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The Pierre Auger Observatory

3000 km2 in the
Argentinian Pampa (large,
flat, empty, high altitude,
clean atmosphere).

18 countries, 476 scientists

data taking since 2004,
installation completed in
2008

hybrid detection
technology (surface
detectors and fluorescence
telescopes)
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Overview of the reconstruction processData and Observables at the Pierre Auger Observatory
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The search for anisotropies

Motivation.

Identification of sources
Study of the magnetic field

Two general strategies:

Point sources (highest energies, ca. 100 events above
50EeV)
Large-scale anisotropies (comparison of flux).

No astronomy (except maybe for highest energies). Galactic and
intergalactic magnetic fields deviate CRs.

Figure 1: The 69 arrival directions of CRs with energy E ≥ 55 EeV detected by the Pierre Auger Observatory
up to 31 December 2009 are plotted as black dots in an Aitoff-Hammer projection of the sky in galactic
coordinates. Blue circles of radius 3.1◦ are centred at the positions of the 318 AGNs in the VCV catalog
that lie within 75 Mpc and that are within the field of view of the Observatory. Darker blue indicates larger
relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only,127

because the parameters were chosen to maximise the correlation in period I. In Fig. 2 we128

plot the degree of correlation (pdata) with objects in the VCV catalog as a function of the129

total number of time-ordered events observed during periods II and III. For each additional130

event the most likely value of pdata is k/N (number correlating divided by the cumulative131

number of arrival directions).132
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Figure 2: The most likely value of the degree of correlation pdata = k/N is plotted with black dots as a
function of the total number of time-ordered events (excluding those in period I). The 68%, 95% and 99.7%
confidence level intervals around the most likely value are shaded. The horizontal dashed line shows the
isotropic value piso = 0.21. The current estimate of the signal is (0.38+0.07

−0.06).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the pos-133

terior probability for pdata given the measured values of k and N. The posterior probability134

9
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My thesis

1-dimensional large-scale anisotropy search. Simplest
technique, avoids systematics depending on declination.

2-dimensional large-scale anisotropy search. Adds
strong systematics. In particular: the influence of the
geomagnetic field and 2d sky coverage.

Low energy large-scale anisotropy search with an
Auger extension, the Infill Array. Complete
reconstruction has to be developed.
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1-dimensional large-scale anisotropy search



The Rayleigh method (1-dimensional)
Fourier Transformation to extract the frequency patterns of the
measured event times, corrected for their right ascension phase. Do we
see a peak of the power distribution at the frequency of a sidereal day?
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Systematics of 1-dim LSA search
1. The non-uniform exposure.
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Figure 1: Relative variation of the integrated number of active elementary cells as a function of the
solar hour of the day in UTC (left panel), and as a function of the local sidereal time (right panel).

searches for large-scale patterns in arrival directions, and reaches ∼ 1◦ for events with66

larger multiplicities.67

The energy of each event is determined in a two-step procedure. First, using the con-68

stant intensity cut method, the shower size at a reference distance of 1000m, S (1000), is69

converted to the value S 38◦ that would have been expected had the shower arrived at a zenith70

angle 38◦. Then, this shower size S 38◦ is converted to energy using a calibration curve based71

on the fluorescence telescope measurements [17]. The uncertainty in S 38◦ resulting from72

the adjustment of the shower size, the conversion to a reference angle, the fluctuations73

from shower-to-shower and the calibration curve amounts to about 18%. The absolute en-74

ergy scale is given by the fluorescence measurements and has a systematic uncertainty of75

22% [17].76

3. The exposure of the surface detector77

The instantaneous exposure ω(t, θ, φ, S 38◦) of the SD array at the time t as a function of78

the incident zenith and azimuth2 angles (θ, φ) and shower size S 38◦ is given by :79

ω(t, θ, φ, S 38◦) = ncell(t) × acell cos θ × ε(S 38◦ , θ, φ), (1)

where acell cos θ is the projected surface of a unitary cell under the incidence zenith angle θ,80

ncell(t) is the number of active cells as a function of time, and ε(S 38◦ , θ, φ) is the directional81

detection efficiency at size parameter S 38◦ under incidence angles (θ, φ). The conversion82

from S 38◦ to the energy E which accounts for the changes of atmospheric conditions will83

be presented in the next section.84

The number of active cells ncell(t) is recorded every second by the trigger system of the85

Observatory and reflects the array growth as well as the dead periods of each detector. It is86

ranging from $ 60 (at the begining of the data taking in 2004) to $ 1200 (since middle of87

2008). From Eqn. 1, it is apparent that ncell(t) is the only time-dependent quantity entering88

in the definition of the instantaneous exposure, modulatingwithin any integrated solid angle89

2The angle φ is the azimuth relative to the East direction, measured counterclockwise.

