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Abstract

Data collected by the Pierre Auger Observatory provide evidence for anisotropy in the arrival directions of the cosmic rays with the
highest-energies, which are correlated with the positions of relatively nearby active galactic nuclei (AGN) [Pierre Auger Collaboration,
Science 318 (2007) 938]. The correlation has maximum significance for cosmic rays with energy greater than ~6 x 10'° eV and AGN at a
distance less than ~75 Mpc. We have confirmed the anisotropy at a confidence level of more than 99% through a test with parameters
specified a priori, using an independent data set. The observed correlation is compatible with the hypothesis that cosmic rays with the
highest-energies originate from extra-galactic sources close enough so that their flux is not significantly attenuated by interaction with the
cosmic background radiation (the Greisen—Zatsepin—Kuz’'min effect). The angular scale of the correlation observed is a few degrees,
which suggests a predominantly light composition unless the magnetic fields are very weak outside the thin disk of our galaxy. Our pres-
ent data do not identify AGN as the sources of cosmic rays unambiguously, and other candidate sources which are distributed as nearby
AGN are not ruled out. We discuss the prospect of unequivocal identification of individual sources of the highest-energy cosmic rays
within a few years of continued operation of the Pierre Auger Observatory.
© 2008 Elsevier B.V. All rights reserved.

Keywords: High energy cosmic rays; UHECR; AGN; Anisotropy; Extra-galactic; Auger; Observatory; GZK; GMF; EGMF
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1. Introduction

The identification of the sources of the cosmic rays with
the highest-energies so far detected has been a great challenge
ever since the first event with energy around 10% eV was
reported [2]. If the highest-energy cosmic rays are predomi-
nantly protons and nuclei, only sources which are less than
about 200 Mpc from earth could contribute significantly to
the observed flux above 6 x 10" eV. Protons with higher
energies interact with cosmic microwave background pho-
tons to produce pions [3,4], which leads to a significant atten-
uation of their flux from more distant sources. The energy of
light nuclei is damped over an even shorter length scale due
to photo-disintegration processes [5,6]. If the relatively
nearby sources are not uniformly distributed then we expect
that the arrival directions of the most energetic cosmic rays
should be anisotropic, as long as deflections imprinted by
intervening magnetic fields upon their trajectories are small
enough that they point back to their place of origin.

The Pierre Auger Observatory [7], has been operating in
Argentina and taking data in a stable mode since January
2004. The large exposure of the surface detectors (SD),
combined with accurate energy and arrival direction mea-
surements, calibrated and verified from the hybrid opera-
tion with fluorescence detectors (FD), provides an
opportunity to find the clues that could lead to an under-
standing of the origin of the highest-energy cosmic rays.

AGN have long been considered possible sites for ener-
getic particle production, where protons and heavier nuclei
could be accelerated up to the highest-energies measured so
far [8,9]. Windows of a few degrees around each known
AGN lying within 100 Mpc cover a significant fraction —
but not most — of the sky. We were therefore motivated to
search for an excess, as compared to expectations for an iso-
tropic flux, of cosmic rays with arrival directions close to
AGN. The angular size of the search window should not
be limited to the instrumental angular resolution, since cor-
relation could exist on larger scales due to magnetic deflec-
tions, the precise amount of which is unknown. Arrival
directions of cosmic rays are reconstructed by the SD array
with an angular accuracy better than 1° above 10" eV [10].

We have recently reported [1] the observation of a cor-
relation between the arrival directions of the cosmic rays
with highest-energies measured by the Pierre Auger Obser-
vatory and the positions of nearby AGN from the 12th edi-
tion of the catalogue of quasars and active nuclei by Véron-
Cetty and Véron [11]. In this article we provide more
details about the methods used to demonstrate anisotropy
based on this correlation, and further analyse its properties
and implications.

2. Evidence for anisotropy and correlation with AGN
2.1. Data set

The southern site of the Pierre Auger Observatory [7] is
located in Malargiie, Argentina, at latitude 35.2° S,

longitude 69.5° W, and mean altitude 1400 m above sea
level. The data set analysed here consists of events recorded
by the Pierre Auger Observatory from 1 January 2004 to 31
August 2007. During this time, the size of the Observatory
increased from 154 to 1388 surface detector stations. We
consider events with reconstructed energies above 40 EeV
(1 EeV =10"¢eV) and zenith angles smaller than 60°.
The quality cut implemented in the present analysis
requires that at least five active nearest neighbours sur-
round the station with the highest signal when the event
was recorded, and that the reconstructed shower core be
inside an active equilateral triangle of detectors.

The event direction is determined by a fit of the arrival
times of the shower front at the SD. The precision achieved
in the arrival direction depends on the clock resolution of
each detector and on the fluctuations in the time of arrival
of the first particle [12]. The angular resolution is defined as
the angular aperture around the arrival directions of cos-
mic rays within which 68% of the showers are recon-
structed. This resolution has been verified experimentally
[13,10]. Almost all events with energies above 10 EeV trig-
ger at least six surface stations and have an angular resolu-
tion better than 1° [13,10].

The energy of each event is determined in a two-step
procedure. The shower size S, at a reference distance and
zenith angle, is calculated from the signal detected in each
surface station and then converted to energy using a linear
calibration curve based on the fluorescence telescope mea-
surements [14]. The uncertainty in S resulting from the
adjustment of the shower size, the conversion to a reference
angle, the fluctuations from shower-to-shower and the cal-
ibration curve amounts to about 18%. The absolute energy
scale is given by the fluorescence measurements and has a
systematic uncertainty of 22% [15]. There is an additional
uncertainty in the energy scale for the set of high energy
events used in the present analysis due to the relatively
low statistics available for calibration in this energy range.

2.2. Exposure

The integrated exposure for the event selection described
in the previous section amounts to 9000 km? sr yr. Note
that analyses involving a flux calculation, such as the esti-
mate of the cosmic ray spectrum [14], use stricter selection
criteria which would amount to an exposure of about
7000 km? sr yr for the same data period.

The surface detector array has full acceptance for events
with energy above 3 EeV [16]. Above this energy the detec-
tion efficiency is larger than 99% and it is nearly indepen-
dent of the direction of the shower axis defined by the
zenith angle (6) with respect to the local vertical and azi-
muth (¢) with respect to the South. Thus, above that
energy the instantaneous instrument aperture as a function
of zenith angle is given by

A(t) = n(t)ap cos 0dQds, (1)
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where a cos 0 is the surface of a unitary cell under the inci-
dence zenith angle 0 and n(¢) is the number of active such
cells as a function of time. The number n(¢) is recorded
every second by the trigger system of the Observatory
and reflects the array growth as well as the dead period
of each detector. Such recording allows for a precise
knowledge of our aperture at any moment in time.

The instrument exposure above a certain energy E may
be further affected by the conversion of the measured signal
at ground to energy (this dependence is not included in Eq.
(1) above). For a given energy E the ground signal vary
depending on the atmospheric conditions (e.g. through
the variations of the Moli¢re radius) [17]. If the signal to
energy conversion does not correct for these small varia-
tions, of order a few %, as it is the case in our analysis,
the aperture above a certain uncorrected energy will
depend on the atmospheric conditions.

Over the period from 1 January 2004 to 31 August 2007
the integration of the time dependences from the array
growth and dead time together with the atmospheric vari-
ations introduce a modulation of the exposure as a func-
tion of celestial right ascension (RA) of less than 1%. For
the purpose of our analysis, where the total number of
events considered is less than 100, such modulation is neg-
ligible and the resulting RA dependence can be safely
ignored.

