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The Pierre Auger Observatory has gathered, in ten years of operation, an unprecedented number
of extremely energetic cosmic-ray events. We present the latest results of searches for small to
intermediate-scale anisotropies in the distribution of arrival directions of such events. We update
the test based on the Véron-Cetty and Véron catalog, previously performed by the Pierre Auger
Observatory on early data, and conclude that it does not yield a significant indication of anisotropy
with the present data set. We then study the correlation of arrival directions with the position of
nearby galaxies in the 2MRS catalog, of active galactic nuclei (AGNs) detected by Swift-BAT, of
a sample of radio galaxies with jets and of the Centaurus A galaxy. None of the searches shows
a statistically significant evidence of anisotropy. The two largest departures from isotropy found
have a post-trial probability ~ 1%. The first one is for cosmic rays with energy above 58 EeV that
arrive within 18° of Swift-BAT AGNs closer than 130 Mpc and brighter than 10* erg/s. The other
one is for cosmic rays above the same energy threshold that arrive within 15° of the direction of

Centaurus A.
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1. Introduction

The origin of the ultra-high energy cosmic rays is still debated. The arrival directions of ultra-
high energy cosmic rays contain information about their sources, if the sources are not distributed
isotropically, and if the deflections of cosmic rays due to the magnetic fields are not too large. To
reduce these constraints, it is interesting to study cosmic rays with energies above ~ 40 EeV: a
suppression in the flux is observed at such energies [1] and it may be due to the Greisen Zatsepin
and Kuz’min (GZK) [2, 3] effect, that would limit the distance of potential cosmic-ray sources.
Such a GZK horizon would be of the order of a few hundred of Mpc for proton or iron-nuclei cosmic
rays, and even lower for intermediate components: since the mass distribution of the universe is
known to be anisotropic within such distances, if the sources of cosmic rays are astrophysical, they
should be also anisotropically distributed at such energies. Since the so-called top-down models,
accounting for sources in non-astrophysical scenarios, are severely constrained by the upper limits
on ultra-high energy photon fluxes [4], we will not describe them here.

In the following, the latest arrival direction analyses performed on the largest dataset of cosmic
rays with energy greater than 40 EeV is presented. This dataset is composed of the events detected
at the Pierre Auger Observatory in more than 10 years of operation, from January 1* 2004 to March
31% 2014 with a total exposure of about 66,000 km? sr yr.

2. Dataset

The dataset used for the analyses that are presented in this paper is composed of 602 events
with energy above 40 EeV measured between January 1* 2004 and March 31¥ 20144 by the
Surface Detector (SD) of the Pierre Auger Observatory. The Pierre Auger Observatory is the largest
ultra-high energy cosmic-ray detector in the world, consisting of an array of 1600 water Cerenkov
detectors (stations) laid on a triangular grid with a spacing of 1500 m, spread over 3000 km?
overlooked by 24 fluorescence telescopes (FD). A detailed description of the Observatory can be
found in [5].

The dataset is a combination of 454 vertical events (with zenith angle 6 < 60°) and 148 hori-
zontal events 60° < 6 < 80°. In previous analyses, only vertical events were used, and the addition
of more inclined events allows for a 30% increase in the number of events and for a higher coverage
of the sky, now from a declination § = —90° to § = +45°. The two datasets use a different selec-
tion and reconstruction procedure. The vertical events are selected if the station with the highest
signal is surrounded by at least four other active stations. In addition, the reconstructed shower
core position at the ground must lie within a triangle of contiguous operational stations. This event
selection is updated with respect to previous analyses, and increases the number of vertical events
by 14%, still ensuring an accurate event reconstruction. The selection of horizontal events requires
five operational stations around the one with the highest signal. The ground estimator for the energy
determination is the fitted signal at 1000 m from the shower axis for the vertical events, whereas
in the horizontal reconstruction it involves the muon content relative to a simulated proton shower
with energy 10!° eV. In both cases, the final energy estimation is done through the cross-calibration
with the Fluorescence Detector that provides a quasi-calorimetric measurement.



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

!

72

73

74

75

76

77

78

79

80

On UHECR arrival directions after ten years of operation of the Auger Observatory  Lorenzo Caccianiga

For the energies considered in this work, the detection and selection efficiency are 100% for

both datasets. The exposure, determined only by the geometry of the array, amounts to 51,753 km? sr yr

for the vertical sample and 14,699 km? sr yr for the horizontal one.

For all of the events in the dataset the angular resolution, defined as the 10 radius around the
true arrival direction, is better than 0.9° [6]. The statistical uncertainty in the energy determina-
tion is better than 12% for the energies considered here [7, 8] and the systematic uncertainty in
the absolute energy scale is 14%. As a consequence of the recent update of the absolute energy
scale [8], the energy threshold of 55 EeV used in our previous publication [9] now corresponds to
approximately 53 EeV.

