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Abstract

Data collected by the Pierre Auger Observatory through 3ju&st2007 showed
evidence for anisotropy in the arrival directions of cosnaigs above the Greisen-
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Zatsepin-Kuz’min energy threshold,x610'° eV. The anisotropy was measured
by the fraction of arrival directions that are less that 3rom the position of
an active galactic nucleus within 75 Mpc (using the Vérattgand Véron 12
catalog). An updated measurement of this fraction is regonere using the ar-
rival directions of cosmic rays recorded above the sameaggriareshold through
31 December 2009. The number of arrival directions has asaé from 27 to
69, allowing a more precise measurement. The correlategifm is (387)%,
compared with 21% expected for isotropic cosmic rays. Thidawn from the
early estimate of (643)%. The enlarged set of arrival directions is examined also
in relation to other populations of nearby extragalactigeots: galaxies in the
2 Microns All Sky Survey and active galactic nuclei detedtetiard X-rays by
the Swift Burst Alert Telescope. A celestial region arouhe position of the ra-
diogalaxy Cen A has the largest excess of arrival directrefetive to isotropic
expectations. The 2-point autocorrelation function isvamdor the enlarged set
of arrival directions and compared to the isotropic expemta

Key words: Cosmic rays; UHECR; Anisotropy; Pierre Auger Observatory;
Extra-galactic; GZK

1. Introduction

The astrophysical sites of origin of ultra high-energy csrays (UHECRS)
remain elusive after almost a half century since a cosmiq@®) with energy
around 18° eV was first reported [1]. Anisotropy in the arrival directsof UHE-
CRs is expected to provide significant clues for identifytingir sources. Protons
and nuclei with these energies interact with the cosmic omiave background
(CMB), either by pion photoproduction or by nuclear phosicliegration. This
interaction limits the distance from which a source can gbute significantly to
the flux on Earth, as predicted by Greisen [2] and by Zatsepdrkaiz'min [3] (the
GZK effect). For instance, most of the observed flux above 60 EeV Y1=E£0'®
eV) should come from sources within a “GZK horizon” which gaoximately
200 Mpc. Processes that could accelerate particles up to esuergies require
special astrophysical conditions [4]. Few classes of phiysical objects, such as
active galactic nuclei, radio-galaxy lobes and sourcesagima-ray bursts, meet
these requirements. Inhomogeneities in their spatialibigton within the GZK
horizon may imprint a detectable anisotropy in the UHECRvalrdirections.
Comparing the arrival directions with the celestial pasis of diterent types of



astronomical objects is a useful tool for identifying theses provided interven-
ing magnetic fields do not deflect the cosmic ray trajectdhiesugh large angles.

The flux of UHECRs is extraordinarily small, approximatelyeoparticle per
square kilometre per century above 60 EeV. Large detectiemsaare essential.
This is achieved by measuring the cosmic rays indirectlgugh the extensive air
showers (EAS) that they produce in the atmosphere. Two cemmgahtary tech-
niques are currently used: the measurement of the fluoresdegt induced in
the atmosphere by the particles in the EAS and the detectithe secondary par-
ticles at ground level using an array of surface detectot®e Hierre Auger Ob-
servatory implements air fluorescence and water-Cheregit®ction in a hybrid
instrument with an aperture of 7000 ksn. The implementation of the baseline
design for the Southern Auger Observatory in Argentina [8swompleted in
June 2008.

Using data collected through 31 August 2007, the Pierre AGgdaboration
reported in [6, 7] a correlation between the arrival direesi of UHECRSs with
energies exceeding 56 EeV and the positions of nearby slfjerh the 12 edi-
tion of the catalog of quasars and active galactic nucleiN&fby Véron-Cetty
and Veéron [8] (VCV catalog). The null hypothesis of isotyapas rejected with
99% confidence based on a single-trial test that was motivatesarly data and
confirmed by data collected subsequent to the definition®télst. This corre-
lation with nearby extragalactic objects is consistenhwismic rays from more
distant sources having lost energy in accordance with thxesiipppression seen
in the measured energy spectrum [9-11] and the GZK expestatiowever,
the VCV correlation is not diicient to identify individual sources or a specific
class of astrophysical sites of origin. The VCV catalog iempilation of known
AGNSs that is neither homogeneous nor statistically conepléoreover, active
galaxies in this catalog trace the nearby large scale mdigaibution, and that
includes all types of candidate astrophysical sourcespniyt AGNs and their
subclasses. Analyses comparing the Auger data reportd] if] fvith different
types of nearby extragalactic objects can be found in [1R-22

This paper reports the arrival directions of CRs measurdtl thie Pierre
Auger Observatory up to 31 December 2009 that have energmsahe same
threshold as those reported in [6, 7]. The data set has s@tdeom 27 to 69 CR
events, and is described in section 2.

In section 3 we update the measured fraction of CR arrivalctions which
correlate with the positions of objects in the VCV catalogeTmeasurement uses
identical parameters as in the test reported in [6, 7].

In section 4 we examine the 69 arrival directions with regartheir correla-
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tion with populations of nearby extragalactic objects elsterised by alternative
catalogs. We compare the pattern of the arrival directioitis that of the overall
matter distribution in the local universe as traced by thexges in the 2MASS
Redshift Survey (2MRS) [23, 24], which is the most denseipglad all-sky red-
shift survey to date, and with AGNs detected in X-rays with 8wift Burst Alert
Telescope (BAT) [25, 26].

In section 5 the intrinsic clustering properties of arrigiakections are charac-
terised using their autocorrelation function. We also gsalkhe region with the
largest excess of arrival directions compared to isotreppectations.

Section 6 summarises the results and potential implicaticdBome details
relating to the 69 UHECRs above 55 EeV are tabulated in therafip?