Hence our exposure only depends on the celestial decli-
nation 6 and can be derived from the relation
sin 0 = cos 0sin A — sin 0 cos A cos ¢, where 4 is the latitude
of the Observatory.

2.3. Search method

We denote by p the probability that an individual event
from an isotropic flux has, by chance, an arrival direction
closer than some particular angular distance y from any
member of a collection of candidate point sources. p is
the exposure-weighted fraction of the sky accessible to
observation by the Pierre Auger Observatory which is cov-
ered by windows of radius y centred on the selected
sources.

The probability P that k or more out of a total of N
events from an isotropic flux are correlated by chance with
the selected objects at the chosen angular scale is given by
the cumulative binomial distribution

=3 )ra-n @)

For this analysis we consider the correlation between
cosmic rays and AGN in the 12th edition of the catalogue
of quasars and active nuclei by Véron-Cetty and Véron [11]
(V-C). This catalogue can not be claimed to contain all
existing AGN, nor to be an unbiased statistical sample of
them. It, however, contains the results of a thorough survey
of all such objects in the literature. This catalogue contains
85,221 quasars, 1122 BL Lac objects and 21,737 active

galaxies. Among these objects, 694 have redshift
z < 0.024, a value corresponding to a distance smaller than
approximately 100 Mpc.! At distances greater than
100 Mpc the catalogue becomes increasingly incomplete
and inhomogeneous. The V-C catalogue is also particularly
incomplete around the galactic plane. This is not an
obstacle to demonstrating the existence of anisotropy but
may affect our ability to identify the cosmic ray sources
unambiguously.

We compute the degree of correlation as a function of
three parameters: the maximum AGN redshift z,.., the
maximum angular separation i, and the lower threshold
energy for cosmic rays Ey,. Our scan in angular separation
Y is constrained by the angular resolution of the SD [10] at
the low end (we use V,;,, = 1°) and by the increase in the
individual probability p at the high end; large y push the
value of p toward unity, rendering searches for correlation
above isotropic expectations meaningless. Illustrative val-
ues are p = 0.27 and 0.6 for maximum angular distance
Yy = 3° and 6°, respectively, in the case of maximum
AGN redshift z,,, = 0.024. Our scan in energies is moti-
vated by the assumption that the highest-energy cosmic
rays are those that are least deflected by intervening mag-
netic fields, and that they have a smaller probability to
arrive from very distant sources due to the GZK effect
[3,4]. The scan in energy threshold is carried out starting
with the event with the highest-energy and adding, one
by one, events with successively lower energy.

We scan with the method described above to find the
minimum value of P, given in Eq. (2). Note, however, that
P 1s not the chance probability that the observed arrival
directions are isotropically distributed. An estimate of the
chance probability must incorporate the effect of the scan
performed upon the data. To do so, we build simulated
sets, each having the same number of events as in the data
set, drawn from an isotropic flux in proportion to the rela-
tive exposure of the Observatory. The chance probability is
estimated from the fraction of simulated isotropic sets that
have, anywhere in the parameter space and under the same
scan, equal or smaller values of P, than the minimum
found in the data [18]. The result can only be considered
an estimate of the chance probability, since it depends
somewhat on the choice of the range for the scan parame-
ters, and does not account for the possibility of dilution
due to different scan methods or for scans against different
sets of astronomical objects.

2.4. Exploratory scan and anisotropy confirmation

An exploratory search for correlation between cosmic
rays and AGN was conducted according to the method
described in Section 2.3 using data collected from 1 Janu-
ary 2004 to 27 May 2006. This search yielded a minimum

' For a redshift z small compared to 1, the distance to an object
is approximately 42 Mpc x (z/0.01) for a Hubble constant Hy =
71 km s~! Mpc™!.
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probability P.;, for the parameter set: zp,, = 0.018
(Dmax = 75 Mpc), Ey = 56 EeV and = 3.1°, with 12
events among 15 correlated with at least one of the selected
AGN. For this parameter set, the chance correlation is
p=0.21. Only 3.2 events were expected to correlate by
chance if the flux was isotropic.

Much of the discussion regarding past evidence for pos-
sible anisotropy in the distribution of the arrival directions
of ultra-high energy cosmic rays has been centred on the
issue of the impact of trial factors on the statistical signif-
icance of any potential signal. An accurate measure of
the statistical significance of some previous reports of
anisotropy [19-22], could not be achieved due to the pos-
terior nature of the analyses involved. It is only from sub-
sequent observations that those claims could be
quantitatively evaluated [23-27].

Therefore, to avoid the negative impact of trial factors
in a posteriori anisotropy searches, the Pierre Auger collab-
oration decided that any potentially interesting anisotropy
signal should be tested on an independent data set with
parameters specified a priori. This method was described
in [28], where a particular set of parameters and sources
were proposed and subsequently tested on the first Auger
data set [29].

The correlation observed in the exploratory scan moti-
vated the construction of a specific test to reject or accept
the isotropy hypothesis with parameters specified a priori
on an independent data set, using exactly the same recon-
struction algorithms, energy calibration and quality cuts
for event selection as in the exploratory scan. All details
of the prescribed test were documented and archived in
an internal note.

The test null hypothesis is isotropy and its statistical
characteristics are fully defined by the choice of two prob-
abilities known as the type I and type Il errors. The type I
error () is the probability of rejecting the null hypothesis
incorrectly. In our case, this is the probability of declaring
our independent data set anisotropic when it is not. We
have chosen o = 1%. The type II error () is the probability
of accepting the null hypothesis incorrectly. In our case this
is the probability of declaring the independent data set iso-
tropic when it is not. We have chosen f§ = 5%.

The selection and correlation criteria for the events were
chosen according to the parameter set that minimised the
probability in the exploratory scan (¥ = 3.1° zpx =
0.018, Ey, = 56 EeV). Since we could not predict how many
events would be required to confirm the results at a statis-
tically significant level from the exploratory scan, we
adopted a running prescription (with a pre-defined stopping
rule) for conducting a sequential analysis with individual
tests to be applied after the detection of each subsequent
event passing our selection criteria.

If, in the sequence, one of the individual tests is satisfied,
we reject the hypothesis of isotropy with a confidence level
of at least (I —oa)=99%. The total length of the test
sequence (34 events) was determined by the requirement
of detecting a minimum correlation power of 60%, as esti-

Table 1

Criteria for our running prescription where N corresponds to the total
number of events observed at any point during the sequential analysis of
up to 34 events arriving with energy £ > 56 EeV

N 4 6 8 10 12 ... 30 31 33 34
kmin 4 5 6 7 8 1414 15 15

kmin 18 the minimum number of events within the angular window
(¥ = 3.1°), and a maximum AGN redshift (zynax = 0.018) required to reject
isotropy with at least a 99% confidence level. This prescription applied to
data collected after 27 May 2006 was satisfied with N = 8 and k = 6 on 25
May 2007.

mated from the statistics of the exploratory scan, within
our specified f§ of 5%. In Table 1 we list, for a given number
of events passing our selection criteria N, the minimum
number of events in correlation ky;, necessary to reject
the null hypothesis (isotropy) with a confidence level larger
than 99%, accounting for the sequential nature and finite
length of the test. Note that for some values of N (e.g. 5,
7, 11, etc.) there exists no value of ky;, that can satisfy
the threshold probability without also having already satis-
fied the threshold at a lower value of N.