3

Correction: weighting events with the inverse of the corresponding
exposure OR keeping constant exposure by rejecting “bad” periods.
2. The non-uniform atmosphere.

Properties of the atmosphere, i.e. temperature, pressure and
density, have a strong diurnal modulation ⇒ influence on the
energy measurement, on which we cut the data.

Model to account for theses effects:

Emeasured = Etrue/[1− αP(P − P0)− αρ(ρd − ρ0)− βρ(ρ− ρd)]B
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Result for E > 1 EeV
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Figure 3: Amplitude of the Fourier modes as a function of the frequency above 1EeV. Thin blue
curve : before correction of energies and exposure. Thin dotted curve : after correction of energies
but before correction of exposure. Black curve : After correction of energies and exposure. Dotted
vertical lines from left to right : anti-sidereal, solar and sidereal frequencies.

in Section 4 is evidenced by the dotted red curve, which shows a reduction of ! 30% of237

the spurious modulations within the resolved solar peak. In addition, when accounting also238

for the exposure variation at each frequency, the solar peak is reduced at a level close to239

the statistical noise, as evidenced by the thick black curve. Results at the solar and the240

anti-sidereal frequencies are collected in Tab. 1.241

rsolar[%] P(> rsolar)[%] ranti−sid[%] P(> ranti−sid)[%]
no correction 3.7 ! 2 10−37 0.36 43

energy corrections 2.9 ! 4 10−23 0.15 85
+exposure correction 0.96 0.2 0.49 19

Table 1: Amplitude and corresponding probability to get a larger amplitude from an isotropic distri-
bution at both the solar and the anti-sidereal frequencies for events with energies > 1EeV.

To provide further illustrations of the interests of the corrections introduced to account242

for the non-uniform exposure, it is worth analysing not only frequencies around the anti-243

sidereal/solar/sidereal ones, but also a wider range of frequencies. This may provide addi-244

tional elements in order to probe whether the corrections introduced at relevant frequencies245

are sensible or not, by verifying on a statistical basis the behaviour of the reconstructed246

amplitudes at any random frequencies. In particular, as the number of elementar cells ncell247

has increased from ! 60 to ! 1200 over the 6 years of data taking, an automatical increase248

of the variations of ∆Ncell(t) is expected at large time periods. This expectation is illustrated249

in the left panel of Fig. 4, which is analog to Fig. 1 but at a time periodicity T ! 87.5 h,250

corresponding to a low random frequency of 100 cycles/year. The size of the modulation is251

of the order of the one observed in Fig. 1 at the solar frequency. In the right panel of Fig. 4,252
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has increased from ! 60 to ! 1200 over the 6 years of data taking, an automatical increase248
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of the order of the one observed in Fig. 1 at the solar frequency. In the right panel of Fig. 4,252

9

We show anti-sidereal, diurnal and sidereal frequency. The
result at the sidereal frequency is compatible with isotropy.
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Recent results of the 1-dimensional method
 [EeV] E

0.3 1 2 3 4 5 10 20
 A

m
pl

itu
de

-310

-210

-110

1

Rayleigh Analysis
East/West Analysis

 [EeV] E
0.3 1 2 3 4 5 10 20

Pr
ob

(>
r)

-210

-110

1

Rayleigh Analysis
East/West Analysis

Figure 5: Top : Amplitude of the first harmonic as a function of energy. The solid histogram cor-
responds to the average expectation from fluctuations of an isotropic distribution while the dashed
one is the corresponding 99Bottom : Corresponding probabilities to get at least the same amplitude
from an underlying isotropic distribution.

mean noise (from the mean of the Rayleigh distribution); while the dotted line indicates the279

99% C.L. upper bound on the amplitudes that could result from fluctuations of an isotropic280

distribution. It is apparent that there is no evidence of any genuine signal over the whole281

energy range. A global statement refering to the probability with which the 6 observed282

amplitudes could have arisen from an underlying isotropic distribution can be made by283

comparing the measured value K =
∑6
i=1 k0i (where the sum is over all 6 independent284

energy intervals) with that expected from a random distribution for which 〈K〉 = 6 [24].285

The statistics of 2K under the hypothesis of an isotropic sky is a χ2 with 2×6 = 12 degrees286

of freedom. For our data, 2K = 19.0 and the associated probability for an equal or larger287

value arising from an isotropic sky is $ 9%.288

The phase ϕ of the first harmonic is shown in Fig. 6 as a function of the energy. While289

11

Phase Plot erased, see
upcoming publication

Probabilities for amplitudes r are compatible with isotropy.