2. The Observatory and the dataset

The Pierre Auger Southern Observatory is located in theiReevof Mendoza,
Argentina (351° — 355° S, 690° — 69.6° W, 1400 m a.s.l.). The surface array
consists of 1600 water-Cherenkov detectors laid out ov@d 8@v on a triangular
grid of 1.5 km spacing. It has been in operation since 1 Jgm2@04, increasing
its size from 154 detectors up to 1600 by June 2008. Featfithe ®@bservatory
that are relevant to the present analysis, that includetdi¢s between 1 January
2004 and 31 December 2009, are outlined below.

The trigger requirement for the surface detector is based 8&+iold coinci-
dence, satisfied when a triangle of neighboring stationsggdred. A fiducial
cut is applied to triggered events to ensure adequate comégit inside the ar-
ray. The cut requires that at least five active stations saddhe station with
the highest signal, and that the reconstructed shower eneside a triangle of
active detectors. For CR primary energies aboxel8'€ eV, the dficiency of this
trigger chain is 100% [27]. The exposure is determined byelyugeometrical
considerations, the uncertainty being less than 3%. Nattettalyses involving a
flux calculation, such as the measurement of the cosmic regtigpn [9, 10], use
stricter fiducial cuts, which amount to a lower exposure.

The arrival directions are obtained through thetences in the time of flight
of the shower front among the triggered detectors. The angebolution is de-

1The list of the first 27 events was published in [7]. Since thika reconstruction algorithms
and calibration procedures of the Pierre Auger Observdiave been updated and refined. The
lowest energy among the same 27 events (which was 57 EeV)iis[Bp EeV according to the
latest reconstruction.



fined as the angular radius around the true cosmic ray diretitat would contain
68% of the reconstructed shower directions. It is crosskd using events de-
tected simultaneously with the fluorescence detectohybrid events. Itis better
than Q9° for events that trigger at least six surface statidas>( 10 EeV) [28].
We have tested that the angular resolution has been statblie ®@i1° during the
period of the present analysis.

The estimator for the primary energy is the reconstructgdadiat 1000 m
from the shower core, denot&{1000). The conversion from this estimator to
energy is derived experimentally through the use of a sulfss#towers detected
simultaneously with the fluorescence detector and the caidaray. The energy
resolution is about 15% and the absolute energy scale hasearsgtic uncertainty
of 22% [9, 10]. We have checked the time-stability of the ggexrssignment by
computing the fluxes in the energy range from 10 to 55 EeV fa @ifferent
periods with similar exposure. The fluxes obtained for medi@nd period Il
and for three equi-exposure intervals in period Il (seel@dbfor the definition
of periods I, Il and Ill) are 0.208, 0.222, 0.234, 0.223 an226.knt2 srt y!
respectively, each with an uncertainty of 0.008®krar! y-1, corresponding to
~ 1000 events in each interval. Given the spectral slope ofr2tfis energy
range [10] and with the assumption of constant flux, this iegpthat the energy
resolution of the Observatory has been stable to 5% overixhgears of data
taking. The fluxes derived from the small number of eventsralisb EeV are
similarly constant.

In the present analysis, we consider events recorded watlutface detector
between 1 January 2004 and 31 December 2009 with zenithssthgles0® and
reconstructed energy > 55 EeV: 69 events satisfy these cuts. The integrated
exposure for this event selection is 20,37%ksny. The exposure and statistics of
events in diferent data-taking periods are given in Table 1. The arrivactons
and energies are listed in the appendix.

3. Update of the correlation study with AGNs in the VCV catala

The data reported in [6, 7] (periods | and Il in Table 1) consi7 CR events
with energy larger thaixy, = 55 EeV (in the present energy calibration). These
data provided evidence for anisotropy in the arrival dicetd of cosmic rays with
the highest energies.

The confidence level for the rejection of the isotropic hyyasis was estab-
lished through a specific test using prescribed parametising data of period I,
the values of the energy threshold, maximum angular séparand maximum
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redshift were chosen as those that minimised the probalfilgt the correlation
with AGNs in the VCV catalog could occur by chance if the fluxrevésotropic.
The test was then performed using data collected subsetuené parameter
specification by the exploratory scan. It measured theifnaaif arrival direc-
tions that are less than13 from the position of an AGN within 75 Mpc in the
VCV catalog. The fraction expected under the isotropic ligpsis is 21%. The
correlation was measured with exactly the same recongirualgorithms, energy
calibration and quality cuts for event selection as in thel@atory scan. With 6
out of 8 events correlated, the test established a 99% cowfdevel for rejecting
the hypothesis that the distribution of arrival directiamgsotropic.

The number of correlations withinB between the 69 arrival directions of
CRs withE > 55 EeV detected up to 31 December 2009 and AGNSs in the VCV
catalog with redshifz < 0.018 are summarised in Table 1 and illustrated in Fig-
ure 12 The CR events additional to those reported in [6, 7] are this#ed for
period Ill. Of those 42 new arrival directions, 12 of themretaite with objects
in the VCV catalog defined by the prescribed parameters. Tiheer of correla-
tions expected by chance if the arrival directions wererggntally distributed is
8.8.

Table 1: Summary of correlations withinl3 between CRs witle > 55 EeV and AGNs in the
VCV catalog with redshifz < 0.018. N is the number of CRs measureH.is the number of
correlating arrival directionskis, is the number of correlations expected by chance if the flux
were isotropic.P is the cumulative binomial probability to detdcbr more correlations from an
isotropic distribution. Probabilities are not shown fotalaets which include period | because
parameters were selected to optimise the correlation trp#réod.