The prescribed test was applied to data collected after 27
May 2006, with exactly the same reconstruction algo-
rithms, energy calibration and quality cuts for event selec-
tion as in the exploratory scan. On 25 May 2007, 6 out of 8
events correlated, thus satisfying the prescription. In the
independent data set collected up to 31 August 2007 there
are 13 events with energy above 56 EeV, of which 8 have
arrival directions closer than 3.1° from the positions of
AGN less than 75 Mpc away, with 2.7 expected on average
if the arrival directions were isotropic. The probability for
this single configuration to happen by chance if the flux
were isotropic (Eq. (2))is P = 1.7 x 107°.

Following our search protocol and based on the inde-
pendent data set alone, we reject the hypothesis of isotropy
of the arrival directions of the highest-energy cosmic rays
with at least 99% confidence level.

An alternative standard technique in sequential analysis
could also have been used to monitor the evolution of the
correlation signal: the sequential likelihood ratio test
[30,31]. For the sequential test of AGN correlation, the
likelihood ratio R is given by the relative binomial proba-
bilities of the isotropic (binomial parameter p = 0.21 in
our case) and anisotropic (binomial parameter p, > p)
cases. Since p, is not known, we integrate over p < p; < 1
to obtain the test ratio, R as defined by Wald [31,32]

I % N—k
, Pi(L—py)" "dp
R L ()

The test rejects the isotropy hypothesis whenever R >
(1 =)/ (95 in our case) with the type I error o = 1%
and type II error § = 5% as previously specified.

This ratio test concluded at the rejection of the isotropy
hypothesis when 7 out of the first 10 events of our
independent data set correlated with AGN locations (see
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Fig. 1. Likelihood ratio R as a function of the number of events observed in the prescribed test. The null hypothesis (isotropy) was rejected at the 99%
likelihood threshold with 10 events. Shaded regions indicate expectations from isotropy at the 68% and 95% confidence limit.

Fig. 1, which also shows the subsequent evolution of the
signal).

3. The AGN correlation signal

Having determined that an anisotropy exists according
to an a priori search over an independent subset of the
Auger data, we now consider results using the full data
set (1 January 2004-31 August 2007) which allows us to
obtain a more accurate measurement of the correlation sig-
nal. This data set, constructed using an updated version of
our reconstruction algorithm (see Appendix A), contains
81 events with energy above 40 EeV and zenith angle smal-
ler than 60°, which satisfy the quality criteria given in Sec-
tion 2.1.

3.1. Maximum correlation parameters

Using the method described in Section 2.3 applied to the
full data-set, we performed a scan within the range of param-
eters 1° <Y <8, 0<znax £0.024 and Ey, > 40 EeV.
Catalogue-incompleteness prevents reliable exploration of
higher redshifts. The scan in maximum angular distance is
performed in steps of 0.1°, and the scan in maximum red-
shift z,,.x is done in steps of 0.001.

The minimum probability for the hypothesis of isotropic
arrival directions is found for the parameter set z,,,, = 0.017
(Dmax = 71 Mpc), ¢ =3.2°, and Ey =57 EeV. These
results are statistically consistent with the results obtained
from the earlier exploratory scan.

With these selected parameters, we find that 20 out of 27
cosmic ray events correlate with at least one of the 442
selected AGN (292 in the field of view of the Observatory),
while only 5.6 are expected on average to do so if the flux
were isotropic (p = 0.21). The respective cumulative bino-
mial probability (Eq. (2)) of achieving this level of correla-
tion from an isotropic distribution is P, = 4.6 x 107°.
The chance probability that the observed correlation arose
from an isotropic flux is much larger than P, as already

discussed in Section 2.3, because a scan was performed
over a large parameter space to find the minimum of P.

To account for the effects of the scan we built simulated
sets each with equal number of arrival directions (81 in our
case) drawn from an isotropic flux in proportion to the rel-
ative exposure of the Observatory, and counted the frac-
tion of simulated sets which had, anywhere in the
parameter space and under the same scan, equal or smaller
values of P, than the minimum found in the data [18].
With this procedure, we obtained smaller or equal values
of Ppin in 107° of the simulated sets.

In Fig. 2 we present a sky map, in galactic coordinates,
with circles of radius 3.2° around each of the arrival direc-
tions of the 27 events with energy £ > 57 EeV detected by
the Pierre Auger Observatory, along with asterisks at the
positions of the 442 AGN with redshift z < 0.017 in the
V-C catalogue. Each coloured band represents an equal
integrated exposure which varies by about a factor of 3
between the lightest and darkest band. The number of
AGN in each of those 6 bands is given in Table 2. The ener-
gies and arrival directions of the events are listed in Appen-
dix A.

3.2. Properties of the correlation signal

In Fig. 3 we show one-dimensional plots of the probabil-
ity P as a function of each of the scan parameters with the
other two held fixed at the values which lead to the abso-
lute minimum probability.

We note that the energy threshold at which the correla-
tion with nearby AGN is maximised, i.e. Ey, = 57 EeV,
matches the energy range at which the flux measured by
the Pierre Auger Observatory is ~50% lower than would
be expected from a power law extrapolation of the spec-
trum measured at lower energies [14]. This feature adds
support to the interpretation that the correlation with rela-
tively nearby sources is evidence for the GZK effect [3,4], as
will be discussed in Section 4.4.

Relatively small values of P occur for the energy thresh-
old Ey ~ 60 EeV for a range of maximum distances to
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Fig. 2. Aitoff projection of the celestial sphere in galactic coordinates with circles of 3.2° centred at the arrival directions of 27 cosmic rays detected by the
Pierre Auger Observatory with reconstructed energies £ > 57 EeV. The positions of the 442 AGN (292 within the field of view of the Observatory) with
redshift z < 0.017 (D < 71 Mpc) from the 12th edition of the catalogue of quasars and active nuclei [11] are indicated by asterisks. The solid line draws the
border of the field of view for the southern site of the Observatory (with zenith angles smaller than 60°). The dashed line is, for reference, the super-galactic
plane. Darker colour indicates larger relative exposure. Each coloured band has equal integrated exposure. Centaurus A, one of the closest AGN, is

marked in white.

Table 2
Number of AGN with z < 0.017 in each of the exposure bands indicated in
Fig. 2

Declination range Aperture Sky Number of
fraction fraction AGN

—-90° < 6 < —57.3° 1/6 0.08 25

—573 <6< 423> 1/6 0.08 24

—42.3° <6< =295 1/6 0.09 46

-29.5° << —16.8 1/6 0.10 27

—16.8° < < —2.4° 1/6 0.12 63

—24° <9 <24.8° 1/6 0.23 107

24.8° < 0 < 90° 0 0.29 150

Each of the top 6 bands represent 1/6 of the total exposure, the corre-
sponding fraction of the whole sky is also indicated. The last declination
band represents the part of the sky outside the field of view of Auger for
zenith angles 0 < 60°.