3. Cross-correlation with astrophysical sources

The most recent results of the Auger Observatory on anisotropy in the arrival directions of the
highest-energy cosmic rays were described in detail in a recent publication [10]. There, in addition
to the results summarized here, details were also presented on different searches for intrinsic cor-
relations and correlations with astrophysical structures such as the Galactic Plane. In this paper we
focus on the results of correlation with astrophysical catalogs.

Note on the anisotropy test with the Véron-Cetty and Véron (VCYV) catalog

In a previous analysis, we searched for correlation of cosmic-ray arrival directions with the
Véron-Cetty and Véron 2006 catalog of AGNs [11]. We measured the number of events above
a certain energy threshold Eyy, within a certain angular distance ¥ from an AGN within a certain
distance D, and compared to the numbers expected assuming isotropy. We performed an initial scan
over the parameters with vertical events collected between January 1* 2004 and May 2672006,
and found the most significant excess at E, =57 EeV, W =3.1° and D = 75 Mpc. Using this
set of parameters on subsequent independent data, we found a correlation fraction of 61%, with a
1.7 x 1073 probability of happening by chance from an isotropic distribution [12]. With data up to
the end of 2009, the correlation fraction was found to be much lower (38fg)% [9]. With the current
vertical data set, the correlation fraction is found to be (28.12:2)%, only 20 above the fraction
expected from isotropy, that is 21%. We conclude that, with current data, this test does not provide
a significant indication of anisotropy.

3.1 Selected astrophysical catalogs

In the following sections we show the results of a search for possible correlations of cosmic-
ray arrival directions with the position of nearby extragalactic sources. We use three catalogs
of candidate sources that have an almost uniform coverage and that are complete above a given
luminosity: the 2MRS catalog [13] (catalog of galaxies), the Swift-BAT [14] (X-ray catalog of
AGNSs), and a catalog of radio galaxies with jets that was compiled in [15].

The 2MRS catalog is obtained in the infrared and maps the local distribution of galaxies, which
could be associated with the location of pulsars, magnetars or gamma-ray bursts. The catalog
is complete at the 97.6% level for magnitudes brighter than Ky =11.75, and contains ~ 37,000
galaxies within a distance of 200 Mpc and ~ 16,000 galaxies within 100 Mpc.
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The Swift-BAT catalog contains 705 objects identified as AGNs, detected in X-rays after 70
months of operation. All these objects have a measured redshift. For a flux of 13.4 x 107! erg cm ™2
in the 14 — 195 keV range, the catalog is complete for 90% of the sky. There are 296 AGNs in this
catalog within 200 Mpc and 160 within 100 Mpc.

The last catalog is a compilation from the 1.4 GHz NRAO VLA Sky Survey [16] and the
843 MHz Sydney University Molonglo Sky Survey [17] produced by Van Velzen et al. [15]. The
catalog is nearly complete for fluxes above 289 mlJy at 843 MHz and 213 mJy at 1.4 GHz, and
contains 205 objects within a distance of 200 Mpc, and 56 within 100 Mpc.

The Swift-BAT and the radio-galaxy catalogs overlap by only 5%: the majority of the galaxies

in the Swift-BAT catalog are of spiral type, whereas the radio galaxies are mostly elliptical.

3.2 Cross-correlation with flux-limited catalogs

The cross-correlation analysis consists in counting the number of pairs of event-candidate
sources separated by less than a given angle. To find an excess, we compare the number of pairs
obtained in data with the expectation from simulations assuming isotropy. We scan over three
parameters: the minimum energy of events Ey,, from 40 EeV (where 1 EeV = 10'8 eV) up to
80 EeV in steps of 1 EeV; the angular separation y, between 1° and 30° in steps of 0.25° up to 5°
and steps of 1° up to 30°; and the maximum distance of the sources D, from 10 Mpc up to 200 Mpc
in steps of 10 Mpc.

For each value of these parameters we compute the fraction f of simulations assuming isotropy
having an equal or higher number of pairs than the data, and search for its minimum f,;;,. The
associated post-trial probability P is computed as the fraction of isotropic realizations that lead to
a lower or equal value of f, i, under the same scan.

The minima found in this way are summarized in table 1, top three lines. We note that the
minimum value of P is 6%, thus not significant. The behavior of f and P for the scan performed
on the Swift-AGNs catalog is shown in figure 1, left panel, as a function of D: we notice the
minimum at 80 Mpc. In the right panel, the behaviour of f as a function of Ey}, and ¥ is shown for
D = 80 Mpc. The minimum is indicated by a white cross.

