weights in the
corresponding bin in right ascension.

Atmospheric and Geomagnetic Corrections

As described in chapter 5, the energy needs to be corrected tw of modulations induced
by changing atmospheric conditions and distortions cabgettie geomagnetic field. This
correction is performed on the level of the energy estim&tbd00) as given by equations 5.2
and 5.23, respectively. In order to unbias the energy cooredingly the corrected energy
estimators are reprocessed in the procedure of the CIC chethd the energy calibration
with the same parameters as given in equations 3.15 andrBctapter 3.

8.3 Dipole Parameters from Application to Data

The results of the reconstruction of dipole parameters thigfour methods are summarised
in tables 8.2 and 8.3. The reconstructed amplitudes andtidins are indicated as obtained
for different states of corrections. The case of perforrmogcorrections is considered as
well as the scenario of correcting the exposure for effete warying SD area. Then, the
corrections of the energy due to modulations induced by sgineric variations as well as by
the geomagnetic field are applied. The corrections are pee inclusively, i.e. every line
includes the correction stated in the line itself as welltassé given in the previous lines.
Consequently, the bottom line indicates the final resultertiangled from all local effects.

Dipole Parameters and Uncertainties

The amplitudes reconstructed with every individual methednain essentially con-
stant within their respective uncertainties regardlesghef corrections applied. With
the given statistics oN ~ 30000 events the predicted uncertainty of the amplitude is
o(rp) = 1/2/N ~0.008 for the Rayleigh method. The values of the right ascensio
the dipole direction found with the 3D and the 2D method atudlag ~ 90° agree well
within their uncertainties. This value remains the samepahdent of the corrections per-
formed. The declination parameter of the direction of thpot# obtained with the likelihood
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Table 8.2: Dipole amplitude® reconstructed with four methods given as obtained aftdopaing

the different corrections. The results in one line are isiglel with regard to the correc-
tions indicated in and on top of it. Consequently, the restilsplayed in the bottom line
are obtained after applying all corrections.

FitLL | Rayleigh| Fitx? | Wavelet

D/1072 | D/1072? | D/107? | D/1072
No correction || 3.64+2.0 | 1.7+0.7 | 7.54+2.1 3.1
SD area 3.6+1.8 | 1.44+0.7 | 7.4+2.1 2.7
Atmosphere | 4.0+1.6 | 2.5+0.8 | 7.54+2.2 3.7
Geomag. field| 3.5+1.4 | 2.3+0.8 | 5.3+2.1 3.6

Table 8.3: Dipole directionsap (anddp) reconstructed with four methods. See also table 8.2.

Fit LL Rayleigh Fit x2 Wavelet
aD/o ‘ 6D/O aD/o aD/o ‘ 6D/O aD/o
No correction || 89+32 | —514+28 | 8435 103+32 | —76+9 117
SD area 89+32 | —51427 | 77442 100+42 | —79+9 118
Atmosphere | 93+22 | —24+30 | 86+26 96+23 | —68+10 107
Geomag. field| 91423 5+35 | 84+28 95+25 | —60+16 105

(x?) method changes more apparently from= —51° (—76°) in case of no correction to
op = 5° (—60°) after applying all corrections. The uncertainty of thelaetion parameter
amounts tat-35° (+£16°). The results do not perfectly match but are compatibleiwitivo
sigmas. The uncertainties obtained with the likelihoodhudtis larger which partly can be
explained by the fact that they correspondt®5 % quantile rather than 68 %, see chapter
7land appendix D.

Without applying any correction the amplitudes found witle two unbinned methods
differ by a factor of two, approximately. This factor can lemtified as the geometric
correction necessary to scale an amplitude measureme@oifreethod to the 3D amplitude,

2~ [cog—51°) - (cog8))] * . (8.2)
(coq9)) ~ 0.78 is the mean of all cosines of the observed declinatioregaluthe distribu-
tion of arrival directions and c@s-51°) is the fraction of the 3D amplitude that is visible in
the projection on right ascension, see appehndix C for fudeéails. The geometric correc-
tion assumes the declination parametedpf —51° found with the 3D likelihood method,
see table 8.3. This characterisation roughly holds forhaldther lines and steps of correc-
tions, respectively, which implies consistency of the hsspbtained with the two methods.

Amplitude Measurements and Significance

Quantitatively, the absolute results obtained from theinmdd methods are trusted prefer-
ably because of the smaller statistical spreads and thdynogiiased behaviour observed
in Monte Carlo studies. Nevertheless, again all four metharé investigated with regard to
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Figure 8.2: Significance of the amplitudes reconstructed from data withfour methods. The
values found in the data are indicated by vertical lines aedcampared to isotropic
expectation. The number next to a line displays the sigmifieaof the respective mea-
surement.

the significance of their reconstructed amplitudes. Hetteamatage is taken of the fact that
the significance is derived from every method inherenthhaiit need to relate the absolute
amplitude measurements of the different methods to eadr.ofthe distinctness of the re-
constructed amplitude found in the data from isotropy ipldiged in figure 8.2 for the final
values obtained after the application of all corrections.

The significances of the measured amplitudes with regaftkiogtatistical distinguisha-
bility from isotropy vary from 61 % to 98 %. The likelihood nietd cannot exclude isotropy
at the 95 % level. Thus, with the number of events currenthaad no conclusive anisotropy
statement is possible. Assuming that the amplitude medsuth the likelihood method is
the true oneN ~ 50000 events need to be recorded in total to allow for theusywh of
isotropy at the 99 % level. This number of air showers will &éeen detected in another
~ 3 years of data taking with the surface detector. In the saraeasio for thex? fit only
N =~ 37000 are needed to reach the 99 % level.

It is worth remarking that the amplitudes measured with dlge likelihood method
without having applied all corrections is larger and thugrensignificant. This observa-
tion becomes even more apparent noting that in the correspgpacenarios more events are
available and consequently, the amplitude distributidstaioed from isotropy are narrower.
The computation of the significance does not take into adcienstatistical uncertainty of
the amplitude parameter obtained from the fit. Therefore,uihcorrected event sets may
contain artificial anisotropy mimicked by local effectsttisauld cause a significant ampli-
tude measurement.