AGN between 50 and 100 Mpc and for angular separations
up to 6°. For instance, there is a local minimum with a

Angular Scan

Redshift Scan

value P = 8 x 107 very close to that of the absolute mini-
mum (P, =4.6 x 107°) for the set of parameters
VY =4.8° zZpax = 0.013 (Dyax = 55 Mpc). With this set of
parameters there are 22 events among the 27 with
E > 57 EeV that correlate with at least one of the 310
selected AGN, while only 7.4 were expected, on average,
to do so by chance if the flux was isotropic (p = 0.28). With
limited statistics, the parameters that minimise the proba-
bility P should only be taken as indicative values of the rel-
evant correlation scales.

AGN catalogues are likely to be incomplete near the
galactic plane, where extinction from dust in the milky
way reduces the sensitivity of observations. Moreover, cos-
mic rays that arrive close to the galactic plane are likely to
have been deflected by the magnetic field in the disk more
than those which arrive with higher galactic latitudes.
These effects could have some impact upon the estimate
of the strength and of the parameters that characterise

Energy Scan
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Fig. 3. Probability for the null hypothesis (isotropic distribution) vs. maximum angular distance ¥ (left), maximum AGN redshift z,.c (centre), and
threshold cosmic-ray energy Ey, (right). In each case the other two parameters are held fixed at the values that lead to the absolute minimum probability

(¥ = 3.2°, Zmax = 0.017, Ey, = 57 EeV).
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Fig. 4. Distribution of angular separations to the closest AGN within
71 Mpc. The 6 events with |b| < 12° have been shaded in grey. The average
expectation for an isotropic flux is shown as the dashed line histogram.

the correlation. Catalogue incompleteness would weaken
the measured strength of a true correlation.

In Fig. 4 we plot the distribution of angular separations
between the arrival directions of the 27 highest-energy
events and the position of the closest AGN with redshift
z < 0.017. On this graph the 6 events with galactic latitudes
|b] < 12° have been shaded in grey. The two distributions
are clearly distinct, a likely consequence of the incomplete-
ness of the V-C catalogue at low galactic latitudes. The
dashed line is, for comparison, the distribution expected,
on average, from an isotropic flux modulated by the rela-
tive exposure of the Observatory.

We have performed a scan limited to events with galac-
tic latitudes |b| > 12°. The minimum probability for the
hypothesis of isotropic arrival directions occurs for the
same parameters as without the cut in the galactic plane
(Y =3.2° zpax = 0.017,Ey, = 57 EeV). The cut increases
the strength of the correlation (P = 1.7 x 107'°). Nine-
teen out of 21 arrival directions correlate with AGN posi-
tions while 5.0 are expected to do so by chance if the flux
were isotropic. In other words, 5 of the 7 events which
do not correlate with AGN positions arrive with galactic
latitudes |b| < 12°.

A distribution of arrival directions of cosmic rays that
shows evidence of anisotropy by correlation with a set of
astrophysical objects is also expected to show evidence
for anisotropy by auto-correlation. The degree of auto-cor-
relation in the set of the 27 events with E > 57 EeV is
shown in Fig. 5, where we plotted the number of event
pairs with angular separation smaller than a given value.
Points represent the number of pairs in the data. Also
shown are the mean number of pairs expected in simulated
isotropic sets of 27 directions, distributed in proportion to
the exposure of the Observatory. The error bars represent
the dispersion of 90% of the simulations. Significant depar-
tures from isotropy are seen to occur at intermediate
angular scales, between 9° and 22°. This may be the conse-
quence of a combination of clustering of events from indi-
vidual sources in addition to effects of the non-uniform
distribution of the sources themselves [26].
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Fig. 5. Number of pairs as a function of maximum separation angle o for
the 27 events with £ > 57 EeV (points) and average expectation for an
isotropic flux. The error bars on the isotropic expectations represent the
90% confidence limit dispersion.

To compare the auto-correlation function of the data to
that expected from the AGN distribution in the V-C cata-
logue we must restrict ourselves to the regions where the
catalogue is reasonably complete, e.g. outside of the galac-
tic plane. In Fig. 6 we plot the number of pairs in the data
as a function of the separation angle restricted to the 21
events with £ > 57 EeV and galactic latitudes |b| > 12°.
Also shown is the average distribution expected in sets of
21 directions chosen at random (in proportion to the rela-
tive exposure of the Observatory) from the positions of
AGN in the V-C catalogue with redshift z < 0.017 and
|b| > 12°. The error bars in the plots indicate the results
in 90% of the simulated sets. The distribution of pairs in
the data are in all cases within those results.
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Fig. 6. Number of pairs as a function of maximum separation angle o for
the subset of 21 events with E > 57 EeV and |b| > 12° (points) and
average expectation for AGN in the V-C catalogue with z < 0.017 and the
same cut in galactic latitude. The error bars on the AGN expectations
represent the 90% confidence limit dispersion.
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Anisotropy in the distribution of arrival directions can
also be characterised by the multipole moments of an
expansion in spherical harmonics Y,,. With partial cover-
age of the sky the application of this method is not straight-
forward [33]. A method has been developed [34] to cope
with partial sky coverage that allows a bound to be placed,
with a given confidence level, to the minimum multipole
order necessary to account for the observed distribution.
The application of this method to the arrival directions
of the events with energies above 50 EeV in our data set
shows that a multipole order ¢ > 5 is necessary to describe
their distribution with 99% confidence level. The arrival
directions of events with energy between 40 and 50 EeV
do not show evidence of anisotropy with this method. This
result is consistent with the sharp decrease of the correla-
tion with AGN positions at lower energies.

4. Discussion

In the previous sections we have demonstrated the
anisotropy of the highest-energy cosmic rays and have
derived a set of parameters that maximises the correlation
with the AGN sample from the 12th edition of the V-C cat-
alogue. In this section, based on those parameters and the
data set that maximises the correlation, we discuss some
possible implications of the observed signal.

4.1. Lower limit on the number of sources

If ultra high energy cosmic rays come from a large num-
ber of dim sources, the number of pairs of events (doublets)
coming from one source is expected to be much smaller than
the number of singlets. On the other hand, if they come from
a small number of bright sources, the ratio of doublets to
singlets is expected to be larger. It is then possible to put a
lower limit on the number of sources based on the ratio of
doublets to singlets. The minimum number of sources, S,
results for the case in which all the sources have the same
apparent luminosity [35]. If sources are steady, cosmic rays
accelerated by one source at different times are statistically
independent and the detection can be considered as a Pois-
son process. Then the probability that one source acceler-
ates n particles is given by P(n) =v"e™"/n!, with v the
mean number of events expected from one source. The mean
number of expected singlets from S sources is n; =
SxP(l)=Sve” and that of doublets is n, =Sx
P(2) = Sv?e"/2. It is thus possible to estimate the number
of sources S as

2

S ~ 2n_nlze(2nz)/n1_ (4)

Within the 27 highest-energy events there are 6 pairs
with separation smaller than the correlation angular scale
of 6°, while 1.6 are expected by chance in an isotropic flux.
Taking n, =6 —1.6 =4.4 and n; =27 —2ny = 18.2, we
obtain a lower limit for the number of sources S > 61.

Note that this is a bound for mean expectations, but
could have large fluctuations with the present small statistics.
Also, it was derived under the unrealistic assumption of
equal flux on Earth for all sources. Assuming instead equal
intrinsic luminosity in cosmic rays the mean number of
sources becomes larger by a factor of order n;/n, [35] The
lower bound could also increase if the sources had significant
clustering of their own on the same angular scale as the clus-
tering of events. In either case, this lower limit does not con-
tradict the hypothesis that nearby AGN are the sources.

