
OBSERVATORY

Ultra-high energy cosmic rays at the Pierre
Auger Observatory

Karim Louedec

Laboratoire de Physique Subatomique et de Cosmologie
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Introduction and ultra-high energy cosmic ray observatories Introduction

Cosmic ray energy spectrum
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Origin of cosmic rays

flux in power law J ∝ E−γ ,

up to a few 1017 eV :
→ galactic,

beyond a few 1018 eV :
→ extragalactic.

(courtesy: E. Parizot)
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Introduction and ultra-high energy cosmic ray observatories Introduction

Cosmic ray energy spectrum
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Up to the knee: direct detection

outside atmosphere (almost),

:) → particle identification,

:(→ only at low energies.

Beyond the knee: indirect detection

atmospheric showers,

:) → large collecting area,

:(→ particle identification more
difficult.
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Introduction and ultra-high energy cosmic ray observatories Introduction

Indirect detection – Extensive Air Showers

Air Showers

(F. Schmidt, Univ. Leeds) ]
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! depth of shower maximum ∝ lg(E/A)

! integral → E
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Introduction and ultra-high energy cosmic ray observatories Introduction

Indirect detection – Extensive Air Showers
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Introduction and ultra-high energy cosmic ray observatories Introduction

Energy spectrum at Ultra-High Energy: status of some years ago
Ultra High Energy Cosmic Rays
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(R. Engel, FZK)

! power law J ∝ E−γ

! spectral features at few

1015
eV (’knee’) and

around 1018
eV (’ankle’)

! particles with E > 1020
eV!

! beam energies:

> 108 LHC(p-p)

! center of mass energies:

> 10 LHC(p-p)

! low luminosity:

1 particle per km2 per

century

low luminosity @ 1019 eV
→ 1 particle/km2/century

AGASA (Japan)
→ surface detector

HiRes (Utah / USA)
→ fluorescence detector

Acceleration – astrophysical shocks (→ Hillas criterion)

Emax = Z

(
B

1 µG

) (
L

1 kpc

)
EeV

Z: particle charge / L: size of acceleration region / B: magnetic field
→ candidates: AGNs, GRBs, young pulsars, etc...
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Introduction and ultra-high energy cosmic ray observatories Introduction

A plenty of questions...

3 observables
arrival direction distribution / primary composition / energy spectrum

1 What is the source of ultra-high energy cosmic rays
→ what is the fundamental physics process for ultimate energies ?
→ how do they get their energy / acceleration mechanism ?

2 What are ultra-high energy cosmic rays
→ which mass composition for primary cosmic rays ?
→ does their mass composition changes with the energy ?

Is it possible to identify the source(s) of ultra-high energy cosmic rays ?
–

charged astronomy: could they be used as astrophysical messengers ?
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Introduction and ultra-high energy cosmic ray observatories Current ultra-high energy cosmic ray observatories

Currently, two main observatories all around the world

Comparison of Exposures
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Pierre Auger Observatory (30 x AGASA)

→ Mendoza / Argentina,

→ 3 000 km2 array,

→ 500 collaborators / 19 countries,

→ collecting data since 2004,

→ annual expo: 6× 103 km2 sr yr. OBSERVATORY

Telescope Array (7 x AGASA)

→ Utah / USA,

→ 680 km2 array,

→ 140 collaborators / 5 countries,

→ collecting data since 2007,

→ annual expo: 1.4× 103 km2 sr yr.
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory

1600 water tanks: the Surface Detector / SD

particle detector array at ground

emission of Cherenkov light in the water

100% duty cycle

only last stage of shower development observed

energy scale, hadronic model dependent

=⇒ lateral shower profile
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Pierre Auger Observatory

24 telescopes: the Fluorescence Detector / FD

views atmosphere above array

fluorescence light emitted by excited N2

13% duty cycle (nights without moon)

full observation of longitudinal shower development

(almost) hadronic model independent

=⇒ longitudinal shower profile
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Surface Detector −→ Lateral profile

Auger: detector signal and muonic component
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Figure 3: Top: EM muon halo fraction Sem,halo of total
EM signal Sem vs zenith angle. Bottom: Sµ/Sem depen-
dence on the zenith angle. lg(E/eV) = 18.50 − 19.50.