Period Dates Exposurel N | Kk | Kiso P
km? sry
I 1Jan 2004 - 26 May 2006 4390 | 14 2.9 -

Il 27 May 2006 - 31 Aug 2007 4500 |13| 9 | 2.7 | 2x10*

11 1 Sept 2007 - 31 Dec 2009 11480 | 42| 12| 8.8 0.15
Total 1 Jan 2004 - 31 Dec 2009 20370 | 69| 29| 14.5 -
I+111 | 27 May 2006 - 31 Dec 2009 15980 |55|21|11.6|3x10°3

(o]

2Differences with the numbers reported in [6, 7, 29] arise fromIsiin@erences in the recon-
struction of the arrival directions, as detailed in the ayje.
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Figure 1: The 69 arrival directions of CRs with enefgy 55 EeV detected by the Pierre Auger
Observatory up to 31 December 2009 are plotted as black das Aitaf-Hammer projection
of the sky in galactic coordinates. The solid line represehé field of view of the Southern
Observatory for zenith angles smaller tharf.6@lue circles of radius 3° are centred at the
positions of the 318 AGNs in the VCV catalog that lie within Mpc and that are within the field
of view of the Observatory. Darker blue indicates largeatieé exposure. The exposure-weighted
fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation mustdegberiods Il and
lIl only, because the parameters were chosen to maximismstinelation in period
l. In Fig. 2 we plot the degree of correlatiopgfs) With objects in the VCV catalog
as a function of the total number of time-ordered eventsmieskeduring periods
Il and Ill. For each additional event the most likely valuepgfi, is k/N (number
correlating divided by the cumulative number of arrivakdiions).
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Figure 2: The most likely value of the degree of correlafigga = k/N is plotted with black dots
as a function of the total number of time-ordered eventsl(ehicg those in period ). The 68%,
95% and 99.7% confidence level intervals around the modylikdue are shaded. The horizontal
dashed line shows the isotropic valpig, = 0.21. The current estimate of the signal is3&397).

The confidence level intervals in the plot contain 68.3%45% and 99.7%
of the posterior probability fopgata given the measured values lbandN. The
posterior probability distribution i, (1 — Paaw) (N + 1)!/KI(N = K)!, corre-
sponding to a binomial likelihood with a flat prior. The up@erd lower limits
in the confidence intervals are chosen such that the pospgabability of every
point inside the interval is higher than that of any pointsudg. The amount of
correlation observed has decreased fromj@%, with 9 out of 13 correlations
measured in period Il, to its current estimate of'(38, based on 21 correlations
out of a total of 55 events in periods Il and IIl.

The cumulative binomial probability that an isotropic fluowd yield 21 or
more correlations i$ = 0.003. This updated measurement with 55 events after
the initial scan isa posteriori, with no prescribed rule for rejecting the hypothesis
of isotropy as in [6, 7]. No unambiguous confidence level fasatropy can be
derived from the probabilitf> = 0.003. P is the probability of finding such a
correlation assuming isotropy. It is not the probabilityi@ftropy given such a
correlation.

We note that 9 of the 55 events detected in periods Il andélhathin 10 of
the galactic plane, and none of them correlates withlh ®ith the astronomical
objects under consideration. Incompleteness of the VC¥legtdue to obscu-
ration by the Milky Way or larger magnetic bending of CR tcigies along the
galactic disk are potential causes for smaller correlatibarrival directions at
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small galactic latitudes. If the region within L6f the galactic plane is excluded
the correlation is (46 6)% (21 correlations out of 46 events), while 24% is the
chance expectation for an isotropic fléix.

It has not escaped our notice that the directions of the 5 eremgetic events
are not part of the fraction of events that correlate witleots in the VCV catalog.

Additional monitoring of the correlation signal with thistsof astronomical
objects can also be found in [29]. Further studies of theetation exploring
other parameters are currently in progress. One conjeciitee made in the
literature (see e.g. [30, 31] and references therein) ispaerful radiogalaxies
are the most promising contenders for UHECR accelerationgavith gamma-
ray bursts. The analysis of directional correlations of WUHES with positions of
AGNs from the VCV catalog discussed here does not accoumtrfpdiferences
among those AGNs. Thus, a logical next step with respect, t6] @would consider
the AGN radio luminosity given in the VCV catalog as a fourttais parameter
to find a threshold in radio luminosity above which the dir@tal correlation
starts to increase. Such a scan has been performed with et iiltke data and
the signal evolution with those parameters is being moadaince, similarly as
presented here for all AGN of the VCV. These results will jgoreed elsewhere.

The HiRes collaboration has reported [32] an absence of relatipn with
AGNs of the VCV catalog using the parameters of the Augerqifesd test.
They found two events correlating out of a set of 13 arrivaéclions that have
been measured stereoscopically above an energy which stieyaged to be the
same as the Auger prescribed energy threshold. The 38%at@remeasured by
Auger suggests that approximately five arrival directionsaf 13 HiRes direc-
tions should correlate with an AGN position. Thé&drence between 2 and 5 does
not rule out a 38% correlation in the northern hemisphereishabserved by the
HiRes detector. Also, it is not necessarily expected thatctirrelating fraction
should be the same in both hemispheres. The three-dimeh&GN distribution
is not uniform, and the VCV catalog itself hadtérent level of completeness in
the two hemispheres. In addition, comparison of resulte/béen the two obser-
vatories is especially challenging in this situation besgathe energy cut occurs
where the GZK suppression has steepened the already steacay spectrum.
A small difference in the threshold energy or dfelience in energy resolution
can strongly ffect the measurement of a correlation that exists only abowe t

3The choice of the size of the region excluded has some aribiéss. We used 22n [6, 7].
We use 10 here for uniformity with the analysis of the 2MRS catalog étton 4.
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threshold.

4. Examination of the arrival directions in relation to other catalogs

As noted in [6], “the correlation that we observe with nea#yNs from the
VCV catalog cannot be used alone as a proof that AGNs are tiveesa Other
sources, as long as their distribution within the GZK haniosutficiently similar
to that of the AGNSs, could lead to a significant correlatiotmszn the arrival
directions of cosmic rays and the AGNs positions.” It is #fere appropriate to
investigate the arrival directions of this data set wittpees to other scenarios for
cosmic ray sources in the local universe.