Systematic Uncertainties

The uncertainties of the parameters determining the enssggections corresponding to
atmospheric variations on the one hand and the effect ofébenggnetic field on the other
hand are propagated to the reconstructed dipole paramétessis achieved by varying the
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parameters normally within their uncertainties. The utaeties of the parameters of the
influence of the geomagnetic field are given in equations &®05.19. The uncertainties of
the parameters of the atmospheric energy corrections aageld from [Abr09a]. The cuts

described in table 8.1 are then performed “as usual” andiff@edmethods are applied to
the resulting set of events. This procedure is repeatedi®@d and the RMS of the resulting
distributions of the dipole parameters is used as a meastine gystematic uncertainty of
the respective parameter. These systematic uncertaargegiven in table 8.4. They are
smaller than the statistical uncertainties by at least tfaxd two.

Dependence on Energy Threshold

Air shower detection with the SD works fully efficient abova anergy threshold of

E > Epn=10%%eV. In this subsection the energy cut is increased fronffa8V to
10'°2 eV in steps of 181 eV. The dipole methods are applied to the resulting evest set
and the reconstructed dipole parameters are shown in fig8reB®th the dipole direction
and the significance of the measured amplitude show to betedbeindependent of the
energy thresholé&;,. The significances obtained with the two unbinned methddsjhood

fit and Rayleigh, agree well. Note that the results obtainitid tive (binned)y? method must

be considered carefully at large valuestgf since with increasing energy cut the bins run
out of statistics.

8.4 Summary

In this chapter, the four large scale anisotropy methodsdiniced in chapter|6 have been
applied to real data taken with the SD of the PAO. A slight @refce has been attributed
to the unbinned methods, i.e. the dipole likelihood fit arelRayleigh method, which have
proven to perform better on Monte Carlo sky maps as studietiapter 7. In table 8.4 the
results are summarised.

The significances obtained for the amplitude measurementtatistically inconclusive.
The statistical significances are smaller than 99 %, butecldhus, they might be due to
fluctuations as well as due to a genuine dipole signal. A targenber of events is necessary
to provide the basis for a more definite answer to this issuee fight ascension of the
dipole reconstructed consistently with all four methodsmts 90° agrees with the phases
measurement in the energy range above 3 EeV, see appendiq{Skatlc]. The declination
parameter has been shown to change slightly after the emerggctions. However, the
dipole direction obtained with this single measurementds meaningful as long as the
amplitude is not considered significantly larger than thgeetation from isotropy.

The systematic uncertainties of the dipole parameters beee estimated from the un-
certainties of the parameters of the energy correctionsesponding to the effects of the
atmosphere and the geomagnetic field. They are smaller bgasitd factor of two compared
to the statistical uncertainties estimated from the respgemethod.

The dipole parameter results obtained in this analysis ssergially independent of the
energy threshold above which cosmic rays are allowed ta erttethe analysis. This obser-
vation has been made with energy cuts ugts E;, = 10192 eV.
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Figure 8.3: Dependence of the dipole parameters on the energy threshpld(a), (b), (¢) and
(d) display the amplitudes of the dipole and the confidengeldefor the likelihood,
Rayleigh, x? and Wavelet method, respectively. (e) and (f) indicate #wmstructed
direction of the dipole in terms of right ascension and dtion, respectively.
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Table 8.4: Summary of dipole parameters with statistical uncertainfrom the respective method
and systematic uncertainties from the corrections, sdddexletails. Furthermore, the
significances of amplitudes found in the data are indicasati@confidence level C.L. in
terms of the fraction of amplitudes expected from isotroplpty the measured amplitude

value.
orD/° 5D/O

Fit LL 91 4+ 23 (stat) 2 (sys 5 +£35(stat) £14 (sys
Rayleigh|| 84 +28(stat) +2 (sy9
Fit x? 95+ 25 (stat) +2 (sy§ | —60416 (stat) +3 (sys
Wavelet 105 1(sys

D/1072 C.L.
Fit LL 3.5+1.4 (stat) +0.5 (sys 0.947
Rayleigh| 2.3 £1.1 (stat) 0.1 (sys 0.910
Fit x? 5.3 +2.1 (stat) +0.4 (sys 0.980
Wavelet 3.6 0.1 (sys 0.607




Chapter 9

Summary

In this thesis, large scale anisotropy studies of the #istion of arrival directions of ultra
high energy cosmic rays recorded with the surface detetttvedPierre Auger Observatory
have been focussed on. With this intention, three majoctlpave been investigated.

Firstly, the angular resolution of the surface detectorlfeen studied thoroughly. Sys-
tematic uncertainties have been quantified by means of tmpaadson of arrival directions
measured by the surface detector and the fluorescenceatetut difference of the angular
coordinates obtained with the two reconstructions has fmerd to be less than® in any
case. The angular resolution of the surface detector hasdi®ained to be better than2t
for the energies of interest, i.e. energies above the flidiehcy threshold of the detector,
E > 10185 eV. In the course of this work, systematic uncertaintieshefftuorescence de-
tector have been discovered and quantified. It is worth reimgthat with the results of this
analysis a basis has been provided for the improvement afitbetional reconstruction of
the fluorescence detector.

Secondly, systematic local effects capable of mimickinga@mopy in the distribution of
arrival directions have been studied. These effects arsechlly properties of the detector
which are typically not accounted for in the standard retroicion of events. The varying
area of the surface detector and the changing atmosphezatitfer) conditions modulating
the energy measurement over time systematically affeaighéascension distribution mo-
difying the relative event rate to an extent-0f0.5 %, in each case. The corrections of both
effects have been elucidated.

The main focus was put on the investigation of the influendd®feomagnetic field on the
energy estimated with the surface detector. Via chargeragpa the lateral distribution of
the particles of the air shower becomes spatially distontigd the extent of the distortion
depending on the arrival direction of the shower. This sysiiéc is directly transferred to
the energy estimat&(1000) of the surface detector measured at ground level and iriljirec
propagates to the event rate as soon as an energy cut iscafipliee data set. A spatial
model in local coordinates has been introduced to paraseethie effect on the level of
S(1000. By means of the complete chain of air shower simulationsttelctor simulations
and reconstructions the parameters of the model have béed. fiThe amplitude of the
modulation of the relative event rate has been estimatee tf the order ok~ 1 %. The
correction of the energy estimator necessary to make theurgaent independent of the
geomagnetic field is given by the introduced model and theaféumeters.

Thirdly, methods to study first order harmonic large scalis@ropies, i.e. dipoles, in
the distribution of arrival directions have been invedigghh The standard Rayleigh forma-
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lism has been applied to the right ascension distributiahtzas been contrasted to a new
binned method based on wavelet transforms. Furthermorenew methods of fitting the
3D parametrisation of a dipole as detectable from the mwsaf the Pierre Auger Observa-
tory have been introduced: An unbinned likelihood methad abinnedy? fit.