4.2. Signal dependence on energy

We have studied the dependence on energy of the corre-
lation of our data set with the AGN from the V-C cata-
logue. In an approach similar to the one developed in
[36] we constructed a smoothed density map from the V-
C catalogue and used it to compute the log-likelihood of
any event sample. We then compared the result for the data
to that for simulated samples of the same size, either drawn
from an isotropic distribution of arrival directions or from
the smoothed density map itself, in both cases modulated
by the relative acceptance of the Observatory.

From the density map of the V-C catalogue, smoothed
on a given angular scale and limited to within 100 Mpc,
it is possible to calculate the average log-likelihood of an
event sample

L= > tos(p) (5)

where the sum runs over the N events of the sample under
consideration and p, is the map density in the direction of
the event k.

In Fig. 7 we present the values of LL (dots) from our data
in 10 EeV energy intervals. We used events with galactic

2F
sE e
F e VC 2deg
T .
C o e .
g 0.5 -
g of
< L I POTT . .
T -05F ..ot isotropic
@ -0.5F
]
1.5F
of
C | | | | | | |

20 30 40 50 60 70 80 90 100
E (EeV)

Fig. 7. Comparison of the average log-likelihood per event in different
energy intervals (calculated using the smoothed distribution of AGN)
between real data and simulated samples (bottom lines isotropic distri-
bution, top lines AGN distribution from V-C catalog).
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latitudes |b| > 12°, and compared them with the average
expected from samples of similar size and generated either
according to an isotropic distribution (bottom (blue) line)
or to the distribution of AGN within 100 Mpc smoothed
with Gaussian windows of 2° (top (red) line). The dashed
lines represent the 1o interval around the mean value, based
on the statistics of the real data. The data are compatible
with a distribution that follows that of AGN at high ener-
gies with an abrupt transition towards an isotropic distribu-
tion below 60 EeV.

4.3. Source identification

The high degree of correlation that we observe can cer-
tainly serve as a strong indication that AGN may well be
the sources of ultra-high energy cosmic rays. However, this
result is not yet a proof.

In particular, we know that the distribution of matter
(visible and dark) in our local Universe (within 100 Mpc)
is strongly non-uniform, and that AGN are correlated with
this non-uniformity. We are therefore motivated to see if
our data provide sufficient information to determine if
the correlation signal is unambiguously associated with
AGN or if they are simply acting as tracers of some other
set of sources with a similar distribution.

In a specific study, we have compared the arrival direc-
tions of our highest-energy events with the distribution
expected from different source models using a likelihood
test. The test compared isotropic distributions, distribu-
tions of galaxies from the IRAS PSCz [37] catalogue and
distributions of AGN from the V-C catalogue, at different
angular scales and using different horizon depths (see 4.4).
In addition to confirming that our data are incompatible
with an isotropic distribution these studies showed that
they are best represented by a small angular smoothing
within a relatively nearby horizon (100 Mpc) of the AGN
from the V-C catalogue [36].

The local spatial distribution of AGN is correlated with
the distribution of other astronomical objects that are
potential sources of cosmic rays, such as rich clusters of
galaxies and star-burst galaxies (which could host a large
fraction of y-ray bursts). We have tested, with the same
scan method that we applied to the V-C catalogue, whether
there is a significant correlation with the Abell clusters of
galaxies (an optical survey) [38] and with the clusters in
the X-ray surveys REFLEX [39] and NORAS [40]. We also
tested for correlation against a catalogue of star-burst gal-
axies [41]. We did not find significant correlation in these
searches with our present data set.

It is plausible that only a subclass of AGN in the V-C
catalogue are the sources of the highest-energy cosmic rays.
With our present relatively small data set it is difficult to
pinpoint distinctive properties of the AGN that are close
to their arrival directions, or to draw firm conclusions
about patterns in their redshift distribution. It is worth not-
ing, as is clearly visible in Fig. 2, the striking alignment of
several events close to the super-galactic plane. Two of the

events have arrival directions less than 3° away from Cen-
taurus A, one of the closest AGN.

4.4. The GZK horizon

The correlation observed is consistent with the hypoth-
esis that the highest-energy cosmic rays that arrive on earth
are predominantly produced in relatively nearby AGN,
within the distance over which the GZK effect [3,4,42] does
not significantly attenuate their flux.

The “GZK horizon” may be defined as the distance from
the Earth which contains the sources that produce 90% of
the protons that arrive with energies above a given thresh-
old. Under the idealisation of uniformly distributed sources
of equal intrinsic cosmic ray luminosity and a conventional
spectral index, the horizon computed in the continuous
energy loss approximation is about 90 Mpc for protons that
arrive with energies above 80 EeV and about 200 Mpc for
energies above 60 EeV [43]. Deviations of the horizon scale
from the estimates above are expected, in particular due to
local departures of the sources from uniformity in spatial
distribution, intrinsic luminosity, and spectral features.

The largest departure from isotropic expectations (min-
imum value of the probability P) in the complete data set
was found to be due to correlation with AGN at a distance
smaller than 71 Mpc and for cosmic rays with energies
above 57 EeV. However, relatively small values of P occur
for this energy threshold for a range of maximum distances
to AGN between 50 and 100 Mpc.

If these numbers were to be taken at face value, an
upward shift in the energy calibration of ~30%, as sug-
gested in some simulations of the reconstruction of the
shower energies [44], would lead to a better agreement
between the maximum AGN distance Dy, that minimises
the probability P and the theoretical expectations based on
the idealised GZK attenuation. However, while we expect
Dpnax to be comparable to the GZK horizon scale, the rela-
tion is not a simple one. An accidental correlation with
foreground AGN different from the actual source may
induce some bias in the value of D,,,, toward smaller max-
imum source distances. The P minimisation method has
non-uniform sensitivity over the range of parameters
explored. Incompleteness of the V-C catalogue prevents a
reliable exploration beyond approximately 100 Mpc. Fur-
thermore, as mentioned above, a realistic estimate of the
horizon scale depends on several unknown features. A
large local over-density of sources would reduce its value.
The distribution of intensity and spectral features of the
dominant sources also has an effect on the horizon scale.

Regarding the possibility that the cosmic rays injected at
the sources are heavy nuclei, attenuated mainly by photo-
disintegration processes, one may note that nuclei of the
iron group have horizons only slightly smaller than the
proton horizons, but intermediate mass nuclei (4 ~
20-40) have significantly smaller horizons (e.g. the horizon
for a threshold energy of 60 EeV is about 60 Mpc for *Si
nuclei [43]). The smaller horizon for decreasing nuclear



200

J. Abraham et al. | Astroparticle Physics 29 (2008) 188-204

300} M
12+
250
10 |+
200}
8 I
150 F
6
100 A
L i ]
O I I I I I I O I I I I L

o 1 2 3 4 5 6 7
angle (degrees)

8

o 1 2 3 4 5 6 7 8
angle (degrees)

Fig. 8. Distribution of the deflections for protons in the BSS-S model of the galactic magnetic field. Left panel: 1000 directions drawn from an isotropic
flux in proportion to the exposure of the Observatory, for £ = 60 EeV. Right panel: deflections of the 27 arrival directions of the observed events with

E > 57 EeV.

mass is due to the corresponding decrease in the threshold
required to excite the giant-dipole resonance for photo-
disintegration.

