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Abstract. We update the analysis of correlation
between the arrival directions of the highest energy
cosmic rays observed by the Pierre Auger Observatory and the positions of nearby active galaxies.
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I. I NTRODUCTION
Using data collected between 1 January, 2004 and
31 August, 2007, the Pierre Auger Observatory has
reported [1] evidence of anisotropy in the arrival directions of cosmic rays (CR) with energies exceeding
∼ 60 EeV (1 EeV is 1018 eV). The arrival directions
were correlated with the positions of nearby objects from
the 12th edition of the catalog of quasars and active
galactic nuclei (AGN) by Véron-Cetty and Véron [2]
(VCV catalog). This catalog is not an unbiased statistical
sample, since it is neither homogeneous nor statistically
complete. This is not an obstacle to demonstrating the
existence of anisotropy if CR arrive preferentially close
to the positions of nearby objects in this sample. The
nature of the catalog, however, limits the ability of
the correlation method to identify the actual sources of
cosmic rays. The observed correlation identifies neither
individual sources nor a specific class of astrophysical
sites of origin. It provides clues to the extragalactic
origin of the CR with the highest energies and suggests
that the suppression of the flux (see [3] and [4]) is due
to interaction with the cosmic background radiation.
In this article we update the analysis of correlation
with AGN in the VCV catalog by including data collected through 31 March, 2009. We also analyse the
distribution of arrival directions with respect to the
location of the Centaurus cluster and the radio source
Cen A. Alternative tests that may discriminate among
different populations of source candidates are presented
in a separate paper at this conference [5].
II. DATA
The data set analyzed here consists of events observed by the Pierre Auger Observatory prior to 31
March, 2009. We consider events with zenith angles
smaller than 60◦ . The event selection implemented in the
present analysis requires that at least five active nearestneighbors surround 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 integrated exposure for this event selection amounts to 17040 km2 sr yr (±3%), nearly twice
the exposure used in [1].
In [1] we published the list of 27 events with E >
57 EeV. Since then, the reconstruction algorithms and
calibration procedures of the Pierre Auger Observatory
have been updated. The lowest energy among these same
27 events is 55 EeV according to the latest reconstruction. Reconstructed values for the arrival directions of
these events differ by less than 0.1◦ from their previous determination. There are now 31 additional events
above the energy threshold of 55 EeV. The systematic
uncertainty of the observed energy for events used here
is ∼ 22% and the energy resolution is ∼ 17% [6], [7].
The angular resolution of the arrival directions for events
with energy above this threshold is better than 0.9◦ [8].
III. U PDATE OF THE CORRELATION WITH AGN
To avoid the negative impact of trial factors in a
posteriori analyses, the statistical significance of the
anisotropy reported in [1] was established through a
test with independent data. The parameters of the test
were chosen by an exploratory scan using events observed prior to 27 May, 2006. The scan searched for
a correlation of CR with objects in the VCV catalog
with redshift less than zmax at an angular scale ψmax and
energy threshold Eth . The scan was implemented to find
a minimum of 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, given by
¶
N µ
X
N
P =
piso j (1 − piso )N −j .
(1)
j
j=k

We take piso to be the exposure-weighted fraction of the
sky accessible to the Pierre Auger Observatory that is
within ψmax degrees of the selected potential sources.
The minimum value of P was found for the parameters
ψmax = 3.1◦ , zmax = 0.018 and Eth = 55 EeV (in
the present energy calibration). The probability that an
individual event from an isotropic flux arrives within
the fraction of the sky prescribed by these parameters
by chance is piso = 0.21.
Of the 27 events observed prior to 31 August, 2007,
13 were observed after the exploratory phase. Nine of
these arrival directions were within the prescribed area
of the sky, where 2.7 are expected on average if the
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Fig. 1. Monitoring the correlation signal. Left: The sequential analysis of cosmic rays with energy greater than 55 EeV arriving after 27 May,
2006. The likelihood ratio log10 R (see Eqn (2)) for the data is plotted in black circles. Events that arrive within ψmax = 3.1◦ of an AGN with
maximum redshift zmax = 0.018 result in an up-tick of this line. Values above the area shaded in blue have less than 1% chance probability
to arise from an isotropic distribution (piso = 0.21). Right: The most likely value of the binomial parameter pdata = k/N is plotted with black
circles as a function of time. The 1σ and 2σ uncertainties in the observed value are shaded. The horizontal dashed line shows the isotropic
value piso = 0.21. The current estimate of the signal is 0.38 ± 0.07. In both plots events to the left of the dashed vertical line correspond to
period II of Table I and those to the right, collected after [1], correspond to period III.
A