Tested on Monte Carlo sky maps diced from the dipole parasaétyn for different ampli-
tudes and directions of the dipole the performance of thénoast has been quantified.

e The Rayleigh method produces results perfectly agreeirlg the expectation: E.g.
it produces amplitudes that follow a Rice distribution i fhresence and a Rayleigh
distribution in the absence of a dipole signal.

e The wavelet transform has proved its applicability in tharse of anisotropy studies
though producing comparably large statistical uncersntThis drawback is under-
stood since the wavelet test function is not natively désctiby sinusoidal functions
and there may also be room for improvement of the proceduh®wfthe amplitude
and phase are fitted.

The wavelet method is currently being generalised for 3B@npy studies on the
sphere by Matthias Plum based on the groundwork introdutéuis thesis. With its
application to distributions of arrival directions receddwith the surface detector of
the Pierre Auger Observatory, a multi-scale approachésnoted. Basically, this ansatz
is similar to the standard spherical harmonics transforoerdral aim of this work will
be to evaluate whether or not advantage can be taken of thiné&avavelets provide
a larger variety of possible shapes given by the wavelefuestion that is made use
of in the respective application.

e The unbinned likelihood method performs extraordinarigiivin terms of small sta-
tistical uncertainties and negligible systematics. Itasnpetitive to existing dipole
reconstruction methods.

e The x? fit shows qualitative agreement with the likelihood methddwever, a rather
coarse binning is necessary to get rid of a systematic depeecdf the reconstruction
precision on the declination parameter of the dipole; tloees it produces slightly
larger statistical uncertainties.

The application of the large scale anisotropy methods todaa taken with the surface
detector of the Pierre Auger Observatory reveals two canaiis, essentially.
Firstly, as expected, the corrections applied to the ddectathe significance of the am-
plitude measurements; amplitudes may be measured significet a confidence level of
beyond 99 % at earlier stages of the chain of corrections antq@itudes of the modulations
of the relative event rate due to local effects are of the sarder as the statistical uncer-
tainties of the reconstructed dipole amplitudes] %. Therefore, the corrections to get rid
of an artificially induced anisotropy caused by local effemte necessary especially for the
computation of the significances of amplitude measurements
Secondly, the amplitudes obtained after the applicatidh@tomplete chain of corrections
cannot be distinguished from isotropy at a confidence lek&9d% with neither method.
This is the quintessential statement concerning anisptseprches obtained in this thesis:
Isotropy cannot be excluded with a probability larger thar¥®



Appendix A

Coordinate Systems

The frame of reference for the geographically local measerd of arrival directions of cos-
mic rays and extensive air showers, respectively, is tinpeeddent. Because of the Earth’s
rotation, a pair of locally measured angles of a celestiatlyd object determines a point on
the sphere, that seems to travel. It takes the period of aesidday, i.e. 23 h, 56 min and
4.099 s, or simply 369 until the object will be visible again in the same directaomd from
the same geographic position. This time is different fromitiean solar day (24 h), as the
Earth’s travel around the sun yields an additional rotairdarval of ~ 1° per day. Thus,
the number of sidereal days (3@6636042) within a year exceeds the number of mean solar
days (36525636042) in the same period by exactly 1 day. The Earths @ be assumed
as fixed within a period of 50 years, as only little precessibirX /180 y is observed. Thus,
epochs are defined referring to the standard equinox (seevlfet explanation) every 50
years, with the actual period being named J200®-urthermore, considering galactic and
intergalactic distances, the instantaneous positionedEtrth relative to the sun is negligible,
too.

In order to specify a celestial position from the point ofwief the earthbound observer,
several different coordinates are needed. Obviouslypited position of the apparent source
of the cosmic ray on the celestial sphere has to be known.h&umiore, this directional
information depends on both tigeographic positiorf the observer and thene of the ob-
servation. Two fixed reference frames are conventionakyus order to specify a point on
the celestial sphere: Both tleguatorialand thegalacticcoordinate system are independent
of time, observer position and locally measured arrivatction of a shower.

In this thesis, the local and equatorial coordinate sysiwere chosen for the display of
directional information of cosmic rays. Both frames of refece as well as transformations
between the two are given in the following sections. Theyuwsed within this thesis in
order to transform the directional information locally reaeed by the SD into an equatorial
position. Furthermore, the projection of spherical datart®ans of the so-called Hammer
projection is introduced. The detector specific coordisgttems are not addressed here but
are discussed in chapter 3.

A.1 Geographic Coordinates

A geographic position can be specified by a pair of sphericaftdinates, i.e. geographic
longitudelon, with lon = 0° at the Greenwich prime meridian, and geographic latilate
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Figure A.1: The local coordinate system is a spherical coordinate systigh the latitude being
called altitude and the longitude known as azimuth anglecoVers a half space, as
the azimuth angle can take only positive values. It is centme the observer and the
reference plane is defined by the observer’'s horizon. If dlitewh to the pair of local
coordinates time and observer position are known, the ttalggsition of an object
can be determined.

with lat = 0° at the equator antht = +90° at north and south pole, respectively. For the
complete determination of the position of an object in gapbic coordinates, the radius

w.r.t. the Earth’s center, alternatively the altitudelg.seeds to be known. The center of the
PAO SD array expressed in geographic coordinates thenasddat

lonpao = —69.25° , latppo= —35.25° , altppo~ 1400 m as.l. (A.1)

A.2 Local Coordinates

The incoming directions of air showers are measured in sgggl@oordinates of zenith angle

0, with 6 = 0° in case of a vertical shower, and azimuth anglstarting withg = 0° in the
east and counting counter-clockwise, see figure A.1. Lozatdinates, however, may also
be given in altitudealt and azimuth angle, where the altitude is the elevation oftgach
above the horizonalt = 90° — 6. The reference plane, called the horizontal plane, is a
plane tangential to the Earth’s surface through the obssrmesition. The measured arrival
direction of an air shower does not point into the headindnefdosmic ray, but instead faces
'upwards’ to where the cosmic ray apparently came from. Tdwtns of celestial objects
depend on the observer position and the time of observalioums, the local reference frame
is inappropriate as a coordinate system for determiningstiel positions.