2 Showers at the same zenith angles

Another universality property follows from the study of
showers arriving at the same zenith angles. In this case
the average iron shower has to cross larger slant distance
from Xmax to the ground with respect to the average pro-
ton shower and this almost equalizes EM signals for both
primaries at the observation level in a wide range of zenith
angles. For the signal at 1000 meters in the Cherenkov
water detectors notable discrepancies between p and Fe
EM showers components are observed for nearly vertical
showers (θ < 18◦, cos2(θ) > 0.9) and very inclined ones
(θ > 63◦, cos2(θ) < 0.2). In the first case the path from
Xmax to the ground for p and Fe showers is almost the
same. For inclined showers the difference is caused by the

EM halo frommuon decays and larger number of muons in
iron showers brings to a larger EM halo signal.
Looking at the showers at different zenith angles one sam-
ples longitudinal showers profiles, for this reason it is nat-
ural to try to describe the dependence of the EM signal on
cos(θ) with Gaisser-Hillas type function, using cos(θ) as
variable instead ofXmax:

Sem(E, θ)

E

[
VEM

EeV

]
= S0

em

(
cos(θ) − c0

c1 − c0

)α

×

× exp

(
c1 − cos(θ)

λ

)
, (3)

where α = (c1 − c0)/λ; S0
em (signal at maximum), c0,

c1 (cosine of angle at which Sem=S0
em) and λ are fit

parameters. The fit parameters S0
em and c1 change by

less than 10% and 3% correspondingly across the entire
range of energies (when one makes fits in 15 energy bins
∆ lg(E/eV)=0.1 from lg(E/eV) = 18.5 to lg(E/eV) =
20.0), while c0 changes quite chaotically from 0 to −20
(this causes λ to change also). We have found that fixing
c0 (similarly to [9]) to any negative value within this range,
we obtain a good universal fit and λ changes in this case by
less than 15%. Finally, we used the following average val-
ues (except for c0 that was fixed to −3) of the coefficients
S0

em = 2.53, c0 = −3, c1 = 0.96, λ = 0.012. The results
of the fit and the difference between the MC simulated EM
signal SMC

em and the EM signal obtained from the fit Sfit
em

are shown in Fig. 2. The accuracy of the EM signal repro-
duction for all energy bins is such that one gets an unbiased
estimate of Sem with RMS below 15% for proton and 13%
for iron showers.
Our calculations demonstrate that the universality of EM
signal dependence on zenith angle holds true also in case
of EPOS 1.99.

3 Sµ/Sem universality in respect to interac-
tion models for θ > 45◦

Phenomenologically the angular region 45◦ − 65◦ is of in-
terest since with increase of the zenith angle the EM com-
ponent produced mostly in π0 decays at the initial EAS
development stages is largely absorbed in the atmosphere
and EM halo from muon decays starts to play a remarkable
role (Fig. 3). One expects in this case that the behavior of
the Sµ/Sem ratio should become less sensitive to the prop-
erties of the interaction models since with increase of the
angle it more and more reflects the equilibrium state be-
tween muons and EM halo from muons decays and inter-
actions. To illustrate quantitatively this process let us write
the Sµ/Sem ratio for QGSJET II as

SQGS

µ /SQGS

em =
SQGS

µ

SQGS

em,halo + SQGS
em,pure

,

here SQGS

em,halo is the EM halo signal from muons, SQGS
em,pure

is EM signal from everything else except muons. Then for

Sµ/Stot

0.5

0.66

0.75

0.86

0.33

Muon component

• TA: 15–20% of detector signal

• Auger: 30–80% of detector signal

Cherenkov tank is thick:
shower continues to evolve
in detector, smooth em. signal