NUMERICAL SUMMARY OF RESULTS FOR EVENTS WITH

Period

Exposure

I

4390

II

4500

III

8150

II+III

12650

I+II

8890

I+II+III

17040

TABLE I
E ≥ 55 E E V. S EE THE TEXT FOR A DESCRIPTION OF THE ENTRIES .
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flux were isotropic. This degree of correlation provided
a 99% significance level for rejecting the hypothesis that
the distribution of arrival directions is isotropic.
The left panel of Fig. 1 displays the likelihood ratio
of correlation as a function of the total number of
time-ordered events observed since 27 May, 2006, i.e.
excluding the data used in the exploratory scan that lead
to the choice of parameters. The likelihood ratio R is
defined as (see [9] and [10])
R1 k
p (1 − p)N −k dp
piso
R=
.
(2)
piso k (1 − piso )N −k+1
This quantity is the ratio between the binomial probability of correlation – marginalized over its range of
possible values and assuming a flat prior – and the
binomial probability in the isotropic case (piso = 0.21).
A sequential test rejects the isotropic hypothesis at the
99% significance level (and with less than 5% chance
of incorrectly accepting the null hypothesis) if R > 95.
The likelihood ratio test indicated a 99% significance
level for the anisotropy of the arrival directions using
the independent data reported in [1]. Subsequent data
neither strengthen the case for anisotropy, nor do they
contradict the earlier result. The departure from isotropy
remains at the 1% level as measured by the cumulative
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binomial probability (P = 0.006), with 17 out of 44
events in correlation.
In the right panel of Fig. 1 we plot the degree of
correlation (pdata ) with objects in the VCV catalog as
a function of the total number of time-ordered events
observed since 27 May, 2006. For each new event the
best estimate of pdata is k/N . The 1σ and 2σ uncertainties in this value are determined such that the area
under the posterior distribution function is equal to 68%
and 95%, respectively. The current estimate, with 17 out
of 44 events that correlate in the independent data, is
pdata = 0.38, or more than two standard deviations from
the value expected from a purely isotropic distribution
of events. More data are needed to accurately constrain
this parameter.
The correlations between events with E ≥ 55 EeV
and AGN in the VCV catalog during the pre- and postexploratory periods of data collection are summarized in
Table I. The left most column shows the period in which
the data was collected. Period I is the exploratory period
from 1 January, 2004 through 26 May, 2006. The data
collected during this period was scanned to establish the
parameters which maximize the correlation. Period II is
from 27 May, 2006 through 31 August, 2007 and period
III includes data collected after [1], from 1 September,
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2007 through 31 March, 2009. The numbers in bold
correspond to period II+III and give the results for the
post-exploratory data (see Fig. 1). The exposure for each
period is listed in units of km2 sr yr and has an uncertainty of 3%. If the region of the sky within 12◦ of the
galactic plane (GP) is included in the analysis then the
third column is marked “unmasked” (and piso = 0.21),
if not then it is marked “masked” (and piso = 0.25). The
average number of events from an isotropic flux expected
to correlate is listed as kiso = N piso , where N is the total
number of events observed during each period. k is the
number of events that arrive within 3.1◦ of an AGN with
a redshift of 0.018. The cumulative binomial probability
(see Eqn (1)) is shown in the right most column. We do
not include this value for any row containing period I
because this period was used to determine the correlation
parameters for the rest of the table and cannot, therefore,
be interpreted as a statistical significance.
Note that during period I+II (reported in [1]), 18 out
of 27 events arrive within 3.1◦ of an AGN in the VCV
catalog with redshift less than 0.018. 1 There are 31
additional events (during period III) above the specified
energy threshold, 8 of which have arrival directions
within the prescribed area of the sky, not significantly
more than the 6.5 events that are expected to arrive on
average if the flux were isotropic.
While the degree of correlation with objects in the
VCV catalog has decreased with the accumulation of
new data, a re-scan of the complete data set shows that
the values of ψmax , zmax and Eth that characterise the
correlation have not changed appreciably from the values
reported in [1].
IV. A POSTERIORI ANALYSES
In this section we further analyze the complete set
of 58 events with energy larger than 55 EeV collected
before 31 March, 2009.
To complement the information given in Table I over
different angular scales, we plot in Fig. 2 the distribution
of angular separations between the arrival directions of
the 58 events with E > 55 EeV and the position of
the closest object in the VCV catalog within redshift
zmax ≤ 0.018. The cumulative distribution is plotted in
the left panel and the differential distribution is plotted
in the right. The average distribution expected for 58
events drawn from an isotropic flux is also shown. In
the right panel the 13 events with galactic latitudes |b| <
12◦ have been shaded. Note that only 1 of these 13
events is within 3◦ of a selected AGN. Incompleteness
of the VCV catalog due to obscuration by the Milky Way