A.3 Equatorial Coordinates

The position of a celestial object can be specified indepathdef time and observer position
in an equatorial reference frame, see figure A.2. Equatooi@ldinates are spherical and the
reference plane is given by the Earth’s equatorial planens€quently, the geographic lati-
tudes are simply projected onto the sky (along the localtaethiection), defining the equa-
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90°

270°
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Figure A.2: The equatorial reference frame is a spheric coordinatesyst declination (latitude)
and right ascension (longitude). It is centred on the Eanthtae reference plane is
given by the equatorial plane of our planet; correspongirtge Earth and the equatorial
system share the directions of the poles as well. Celedtiattibns can be specified
independently on time (neglecting epochal conventions, tegt), without providing
information about distances.

torial latitude, called declination. The declinatidncorresponds to the spherical latitude,
giving the angular distance of a star to the equatorial plarele the spherical longitude
is called right ascension; the reference point forr is chosen conventionally as the vernal
equinox which is defined as the point on the equatorial plaaedoincides with the position
of the sun at the beginning of spring. In order to fmdt is necessary to introduce the local
time information. The hour angkis defined as the difference in geographic longitude be-
tween the positions of observer and the point on the Eartinface where the object appears
at zenith 6 = 0); a then is simply given by the difference between local sideieee LST
and hour anglé, which can be converted from time to angular units (38Br~23.9344719
h)
LST—a=h. (A.2)
Finally, the transformation from local coordinates to eéqual coordinates is given by

the following set of equations (note that the observergitde,lonpap enters indirectly
via the hour angl®):

cosdsinh = sinf sing (A.3)
sind = sinlatppap C0S6 — codatpap SING COSE (A.4)
cosdcosh = codatpppo c0S6 — sinlatpap SING cosp (A.5)

Note that the orientation and position of the equatoriahelare fixed, neglecting the
relative position of our planet to the sun. The precessidgh@Earth’s axis slightly alters the
orientation of the equatorial reference frame with respettie position of fixed stars. Thus,
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Figure A.3: Hammer projection of spherical coordinates for the exarmptbe equatorial frame of
reference, see equation .

when considering observations separated by long inteofdime it is necessary to specify
an epoch (e.g. J2000.0 now, B1950.0 for older data) to d&terthe equatorial coordinates
of celestial positions.

A.4 Hammer Projection of Spherical Coordinates

The application of projections of data distributed on thkesp is often useful both for the
purpose of displaying and analysing these data. Whenewedimensional visualisations
of spherical coordinates are needed in this work, the Hanpnogection will be used (unless
otherwise stated). It has the advantage of illustratintgidigtions on the surface of a sphere
by means of an equal-area projection on the plane which iscesly reasonable for the
analysis of binned data. As an example, figure A.3 displagsctbordinate grid for the
equatorial frame of reference. The projection is realisedfplying the following equations
[Sny93]:

(A.6)

x— 2v/2cosssin(§) B V/25sind
\/1—1—0055005(%) ’ \/1+cosécos(%)

A.5 Shower Coordinates

It is natural and useful to define a reference frame for thelawer itself. Shower coor-
dinates can be determined in a Cartesian system, see [figdireTAe shower directioss
defines the negative z-axise, and the perpendicular plane that includes the shower cere po
sition defines the x,y-plane. In thihower plangthe y-axis directiorg, is chosen so that it
coincides with the component of the geomagnetic field dwagterpendicular to the shower
direction,Bt. Corresponding to the essentially cylindrical symmetrthef shower develop-
ment and the particle densities, a cylindrical referenamé is equivalently applicable with

r the distance to the shower axis apidhe azimuthal angle in the x,y-plane of the shower
coordinate system.
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Figure A.4: The shower coordinate system is a Cartesian coordinatersysith the z-axis, anti-
parallel to the direction of the momentum of the showgfAve00]. The x,y-plane
includes the shower core position and the y-axis is definethbyprojection of the
direction of the geomagnetic fieldB on the x,y-planeBy. Equivalently, cylindrical
coordinates can be used with r the distance to the showeanadis the azimuthal angle
in the shower plane.






Appendix B

Extensive Air Shower Simulations

In order to generate air showers from primary particles edpfined properties and un-
der predefined conditions two simulation programs have lmeade use of in this thesis,
AIR-shower Extended Simulations (AIRES), version 2-8-8ai(2], and COsmic Ray SIm-
ulations for KAscade (CORSIKA), version 6.9.00 [Hec09].tBare the most suitable and
most commonly used air shower simulation programs for todyction of EAS initiated by
UHECRSs.

The simulation of extensive air showers consists of thesfogice-time propagation of the
primary particle in the uppermost layers of the atmospheddlae secondary particles gener-
ated in the cascade from the point of first interaction dowground level. In a probabilistic
approach the programs account for the different crossesecof a variety of possible inter-
actions with atmospheric constituents as well as the dé@gymentation and attenuation of
particles.

The CORSIKA program is a complete set of standard Fortratinesi and consists of
four parts. The first part handles the input of parameterb®tbsmic ray primary particle
such as particle type, energy and direction as well as thmubof the secondary particles at
a desired level of observation. It also performs the decaynefable particles and the paths
of the particles taking into account energy loss due to atmon and deflection by multiple
scattering and the geomagnetic field. The second part isakedi to the strong interactions
of hadrons and nuclei with atmospheric nuclei at highestgeg above~ 100 GeV. The
third part treats the hadronic interactions at lower emsrgind the fourth part describes the
propagation of the electromagnetic component of the shower

It lies outside the scope of this thesis to illuminate the ptax details or advantages
and drawbacks of the various interaction and propagatiotetsahat are available for the
simulation of air showers. Therefore, only some brief stegsts and the choice of models
for the showers simulated in the context of studies of thergametic field effect are given
in the following. At particle energies abo#e> 100 GeV several models for the hadronic
interaction cross-sections are available. These modeadstéedisagree more or less strongly
as already mentioned in the context6fax and composition studies in chapter 2. At mod-
erate particle energies of up to sofex 10 GeV a number of phenomenological hadronic
interaction models have been tested on and tuned with dregtby data recorded in collider
experiments. The propagation of the electromagnetic copois modelled by means of
analytical equations derived from Quantum chromodynamics

The models made use of in this work for high and low energy dvadrand electro-
magnetic interactions are QGSJet-1l [Ost06a, Ost06b], KAJFas03] and EGS4 [Nel85],
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N Proton, 1 GeV

z ~50 km

X ~ 50 km

Figure B.1: Tracks of secondary particles as obtained from the sinmrati an air shower with
the CORSIKA program. The primary particle is a proton of ggeE = 10'° eV and
the paths of hadrons (blue), muons (green) and electrorsittguus (red) are indicated.
Taken from the CORSIKA homepadeitp://www-ik.fzk.de/corsika/

respectively. While this is valid for the simulations praed with CORSIKA, in the AIRES
simulations QGSJet-Il and the extended Hillas Splittingadklthm (HSA) [Sci02, Hil81]
are used. The main reason to make use of the latter progratimef¢airge set of isotropic air
showers is the smaller computation time; with AIRES, the Gift¢ consumption is reduced
by about a factor of five for typical showers simulated in thk.