→ muonic signals are less dispersed in
time, stronger in intensity,

→ EM signal is seen as a diffusive
background.
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Fluorescence Detector −→ Longitudinal profile
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Longitudinal Profile
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Longitudinal Profile
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

The Fluorescence Detector −→ Longitudinal profile
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Longitudinal Profile
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Longitudinal Profile
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

Auger hybrid detector – observablesData and Observables at the Pierre Auger Observatory
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The Pierre Auger Observatory An hybrid detector for ultra-high energy cosmic rays

An extensive atmospheric monitoring

 FD Los Leones
Lidar, HAM, FRAM

IR Camera
 Weather Station

 FD Los Morados
Lidar, APF
IR Camera

 Weather Station

 FD Loma Amarilla
Lidar

IR Camera
 Weather Station FD Coihueco

Lidar, APF
IR Camera

 Weather Station

  Malargüe

  Central Laser Facility
 Weather Station

  eXtreme Laser Facility

  Balloon
Launch
Station

10 km

Atmospheric state variables
→ 5 ground-based weather stations,

→ balloon lunches.

Aerosol and cloud monitoring
→ 4 ‘elastic’ lidars,

→ 2 central lasers (CLF/XLF),

→ 2 optical telescopes (HAM/FRAM),

→ 2 aerosol phase functions (APF),

→ 4 IR cameras,

→ ... and soon, a Raman lidar.
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Main results for ultra-high energy cosmic rays Mass composition at the Pierre Auger Observatory

Mass composition – evolution with the energyCross-checks with ’multi-eye’ Events
event 10071896, 08/15/10
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→ longitudinal development: Xmax ∝ logA

→ only hybrid data (13% of the whole
Auger data set),

→ transition from a mixed or light to a
heavy composition at highest energies.

P Facal, for the Pierre Auger Coll., 32 nd

ICRC, Beijing (2011)

Pierre Auger Observatory
Xmax Results from Auger

PAO, PRL 104 (2010) 091101 and ICRC11
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detector data of Auger 4

Telescope Array

Xmax Results from Northern Hemisphere
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Main results for ultra-high energy cosmic rays Energy spectrum at the Pierre Auger Observatory

Energy spectrum – spectral features
Comparison of Spectra
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energy scale difference of ∼ 20%?

23

→ cutoff in the flux observed around 6× 1019 eV with a high significance,

→ high energy flux drops at different energies,

→ Auger and Telescope Array: northern sky and southern sky events different ?

→ origin of this cutoff: does it come mainly from the source or from the propagation ?
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Main results for ultra-high energy cosmic rays Energy spectrum at the Pierre Auger Observatory

Energy spectrum – possible astrophysics scenarios

Upper end of source energy spectrum ?

Figure 4: Left: Relative abundance of secondary nucleons, dinucleons, trinucleons and �-
particles in the propagated spectra assuming di�erent pure complex nuclei composition at
the sources (see labels), a source spectral index ⇥ = 2.0 and maximum energy Emax(Z) =
Z� 1020.5 eV. Center : Propagated spectrum assuming the same mixed composition as in
Fig. 3b, the maximum energy at the sources is Emax(Z) = Z � 4 1018 eV and the spectral
index ⇥ = 1.6. The propagated spectrum is compared to Auger data [79]. Right : Same
as the central panel, but for a mixed composition enriched in heavy elements (30% of the
source composition), a maximum energy Emax(Z) = Z � 4 1018 eV and a spectral index
⇥ = 2.0.

nuclei compositions. In these cases, the light component in the extragalactic
composition is provided by the emission of nucleons due to photodisintegra-
tion processes. Above an energy ⇥ A�5 1018 eV (depending on redshift) nu-
clei interact with CMB photons and are photodisintegrated both very rapidly
[32] and completely. Above ⇥ 5 1018 eV secondary nucleons (emitted by a
primary of mass A and charge Z) are to good approximation injected ”imme-
diately” (this approximation holds only for reasonably distant sources) with
the same spectral index as the primary nuclei up to an energy Emax(Z)/A
and with a relative abundance A2�� (where � is the source spectral index)
compared to primary nuclei at the same energy. The photodisintegration
of nuclei slows down as the energy decreases and the injection of secondary
nucleons is then harder than the primary nucleus spectral index (and much
more spread in time). The energy evolution of the composition is afterwards
a�ected by the energy losses of the primary component and the secondary
nucleons the same way as in the mixed composition case. This is illustrated
on Fig. 4a, where the energy evolution of the relative abundance of secondary
fragments 8 is shown assuming the di�erent cases of pure composition at the