4.5. Effect of the magnetic fields

A cosmic ray with charge Ze that travels a distance D in
a regular magnetic field B is deflected by an angle 6 given

by
P/ dx B
2
/0 (kpc 3 uG> ’

If the regular galactic magnetic field has a strength of a
few nG with a coherence scale of order ~1 kpc, as in some
models [45], the deflection is expected to be a few degrees
for protons with £ > 60 EeV. In such models, the angular
scale of the correlation we observed is consistent with the
size of the deflections expected to be imprinted upon pro-
tons by the galactic magnetic field.

The precise amount of the deflection is very dependent
on each specific arrival direction. We have evaluated
numerically the deflections imparted in a conventional reg-
ular galactic magnetic field model [45] for sets of arrival
directions uniformly distributed according to the Pierre
Auger Observatory relative exposure. Anti-particles were
backtracked in the galactic regular magnetic field to a dis-
tance of 20 kpc away from the Galactic Centre (where the
field strength is already very small). At this point the angle
between the initial (as measured on the earth) and final
velocity vectors was calculated. The result is shown in the
left panel of Fig. 8 in the special case of the BSS-S model
(without B, component) for £ =60 EeV protons. The
deflections scale approximately as Z x (60 EeV/E) for

60 EeV

o~2.7 E/Z

(6)

2 In fact, we have smoothed the original BSS-S model of [45] as
described in [46] in order to avoid the discontinuities present in the original
model.

other energies and electric charges (the scaling is rigorous
only for very small deflections and a uniform field). In
the right panel of the figure we show the distribution of
deflections for protons in the case of the 27 arrival direc-
tions of the events with £ > 57 EeV, as computed for each
using its reconstructed energy.

Models of the regular component of the galactic mag-
netic field [47] outline its basic features, but cannot be
expected to provide a complete picture nor a realistic value
for every direction. It is, for example, possible to do the
exercise of “correcting” the observed arrival directions to
undo the deviation imparted by the galactic magnetic field,
but current models are not expected to be accurate enough
to allow us to draw reliable conclusions from such analy-
ses. Nonetheless, the results shown in Fig. 8 provide a rea-
sonable estimate of the typical deflections to be expected.
They are consistent with the angular scale of the observed
correlation with AGN. Therefore, if the BSS-S model is a
fair representation of the general features of the regular
galactic magnetic field, then the correlation observed in
the data would be unlikely if the primary composition of
the cosmic rays reaching us were much heavier than pro-
tons. Note that this does not preclude the possibility that
the source emits heavy nuclei, which could disintegrate
along their journey, so that the lighter fragments are those
deflected by the galactic magnetic field.

It will be possible in the future to compare various mod-
els for the galactic magnetic field with the pattern of orien-
tation and size of the deviation between the observed
arrival directions of the events and potential AGN sources.
However, our present data set is not large enough to per-
form such an analysis reliably.

The angular scale of the observed correlation also
implies that intergalactic magnetic fields along the line of
sight to the sources do not in general deviate cosmic ray
trajectories by much more than a few degrees. The root-
mean-square deflection imprinted upon the trajectories of
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cosmic rays with charge Ze as they travel a distance D in a
turbulent magnetic field with coherence length L. is

60 EeV B D L
5rms ~ 4° rms c 7
E/Z 10‘9G\/100 Mpc\/l Mpc ™

There is no measurement of the intergalactic magnetic
fields except at the centres of rich galaxy clusters. Numer-
ical simulations of those fields give a wide range of possible
deflections from negligible [48] to very large [49]. The cor-
relation observed can be used to constrain models of turbu-
lent intergalactic magnetic fields, which must be such that
in most directions Bumsv/Le < 107 Gy/Mpc within our
“GZK horizon”.

Finally, there are possible biases in the determination of
the relevant angular scale of the deflection. The active gal-
axy closest to the arrival direction of a cosmic ray is not
necessarily the source responsible for it. This could lead
to an underestimate of the deflection involved. In principle
it could also happen, due to catalogue incompleteness or
because the source is something else, that an AGN found
to correlate with a particular event is further away than
the actual source, thus overestimating the deflection angle.

4.6. The acceleration sites

Acceleration sites in the active galaxies that correlate
with events above 57 EeV are promising candidate sources
of high energy cosmic rays, but other possible sites cannot
be ruled out with the present limited statistics. (For a recent
summary of proposed acceleration sites, see e.g. [50].) The
observed correlation shows that ultra-high energy cosmic
ray sources are extra-galactic with an angular distribution
similar to that of AGN within ~71 Mpc and that the
primaries are most likely protons that suffer losses due to
interactions with the cosmic background radiation. These
results rule out models for the origin of cosmic rays that
place observed sources predominantly in our Galaxy, such
as galactic compact objects (young neutron stars [51], pul-
sars [52], and black holes), and y-ray bursts [53]. Models
where sources are located in the galactic halo are also ruled
out, such as the decay of super-heavy dark matter particles
[54-56], which are already highly constrained by the Auger
limit on the fraction of photon primaries at high energies
[57,58]. Top—down models based on topological defects
[59-61] need to have a spatial distribution consistent with
the local matter distribution to avoid being excluded as sig-
nificant sources of cosmic rays. Such models are also con-
strained by the photon and neutrino limits [58].

The large-scale structure distribution of matter, which is
traced by normal galaxies, has a similar spatial distribution
to the local AGN. Therefore, acceleration sites in galaxies
with inactive nuclei cannot be excluded at the present,
including those based on extra-galactic compact objects
[62], quasar remnants [63], galactic winds in star-bursts
galaxies [64], and y-ray bursts [65,66]. In contrast, acceler-
ation models in massive clusters of galaxies, such as cluster

accretion shocks [67,68], are challenged by the observed
correlation. Massive clusters are rare within 100 Mpc when
compared to the number of observed events and there is a
paucity of events from the direction of Virgo, the nearest
sizeable cluster of galaxies.

AGN have long been suggested as likely accelerators of
cosmic rays [8,9,69]. The case for active galaxies as likely
sources is based on the power available from the central
black hole. AGN are powered by the accretion of matter
onto a super-massive black hole (with masses in the range
10°-10° M) at the centre of the galaxy. A number of
mechanisms have been proposed that utilise different
regions and properties of this system to accelerate cosmic
rays to ultra-high energies. Acceleration based on the cen-
tral regions face the challenge of energy losses in the radi-
ation field that surrounds the central black hole and
accretion disk. Alternative acceleration sites include jets
[70,71] and radio lobes [72] that are associated with the
most luminous AGN.

AGN with prominent radio lobes are rare and do not
follow the observed spatial distribution of the observed
correlated AGN. The one exception is Cen A, at only
3.4 Mpc [73], which has been proposed as a site for cosmic
ray acceleration [74]. It displays jets, radio lobes which
extend over a scale of about 10° along the super-galactic
plane, and a variable compact radio nucleus. Two events
correlate with the nucleus position while several lie in the
vicinity of the radio lobe extension along the super-galactic
plane (see Fig. 2). The most prominent radio galaxy in our
GZK neighbourhood is M87, which does not correlate
with any observed event above 57 EeV thus far but the cov-
erage of the southern Auger Observatory is almost a factor
of 3 lower in this direction of the sky than in the direction
of Cen A. Of the remaining 18 correlating events, 15 have
Seyfert galaxies as the closest AGN in angular separation.