Both simulation programs offer the option of thinning. Agatery useful in terms of
the reduction of computational complexity, this optioroals for the propagation of a huge
number of secondary particles by essentially tracking éedyling particles. Weights are
assigned to all particles below a certain fraction of thenary energy. This allows to keep
track of the relevant particles of the cascade developnmehticaneglect the bunch of particles
of lower energies which are supposed to at most affect theethadevelopment only weakly
and contribute few to the signal at ground level. An unthmgrihas to be performed by the
program to produce a realistic particle content at grourdllthat can be passed on to the
detector.

The simulations are steered by means of a simple text filecthraiains keywords and
assigned values to fix the parameters of the shower and tliitioms under which the sim-
ulation should be performed. An example steering card fersimulation with CORSIKA
of a shower of fixed direction and energy is given in table B.1.

The shower simulation output is put into the detector sitnutaavailable with the
Offline framework. Making use of GEANT4 [Ago03] the responses ofghegace detector
stations to the particle content of the air shower at groemdllare simulated; thus, the same
types of signals are produced in the SD stations that aregaiserated by real air showers.
Consequently, simulated and real air showers can be reooted with identical reconstruc-
tion chains, the details of which have been elucidated iptha@ and are documented in the
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Table B.1: Example of a steering card as used in an air shower simulatitn CORSIKA. For
the sake of compactness, not all keywords actually usedhemers The run number
(RUNNR) is used to assign a number to every shower simuld@tedndom seed (SEED)
has to be set and remembered for the sake of reproducibiligsalts. The primary par-
ticle (PRMPAR) is a proton encoded by the number 14. The grnengge (ERANGE),
zenith angle range (THETAP) and azimuth angle range (PHif)eoprimary is fixed
to a number 8 10° GeV = 8 EeV, 55 and 62. The altitude of observation (OB-
SLEV) of the surface detector is 1452 m. The transition betwieigh and low energy
hadronic interaction model (HILOW) is fixed to take place @ ZeV. Thinning (THIN)
is switched on as soon as the energy of a secondary partmes ¢thelow the millionth
part of the primary energy. The magnetic field (MAGNET) pagsens are given by x
and z-components inT of the local field vector in the CORSIKA coordinate system.

RUNNR | 100000

SEED 100001

PRMPAR | 14

ERANGE | 8.0000E+09 8.0000E+09
THETAP | 55.00 55.00

PHIP 61. 61.

OBSLEV | 1452.e2 870.00g/cm2
HILOW 200.

THIN 1.e-06

MAGNET | 20.0 -14.2 Auger

ffline reference manual and framework [Veb05].






Appendix C

Amplitude and Phase Measurements

Anisotropy Studies in 2D

In this appendix the following naming conventions applytfer amplitude and phase: Gener-
ically, the parameters of an individual distribution dexdfrom any scenario will be denoted
r andg. The parameters of a genuine signal a distribution is p@iénbbtained from will
bero and@. The random variables describing the distributions ahd¢ will be denotedR
and®. These parameters then describe the potential deviatifwsirnarmonic space from
the hypothesis of isotropy by the following expression

f(a)=1+rcoga—o). (C.1)

In this appendix some general aspects of measurements phtaeeters of a cosine
function from a distribution of polar angles on the unit trwill be discussed.

C.1 Probability Density Functions - Isotropy

The measurements of amplitude and phase from isotropizatiahs observe the following
properties: As intuitively clear, the phase obtained fransatropic sample is supposed to be
randomly distributed. However, amplitude measuremertspendently of the method they
are obtained with will not be zero in the case of isotropy.sTiBibecause purely statistical
fluctuations will make the distribution be not perfectly hageneous.

The distribution of amplitudes derived from a set of redimas of isotropy is described by
the Rayleigh probability density function (p.d.f.),

. 2
eI o(r) = Uzr(r) -eXp(—ﬁ(r)) , (C.2)

with fsg?’f'_eighthe probability to find an amplitudefor a given numbeN of directions; note

that this number enters via(r) = 1/2/N as derived in chapter 6. The fact that an amplitude
of exactly zeroy = 0, is prohibited by the Rayleigh p.d.f. and will only occurthe limit

of N — oo is not surprising; it is a consequence of both the finite stias and the infinitely
small solid angle about the center of the coordinate system.
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Figure C.1: Rayleigh probability density functions (p.d.f.) on thetlahd Rayleigh cumulative
distribution functions (c.d.f.) on the right for variobg see text for details.

A cumulative distribution function (c.d.f.fX2/*9"of the amplitude is obtained from equa-
tion[C.2 via integration,

2

fREON 6(r)) = 1— exp(—ﬁ(r)) : (C.3)
It defines the probability to measure an amplitude small@n tHrom an isotropic distribu-
tion; consequently, ff&%'?'gkkr a(r)) produces the probability to observe an amplitude of
sizer in an isotropic distribution. Both the Rayleigh p.d.f. and.t are displayed in figure
'C.1 for various values dfl.

C.2 Probability Density Functions - Signal

In case of a genuine signal of amplitude=# 0 and phaseyn anisotropic samples of polar
angles are produced. The joint p.d.f. of the couple of randarables(R, ®) is

Pro (I, @) = Ipx,y(r cOSp — roCOS, I Sing — rosingy) . (C.4)

The x and y components can be considered as independentmadi@bles which are nor-
mally distributed aboutxy = rocosg, yo = rosing) with variancess? = 2/N, see section
6.1.1 for comparison. The p.d.f.s of the amplitude and plaasebtained by marginalisa-
tion, i.e. integration, over the respectively other paremeAmplitudes obtained from the
corresponding anisotropic realisations follow the Ricgtrdbution with the additional pa-

rameterrg indicating the true amplitude underlying the realisatidiime phasep follows a
more complicated p.d.f.:

r r24r2 rr
foar (1) = ﬁexp<—2—2°> lo <0—2> (C.5)

fpdf () = %exp( 2r02> +roczo\5§_#(m) <l+erf<r0co\§_+;m>> exp(%) .
(C.6)
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Figure C.2: Probability density functions of amplitudeand phasep for N = 30000. Both the
distributions ofr andg are approximately Gaussian in case the genuine signal aipli
ro is large enough.