8In a vast majority nucleons but also dinucleons, trinucleons, and � particles

14

Upper end of source energy spectrum seen ?

11

Protons
Emax,p = 4x1018 eV

Iron
Emax, Fe = 26 Emax,p

            = 1020 eV

(Allard, 1111.3290)

• Rigidity-dependent maximum 
injection energy

• Galactic composition

• Hard source injection spectrum

dN
dE

⇠ E�1.6

Astrophysics: very exotic result!→ mixed composition similar to galactic,

→ Emax = Z × 4× 1018 eV,

→ hard spectral index at sources (γ = 1.6),

→ superposition of upper energy limit and
GZK suppression (Allard)

Single local source without GZK ?
Single local source without GZK suppression ?

13

(Aloisio et al. 2011, modified)

Single local source dominating,
GZK effect unimportant !

For 20 [ d [ 50 Mpc and s ! (0.1–1) " 109 year [30,31], we finally
get

Ecut ! Ec ¼ 24" Z
26
" Bc

1 nG
" lc

1 Mpc
EeV: ð7Þ

For the natural choice of parameters Bc, lc, d the beginning of the
‘diffusive cutoff’ can start at Ecut ! Ec. When E decreases, the D(E)
decreases too, and the horizon becomes less than distance to a near-
by source. Still particles can arrive from there, being however stron-
ger suppressed by the exponent in Eq. (1). Cutoff is expected to be
sharp, but this statement expects a validation by numerical
calculations.

In the right panel we introduce in the Iron spectrum the low-
energy ‘diffusive cutoff’ for three different sets of parameters Bc,
lc, d. The beginning of this cutoff Ec for Iron nuclei is Z = 26 times
higher than for protons, i.e. Ec & 2.6 " 1019 eV, which has a reason-
able physical meaning. The gap between 2 EeV and 26 EeV is ex-
pected to be filled by intermediate nuclei. To provide a smooth
RMS curve seen in the Auger data (Fig. 3) in this energy interval,
we have many free parameters at our disposal in the form of arbi-
trary fractions of nuclei accelerated in a source. We plan to perform
the detailed calculations in the future work.

4. Predictions and uncertainties

The predictions of our model are very disappointing for the fu-
ture detectors.

The maximum acceleration energy Emax ! (100–300) EeV for
Iron nuclei implies the energy per nucleon Ep < Emax/A !
(2–5) EeV, well below the GZK cutoff for epochs with z [ 15.
Therefore, practically no cosmogenic neutrinos can be produced
in collisions of protons and nuclei with CMBR photons. However
neutrinos with Em [ 1 " 1017 eV can be generated in collisions of
protons and nuclei with extragalactic background light (EBL) pho-
tons; we will refer to these neutrinos as the EBL-produced ones.
The main mechanism of their generation in our model is the decay
of pions photo-produced by primary EeV protons on EBL. The
EBL-produced neutrinos are also generated by nuclei after their
photo-disintegration to nucleons. This mechanism provides a low-
er neutrino flux, because the secondary protons in our model are
subdominant in comparison with the primary ones. Finally, an
additional neutrino flux appears at further lower energies due to
decays of neutrons, the fragments of photo-disintegrated nuclei.
The EBL-produced neutrino fluxes have been calculated under dif-
ferent assumptions in many papers, see e.g. [33–38].

For our case it was convenient to use the calculations of [37],
where neutrino fluxes were given separately for production on
CMBR, EBL and due to neutron decays. We used these calculations
to estimate the upper limit for the EBL-produced neutrinos in our
model. We found it to be 6 times below the upper limit which is
expected to be obtained by IceCube after 5 years of observations
[39]. The neutrino flux from neutron decays is less than this flux
by two orders of magnitude.

