UHECRs and the Pierre Auger Observatory
O. Deligny (CNRS/IN2P3 - IPN Orsay) on behalf of the Pierre Auger Collaboration
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Ultra-High Energy Cosmic Rays
Contemporary questions:
• Gal/XGal transition?
• Origin of the ankle?
• Origin of the UHE steepening?
• Composition at UHE?
• Sources?
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NB: From neutrinos/photons upper limits, the bulk of
UHECRs are accelerated particles in astrophysical objects

1/ The Pierre Auger Observatory
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The Pierre Auger Observatory - Surface Detectors

• Footprint of the shower
at ground = lateral
sampling

✦ 100% duty cycle

• arrival direction +
size of the shower
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The Pierre Auger Observatory - Fluorescence Detectors
• longitudinal sampling
• calorimetric energy
measurement
• Xmax measurement
✦ 13% duty cycle
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2/ Tracking the Origin of UHECRs
Energy Spectrum at UHE

Two features: ankle and flux suppression at UHE
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The GZK Paradigm

[Greisen 66; Zatsepin & Kuzmin 66]

• Rapid reduction of the horizon ⇒ Flux suppression at UHE
• Anisotropy of extragalactic local matter + small magnetic
deflection for 1020 eV protons ⇒ possibility of UHECR astronomy
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Sky Maps at UHE
• Scan on energy threshold E and circular
window radius ừ to compute the obs/exp
number of events
• 4.3 σ for E>54 EeV and ừ=12°
• Post-trial p-value: 69%
Significance map for ừ=12° and E>54 EeV

• Cross-correlation with catalogs of extragalactic matter:

Map for E>52 EeV and 2MRS objects < 90 Mpc

➡ No significant indication of anisotropy
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Energy Loss vs Max. Acceleration Energy
✦ The Xmax measurements suggest a scenario with a rigiditydependent maximum acceleration energy at the sources
➡ Fit > 1018.7 eV both the energy spectrum and the Xmax
measurements following a simple astrophysical scenario:
• Identical sources homogeneously distributed in a comoving volume
• Injection consisting only of 1H, 4He, 14N, 56Fe (approximately
equally spaced in lnA)
• Power-law spectrum at the sources with rigidity-dependent broken
exponential cutoff:
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➡ 6 free parameters:

Energy Loss vs Max. Acceleration Energy
➡ Hard, meal-rich injection, low
cutoff (Rcut<1018.7 V)!
• Mainly due to narrow Xmax
distributions (little mixing of
different masses at the same
energy)
• NB: Relies on extrapolations
of the mass at UHE
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Figure 4: Angular power spectrum.

Z

dn0 f (n, n0 )

1 dN(n0 )
,
w̄(n0 ) dW
(11)

To visualise the indication of the dipole, an average flux smoothed out at an angular scale Q
per solid angle unit can be derived using the joint data set in the following way:
1
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Angular power spectrum. The angular power spectrum C` is a coordinate-independent quantity, defined as the average |a`m |2 as a function of `,
C` =

Power Spectrum
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In the same way as the multipole coefficients, any significant anisotropy of the angular distribution
over scales near 1/` radians would be captured in a non-zero power in the mode `. Although
the exhaustive information of the distribution of arrival directions is encoded in the full set of
multipole coefficients, the characterisation of any important overall property of the anisotropy is
hard to handle in a summary plot from this set of coefficients. Conversely, the angular power
spectrum does provide such a summary plot. In addition, it is possible that for some fixed mode
numbers `, all individual a`m coefficients do not stand above the background noise but meanwhile
do so once summed quadratically.
From the set of estimated coefficients ā`m , the measured power spectrum is shown in fig. 4.
The gray band stands for the RMS of power around the mean values expected from an isotropic
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• Dipole direction related to the anisotropy
contrast of the local sources
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• No strong destruction of a dipole
pattern by the GMF
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• Interesting dipole effect to monitor

with f the top-hat filter function at the angular scale Q. This average flux is displayed using the
Mollweide projection in fig. 3, in km 2 yr 1 sr 1 units. This map is drawn in equatorial coordinates.
To exhibit the dipole structure, the angular window is chosen to be Q = 60 . The directions of the
reconstructed dipole is shown as the blue cross.