It is important to note that all of these studies are magesteriori. None of
the results can be used to derive unambiguously a confidenekfbr anisotropy.
The single-trial VCV test that was prescribed in 2006 resih 99% confidence
that the flux of cosmic rays is not isotropic [6, 7]. TRevalue 0.003 reported in
section 3 does not increase confidence in anisotropy beybatwas reported in
[6, 7]. With the currently estimated correlation fractid38%, a % significance
(P < 6 x 1077) will require 165 events subsequent to period |, and thaelar
data set will not be available for at least another four yelrdhe meantime, it
is natural to explore the present data set to see if scenatties than the simple
VCV correlation are supported by the current set of arriviedations. Even when
(or if) a 5o~ deviation from isotropy is established via the VCV correlat it will
be important to determine the best astrophysical intespoet for it. At that time,
it could be interesting to test if any of the scenarios ingased here may have
acquired additional supporting evidence.

The same minimum energy of CRs will be used for these exgoratudies
as was prescribed in 2006 for the VCV test. The idea is to exaitie same set
of 69 arrival directions using alternative models. Each eldts its own set of
relevant parameters, and those will be separately tunethelprescribed VCV
test there were three important parameters. One was thenomimienergy that
defines the set of arrival directions. The other two were teetation angle
(y = 3.1°) and the maximum AGN redshifizf,x = 0.018) which pertain to the
model. It would be possible to optimise the minimum energlyatso for every
scenario, as was done prior to prescribing the VCV test. Rerstudies here,
however, the data set will be kept the same. It includes efinded events above
55 EeV. By including period I, which was used to optimise thergy cut for the
VCV correlation in that period, scenarios similar to thegurébed VCV model
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could be favored. Thefiect of excluding the events used in the exploratory scan,
that are strongly correlated with VCV objects, will be arsay.

In what follows we examine the present data set of arrivaddions with re-
gard to their correlation with éierent populations of nearby extragalactic objects:
galaxies in the 2MRS catalog and AGNSs detected by Swift-BX¥&.choose these
sets of objects as examples of astrophysical scenariofywofexamination. We
have reported additional explorations (such as the caioalavith galaxies in the
HI Parkes All Sky Survey [33, 34]) in [35].

The 2MRS catalog is the most densely sampled all-sky retdshifey to
date. It is a compilation provided by Huchra et al. [23] of tieelshifts of the
Kmag < 1125 brightest galaxies from the 2MASS catalog [24]. It comsaapprox-
imately 13000 galaxies within 100 Mpc, and 22000 within 20pdM It provides
an unbiased measure of the distribution of galaxies in tbal loniverse, out to a
mean redshift o = 0.02, and to within 10of the Galactic plane. To avoid biases
due to its incompleteness in the galactic plane region, wude from all analy-
ses involving this catalog galaxies (as well as CR arrivaations) with galactic
latitudesb| < 10°.

The Swift-BAT hard X-ray catalog [25] is the product of the sheensitive all-
sky survey in the hard X-ray band. We use the 58-month verditme Swift-BAT
survey [26]. A sample of AGNs selected from the hard X-raydesduces the
bias due to absorption thaffacts an optical selection. We consider for the present
analysis all Seyfert galaxies, beamed AGNSs, and galaxkedylto be AGN but
with no confirmed nuclear activity in the optical spectrurhefe are 189 of them
within approximately 100 Mpc, and 373 within approximat280 Mpc.

4.1. Cross-correlation of cosmic rays and nearby extragalactic objects

We report the result of a direct cross-correlation analgsisveen arrival di-
rections of CRs and positions of the objects in the 2ZMRS and-BAT catalogs
that lie within 200 Mpc. Each CR arrival direction forms amaith every object
in the catalogs. For the cross-correlation estimator, veethis fractional excess
(relative to the isotropic expectation) of pairs having @ag separations smaller
than any angley. This is given bynp(w)/nios°(¢/) — 1, whereny(y) denotes the
number of pairs with separation angle less tiiarDepartures from isotropy are
higher if arrival directions correlate with regions withidar density of objects.

We plot in Fig. 3 the relative excess of pairs using data (bldats) in the
case of 2MRS galaxies (left) and Swift-BAT AGNs (right). Thands in the
plot contain the dispersion in 68%, 95% and 99.7% of simdlatgs of the same
number of events assuming isotropic cosmic rays. The toplpgot the results
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using all the arrival directions of CRs with > 55 EeV collected between 1
January 2004 and 31 December 2009: 69 CR events in the casegrefation
with Swift-BAT AGNs, and 57 CR events in the case of correlativith galaxies
in the 2MRS catalog (for which galactic latitudis < 10° were excluded). The
bottom panels plot the results excluding the arrival dicett of CRs collected
during period I in Table 1, which were used to optimise thegyeut for the VCV
correlation in that period: 55 CRs are used in the case oélaion with Swift-
BAT AGNSs, and 46 CRs in the case of correlation with galaxieshe 2MRS
catalog. Features in the plots are comparable if periodxdkided.
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Figure 3: Cross-correlation between the arrival directiohCRs measured by the Pierre Auger
Observatory withE > 55 EeV and positions of 2MRS galaxies (left) and Swift-BAT R@ight)
that lie within 200 Mpc. In the case of 2MRS galactic latitedeoth of galaxies and CRs) are
restricted tob| > 10°. The plots in the top panels use all CRs with> 55 EeV. The plots in
the bottom panels exclude data collected during period kisld 1, that were used to choose the
energy threshold and redshift that maximized the cor@latiith VCV objects in that period. The
bands correspond to the 68%, 95% and 99.7% dispersion edpkectan isotropic flux.

We observe correlation in excess of isotropic expectatiordl cases. Note
however that the existence of cross-correlation does nplyithat the arrival di-
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rections are distributed in the sky in the same manner addjeets under consid-
eration.

The catalogs of astronomical objects that were used hefuarkmited sets.
A similar analysis confronting the arrival directions wihvolume-limited sub-
sample of the 2MRS catalog was reported in [35].

