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The Pierre Auger Observatory is running continuously akéhtagood quality data. In this ar-
ticle we review some of the main results from the Observategarding the cosmic ray energy
spectrum, the primary particle composition and the aridiadctions. By measuring the energy
spectrum for energies above®@V with unprecedented significance the Pierre Auger Observa
tory has undoubtly determined a GZK-like suppression irflineof particles reaching Earth. An
anisotropy in the arrival direction of the particles hasrberasured for energies abovg & 10'°

eV including an excess in the direction of the nearest raalid lactive galaxy, Centaurus A. An
evolution of the average mass of primary particle has alsm lietermined by measuring the
depth at which showers reach the maximum number of partidles data shows the evolution
of the average mass from light to heavier when compared tmhadinteraction models extrap-
olated from data taken by particle physics experimentss@ieree main results measured by the
Pierre Auger Observatory define the actual cosmic ray puekleh scientists around the world
are working on in order to understand and elaborate a cohpignre. We review these results
here and point to future possibilities.
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1. Introduction

The Pierre Auger Observatory has been taking data since [200d its hybrid mode. The
Auger Observatory is the first experiment to combine the tvainntechniques for detection of ex-
tensive air showers: fluorescence light telescopes and @hkrenkov tanks as surface detectors.
Figure 1 shows the arrangement of tanks and the fields of vi¢ghedelescopes.

The surface detector consists of 1600 water tanks that me&herenkov light produced by
the passage of particles in the water. They are arrangecegugar grid with 1.5 km spacing. Each
tanks is equipped with three photomultipliers and are pediey a solar panel system and batteries.
The data is sent from each tank to a central acquisition syieough a wireless connection thus
making each tank a stand-alone detector.

Four fluorescent light detectors are fully operational at&outhern site of the Pierre Auger
Observatory. In each of the four detectors there are sisdefges in operation. Each telescope
covers 30 azimuth and 30in elevation. They are equipped with Schmidt optics coimgjsbf a
segmented mirror of 11 fnwith radius of curvature of 3.4 m and a 2.2 m diameter diagrimral he
opening of the telescope is covered by a filter that seleetsvivelength range corresponding to
the emission of fluorescent light by nitrogen molecules {200 - 400 nm). After going through
this sophisticated experimental arrangement, light ptediby air shower is captured by a set of
440 photomultipliers.

The use of both technigues simultaneously makes the PiergerAObservatory a hybrid de-
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Figure 1: Pierre Auger Observatory Map. The points show the locatiditise surface detectors. In red are
the planned positions, in yellow detectors installed, @nge detectors filled with water and in green those
that have already detected at least one event. The whiteejpresents the fields of view of each fluorescence
telescopes.
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tector resulting in a reduction of systematic errors anoWatlg cross-calibration between the dif-
ferent techniques. In particular, the combination of a wlefiined collection area offered by the
surface detectors and a calorimetric energy measuremaatlmothe fluorescence telescopes pro-
vides a unigue detection ability to the Pierre Auger Obgeryawhich has resulted in important
discoveries [2—4] that are going to be reviewed in the nestiGes.

2. Energy Spectrum

The energy spectrum of cosmic rays with energy abové &0 has been a controversy since
the detection of the first ultra high energy (UHE) particleasigred in Volcano Ranch [5]. The
interactions of such a particle with energy above B0 eV with the cosmic microwave back-
ground (CMB) imply that most of the flux above this energy stl@mome from sources closer than
200 Mpc. This argument presented by Greisen [6], ZatsepirKaizmin [7] is known as the GZK
effect.

Two experiments AGASA [8] and HiRes [9] using different taiues, scintillators as surface
detectors and fluorescent telescopes, respectively, hessured, with a limited number of events,
discrepant spectra. AGASA showed a hint of a continuous fiuwehergies above & 10! eV
while HiRes measured a hint of a break in the flux around theesanergy. Many suppositions
about the detection techniques and different acceleratieohanisms have been proposed based
on these measurements. The controversy was set by the lacggainty in the determination of
the flux due to a small, in case of AGASA, and not well defineaidage of HiRes, collection area.