These probability density functions are displayed in figQr2. As an example a number
of N = 30000 entries in the distributions of polar angles is asslurii@e uncertainty of the
amplitude amounts to = /2/N ~ 0.0082= 0.82 %. This uncertainty estimate of the am-
plitude measurement implies that any method searchingrédiider harmonic anisotropies
in a distribution of 30000 angles is supposed to be rathenisifve to genuine signal ampli-
tudes ofrg < 1 %. Concerning the phase measurement, the following ceratidns apply:
On the one hand, the phase obtained from a genuine signalkcda&sn information. On
the other hand, it not clear a priori whether or not a genuigeas underlies the recorded
distribution of polar angles. However, it will be shown latkat the phase measurements
from uncorrelated data sets indeed contains useful infoomavith respect to potentially
underlying anisotropy.

How significantly anisotropy can be distinguished fromiispy depends on the ampli-
tuderg of the genuine signal and the numibeof polar angles available. To get a quantitative
impression, again the caseMf= 30000 will be considered in the following. The left plot in
figure[C.3 shows a comparison of the p.d.f.s of the measurgtitanesr as obtained from
isotropic and anisotropic samples with corresponding @&og#s ofro = 0 andrg = 0.02,
respectively. The vertical lines correspond to amplitudtsat indicate upper limits for the
integration of the isotropic p.d.f{7 32 to make it contain the fractiop of the area.

These values will be caIIetdgO in the following, they can be computed from equation C.3 as

2y = 0v/2IN(1/(1-p)). (€7)

The quantityp can be identified as a confidence level in the following cantéke fraction
of measured amplitudesfound to be larger than, is defined as

N[r>rP
n [r > riFS)O:| = [ NlOt ISO} )

} the absolute number of amplitudekarger tharri'g0 andN;q: the total num-

(C.8)

with N [r > rf,
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Figure C.3: Probability to find a significant amplitude depending on teauwine signal. Left: The
overlap of the p.d.f.s of isotropic (grey dashed) and arigit (grey solid) amplitude
measurements can lead to misidentifications of isotropy ifitegral of the isotropic
p.d.f. is given by the Rayleigh c.d.f., equation [C.3, andaxdpnits of the integral
are given by vertical lines. Right: A measured amplitudeom a distribution diced
from a genuine signal ofy = 0.02 is distinguishable from isotropy in a fraction of
n(r > r? ) =0.89 (058, 034) measurements with a confidencepef 68 % (95 %, 99

ISO

%) (straight grey lines).

ber of amplitudes measured{r > r{ | depends on the size of the signal amplitug@and

is plotted on the right of figure C.3 for different valuespfThe plot shows that a measured
amplituder from a distribution diced from a genuine signalrgf= 0.02 is distinguishable
from isotropy in a fraction oh(r > ri'zo) = 0.89 (058, 034) of all measurements with a

confidence op = 68 % (95 %, 99 %).

The basic message of this example is that amplitudes of giaailine signals are likely
to be considered noise. Therefore, it is of interest whedinelrhow a measurement can be
improved by making use of the phase information as well. fEgti.4 shows the distribu-
tions of amplitudes and phases obtained from 1000 MC datalsamach containing 10000
entries that are produced either from random noise (blackjoon a genuine signal with
ro = 0.01 andg = 180° (blue): The probability to find a significant amplitude at anfto
dence level of 99 % is 10 %. The probability to find the phaséiwittO’ of the true phase
@ is 66 %. While the significance of the amplitude can be derdiegkctly from the value
compared to isotropic expectation, phase value show a otnati®n around the true phase
value that cannot be interpreted immediately as a signiéean

It is remarkable that Linsley exemplified the different b@bar of phase and amplitude
measurements already more than three decades ago; theestatman be found in [Edg78]:

Linsley has given a useful example of the behaviour of augg@iand phase estimates
in different experiments. If the number of events availabkn experiment is such that the
RMS value of r is equal to the true value @f then in a sequence of experiments r will
only be significant (say &9 % C.L.) in one experiment out of ten whereas the phase will be
within 50° of the true phase in two experiments out of three.
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Figure C.4: Amplitude (left) and phase (right) distributions at noisgdl: The black histograms
indicate isotropy and the blue ones display the distrilmstifor a genuine signal of
amplituderpo = 0.02 and phasey = 180°. The red lines indicate the limits of arbitrarily
chosen levels of confidence, see text for details.

C.3 Sensitivity to Anisotropy

The aim of this section is to compare amplitude and phase ure@agnts with respect to
their sensitivity to anisotropies. For a single measurdrttenmeaningfulness of the phase
depends directly on the significance of the amplitude. e casre measurements are made
available e.g. by sensibly subdividing the data into indelemt samples aligned phases
would provide a hint to a genuine signal even in case the angas of the individual sam-
ples are mostly compatible with isotropy. This statemer@visluated in the following by
means of tests introduced on both the amplitudes and theeplusa certain number of
Nuins independent measurements. The tests presented heregatg lEased on [Bon10] and
references therein.

C.3.1 Teston Amplitude

The Rayleigh cumulative distribution function, equatio3 @jives the probability for a sin-
gle measurement of an amplitude that the same or a smalléitadegs found in an isotropic
sample. The quantity of interest for the case of two or modegendent measurements is
the probability that all of thé&l,ins measured amplitudes are compatible with isotropy. Since
the amplituder is obtained from the two normally distributed variableandy, the sum
over the squares of thdyns measured amplitudes followsy& distribution with 2 degrees

of freedom:
Nbins fi 2 5
— | ~ . C.9
> (Wi)) B (c.9)

The probability to reject the hypothesis of isotropy therefis calculated by integrating
Xészins below the value ofzi'\':bifs(ri/cf(ri))2 obtained from the amplitudesound in the data.
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C.3.2 Teston Phase and Amplitude

Phases measured from isotropic data sets are randomlipdistt over the complete range
of 360°. Therefore, without the partner of a significant amplitudeghase measurement is
not meaningful even in the presence of a genuine signal. Memvphases measured from
Npins SUbsets of the data can be tested with respect to their adighrim the simplest case the
alignment hypothesid; says the phases of all measurements should be the gamepnst
In this case as well as in any other case it is clear that whafgarametrisation is used to
describe the measured phases the prediction must not ledariee measurements but must
be defined a priori. The isotropy hypothebig expects randomly distributed phases as ob-
tained from equatiom.a‘,ifg.f.((p) =1/2m. The likelihood functions of the two hypotheses
are built as

Nbins Nbins

=] pa (@), L= f20.6 (@ir0, @) - (C.10)
: |

By means of the likelihood ratio the probability to accepteject the hypothesidg com-
pared to an alternative hypothesigis derived,

A=—. C.11
G (€11)

The distribution of~2InA is generated by 10000 simulated isotropic data samplesvalbe
of —2InA thatis found in the data is used as the upper limit of an irstlelyrer the normalised
distribution obtained from isotropy. The value of the inm@ghen gives the probability to
reject isotropy, i.e. to distinguish between a true signal expected fluctuations.