4.2. Satistical tests on smoothed density maps

4.2.1. Smoothed density maps

We test some specific models for the origin of the highestggn€Rs based
on the astronomical objects in the catalogs considereckiptévious section. We
build the probability maps of arrival directions of CRs egtael from these objects
weighted by their flux at the electromagnetic wavelengtemaht in the respective
survey and by the attenuation factor expected from the GE&ce Maps are
constructed by the weighted superposition of Gaussiamilalibns centred at
each object position with a fixed angular width For each model, the density
map has two free parameters: the smoothing angéd an isotropic fraction
fisor The smoothing angle serves to account for typical (but onkr) magnetic
deflections in the CR trajectories. The addition of an igutrdraction is a way
to account for CR trajectories that have been bent by widdéeardpe to large
charges an@r encounters with strong fields.

A large isotropic fraction could also indicate that the mladenot using a
set of objects that includes all of the contributing CR searcThe missing flux
contributed by the relatively fainter sources below the-imt of a survey can
be estimated if a model for the luminosity distribution is@®ed. For instance, in
a flux-weighted model based on objects with a luminosityritistion described
by a Schechter function [36] in a survey with characteridiépth of 130 Mpc,
account taken of the GZKfkect with an energy threshold of 60 EeV, the fraction
of missing flux is estimated to be of the order of 35% [15]. Tamff sources
are not expected to be isotropically distributed, and thmisatropic fraction may
not be an accurate representation for the distribution af thissing flux. An
alternative to the addition of an isotropic fraction, wheslestion éfects as a
function of distance are known, is to divide the observedsdgrof galaxies at
a given distance by the selection function [37, 38]. A pdsstivawback of this
approach is that one assigns the unobserved galaxies tartfelecations where
bright galaxies are observed, and this may introduce a bias.

We will not assume specific values for the isotropic fractamd smoothing
angles introduced into the models, but rather use the datetéwmine the best fit
values of these parameters.
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The smoothed maps are described by a funck@m), which is normalised
such that its value in a given directi@ncorresponds to the predicted probability
of detecting a cosmic ray in that direction, according tortiael. We write the
functionF(f) as:

¢(n)

+ (1 - fiso) @ | 1)
The two terms in the sum between brackets are the isotropiponent (parame-
terised byfis,) and the contribution from the astronomical obje€is= f dQu(h)
is the solid angle subtended by the region of the sky coveyatidosurvey.u(f)
is the mask function of the catalog, that vanishes in theoregpf the sky that
must be removed (such as that along the galactic plane inage af the 2MRS
catalog) and is unity elsewhere. The flux coming from the dije the catalog
is represented by the term

_ &(Mu(h) | fiso
| Q

F(R)

Neat d(f; )2

6(0) = > w(z) e = 2)
i=1

whered(n;, N) is the angle between the direction of the soutcand the direction
of interesth. The sum extends over all objects in the catalNg,. The free
parametero enables us to take the angular resolution of the Observattoy
account and the deflections experienced by cosmic rays uhdesimplifying
method of a gaussian smoothing. A weigWllz) is attributed to theth source
located at redshift,. We assume a weight proportional to the fikof the source,
measured in a given range of wavelengths (X-rays for SwHf-Bind near IR
for 2MRS). We multiply it by an attenuation factor due to thBKGsuppression,
evaluated as the fraction of the events produced above a givergy threshold
which are able to reach us from a source at a redgkwith an energy still above
that same threshold [15]. We use the GZK suppression fab#ircorresponds
to a proton composition. The suppression is comparablerdéor muclei but is
stronger for intermediate mass nuclei. The flux in Eq. 1 isddig by its average
(p) = fdQ,u(ﬁ)qs(ﬁ) for normalization. The term in front of the brackets in Eq.
1 is an overall normalizatione(f) is the relative exposure of the Pierre Auger
Observatory, derived analytically from geometric consadiens, and the constant
| ensures that the integral B{n) is equal to unity.

We illustrate in Fig. 4 the construction of the smoothed majpls the Swift-
BAT catalog of AGNs. The red stars on the left panel of Fig. & @ntred at the
positions of the AGNs, and the area of each star is propatianthe weight of
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its AGN, determined by the X-ray flux, the relative exposuréhe Observatory,
and the GZK €&ect.

Figure 4: Left: Sky map in galactic coordinates with the AGiflthe 58-month Swift-BAT catalog
plotted as red stars with area proportional to the assigméghtz The solid line represents the field
of view of the Southern Observatory. Coloured bands havaléntegrated exposure, and darker
background colours indicate larger relative exposure hRRigensity map derived from the map
to the left, smoothed with an angular scale= 5°. The 69 arrival directions of CRs with energy
E > 55 EeV detected with the Pierre Auger Observatory are plaseblack dots.

The corresponding density map is shown on the right panéleosame figure,
smoothed with an angular scate= 5°. No isotropic fraction is built into this map
to better illustrate the features of the objects in the ogtalWe show the density
map obtained for the 2MRS catalogue in Fig. 5. Common featca@ be seen in
the two maps.

Figure 5: Cosmic ray density map for the flux-weighted 2MRIBxjas, smoothed with an angular
scaleor = 5°. The black dots are the arrival directions of the CRs witlrgnE > 55 EeV detected
with the Pierre Auger Observatory. Galactic latitudes asgricted tdb| > 10°, both for galaxies
and CR events.

4.2.2. Likelihood test
For each model and for fierent values of the smoothing angi@nd isotropic
fraction fis, we evaluate the log-likelihood of the data sample:
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Ndata

L£L= )" InF(f), (3)
k=1

wherefy is the direction of théth event.