Cross-correlation Swift, D=80 Mpc

Cross-correlation with SWIFT BAT-70
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Figure 1: Cross-correlation of events with the AGNs in the Swift-BAT catalog. The left panel shows the
values of f,i,, and P as a function of the maximum distance D to the AGNs considered. The right panel
shows the results of the scan in y and Ey, for the value D = 80 Mpc corresponding to the minimum values
in the left plot. From [10].
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3.3 Cross-correlation with bright AGNs

We performed a scan similar to the one presented in the previous section for the radio galaxies
and Swift-AGNs catalogs, this time scanning also on the minimum luminosity .Z};,,. For the
Swift-BAT AGNs we used the luminosity #x measured in the X-ray band, scanning from 102
to 10* erg/s, considering three logarithmic steps per decade, for a total of 7 luminosity values.
For the radio galaxies, we used the radio luminosity computed at 1.1 GHz, scanning from 10*° to
104 erg/s, again with three logarithmic steps per decade.

Results of this scan are shown in table 1, in the fourth and fifth lines. We can see that the
minimum value of P is obtained with the Swift-AGNs, where it reaches fi,i, = 2 X 1076 for
D = 130 Mpc and . > 10* erg/s, with a threshold energy of Ei, = 58 EeV and an angular
distance ¥ = 18°. For these parameters, 62 pairs are observed between 155 cosmic rays and 10
AGNs while 32.8 are expected from isotropy. The behavior of f as a function of D and ., and Eyy,
and y is shown in the left and right panels of figure2, respectively. The minimum found is marked
with a white cross.

Cross-correlation with Swift AGN Cross-correlation Swift log(L[erg/s])>44, D=130 Mpc
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Figure 2: Cross-correlation of events with the AGNs in the Swift catalog as a function of D and .}, ;,, (left
panel) and detail of the scan in ¥ and Ey, for the minimum found (right panel).

4. The Cen A region

Centaurus A is the closest radio-loud active galaxy, and is a natural candidate source for the
acceleration of high-energy cosmic rays. The Centaurus cluster, which contains a large number of
galaxies, lies at a distance of 50 Mpc and is approximately in the same direction as Cen A. We
search for a correlation between the arrival directions of cosmic rays and the location of Cen A,
counting the number of events within an angular radius W between 1° and 30° for an energy thresh-
old ranging from 40 to 80 EeV. The maximum excess is found where the fraction f of simulations
assuming isotropy that give a higher or equal number of events than the data is minimum. The
minimum of this fraction is found to be f,;, = 2 x 10~ for Ei, = 58 EeV and W = 15°, where
14 events are observed while 4.5 are expected. The left panel of figure 3 shows the fraction f as
a function of Ey, and ¥, with the minimum indicated with a white cross. The right panel shows
the number of events above this threshold as a function of the angular distance from Cen A for the
whole angular range, indicating also the 68, 95 and 99.7% intervals obtained from simulations as-
suming isotropy. The penalized probability to find a smaller f,,;,, in simulations assuming isotropy
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under the same scan is 1.4%. It is also worth noting that, when searching for intrinsic anisotropies
in the distribution of arrival directions of cosmic rays with energies above 40 EeV, by looking at
excesses in circular windows over the exposed part of the sky (see [10] for details), the largest
excess, though not significant, is close to the position of Centaurus A.

Centaurus A
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Figure 3: Correlation of events with the Cen A radio galaxy as a function of the angular distance and the
energy threshold, Ey, (left panel). The right panel shows the cumulative number of events for the threshold
E, = 58 EeV, exploring the whole angular range. From [10].

Objects E Y D Znin JSmin P
[EeV] [°] [Mpc] [erg/s]
2MRS galaxies 52 9 90 - 1.5x1073  24%
Swift AGNs 58 1 80 - 6x1073 6%
Radio galaxies 72 475 90 - 2x1074 8%

Swift AGNs 58 18 130 0% 2x107%  1.3%
Radio galaxies 58 12 90 109 5.6x107° 11%
Centaurus A 58 15 - - 2x 1074 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.

5. Discussion and conclusions

We studied the distribution of arrival directions of the highest-energy cosmic rays observed by
the Pierre Auger Observatory. A first test with the VCV catalog, updating previous studies, leads to
a non-significant excess with respect to an isotropic distribution of events. We performed a cross-
correlation search with nearby (within 200 Mpc) sources from three complementary astrophysical
catalogs, together with a specific analysis of the arrival directions around the position of Cen A.
The results are summarized in Table 1. The penalized probabilities P accounting for the scan on
parameters are all of the order of a few percent, reaching the ~ 1% level when selecting only the
brightest AGNs of the Swift-BAT catalog or with the Cen A radio galaxy. We note also that all
minima, although not statistically significant, occur for a maximum distance D ~ 80 — 90 Mpc.
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