Note that a priori the genuine signal amplitudentering into the factors df; indirectly
via the phase p.d.f., equation C.6, is unknown. It is theeeset to the measured amplitude
in the corresponding bin. Doing so, both the informationhsd phase and the amplitude
measurement enter into the test. Furthermore, an expactati the phasey must be en-
tered. Itis also of interest how a test on only the phase iinédion performs compared to the
test on the amplitude and the test on both quantities. Feisttenario the amplitude can be
fixed to the true signal amplitude when comparing the powkttseodifferent tests on Monte
Carlo simulations. The two options fog are referred to aest on phase and amplitudad
test on phasen the following.

C.3.3 Power of the Tests

A set of Npjns independent data samplesf= 30000 events is simulated with a genuine
signal amplitude ofp = 0.01 and phase ofyp = 0°. In figure[C.5 the powers of the three
tests are compared for different valuesNyf,s. The test on the combined information of
phase and amplitude performs best being roughly a factawmtimes more sensitive than
the test on the amplitude. Remarkably, the test on the pherderms competitively well:
As argued before, the power is confirmed to be zefsygt = 1 but increases and becomes
larger than the power of the test on the amplitude as sooneasuimber of measurements
exceeds a value of fiv&yins = 5.
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Figure C.5: Test on amplitude (black dots), phase (red squares) andblogh triangles): Power of
the tests as a function of the number of measureniyjsfor the example of a genuine
signal of amplitude o = 0.01 and withN = 30000 polar angles in every bin.

C.3.4 Conclusion

Both phase and amplitude measurements are well understbeccomparison of the power
of the described tests has confirmed what has been intyigxgected: The most valuable
and significant result from a number of independent measemésrcan be obtained when
making use of as much information available as possibletgbeon both amplitude and
phase has shown that given an a priori parametrisation optéeicted alignment of the
phases the corresponding measurements can be taken agvahsaiccessfully.

This approach has been made use of in [Abrllc] but with an #epos defined
parametrisation of the alignment of phases: Phase and taiigplmeasurements from the
right ascension distribution of the arrival directionsaeted with the SD of the PAO in ad-
jacent energy bins have been analysed, in this appendixatiaeagle taken from the results
given in [Grill]. The alignment of the phases has been obksdxvagree with an a posteri-
ori defined function that describes the transition of thesplfaom—100°(=260") at lower
energies to+-100° at higher energies,

I E)—
w(E) = cm+cmarctan(%) : (C.12)
The data points agree extraordinarily well with the fit fuonf the parameters are

@=(—11£37)°, @& = (97+52)° (C.13)
u=0.16+0.20, o = 0.36-+0.38. (C.14)

The agreement of the data with the given parametrisatidhisaompared to the agreement
of the same function with sets of phases diced from isotrdgiibutions. For the compar-
ison to be fair, the parameters of the function are obtained fit not only in case of the
data but also for every single set of random phases thatsanterthe isotropic histogram of
likelihood ratios in figure CJ6. The result from the fit to dé&andicated by a vertical line.
By means of this approach isotropy is rejected with a prdiloif 99.97 %.
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Figure C.6: Phases obtained from measurements in adjacent energyldfins The phases agree
remarkably well with an a posteriori defined function based (E) ~ arctar{log,oE).
From the likelihood ratio method isotropy is accepted withrabability of Q03 %
(right). However, no significance can be derived from thisaskation, see text for
details.

Unfortunately, no significance can be derived from this olm@n since the mathe-
matical parametrisation of the alignment was defined a posteNevertheless, interesting
implications e.g. on the energy dependent spatial digtabwof sources would have been
derivable if the function had been defined a priori. This iywie definition of a prescription
to be applied to new data is discussed in this context. Inttesebservation is made from a
genuine signal B times the amount of data already used is necessary to raaffiagency
of 90 % to verify the genuineness at 99 % C.L. as estimated mJAc].

C.4 Transfer of Results in 2D to Sphere

Amplitudes obtained with a 2D method cannot directly berpiteted as dipole amplitudes
on the sphere. On the one hand, it is expected that the séysiti 2D methods to dipole

amplitudes decreases with increasing absolute value afatiemation of the direction of the
dipole. A dipole pointing to one of the poles in equatoriabinates will not be visible

at all for a 2D method. On the other hand, the detector doeshssrve the full sky but a
spherical sector weighted according to the relative exosmentioned earlier. This leads
to the fact that even a dipole pointing to the equadgr= 0°, will be reconstructed with a
systematically smaller amplitude by a 2D method. Both casesliscussed in the following.

¢ With the true declination value at hand e.g. in case of sitiarnia it is possible to scale
the amplitudeD,p of a measurement by a 2D method with the inverse cosine of the
true op.
DO D2D/0085D . (C.15)

The result can be compared to the amplitude paranietdtained with a 3D method.
However, with a 2D method applied to real data the declimati@ue of the dipole
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direction is not known. Thus, only the reconstructed valfithe dipole declination
obtained with a 3D method applied on the same data might lfos¢he scaling in
this case. In any event, it must be kept in mind that the marelipole direction tends
to one of the poles, the smaller the fraction of the dipole ohaiibn will be that is
transferred to the right ascension distribution. In theeare case of a dipole pointing
exactly e.g. to the south the measured amplitude must be Berp= 0 to allow
for the meaningfulness of equation C.15. As is known fromftret paragraphs in
this appendix, the amplitude measurement will never be. ZBomsequently, with the
given relation the 3D amplitude will be overestimated ashsa® the true declination
value is close to the poles. The declination value at whialmggn/ C.15 produces
unreasonable results depends on the true amplitude itsetf@ansequently, the scaling
must be applied carefully especially when dealing with czdé.

e The partial-sky coverage of a typical earthbound deteaarbe accounted for when
considering the scenario of a dipole pointing somewherbdetjuatordp = 0°. The
amplitude obtained with a 2D method on the right ascensistnidution is scaled with
the inverse of the mean of the cosines of the declinationegail the respective MC
data set,