A significant increase in ultra-high energy cosmic ray
statistics combined with searches for counterparts in a
multi-wavelength and multi-messenger campaign should
improve our ability to distinguish if AGN are the sources
of cosmic rays or tracers of the sources. If future data select
AGN as hosts of cosmic ray accelerators, the type of AGN
selected, together with spectral and composition informa-
tion, should help distinguish between proposed AGN
acceleration mechanisms.

5. Conclusions

Anisotropy has been established with more than 99%
confidence level in the arrival directions of events with
energy above ~ 60 EeV detected by the Pierre Auger
Observatory. These events correlate over angular scales
of less than 6° with the directions towards nearby
(D < 100 Mpc) AGN.

The observed correlation demonstrates the extra-galac-
tic origin of the highest-energy cosmic rays. It is consistent
with the hypothesis that cosmic rays with energies above
~ 60 EeV are predominantly protons that come from
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AGN within our “GZK horizon”. This provides evidence
that the observed steepening of the cosmic ray spectrum
at the highest-energies is due to the “GZK effect”, and
not to acceleration limits at the sources.

It is possible that the sources are other than AGN, as
long as their local distribution is sufficiently correlated with
them. Unequivocal identification of the sources requires a
larger data set, such as the Pierre Auger Observatory will
gather in a few years. In particular, one could use the fact
that angular departures of the events from an individual
source due to magnetic deflections should decrease in
inverse proportion to the energy of the cosmic ray. The
observation of such angle/energy correlation in clusters
of events could be exploited to locate the source position
unambiguously with high accuracy. This could also pro-
vide at the same time valuable and unique information
about the magnetic fields along the line of sight.

We have shown that astronomy of charged particles is
indeed feasible at the highest-energies and that in the next
few years we can hope for unambiguous identification of
sources of cosmic rays.
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Appendix A. Event list

Here we list the 27 events recorded from 1 January 2004
until 31 August 2007 with energy in excess of 57 EeV. We
have indicated the date of observation (year and Julian
day), the zenith angle, the shower size at 1000 m from the
core S(1000), the energy in EeV, the equatorial coordinates
(RA, Dec) and the galactic coordinates (longitude, lati-
tude). Events that correlate within 3.2° of AGN with red-
shift z < 0.017 are marked with a star. The dashed
horizontal line indicates the beginning of the prescribed test
of Section 2.

The quoted energy is derived from a calibration proce-
dure where the shower size is compared to the energy mea-
sured by the FD. This energy calibration, based on the
sample of hybrid events analysed at the time of the pre-
scription, was used for the whole data set for consistency.
The smaller uncertainty on the energy calibration curve
expected from the increased statistics of hybrid events, as
well as improvements in the systematic uncertainty of the
FD energy scale, may lead to revised energies in future
publications. Thus, we also include the shower size
S$(1000) at 1000 m from the reconstructed core, as it is
the shower parameter that is directly measured from the
individual SD signals in the event. This parameter is almost
independent of the shower lateral distribution function
used in the reconstruction procedure (within 10%). The
uncertainty in S resulting from the adjustment of the
shower size, the conversion to a reference angle, the fluctu-
ation from shower-to-shower and the calibration curve
amounts to about 18%. The absolute energy scale is given
by the fluorescence measurements and has a systematic
uncertainty of 22% [15].

Note that the energies and arrival directions given in this
list correspond to the analysis of the full data set which
used a slightly different reconstruction package than the
one used for the original scan and the prescribed test of
Section 2. In particular improvements made in the SD tank
calibration have very slightly modified the energy and
arrival directions.
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Year Julian day 0 S(1000) E (EeV) RA Dec Longitude Latitude
2004 125 47.7 252 70 267.1° —11.4° 15.4° 8.4°
2004 142 59.2 212 84 199.7° —34.9° —50.8° 27.6°"
2004 282 26.5 328 66 208.0° —60.3° —49.6° 1.7°"
2004 339 44.7 316 83 268.5° —61.0° =27.7° —17.0°"
2004 343 234 323 63 224.5° —44.2° —34.4° 13.0°"
2005 54 35.0 373 84 17.4° —-37.9° —75.6° —78.6°"
2005 63 54.5 214 71 331.2° —-1.2° 58.8° —42.4°"
2005 81 17.2 308 58 199.1° —48.6° —52.8° 14.1°"
2005 295 15.4 311 57 332.9° —38.2° 4.2° —54.9°"
2005 306 40.1 248 59 315.3° —0.3° 48.8° —28.7°"
2005 306 14.2 445 84 114.6° —43.1° —103.7° —10.3°
2006 35 30.8 398 85 53.6° —7.8° —165.9° —46.9°"
2006 55 37.9 255 59 267.7° —60.7° —27.6° —16.5°"
2006 81 34.0 357 79 201.1° —55.3° —52.3° 7.3°
2006 185 59.1 211 3 350.0° 9.6° 88.8° —47.1°"
2006 296 54.0 208 69 52.8° —4.5° —170.6° —45.7°"
2006 299 26.0 344 69 200.9° —45.3° —51.2° 17.2°"
2007 13 14.3 762 148 192.7° —21.0° —57.2° 41.8°
2007 51 39.2 247 58 331.7° 2.9° 63.5° —40.2°"
2007 69 30.4 332 70 200.2° —43.4° —51.4° 19.2°*
2007 84 17.3 340 64 143.2° —18.3° —109.4° 23.8°"
2007 145 23.9 392 78 47.7° —12.8° —163.8° —54.4°"
2007 186 44.8 248 64 219.3° —53.8° —41.7° 5.9°
2007 193 18.0 469 90 325.5° —33.5° 12.1° —49.0°"
2007 221 353 318 71 212.7° —-3.3° —21.8° 54.1°"
2007 234 33.2 365 80 185.4° —27.9° —65.1° 34.5°
2007 235 42.6 276 69 105.9° —22.9° —125.2° =7.7°

If one were to apply the prescribed parameters to this
particular reconstruction, the prescription would have been
fulfilled earlier with the event 2007-069 (10 March 2007,
marked with a double star in the table), with 5 events in
correlation out of 6 above 56 EeV.

References

[1] Pierre Auger Collaboration, Science 318 (2007) 938.

[2] J. Linsley, Phys. Rev. Lett. 10 (1963) 146.

[3] K. Greisen, Phys. Rev. Lett. 16 (1966) 748.

[4] G.T. Zatsepin, V.A. Kuz’'min, Sov. Phys. JETP Lett. 4 (1966) 78.

[5] J.L. Puget, F.W. Stecker, J.J. Bredekamp, Astrophys. J. 205 (1976)
638.

[6] L.N. Epele, E. Roulet, Phys. Rev. Lett. 81 (1999) 3295.

[7] J. Abraham et al., Pierre Auger Collaboration, Nucl. Instr. and Meth.
A 523 (2004) 50.

[8] V.L. Ginzburg, S.I. Syrovatskii, The Origin of Cosmic Rays,
Pergamon Press, Oxford, 1964.

[9] A.M. Hillas, Ann. Rev. Astron. Astrophys. 22 (1984) 425.

[10] M. Ave, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0709.2125>.

[11] M.-P. Véron-Cetty, P. Véron, Astron. Astrophys. 455 (2006) 773, We
acknowledge use of the VizieR catalogue access tool, CDS, Stras-
bourg, France, at <http://vizier.u-strasbg.fr/viz-bin/VizieR>.

[12] C. Bonifazi, A. Letessier-Selvon, E.M. Santos, Astropart. Phys. 28
(2008) 523.