We consider the models based on 2MRS and Swift-BAT objecighied by
their flux in the respective wavelength. The top panels in Biglot the results
using all the arrival directions of CRs with > 55 EeV. The bottom panels plot
the results excluding the CRs collected during period | ibl@dl, which were
used to optimise the energy cut for the VCV correlation irt ffexiod. The best-
fit values of ¢, fiso) are those that maximise the likelihood of the data sample,
and are indicated by a black dot. Contours of 68%, 95% and’®@anfidence
intervals are shown. The best-fit values of {iso) are (15°, 0.64) for 2MRS and
(7.8°,0.56) for Swift-BAT using all data. With data in period | excledithe best-
fit parameters are (8°,0.69) for 2MRS and (5°, 0.88) for Swift-BAT. These
values are not strongly constrained with the present statis\Notice for instance
that the best-fit value of, for the Swift-BAT model increases from 0.56 to 0.88
ando decreases from.& to 15° if data in period | is excluded. More data is
needed to discern if it is the correlation on small angles f&inaevents with the
very high-density regions of this model (such as the regiahe direction to the
radiogalaxy Centaurus A, the object with the largest weiglitig. 4) that masks
a potentially larger correlating fraction (hence a smafig) over larger angular
scales.
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Figure 6: Confidence intervals for the parametersfi,) derived from the likelihood function
using the arrival directions of CRs with > 55 EeV for the two models considered: 2MRS
galaxies (left) and Swift-BAT AGNs (right). The pair of panaters that maximise the likelihood
is indicated by a black dot. The plots in the top panels uséadll. The plots in the bottom panels
exclude data collected during period | in Table 1, that weseduto choose the energy threshold

that maximized the correlation with VCV objects in that peki In the case of 2MRS galactic
latitudes (both of galaxies and CRs) are restrictgti|ts 10°.

The likelihood test is sensitive to whether or not the datiagsdie in a high
density region of the model. Complementary methods can appled [35] that
test the overall proportionality between the sky distiidwtof arrival directions
and model predictions.

The HiRes collaboration has reported [39] that their dath Wireshold ener-
gies of 57 EeV are incompatible at a 95% confidence level withatter tracer
model based on 2MRS galaxies with smoothing angles sméalser 10. The
analysis performed in [39] has the smoothing angle as thefoeg parameter. As
already mentioned at the end of section 3, comparison oftsdsetween the two
observatories is especially challenging around the GZKgntareshold. Auger
arrival directions are compatible with models of the localter distribution based
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on 2MRS galaxies for smoothing angles of a few degrees amdlating fractions
of about 40% {jso ~ 0.6 is required for the best fit).

5. Other aspects of the arrival directions

The autocorrelation of the arrival directions can providB®imation about
clustering without reference to any catalog. We show in Fitpe autocorrelation
function for the set of the 69 events with > 55 EeV. The number of pairs of
events with an angular separation smaller than a given \aki@lotted as black
dots. The 68%, 95% and 99.7% dispersion expected in the ¢aseisotropic
flux is represented by coloured bands. For angles greatedfignot shown) the
black dots lie within the 68% band. The region of small angstale is shown
separately for better resolution.
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Figure 7: Cumulative autocorrelation function for the se68 events withE > 55 EeV (black
dots). The bands correspond to the 68%, 95% and 99.7% dispespected for an isotropic flux.
The plot in the right panel is an enlarged version of the l&ft pestricted to angles less than°15

The largest deviation from the isotropic expectation os¢oiran angular scale
of 11°, where 51 pairs have a smaller separation compared with &8 ex-
pected. In isotropic realizations of 69 events, a fracfi¢iil’) = 0.013 have 51 or
more pairs within 11 degrees. The fraction of isotropiciredions that achieve
f(y) < 0.013 for any angley is P = 0.10.

The region with the largest overdensity of arrival direci@mong the 69 CRs
with E > 55 EeV, as estimated by the excess above isotropic expatdaii
circular windows, is centred at galactic coordinateb)(= (—46.4°,17.7°). There
are 12 arrival directions inside a window with radius t&ntred in that location,
where 1.7 is the isotropic expectation. The centre of thgsoreis only 4 away
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from the location of the radiogalaxy Cen A%0.5°,19.4°) and it is not far from
the direction of the Centaurus cluster5(/.6°,21.6°). It was noted in [6, 7] that
the arrival directions of two CR events correlate with thelaus position of the
radiogalaxy Cen A, while several lie in the vicinity of itdia lobe extension. At
only 3.8 Mpc distance, Cen A is the closest AGN. It is obvigush interesting
region to monitor with additional data.

We show in Fig. 8 the number of CR arrival directions withineaiable angu-
lar radius from Cen A. In a Kolmogorov-Smirnov test, 4% of taalizations of 69
arrival directions drawn from an isotropic distributionveaa maximum departure
from the isotropic expectation greater than or equal to tarimum departure ob-
served in data. The overdensity with largest significancgvisn by the presence
of 13 arrival directions within 18 in which 3.2 arrival directions are expected if
the flux were isotropic.

The CRs in this region of the sky make a dominant contributtothe auto-
correlation signal. For instance, the 13 arrival direcgitimat are within 18from
Cen A form 6 pairs separated by less tharadd 28 pairs by less than<1IThese
events also make a large contribution to the correlatioh difterent populations
of nearby extragalactic objects, both because they aredessxabove isotropic
expectations and because this region is densely populatiedavaxies. The flux-
weighted models illustrated in Figs. 4 and 5 predict thafitaetion of CRs inside
a circle with radius 18centred at the position of Cen A is 13.4% (2MRS) and
29.3% (Swift-BAT), compared to 18.8% observed in data aff@dexpected if
the flux were isotropic.
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Figure 8: 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¥®arv% dispersion expected for
an isotropic flux.

In contrast to the region around Cen A and the Centauruset|ustere is
a paucity of events from the region around the radiogalaxy M8d the Virgo
cluster. None of the 69 events with> 55 EeV is within 18 of M87. Due to its
northern declination, however, M87 gets only one-thirdekposure that Cen A
gets at the Southern Auger observatory. Only 1.1 eventsx@eceed within that
18 circle for an isotropic flux.

Distance also matters. M87 is five times farther away than A& eso the flux
would be 25 times less if the sources had equal cosmic raynsities. Coupled
with the reduced exposure to M87, the recorded arrivals {@@mn A would be 75
times those from M87 if the two radiogalaxies were equallyilous in cosmic
rays.