Correlation with UHECR sources also is absent due to deflection
of nuclei in the galactic magnetic fields. The lack of correlation in
the model is strengthened by dependence of the maximum energy
on Z.

The signatures of the ‘disappointing model’ for the Auger detec-
tor are the mass-energy relation, already seen in elongation curve
Xmax(E), and transition from galactic to extragalactic cosmic rays
below the characteristic energy Ec ! 1 EeV.

There are some uncertainties in the model presented above. The
most important one relates to estimates of Emax

p . It is determined by
the lowest energy where Auger data are inconsistent with proton
composition (the 6th low-energy bin of the Auger data in Fig. 3).
If this energy increases, Emax

p increases, too. The model collapses
when allowed Emax

p reaches e.g. (50–100) EeV. Another case is given
by the mass composition being heavy starting from 1 EeV. The cos-
mological evolution of sources are not included in our calculations.
Since this effect slightly decreases Emax

p , it is not needed to be taken
into account. It is also possible that the EeV protons detected by
Auger are secondary ones, i.e. those produced in photo-dissociation
of primary nuclei in collisions with CMBR and extragalactic IR/UV
photons. However, it was demonstrated in [30,31] that the flux of
secondary protons in the EeV range is always smaller than the flux
of parent primary nuclei. According to [40] it is considerably smal-
ler than the sum of primary and secondary nuclei fluxes.

5. Discussions and conclusions

The suggested model is aimed at explanation of the observa-
tional data of the Auger detector only. The crucial for the model
feature is (i) the proton composition in the energy range (1–
3) EeV, considered in our paper as an assumption. Two additional
assumptions are (ii) the extragalactic origin of the observed pro-
tons and (iii) their acceleration by the rigidity dependent mecha-
nism with Emax = Z E0, where universal energy E0 is the same for
all nuclei. The upper limit on E0 (maximum acceleration energy
for protons) is obtained by calculating the proton spectrum at
higher energies using the generation index cg and normalizing flux

Fig. 6. Left panel: The energy spectrum in two-component model with protons and Iron nuclei with cg = 2.0 and Emax = 4Z EeV. The Iron nuclei spectrum is calculated for
homogeneous distribution of the sources. Right panel: As in the left panel, but with the ‘diffusion cutoff’ introduced for three different sets of parameters Bc, lc, d. The gap
between 2 EeV and Ecut (beginning of ‘diffusive cutoff’) is expected to be filled by intermediate nuclei.

624 R. Aloisio et al. / Astroparticle Physics 34 (2011) 620–626

Factor 26

Ankle would be transition 
between p and He/CNO

Second knee as transition from
galactic to extragalactic sources

Protons at 1018 eV already of extragalactic origin

→ protons at 1018 eV already X-gal,

→ ankle would be transition p to He/CNO,

→ 2nd knee as transition gal to X-gal,

→ single local source dominating, GZK
unimportant (Aloisio et al.)
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Main results for ultra-high energy cosmic rays Arrival directions at the Pierre Auger Observatory

Anisotropy – arrival directions of highest energy events

→ search for anisotropy using nearby AGN (Veron-Cetty Veron catalog),

→ AGNs trace the nearby extragalactic matter,

→ scan over a three dimensional parameter space: E ≥ 57 EeV, z ≤ 0.018, ψ ≤ 3.1◦

Pierre Auger Observatory

Correlation with Nearby Extragalactic Matter

VCV catalogue, E > 57 EeV, z <0.018, distance < 3.1 deg.

Auger

ICRC11 and APP 34 (2010) 314

28 out of 84, Pchance = 1%

Telescope Array

0180360

Astrophys.J. 757 (2012) 26

11 out of 25, Pchance = 2%

combined chance probability ⇠ 10�3

12

28 out of 84 correlate, Pchance = 1%

Telescope Array

Correlation with Nearby Extragalactic Matter

VCV catalogue, E > 57 EeV, z <0.018, distance < 3.1 deg.