D O Dyp/(c0osd) ~ 1.28Dyp . (C.16)

Doing so, the scaled amplitudes correspond to the full sggldiamplitude expected
to cause the given right ascension distribution e.g. medswith a detector located
at the site of the PAO. Thus, the scaled amplitudes are Hireainparable to ampli-
tudes reconstructed with 3D methods for the same dipoldardgicn parameter. It
IS common practice to indicate amplitudes of anisotropyltef 2D methods after
having applied the scaling described here: The advantabatisypically, predictions
for amplitudes of a right ascension modulation are madepeddently on the site of a
specific detector and after the corresponding correctiemteasurements by observa-
tories located at sites of different geographical latiguhay be compared directly both
with these predictions as well as with each other. Of codhgecomparisons of results
obtained with different observatories have to be made clydknowing full well that
they do not necessarily have to agree: Different fractidrs® sky are covered and
it is not guaranteed that the measurement obtained with seradtory covering only
one hemisphere is in fact caused by a full sky dipole. Howekey of course have to
agree to confirm a certain model prediction on the entire sky.






Appendix D

Dipole Fit Methods

Dependence of Statistical Power on Declination of Dipole

The statistical power of the measurement of a dipole fromyansip as observed by the SD
of the PAO depends on the true declination of the dipole. Aldigointing to the south
will cause the accumulation of a fixed numb¢rof events earlier in time than in absence
of this dipole. In contrast, in the case of a dipole pointiagtie north the same number
of events will be accumulated later in time. In other word&irfg the number of events
to sayN = 30000 causes the statistical power of the dipole measurtahepend on its true
declination. As a measure of this statistical power the remibof events is considered that
would have been measured in the absence of an existing (indipGle of given amplitude
D'"“® and declinations§!®. This numbem corresponds to the number of events expected
from the isotropic background underlying the dipole; itugpposed to be smaller when the
true declination of the dipole lies in the field of view of thB &nd larger if it points to the
northern hemisphere. For the sake of visualising this dégere, figure D.1 displays as a
function of 85| for various amplitude®!'™®. A dipole of an amplitud®'™® = 0.2 causes
a relative differencéN — N) /N of up to 10 %. More realistic amplituddx™e still lead to
values up to the- 1 % level.

The described connection between the true declinationeoflipole and the statistical
power of the measurement is expected to affect the recatistinuof the dipole amplitude.
Amplitudes are supposed to be reconstructed more closethimg the true value when the
dipole direction does point to positive declination valu&his is valid especially for small
amplitudes. This agrees with the expectation in 2D analy3ée left plot in figure C.1
displays for the extreme case of isotropy how the amplitudiildution is shifted to larger
values with decreasing statistics.

Binning of Sky Maps for x? Fit Method

For the x? fit method the distribution of arrival directions is binnelh this appendix the
appropriate binning of the corresponding rectangular 2&dolgiram is determined. Three
binnings are analysed in a way similar to what is describezhapter 7.

Table[D.1 shows these binnings and the average nuiimyesf entries per bin for the
scenario oN = 30000 events. The numbB, of populated bins is also given; note that the
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Figure D.1: The statistical power of dipole measurements depends otmutbealeclinationd|® of

the dipole, see text for details. The numidémnf events expected in absence of the
dipole is plotted for various true dipole amplitudg$“e.

Table D.1: Binnings, numbeN; of bins populated and average number of entries per bin for the
x? fit method for the scenario di = 30000 eventsNZ andN? are the number of bins
in right ascensioranddeclination, respectively

NS [NS | No | (n)
36| 18 | 432] 69
18| 9 | 108|278
12| 6 | 48 | 625

PAQ is no full sky observatory and thus, not all bN§ in the dimension of the declination
are filled.

In case the bin size is chosen too small, a systematic biagreduced resulting from
small entries in the bins at the edges of the non flat relakpesure function given in equa-
tion[3.4: As displayed in figure D.2 (c) isotropic sky maps preferentially reconstructed
with negative declination values. This preference is tiemed to plot (d) of the angular
distanceQ between true and reconstructed direction and leads to itjiglglflattened dis-
tribution about the equator. The described effecdiit and @ becomes smaller at coarser
binnings.

Furthermore, the plot (a) in the same figure indicates thraathplitudeD"™¢ is reconstructed
smallest for the coarsest binning. Small amplitudes areates case of isotropy for intu-
itively obvious reasons when interpreting the amplitud@bsolute scales as it is done when
comparing it to other methods.

The binning does not visibly affect the distributionajf®, see plot (d).

The coarse binning of 12 6 shows to produce the smallest bias in the comparison. At
the same time the spread of the distributions is not coraidgaffected by the variation of
the binning.
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Figure D.2: Dipole parameters reconstructed from isotropic MC sky maitis the x? fit method
for different binnings. Similar to figure 7.7, (a), (b), (®)da(d) show the distributions
of the amplitudeD'®¢, the right ascension¢, the declination’® and the directional

precisionQ.
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Consistency of Parameter Uncertainties and Spreads

The observation that smaller spreads of the parametersmedtaith the likelihood method
compared to the? fit correspond to larger uncertainties of the respectivampater at the
same time is counterintuitive. Either the likelihood methwverestimates the parameter
uncertainties or thg? fit underestimates them. The answer to this question is givegure
D.3. The relative fractiom;, of the number of reconstructed parameters that match the
true value within one sigma is plotted versus the true datibm and the true amplitude,
respectively.

The Rayleigh method produces parameter uncertaintieatbaioth quantitatively and
qualitatively consistent with what is shown in chapter 7ufegs 7.4 and 7.5: On the one
hand,n;, equals the expected value of 68 % over a large range of truesvaDn the other
hand, this range is restricted to true declinations not tosecto the poles and amplitudes
not too small where the 2D method becomes insensitive. Hagrthe same observations
apply for thex? fit method. In contrast, the likelihood method produces wadeties that are
larger; consequently, the true value is matched by a fradio;, ~ 85 % of the parameters
reconstructed with the likelihood method within one sigmmeother words, the uncertainties
obtained with this method correspond te-@85 % quantile rather than to the expected 68 %
guantile.
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Figure D.3: ny is the fraction of reconstructed parameters that matchrthe value within one
sigma. From top to bottomy, is displayed for the amplitude, right ascension and
declination paramter, the left plots show the scenario ofedfamplitude and the right
ones indicate the case of a fixed declination, compare tortalyses in chapter 7. To
guide the eye, the black dashed lines indicate the (expeetdak ofn, = 68 %.
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