The situation is dferent in comparing the Virgo cluster against the Centaurus
cluster. While M87 is near the centre of the Virgo clustem @eis not part of
the Centaurus cluster. Both clusters are well within the G¥#ifizon, but the
Centaurus cluster is three times more distant than Virgomi@oing 1/r? flux
dependence and the exposurffatence, therefore, the recorded events from the
Virgo cluster should outnumber those from Centaurus byetiweone if the two
clusters have equal cosmic ray luminosities. The flux-weigimodels illustrated
in Figs. 4 and 5 predict that the fraction of CRs inside a eiwith radius 18
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centred at the position of M87 is 6.4% (2MRS) and 3.0% (S®AF), compared
to 1.6% expected if the flux were isotropic.

6. Discussion and conclusions

Between January 2004 and December 2009 the Pierre Augen@tsy has
detected 69 cosmic rays with energy in excess of 55 EeV. Hnewal directions
are reported here. This data set is more than twice as laipe anie analysed in
[6, 7], which provided evidence of anisotropy in CR arrivakdtions at the 99%
confidence level. The anisotropy was tested vatpriori parameters through
the correlation between the arrival directions of CRs amdpibsitions of nearby
active galaxies from the VCV catalog. The degree of that neskbcorrelation
has decreased from (69)% to (38()%, to be compared with the 21% expected
to occur by chance if the flux were isotropic. More data areladdo determine
this correlating fraction accurately.

We have further examined witnposteriori explorations the arrival directions
of these CRs using flerent scenarios. We have compared the distribution of ar-
rival directions with the positions of flerent populations of nearby extragalactic
objects: galaxies in the 2MRS survey and AGNs detected imays-by Swift-
BAT. We have considered models in which the CR luminosityrigpprtional to
the flux in the respective wavelength for the objects in thegalogs. Data are
readily compatible with the models for suitable paramesnsoothing angler
and isotropic fractionfs,). The values of these parameters have been obtained
for each model as best fits to the data: they are around a fereekefpro- and
between 0.56 and 0.88 fdig,. Large values ofis, may be an indication of catalog
incompleteness, or that proportionality between CR lursitycand electromag-
netic flux is unrealistic, or that a fraction of the arrivatetitions are isotropized
by large magnetic deflections due to large chargegoamhcounters with strong
field regions. The best-fit values of and fis, are not strongly constrained with
the present statistics. These studiesapesteriori and do not constitute further
guantitative evidence for anisotropy. They show that, asent, there are multiple
astrophysical models of anisotropy arising from the distiion of matter in the
nearby universe which are fully consistent with the obsgdistribution of arrival
directions.

The autocorrelation of the arrival directions shows onlyadest excess of di-
rection pairs over a broad range of small angles. In scenafidiscrete sourcesin
the nearby universe, the absence of strong clustering dt angges can be inter-
preted as evidence of many contributing sourcegardrge angular separations
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between arrival directions from the same source.

We have analyzed the region of the sky close to the locatioth@fradio-
galaxy Cen A, since this corresponds to the largest obsexxegss with respect
to isotropic expectations. The CRs in this region make agtomntribution to the
autocorrelation signal and to the correlation witkfetient populations of nearby
extragalactic objects. From all the arrival directions ®<CwithE > 55 EeV,
18.8% lie within 18 of Cen A, while 4.7% is the isotropic expectation. This
region is densely populated withfférent types of nearby extragalactic objects.
Flux-weighted models based on 2MRS galaxies and on Swift-B&Ns predict
a fraction of CRs from this region of 13% and 29% respectivaly reported in
2007 [6, 7], there are two arrival directions very close te piosition of the Cen
A nucleus. Aside from those two events, the excess is dig&dbrather broadly.

Measurements by the Pierre Auger Observatory [40] of theéhdepshower
maximum and its fluctuations indicate a trend toward heawyaiwith increasing
energy. Although the measurements available now are ontp @apout 55 EeV,
the trend suggests that primary CRs are likely to be domiayeheavy nuclei at
higher energies. This interpretation of the shower degm®t certain, however.
It relies on shower simulations that use hadronic intesaathodels to extrapolate
particle interaction properties two orders of magnitudeenter-of-mass energy
beyond the regime where they have been tested experimeraaknowledge of
CR composition is important for deciding which of severali®@ scenarios is
more likely. The trajectories of highly charged nuclei arpexted to undergo
large deflections due to the Galaxy’s magnetic fields. Whibemelation of ar-
rival directions with nearby matter on small angular scégdausible for protons
above 55 EeV, itis puzzling if the CRs are heavy nuclei.

Definitive conclusions must await additional data. The eation of recent
data with objects in the VCV catalog is not as strong as thaeoied in 2007.
If the evidence for anisotropy is substantiated by futureddoen it should also
become possible to discriminate betweefletent astrophysical scenarios using
techniques of the type that have been presented here torexpcompatibility
of different models with the present set of arrival directions.
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A. Event list

We list in the following table the equatorial coordinateA(RDec) and the
galactic coordinated,(b) of the 69 events recorded from 1 January 2004 up to
31 December 2009 witle > 55 EeV, together with their date of observation
(year and Julian day), zenith angi®,(signal at 1000 m from the shower core
S(1000), and energfe. S(1000) is measured in units called VEM, determined
by the average charge deposited by a high-energy down-geitigal and central
muon [5]. The energy resolution is about 15% and the abseluegy scale has
a systematic uncertainty of 22% [9, 10]. The angular regmus better than @°
[28].

In [7] we published the list of the first 27 events, detecteganods | and Il in
Table 1. Since then, the reconstruction algorithms andbiclon procedures of
the Pierre Auger Observatory have been updated and refiretloWest energy
among these same 27 events (which was 57 EeV in [7]) is 55 Eedtdiag to
the latest reconstruction. The reconstructed values(b000) have changed by
less than 4% and of the energy by less than 7%. The arrivattdires of 26
events difer by less than .Q° from their previous determination, while 1ffirs
by 0.4°. The events recorded in theflidirent periods, I, Il and Ill, are separated by
horizontal lines.