or larger magnetic bending of CR trajectories along the
galactic disk are potential causes for smaller correlation
of arrival directions at small galactic latitudes.
An excess of events as compared to isotropic expectations is observed from a region of the sky
1 Two additional events correlate within a slightly larger angular
distance, as reported in [1]. Here we restrict the analysis to the
parameters chosen to monitor the correlation signal.
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close to the location of the radio source Cen A
((l, b) = (−50.5◦ , 19.4◦ ) [11]). In Fig. 3 we plot the
distribution of events as a function of angular distance
from Cen A. In a Kolmogorov-Smirnov [12] test 2%
of isotropic realizations have maximum departure from
the isotropic expectation greater than or equal to the
maximum departure for the observed events. The excess
of events in circular windows around Cen A with the
smallest isotropic chance probability corresponds to a
radius of 18◦ , which contains 12 events where 2.7 are
expected on average if the flux were isotropic. The
(differential) histogram of angular distances from Cen
A is in the right panel of Fig. 3.
By contrast, the region around the Virgo cluster is
densely populated with galaxies but does not have an
excess of events above isotropic expectations. In particular, a circle of radius 20◦ centred at the location of
M87 ((l, b) = (76.2◦ , 74.5◦ ) [11]) does not contain any
of the 58 events with energy E > 55 EeV. This is a
region of relatively low exposure for the Pierre Auger
Observatory and only 1.2 event is expected on average
with the current statistics if the flux were isotropic.
V. D ISCUSSION
With data collected by the Pierre Auger Observatory
between 1 January, 2004 and 31 March, 2009, we have
updated the analysis reported in [1] of correlation between the arrival directions of the highest energy cosmic
rays and the positions of nearby objects from the 12th
edition of the VCV catalog of quasars and active galactic
nuclei. The total number of events above 55 EeV is 58.
A subset of 44 events are independent of those used to
determine the parameters (ψmax = 3.1◦ , zmax = 0.018
and Eth = 55 EeV) with which we monitor the correlation signal (see Table I for more details). 17 of these 44
events correlate under these parameters. This correlation
has a less than 1% probability to occur by chance if
the arrival directions are isotropically distributed. The
evidence for anisotropy has not strengthened since the
analysis reported in [1]. The degree of correlation with
objects in the VCV catalog appears to be weaker than
suggested by the earliest data.
We note that there is an excess of events in the present
data set close to the direction of the radio source Cen A,
a region dense in potential sources. This excess is based
on a posteriori data but suggests that the region of the
sky near Cen A warrants further study.
Additional data are needed to make further progress
in the quest to identify the sites of ultra high energy
CR origin. Alternative tests that may discriminate among
different populations of source candidates are presented
in a separate paper at this conference [5].
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Fig. 2. The distribution of angular separations between the 58 events with E > 55 EeV and the closest AGN in the VCV catalog within
75 Mpc. Left: The cumulative number of events as a function of angular distance. The 68% the confidence intervals for the isotropic expectation
is shaded blue. Right: The histogram of events as a function of angular distance. The 13 events with galactic latitudes |b| < 12◦ are shown
with hatching. The average isotropic expectation is shaded brown.
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Fig. 3. Left: The cumulative number of events with E ≥ 55 EeV as a function of angular distance from Cen A. The average isotropic
expectation with approximate 68% confidence intervals is shaded blue. Right: The histogram of events as a function of angular distance from
Cen A. The average isotropic expectation is shaded brown.
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[2] M.-P. Véron-Cetty and P. Véron. Astron. Astrophys., 455:773–
777, 2006.
[3] The Pierre Auger Collaboration, Phys. Rev. Lett. 101:061101
(2008).
[4] The HiRes Collaboration, Phys. Rev. Lett. 100:101101 (2008).
[5] J. Aublin for the Pierre Auger Collaboration, “Discriminating
potential astrophysical sources of the highest energy cosmic rays
with the Pierre Auger Observatory”, Proceedings of the 31st
ICRC, Lodz, Poland, 2009.
[6] F. Schussler for the Pierre Auger Collaboration, “Measurement
of the cosmic ray energy spectrum above 1018 eV with the
Pierre Auger Observatory,” Proceedings of the 31st ICRC, Lodz,
Poland, 2009.

[7] C. Di Giulio for the Pierre Auger Collaboration, “Energy calibration of data recorded with the surface detectors of the
Pierre Auger Observatory,” Proceedings of the 31st ICRC, Lodz,
Poland, 2009.
[8] C. Bonifazi for the Pierre Auger Collaboration, “The angular
resolution of the Pierre Auger Observatory,” Nuclear Physics B
(Proc. Suppl.) 190 (2009) 20-25.
[9] A. Wald “Sequential Analysis”, John Wiley and Sons, New York,
1947.
[10] S. Y. BenZvi et al. , The Astrophysical Journal, 687:1035–1042,
2008.
[11] NASA/IPAC Extragalactic Database. http://nedwww.ipac.caltech.
edu/.
[12] W. T. Eadie et al. Statistical Methods in Experimental Physics.
North-Holland, Amsterdam, 1971. pp 269–271.