Auger

ICRC11 and APP 34 (2010) 314

28 out of 84, Pchance = 1%

Telescope Array

0180360

Astrophys.J. 757 (2012) 26

11 out of 25, Pchance = 2%

combined chance probability ⇠ 10�3

12

11 out of 25 correlate, Pchance = 2%

→ weaker (but still significant) AGN correlation than previously published,

→ excess around the Centaurus A vicinity.

The Pierre Auger Collaboration, Astropart. Phys. 34 (2010) 314–326
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Main results for ultra-high energy cosmic rays Arrival directions at the Pierre Auger Observatory

Anisotropy – arrival directions of highest energy events

→ search for anisotropy using nearby AGN (Veron-Cetty Veron catalog),

→ AGNs trace the nearby extragalactic matter,

→ scan over a three dimensional parameter space: E ≥ 57 EeV, z ≤ 0.018, ψ ≤ 3.1◦

Pierre Auger Observatory

UHE Correlation with AGNs within GZK-sphere?
VCV catalogue, E> 57 EeV, z<0.018, distance < 3.1 deg.
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choosing this scale a posteriori (see Tinyakov & Tkachev 2004
for a detailed discussion). Taking this penalty into account, none
of the three examined data sets shows a significant deviation
from an isotropic distribution.

Interestingly, although close clusters in the high-energy TA
event set are absent, one of the TA events falls within 1.◦7 of a
high-energy event observed by the Auger Observatory (Abreu
et al. 2010). Both events have E > 1020 eV. The center of the
doublet has the Galactic coordinates l = 36◦, b = −4.◦3.

4. CORRELATION WITH ACTIVE GALACTIC NUCLEI

The Auger collaboration has reported a correlation (Abraham
et al. 2007, 2008a) between UHECRs with E > 57 EeV
and the nearby (redshift z ! 0.018 or, equivalently, distance
d < 75 Mpc) AGNs from the Veron-Cetty & Veron (VCV)
catalog (Veron-Cetty & Veron 2006). The greatest correlation
was observed at the angle of 3.◦1. In the control data set, the
number of correlating events was 9 out of 13, which corresponds
to about 69% of events. The Auger collaboration has recently
updated the analysis and found that a smaller fraction of the
UHECR events correlates with the same set of AGNs in the latest
UHECR data set (Abreu et al. 2010) than in the original one.
Out of 55 events with E > 55 EeV, 21 were found to correlate
with AGNs, which corresponds to a fraction of correlating events
equal to 38%. In this section, we test the TA data for correlations
with AGNs.

The set of 472 nearby AGNs used by Abraham et al. (2007)
contains 7 objects listed at zero redshift, all in the field of view
of TA. Of these seven objects, two are stars, one is a quasar
with unknown redshift, one is a Seyfert 2 galaxy, two are spiral
galaxies (including the Andromeda galaxy), and one is a dwarf
spheroidal galaxy. We exclude these objects from the analysis,
which leaves 465 objects in the AGN catalog.

The TA exposure is peaked in the Northern hemisphere, so
that the AGNs visible to TA are largely different from those
visible to Auger, though there is some overlap. The distribution
of nearby AGNs over the sky is not uniform because of the LSS
(see Section 5 for more detail) and because the VCV catalog is
not complete: due to observational bias it tends to contain more
objects in the Northern hemisphere. For this reason, a larger
fraction of events is expected to correlate with AGNs in the TA
data under the assumption that AGNs are sources of the observed
UHECRs. Taking into account the distribution of nearby AGNs
over the sky and assuming equal AGN luminosities in UHECR,
we estimated that the correlating fraction will be ∼73% for TA
on the basis of the original PAO claim and ∼43% on the basis
of the updated analysis by PAO.

The sky map of TA events with E > 57 EeV and nearby
AGNs from the VCV catalog is represented in Figure 3 in
Galactic coordinates. The cosmic rays are shown by filled red
(correlating events) and empty blue circles (non-correlating
events). AGNs are shown by black dots.