The phase is more sensitive to a real anisotropy.

We see a correlation of the phases. Isotropy would give random
phases.

At lower energies, the phase points towards the galactic center.
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The geomagnetic effect



The geomagnetic effect

Motivation for LSA search: study the systematic due to the geomagnetic
effect for 2-dimensional LSA.

5.1. ESTIMATING THE EFFECT WITH SHOWER SIMULATIONS 51
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Figure 5.1: Ground particle maps in logarithmic scale. Axes give distance in [m]. Superposition of
50 simulated showers (zenith 55◦, azimuth 90◦, geomagnetic field as in Malargüe, energy 5 EeV). Left
top: µ− muons, projected on shower plane. Right top: µ+ muons, projected on shower plane. Left
bottom: µ− muons, projected on array surface. Right top: µ+ muons, projected on array surface.

The charged shower particles will
be deviated by the Lorentz force
⇒ charge separation and deviation
of the circular symmetry.

Effect on the energy
determination (estimator
S1000).

Muons have a much longer average
travel distance than electrons, thus
the magnetic deviation will be
stronger for them.
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Monte Carlo shower simulations
Monte Carlo shower simulations to compare the values obtained for
S1000 with and without geomagnetic field. Fixed zenith angle θ = 55◦

and different azimuth angles. Red: 30µT ; Green: 60µT .
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We obtain a sin2(∠(~S , ~B)) dependency of the S1000 (energy) shift. The

shift is quadratic in field strength B.
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A model for the shower muons 1
Transverse magnetic deviation of a single muon in the shower:

δ± =
±qcBT

2

z2

E

q: charge, z: distance traveled, E: muon energy.

BT = ||~B × ~S || = BEarth sin(∠(~B, ~S))

Shift in the shower density due to geomag. field:

ρdeviated =
1

2
(ρ+(x + δ+) + ρ−(x + δ−))

ρ+ = ρ− is the undeviated density of positive (negative) muons.
Developing in first approximation

ρdeviated ' ρ(x , y) +
δ2

2

∂2ρ

∂x2
(x , y)

Thus the effect is proportional to ||~B||2 ∝ sin2(~B, ~S) as found in Monte

Carlo.
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A model for the shower muons 2

Assume an exponential muon density function on the ground

ρ(x , y) = e(−r/a)

where a is given by a = zp0c
E and r is the radial distance from the shower

axis.
Integration over θ and averaging yields

ρdeviated(r)

ρ(r)
= 1 +

δ2

2
(

1

2a2
− 1

2ar
)

For r > a, the average density will be increased by the magnetic field, for
r < a it will be decreased.
For a typical muon (z=5 km, E=2 GeV), we obtain a=0.425 km

⇒ In Auger (dtanks = 1.5 km) for most events increase of the

reconstructed energy.
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Low energy LSA search with the Infill Array



The Auger Infill Array
Low energy extension of Auger since 2008.
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Better understanding of the regular array behavior at low

energies.

Study the evolution of the detection probability of the
regular array with energy and angle.
Check the energy determination of the regular array.

Direct large-scale anisotropy search with the Infill Array.

Extend the Rayleigh & East-West analysis to lower
energies. 18/21



Energy calibration with the FD

Use hybrid (Infill and FD) events for the energy
calibration.
FD gives a calorimetric energy measurement.
We use a new energy estimator S450 instead of S1000.
We obtain E = (9.19± 1.21) S

(1.08±0.034)
38 10−3EeV .
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Preliminary results on 1-dim E-W method
with the Infill

Phase of the first harmonic in right ascension, as shown before,

with Infill data added (black points).
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Outlook

1-dimensional large-scale anisotropy search

Repeat Rayleigh analysis and East-West method with
the Infill data.
Use the Infill to study the low energy behavior of the
main array.

2-dimensional large-scale anisotropy search

Analyzing higher order multipoles.
Applying the geomagnetic field correction.

Compare results to theoretical predictions and give limits
on anisotropy.
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