In 2008, the Pierre Auger Observatory [4] resolved this sy by determining the energy
spectrum with very good energy resolution and well defindtéction area. Figure 2 shows the
measured energy spectrum. A break in the energy spectrurfowad at 4x 10'° eV. If a power-
law function in energyJ O EY) is fitted, the spectral indexy) is 2.69+ 0.02 (stat) 4 0.06 (sysf
below the break and.2+ 0.4 (stat) +-0.06 (syst above the break. Using these numbers, the depar-
ture from a continuous spectrum along the break point canlbd out with a 5 sigma significance.

3. Arrival Directions

The arrival directions of cosmic ray particles provide irrtpat information on the locations
of their sources. If the GZK effect takes place as expecte soburce should be near enough so
that we could point backwards and study individual sourddsat also depends on the charge of
the particle and on the magnetic fields as explained below.

Mechanisms that accelerated particles to the highest iesergquire special astrophysical
environments. From one side, different classes of objemts been proposed as possible sources:
active galactic nuclei (AGN), radio galaxy lobes and sosiraEgamma-ray bursts. On the other
hand, more exotic mechanisms based on Z bursts, Super HealkyMatter (SHDM) decays and
topological defects have also been proposed. This exatss df mechanisms has been named top-
down because high energetic objects would interact/dendypeoduce the cosmic ray particles
observed on Earth.
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Figure 2: Energy spectrum measured by the Pierre Auger Observatpry [4

The two classes of mechanisms generate a completely diffargval direction pattern. Tra-
ditional sources are anisotropic in the nearby Universdendxotic mechanisms would produce an
isotropic flux of cosmic particle arriving on Earth.

In 2007, the Pierre Auger Collaboration published a papein[#hich the arrival directions
of the highest energy particles correlated with a specifialog of AGNs [10] showing therefore
for the first time that these particles were generated incesuthat are not distributed isotropically
in the sky.

Figure 3 shows the directions of the highest cosmic rays emetpwith AGNs directions
[11]. Figure 4 shows the evolution of the degree of corretatas a function of the number of
measured events. This plot shows how the correlation piiitgatbeparts from the expected in
case of isotropy. It was calculated every time we measuremveenent above 55 EeV. This energy
threshold has been chosen as the one which maximized thedatmmn following the explanation
in reference [12]. The color bars in figure 4 show respegtiueled, blue and gray the 68%, 95%
and 99.7% departure from the data. The dashed line showsthesponding expected isotropy
value.

4. Composition

The last important piece of information we can use in ordeurtiderstand the production
of highly energetic particle is the mass abundance. Thimirtant because each acceleration
mechanism produces a different abundance of elementsngafrgim proton to iron nuclei. The
charge of the cosmic ray is also important in order to trac ltiee origin of the particle.

Cosmic particles are deviated in the galactic and extragalanagnetic fields by amounts
proportional to their charges. If the particles which aron Earth have a low charge they may
point back to their source. However if the charge of the plartis larger, closer to iron, their
directions could be greatly deviated and the pointing imfation erased.
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Figure3: The 69 arrival directions of CRs with energy> 55 EeV detected by the Pierre Auger Observatory
up to 31 December 2009 are plotted as black dots in an Aitaffakher projection of the sky in galactic
coordinates. The solid line represents the field of view efSbuthern Observatory for zenith angles smaller
than 60. Blue circles of radius 3° are centred at the positions of the 318 AGNs in the VCV cattiaglie
within 75 Mpc and that are within the field of view of the Obsa&iry. Darker blue indicates larger relative
exposure. The exposure-weighted fraction of the sky calieyehe blue circles is 21% [11].
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Figure 4: The most likely value of the degree of correlatipgua = k/N is plotted with black dots as a
function of the total number of time-ordered events (excigdhose in period I). The 68%, 95% and 99.7%
confidence level intervals around the most likely value &&dsed. The horizontal dashed line shows the
isotropic valuepiso = 0.21. The current estimate of the signa(@38"3.97) [11].
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Figure 5: Figure a) on the left shows the evolution nax)and figure b) on the right shows the evolution
of RMS(Xmax) as a function of energy [3] .

Currently, composition studies have been published usiaglata measured by fluorescence
telescopes. Fluorescence telescopes are sensitive taithary composition by measuring the
depth at which the shower has the maximum number of part{¥gss). However, due to the
large fluctuations in the shower development, plus the dichitatistics and the uncertainties in
the hadronic interaction models [13], the primary partidentification is very difficult and not
possible on an event-by-event basis.