Year Julianday 6 (deg) S(1000) E (EeV) RA (deg) Dec (deg)! (deg) b (deg)

2004 125 ar.7 245 65 267.1 -11.4 15.5 8.4

2004 142 59.3 205 79 199.7 -34.9 -50.7 27.7
2004 282 26.5 329 64 208.1 -60.3 -49.6 1.7

2004 339 44.7 324 83 268.6 -60.9 -27.6  -17.0
2004 343 23.4 321 60 224.5 -44.2 -34.3 13.0
2005 54 35.0 374 81 17.4 -37.9 -715.6  -78.6
2005 63 54.4 214 68 331.2 -1.2 58.7 -42.4
2005 81 17.1 309 55 199.1 -48.5 -52.8 14.1
2005 295 15.4 310 55 332.9 -38.2 4.2 -54.9
2005 306 40.0 248 56 315.4 -0.4 48.8 -28.8
2005 306 14.2 444 80 114.6 -43.0 -103.8 -10.3
2006 35 30.8 396 82 53.7 -7.8 -165.9 -46.9
2006 55 37.9 264 58 267.7 -60.6 -27.5 -16.5
2006 81 34.0 367 78 201.1 -55.3 -52.3 7.3

| Continued on next page
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Year Julianday 6 (deg) S(1000) E (EeV) RA (deg) Dec (deg)! (deg) b (deg)
2006 185 59.0 211 80 350.1 9.5 88.7 -47.2
2006 296 54.0 207 66 53.0 -4.2 -170.7 -45.4
2006 299 26.0 344 66 200.9 -45.3 -51.2 17.2
2007 13 14.3 753 142 192.8 -21.1 -57.2 418
2007 51 39.2 255 57 331.7 2.9 63.5 -40.3
2007 69 30.4 334 68 200.2 -43.3 -51.4 19.3
2007 84 17.2 341 61 143.2 -18.3 -109.3 23.8
2007 145 23.9 400 77 47.6 -12.8 -164.0 -545
2007 186 44.8 254 64 219.4 -53.8 -41.7 5.8
2007 193 17.9 470 87 325.5 -33.4 12.2  -49.0
2007 221 35.3 318 68 212.7 -3.2 -21.8 54.1
2007 234 33.3 366 77 185.3 -27.9 -65.2 345
2007 235 42.6 275 66 105.9 -22.9 -125.2 -7.7
2007 295 21.1 389 73 325.7 -15.6 37.8 -44.8
2007 343 30.9 447 93 81.5 -7.4 -150.1 -22.3
2007 345 51.5 212 62 314.9 -53.4 -15.5 -404
2008 13 17.0 363 66 252.8 -22.6 -1.8 13.7
2008 18 50.1 389 115 352.7 -20.9 474  -70.5
2008 36 28.4 367 73 186.9 -63.6 -59.7 -0.9
2008 51 20.7 314 58 201.9 -54.9 -51.8 7.6
2008 52 31.7 308 63 82.8 -15.8 -141.2  -24.7
2008 87 39.0 355 82 220.5 -42.9 -36.4 15.5
2008 118 36.2 324 70 110.2 -0.9 -1429 6.2
2008 192 20.4 302 55 306.7 -55.3 -17.3 -354
2008 205 53.0 183 56 358.9 155 103.6 -45.3
2008 264 44.4 384 99 116.0 -50.6 -96.4 -12.9
2008 268 49.8 415 123 287.6 15 36.4 -3.6
2008 282 28.9 309 61 202.3 -16.1 -44.0 458
2008 296 42.8 293 71 15.6 -17.0 137.7 -79.6
2008 322 28.3 345 68 25.1 -61.2 -67.3 -54.9
2008 328 47.2 250 66 126.5 5.3 -140.8 23.4
2008 337 31.0 348 71 275.5 -14.4 16.8 -0.1
2008 362 31.4 406 84 209.6 -31.3 -40.7 29.4
2009 7 59.3 152 57 286.3 -37.6 -0.5 -18.7
2009 30 32.3 346 72 303.9 -16.7 26.6 -25.9

Continued on next page

30



Year Julianday 6 (deg) S(1000) E (EeV) RA (deg) Dec (deg)! (deg) b (deg)

2009 32 56.2 199 67 0.0 -15.4 75.0 -73.3
2009 35 52.8 191 57 227.1 -85.2 -54.1 -23.2
2009 39 42.4 291 70 147.2 -18.3 -106.5 26.6
2009 47 20.8 311 57 78.3 -16.0 -142.9 -28.8
2009 51 7.1 377 65 203.7 -33.1 -46.7 28.9
2009 78 8.2 350 61 26.7 -29.1 -1346 -77.6
2009 78 27.3 424 84 122.9 -54.6 -90.7 -11.3
2009 80 44.5 263 66 170.1 -27.1 -80.9 31.5
2009 80 18.4 388 71 251.4 -35.8 -13.0 6.3

2009 160 40.9 242 56 43.8 -25.5 -143.2 -62.3
2009 168 27.0 294 57 153.6 -8.6 -109.4 37.9
2009 191 26.9 339 66 294.5 -20.5 19.1 -19.2
2009 212 52.7 188 57 122.6 -78.5 -68.8 -22.8
2009 219 40.2 252 57 29.4 -8.6 166.1 -65.8
2009 225 26.2 298 57 90.5 -21.3 -132.8 -20.0
2009 262 22.4 341 64 50.1 -25.9 -140.5 -56.7
2009 282 47.2 231 61 47.7 11.5 168.7 -38.6
2009 288 34.2 310 66 217.9 -51.5 -41.6 8.3

2009 304 30.1 304 61 177.7 -5.0 -83.8 54.7
2009 326 31.4 283 57 5.4 -5.6 103.3 -67.3
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