Figure 4 shows the number of TA events correlating with
AGNs as a function of the total number of events with E >
57 EeV ordered according to arrival time. The black dashed
line represents the expected number of random coincidences in
the case of a uniform distribution calculated via MC simulation.
The blue line shows the expected number of correlating events as
derived from the original PAO claim. Shaded regions represent
68% and 95% CL deviations from this expectation calculated
by the maximum likelihood method of Gorbunov et al. (2006).
As is seen from Figure 4, present TA data are compatible with
both isotropic distribution and the AGN hypothesis.

063 081 0

Figure 3. Hammer projection of the TA cosmic-ray events with E > 57 EeV
and nearby AGNs in the Galactic coordinates. Correlating and non-correlating
events are shown by filled red and empty blue circles, respectively. AGNs are
represented by black dots. The dashed line shows the boundary of the TA
exposure.
(A color version of this figure is available in the online journal.)
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Figure 4. Number of TA events with E > 57 EeV correlating with VCV AGNs
as a function of the total number of events. The expectation according to the
original PAO claim is represented by the blue line together with the 1σ and
2σ significance bands. The black dashed line shows the expected number of
random coincidences.
(A color version of this figure is available in the online journal.)

In the full TA SD data set, there are 11 correlating events out
of 25 total, while the expected number of random coincidences
for this total number of events is 5.9. Making use of the binomial
distribution with the probability of a single event to correlate
piso = 0.24, one finds that such an excess has a probability of
∼2% of occuring by chance with isotropic distribution of arrival
directions.

5. CORRELATION WITH LSS

Even though the sources of UHECRs are not known, their
distribution in space at large scales must follow that of the ordi-
nary matter. The latter is anisotropic at scales below ∼100 Mpc
forming the LSS of the universe that consists of galaxy clusters,
filaments, and voids. If UHECRs are not strongly deflected on
their way to Earth, their distribution over the sky should correlate
with the nearby structures, with overdensities corresponding to
close clusters and underdensities corresponding to voids.

The amplitude of anisotropy depends on the UHECR prop-
agation length (the larger is the propagation length, the
smaller contributions of the local structures and, therefore, the
anisotropy) and on the UHECR deflections. In this section,
the propagation of UHECR is calculated assuming they are
protons. However, it should be noted that regardless of whether

5

f = 44±%

→ weaker (but still significant) AGN correlation than previously published,

→ excess around the Centaurus A vicinity.

The Pierre Auger Collaboration, Astropart. Phys. 34 (2010) 314–326
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Conclusion Summary and remaining questions

Summary

→ a cutoff is clearly observed in the energy spectrum at 6× 1019 eV,

→ transition from a mixed or light to a heavy composition at highest energies,

→ ... and no photons/neutrinos detected at ultra-high energies (upper limits),

→ an anisotropy is still observed at UHE, but the sources are not yet identified.

A plenty of questions... (still)

→ what is the source of ultra-high energy cosmic rays ?

→ how do they get their energy ?

→ what are the processes involved in the cutoff in flux ?

Is it possible to identify the source(s) of ultra-high energy cosmic rays ?
–

proton astronomy ?
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Conclusion Experimental challenges for the next years

The Pierre Auger Observatory – beyond 2015

improve cosmic ray composition measurement seems to be the key

composition at low energies – 1017 to a few 1018 eV
→ search cutoff of proton spectrum,
→ improve sensitivity to photons from GZK effect,
→ fluorescence telescopes and surface detectors for lower energies

composition at highest energies – need a composition estimation event-by-event
→ search for small proton fraction at higher energies – proton astronomy ?,
→ investigate the end of the spectrum and compatibility with iron primaries,
→ particle physics and proton–air cross section,
→ several possibilities: modified SD, scintillator array, radio antenna MHz/GHz,
etc...

search protons and study their anisotropy at highest energies
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Conclusion Experimental challenges for the next years

Thanks for your attention !
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