The Pierre Auger Observatory has published [3] the evalutibthe meanX,ax and of its
fluctuation as a function of energy. Figure 5 shows the resalcomparison with the predicted
values for proton and iron primaries. A unique interpretatof these results is not independent
of the hadronic interaction models at the highest enerdidbe low energy interaction properties
(cross sections and inelasticity) can be directly extrageal to the highest energies, as considered
in the models shown in figures 5 a and b, our data can be intedoess a change in the cosmic
ray composition starting light for energies around®€V and moving towards heavier primaries
for energies around 1®eV. However if the hadronic interaction properties chamgthis energy
range the conclusion could be different.

Regarding photons and neutrinos the Pierre Auger Obseyass been also able to set very
restrictive limits. Figure 6 a and b show the limits imposgchr data.

5. Final Remarks

The Pierre Auger Observatory has set a new standard in higfigyenosmic ray physics. The
guality of the data, the careful analysis and the relatilagige statistics has taken this research field
to a quantitative era of high energy astroparticle phyditists and uncertainties from the past have
been definitely confirmed or refuted and the parameter spaceddels has been firmly restricted.
New discoveries have been made and the data shows hints &#mgt more could be seen in the
near future.

The high energy cosmic ray picture shows a) a suppressioheofliix for energies above
4 x 10'° eV compatible with the GZK effect; b) an anisotropic arrigitribution for energies
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Figure6: Figure a) on the left shows the Auger photon fraction (safiger limits) in the integral cosmic-ray
flux compared to other experiments and theoretical prexfistirom top-down models and for GZK photons.
For references see [14] b) on the right shows the 90% CL fon 8agor of diffuse UHE neutrino fluxes
assuming a proportion of flavors of 1:1:1 due to neutrinoltamns. It is also shown other experiments and
theoretical predictions from top-down models and for GZKfaims [15].

above 55 x 10 eV; ¢) a conditional evolution from light (8 eV) to heavy primaries (18 eV);
d) strict neutrino and photon flux limits.

Some important challenges are imposed by this picture.afherimaries are more abundant
at energies around 19eV they would be strongly deviated by magnetic fields and trestation
with the source(s) could be erased. However, the data shaw@tan energy range slightly above
the Xmax measurements, aboves5< 10'° eV, an anisotropic sky is seen. Could there be an abrupt
mass transition between #0eV and 55 x 10'° eV ? Or is the change ifXmay) caused by new
physics in particle interactions ?

The sources of these particles are still to be discoveregottant information has been de-
livered by the anisotropy measurements. However we havea®t able to identify the class of
objects responsible for the majority of the flux. A recentlmation [11] shows an excess around
the direction of Cen A. In a circle within 28round Cen A 13 events were measured while 3.2
would be expected from an isotropic distribution. Figurdn@wgs the cumulative number of events
as a function of the angular distance from Cen A. An excessnard8 is clearly seen.

Classified as an FRI radio-active galaxy, Cen A is a compl¢xabland considered a prototype
of this class of active galaxies. Two bipolar jets are obsgrat length emerging from the radio
nucleus of this galaxy with angular dimensions 6684°, extending for millions of light years
in the intergalactic space. The structure of these jetssis qlite rich, with sub-jets and bright
knots along their length formed by magnetized shocks wheigelielieved that cosmic rays are
accelerated. Recent estimates consider a central blagkuithl mass of about & 10’ solar masses
[16] and a kinetic power of the jets of the order of'd@rg/s [17].

Given the complex and extended structure of Cen A, severdeiador particle acceleration
above 18® eV have been proposed: a) the acceleration on the outskitie oentral black hole; b)
direct acceleration in the internal knots along the jetseedcceleration of the particles, originally
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Figure7: Cumulative number of events with> 55 EeV as a function of angular distance from the direction
of Cen A. The bands correspond to the 68%, 95%, and 99.7%rdispeexpected for an isotropic flux. [11].

produced in the central source, along the jet, d) acceterdtehind the bow shocks at the edge of
the jets where they impact supersonically with the locatrgalactic medium, among others. It
is quite probable that all these processes are occurringpoaitantly. See [18—20] and references
within.

In this sense, Cen A is the prototype source and the studyeséthlasses of objects is within
the scope of the next years of operation of the Pierre Augee@htory. The questions presented
above and many other important problems are yet to be sotvéths we can draw a coherent pic-
ture of the high energy cosmic ray scenario. The answersrdgrbe expected from the increasing
number of events measured by the Pierre Auger together withvative data analysis.
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