Full-Sky Map > 10 EeV (with Telescope Array)

3/ The Ankle - End of Galactic CRs?
RAPID COMMUNICATIONS

W. D. APEL et al.

PHYSICAL REVIEW D 87, 081101(R) (2013)

dI/dE x E 2.7 (m-2 sr-1 s-1 eV1.7)

index of 2 and weighted to E 3 to better represent the
all-particle -- PRL 107
all-particle
index of the measured data in this energy range. For the
heavy (sep. between He-CNO)
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
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in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predicts more muons compared to QGSJetII and, therefore, the ratio of N ch to N is smaller for a
given number of charged particles resulting in a larger k
light (sep. between CNO-Si) -- PRL 107
value. Especially helium events migrate (by calibrating
light (sep. between CNO-Si)
with QGSJet-II) to the heavy mass group. This effect might
light (sep. between He-CNO)
18
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light (sep. on He)
be slightly compensated by the higher reconstructed
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energy of the events [18]. Using an EPOS calibration, the
log (E/eV)
measured showers appear to originate from lighter primar10
ies and of lower energy compared to the QGSJet-II caliFIG. 4 (color online). The all-particle and electron-rich spectra
bration. Figure 3 also demonstrates that the selection of
from the analysis [8] in comparison to the results of this analysis
events according to the k parameter does not induce any
with higher statistics. In addition to the light and heavy spectrum
artificial structures in the spectra of light primaries. If the
based on the separation
between He and CNO, the light spectrum
• Rigidity-dependent scenario
for GCRs
data are well described by QGSJet-II, then the spectrum of
based on the separation on He is also shown. The error bars show
light primaries with the separation between He and CNO
the statistical uncertainties.
should consist mainly of protons and helium, maybe with
• « Knees » = maximum acceleration energies
some additional, less abundant elements between helium
CNO component. Although statistics gets quite low for the
and carbon. This can be seen in Fig. 3, where the combined
spectrum of light elements with the separation on He
simulated proton and helium component for QGSJet-II is
•
Extragalactic
protons
entering
(obtained
by a fitprogressively
to the mean k values for He in Fig. 2), it
in good agreement with the reconstructed spectrum of light
is
obvious
that
it
cannot
be described by one single power
elements, which has been obtained by applying the
law only. Formula (4) [19] is used for fitting the spectra of
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The Ankle - End of Galactic CRs?
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➡ In addition to (extragalactic)
protons, EeV CRs are from the
CNO group, not Fe!
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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Origin of the Ankle?
direction/amplitude of the dipole in right ascension:

➡ Phase roughly in the direction of the Galactic center
• CNO elements as the high-energy tail of the bulk of GCRs:
breakdown of the rigidity-dependent paradigm?
• CNO: additional component?
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4/ Particle Interactions - Muon Content of EAS

• Deficit of muons in simulations,
between 30% and 80%
• Systematic uncertainty inherited
from energy scale

➡ Constraints on hadronic
interaction models (inelasticity,
multiplicity)

➡ Currently, tension between muon and e.m. contents of EAS in simulations
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Proton-Air Cross-Section
• Tail of Xmax distribution
sensitive to p-air cross-section

• Measurement of
around
1 EeV, where a significant
proton fraction is seen
• Choose

to achieve
➡ Extended Glauber conversion with
inelastic screening + propagation of
modeling uncertainties:
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Summary
• Quest of UHECR origin more difficult than expected 10 years ago
• Unexpected scenario for UHECR production
• Unexpected scenario at EeV energies: ankle origin?
• Hadronic interaction models can benefit from muon content
measurements
• Need for composition measurements at UHE: Upgrade of the
Observatory designed to provide complementary measurements
allowing better constraints on the muon content of EAS
• Need for (much) larger exposure keeping similar resolutions…
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