[13] C. Bonifazi, Pierre Auger Collaboration, in: Proceedings of the 29th
International Cosmic Ray Conference Pune, India, vol. 7, 2005, p. 17.

[14] M. Roth, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.2096>.

[15] B. Dawson, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.1105>.

[16] D. Allard et al., Pierre Auger Collaboration, in: Proceedings of the
29th International Cosmic Ray Conference, Pune, India, vol. 7, 2005,
p. 71. <arXiv:astro-ph/0511104>.

[17] C. Bleve, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.1491v1>.

[18] C.B. Finley, S. Westerhoff, Astropart. Phys. 21 (2004) 359.

[19] N. Hayashida et al., Astropart. Phys. 10 (1999) 333.

[20] J.A. Bellido et al., Astropart. Phys. 15 (2001) 167.

[21] N. Hayashida et al., Phys. Rev. Lett. 77 (1996) 1000.

[22] P.G. Tinyakov, L.I. Tkachev, JETP Lett. 74 (2001) 445.

[23] Pierre Auger Collaboration, Astropart. Phys. 27 (2007) 244.

[24] R.U. Abbeasi et al., HiRes Collaboration, Astrophys. J. 610 (2004) L73.

[25] R.U. Abbeasi et al., HiRes Collaboration, Astrophys. J. 636 (2006)
680.

[26] S. Mollerach, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.1749>.

[27] D. Harari, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.1715>.


http://vizier.u-strasbg.fr/viz-bin/VizieR

204 J. Abraham et al. | Astroparticle Physics 29 (2008) 188-204

[28] R.W. Clay, Pierre Auger Collaboration, in: Proceedings of the 28th
International Cosmic Ray Conference, Tsukuba, Japan, 2003, p. 421.
<arXiv:astro-ph/0308494>.

[29] B. Revenu, Pierre Auger Collaboration, in: Proceedings of the 29th
International Cosmic Ray Conference, Pune, India, 2005. <arXiv:as-
tro-ph/0507600>.

[30] A. Wald, Ann. Math. Statist. 16 (1945) 117.

[31] A. Wald, Sequential Analysis, John Wiley and Sons, New York, 1947.

[32] S.Y. BenZvi, B.M. Connolly, S. Westerhoff, Astrophys. J., submitted
for publication. <arXiv:0711.3937>.

[33] P. Sommers, Astropart. Phys. 14 (2001) 271.

[34] P. Billoir, O. Deligny, JCAP 02 (2008) 009.

[35] S.L. Dubovsky, P.G. Tinyakov, L.I. Tkachev, Phys. Rev. Lett. 85
(2000) 1154.

[36] Pierre Auger Collaboration, Discriminating among different scenarios
for the correlation of the highest-energy Auger events with nearby
sources, in preparation.

[37] W. Saunders et al., Mont. Notice Royal Astron. Soc. 316 (2000) 55.

[38] G.O. Abell, H.G. Corwin, R.P. Olowin, Astrophys. J. Suppl. Ser. 70

(1989) 1.

H. Bohringer et al., Astron. Astrophys. 425 (2004) 367.

H. Bohringer et al., Astrophys. J. Suppl. Ser. 129 (2000) 435.

R. Coziol et al., Astrophys. J. Suppl. Ser. 119 (1998) 239.

39]
]
1
42] F.W. Stecker, Phys. Rev. Lett. 21 (1968) 1016.
]
]

9

40

1

2

43] D. Harari, S. Mollerach, E. Roulet, JCAP 11 (2006) 012.

44] R. Engel, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.1921>.

[45] T. Stanev, Astrophys. J. 479 (1997) 290.

[46] D. Harari, S. Mollerach, E. Roulet, JHEP 8§ (1999) 022.

[47] J.L. Han, in: Supplement: Proceedings of the 2005 Lake Hanas
International Pulsar Symposium, Chinese J. Astron. Astrophys. 6
(2006) 211. <arXiv:astro-ph/0603512> .

[48] K. Dolag, D. Grasso, V. Springel, I. Tkachev, JCAP 0501 (2005) 009.

— =
N

[49] G. Sigl, F. Miniati, T.A. Ensslin, Phys. Rev. D 70 (2004) 043007.
<arXiv:astro-ph/0401084> .
0] T. Stanev, High Energy Cosmic Rays, Springer-Verlag, Berlin, 2003.
1] P. Blasi, R.I. Epstein, A.V. Olinto, Astrophys. J. 533 (2000) L123.
2] W. Bednarek, Mon. Notice Royal Astron. Soc. 345 (2003) 847.
3] A. Dar, R. Plaga, Astron. Astrophys. 349 (1999) 259.
]

4302.

] V.A. Kuz’min, V.A. Rubakov, Phys. Atom. Nucl. 61 (1998) 1028.

1 M. Birkel, S. Sarkar, Astropart. Phys. 9 (1998) 297.

] Pierre Auger Collaboration <arXiv:0712.1147>.

] D. Semikoz, Pierre Auger Collaboration, in: Proceedings of the 30th
International Cosmic Ray Conference, Mérida, México, 2007.
<arXiv:0706.2960>.

[59] C.T. Hill, Nucl. Phys. B 224 (1983) 469.

[60] D.N. Schramm, C.T. Hill, in: Proceedings of the 18th International

Cosmic Ray Conference, Bangalore, India, vol. 2, 1983, p. 393.

] For a review see P. Bhattacharjee, G. Sigl, Phys. Rept. 327 (2000) 109.

1J. Arons, Astrophys. J. 589 (2003) 871.

1 E. Boldt, P. Ghosh, Mon. Notice Royal Astron. Soc. 307 (1999) 491.

64] L.A. Anchordoqui, G.E. Romero, J.A. Combi, Phys. Rev. D 60
(1999) 103001.

] E. Waxman, Astrophys. J. 452 (1995) L1.

] M. Vietri, Astrophys. J. 453 (1995) 883.

] H. Kang, D. Ryu, T.W. Jones, Astrophys. J. 456 (1996) 422.

] H. Kang, J.P. Rachen, P.L. Biermann, Mon. Notice Royal Astron.
Soc. 286 (1997) 257.

] P.L. Biermann, P. Strittmatter, Astrophys. J. 322 (1987) 643.

] M. Ostrowski, Astron. Astrophys. 335 (1999) 134.

] M. Lyutikov, R. Ouyed, Astropart. Phys. 27 (2007) 473.

1 J.P. Rachen, P.L. Biermann, Astron. Astrophys. 272 (1993) 161.

]

]

61
62
63

9
70
71
72
73] F.P. Israel, Astron. Astrophys. Rev. 8 (1998) 237.

74] G.E. Romero, J.A. Combi, S.E. Perez Bergliaffa, L.A. Anchordoqui,
Astropart. Phys. 5 (1996) 279.



	Correlation of the highest-energy cosmic rays with the positions of nearby active galactic nuclei
	Introduction
	Evidence for anisotropy and correlation with AGN
	Data set
	Exposure
	Search method
	Exploratory scan and anisotropy confirmation

	The AGN correlation signal
	Maximum correlation parameters
	Properties of the correlation signal

	Discussion
	Lower limit on the number of sources
	Signal dependence on energy
	Source identification
	The GZK horizon
	Effect of the magnetic fields
	The acceleration sites

	Conclusions
	Acknowledgement
	Event list
	References


