
Arrival directions of the highest-energy cosmic 
rays detected with the Pierre Auger Observatory

Julien Aublin, for the Pierre  Auger Collaboration

OBSERVATORY



34th ICRC, 30 July-6 August 2015, The Hague, The Netherlands

Introduction

‣ We search for the presence of anisotropies at small/intermediate scale in the 
distribution of arrival directions of the most energetic CRs to find their sources.

‣ We analyze the angular distribution of CRs, looking for an «intrinsic» anisotropy signal 
without any reference to astrophysical objects. 

‣ We search in the direction of potential astrophysical sources using three 
complementary catalogs. 
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The details of these analyses together with the list of arrival directions and energies of the events can be consulted in: 

«Searches for anisotropies in the arrival directions of the highest energy cosmic rays detected by The Pierre Auger 
Observatory», The Pierre Auger Collaboration,  ApJ, 804 , 15, (2015) [astro-ph/1411.6111]
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Motivation 

‣ Strong suppression observed in the energy spectrum* above ~ 40 EeV:

➡  GZK cut-off ? sources must be within ~ 200 Mpc.
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❖ Search at high energy for correlation between CR arrival 
directions and the position of nearby astrophysical sources

‣ Magnetic deflections are proportional to Z / E  (typical value ~ 6º at 50 EeV for protons in the GMF):   

➡  use the highest energy CRs

‣ Recent limits* on the flux of UHE photons strongly disfavor top-down models:

➡  search for an astrophysical origin of CRs.

*see talk by C.Bleve, 
in the NU 04 session

*see talk by I.Valiño, in the 
CR17 EAS spec session
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The data set

‣ Events detected by the Surface Detector of the Pierre Auger Observatory from 
1st Jan. 2004 - 31st March 2014,  with ~ 66,500 km2 sr yr exposure.
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‣ Combination of two data sets:

- 454  «vertical» events with zenith angle θ∈ [ 0o; 60o ]

- 148 «horizontal» events with zenith angle θ∈ [ 60o ; 80o ]

‣ 602 events with reconstructed energy E > 40 EeV.

‣ Angular resolution (68% containment radius) better than 0.9o for E>10 EeV.

‣ Statistical uncertainty on energy better than 12% for E>10 EeV,  with 14% systematic 
on the absolute energy scale.

Extended 
declination 
range from 

-90o to +45o
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«Intrinsic» anisotropy tests

‣ Aim: characterize the distribution of CR arrival directions without any reference to astrophysical objects.
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Ψ

3 CR pairs within Ψ

Blind search for excesses: count the number of 
events ndata inside circular regions of radius Ψ 
covering the whole exposed sky (1ºx1º steps).

Angular auto-correlation function ACF(Ψ): 
count the number of pairs ndata of CR events 
within angular radius Ψ. 

Two different methods:

‣ Estimation of the significance: compare with isotropic simulations with the same number of events.

circular region 
of radius Ψ

Dec

RA

+90o

+45o

0o

-90o
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«Intrinsic» anisotropy tests

➡  Data compatible with isotropic expectations. 
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‣ Scan on parameters:  compute the obs./exp number of events in each circular window for:

‣ Auto-correlation  analysis does not find any significant excess either.

‣ Most significant excess:

( fraction of isotropic simulations that have a 
more significant excess under the same scan. )

nobs = 14   /   nexp = 3.23

- Significance of 4.3σ for Eth=54 EeV and Ψ = 12o 

level of correlation was �
�(38 )6

7 % in Abreu et al. (2010) and
(33± 5)% in Kampert et al. (2012).

Here we update this analysis, for historical reasons, by using
the vertical data set described in Section 2 and the VCV catalog
used in Abraham et al. (2007). Excluding Period I, there are
146 events above 53 EeV: 41 events correlate with VCV
AGNs, with the angular and distance parameters fixed by the
exploratory scan. The updated fraction of correlations is then
(28.1�

� )3.6
3.8 %, which is two standard deviations above the

isotropic expectation of 21%. On the other hand, note that since
the VCV correlations involve many different regions of the sky
(besides the fact that CRs with different energies have
significant time delays), so an explanation of the reduced
correlation found after 2007 in terms of a transient nature of the
signal would not be natural. Hence, the high level of correlation
found initially was probably affected by a statistical fluctuation.
We conclude that this particular test does not yield a significant
indication of anisotropy with the present data set.

4. GENERAL ANISOTROPY TESTS

4.1. Search for a Localized Excess Flux over the Exposed Sky

A direct analysis of cosmic ray arrival directions is the blind
search for excesses of events over the visible sky. To this aim,
we sample the exposed sky using circular windows with radii
varying from 1° up to 30°, in 1° steps. The centers of the
windows are taken on a 1° × 1° grid. The energy threshold of
the events used to build the maps is varied from 40 EeV up to
80 EeV in steps of 1 EeV. To detect an excess, for every
window and energy threshold we compare the number of
observed events, nobs, with that expected from an isotropic flux
of cosmic rays, nexp. For each sky direction, the expected
number of events for an isotropic distribution is obtained by
numerically integrating the geometric exposures in the
corresponding windows. We use the total number of vertical
and inclined events to normalize the relative exposures of the
two samples. Note that since the triggering is different in the
two cases, this fraction is non-trivial.

For each window, we calculate the binomial probability, p,
of observing by chance in an isotropic flux an equal, or larger,
number of events than that found in the data. We find the
minimum probability, � q �p 5.9 10 6, at an energy threshold
of 54 EeV and in a 12°-radius window centered at right
ascension and declination B E � n � n( , ) (198 , 25 ), i.e., for
Galactic longitude and latitude � � ◦ ◦ℓ b( , ) ( 51 .1, 37 .6), for
which �n n 14 3.23obs exp . The map of the Li–Ma (Li &
Ma 1983) significances of the excesses of events with ⩾E 54

EeV in windows of 12° radius is shown in Figure 1. The
highest significance region just discussed, having a Li–Ma
significance of 4.3σ, is indicated with a black circle. It is close
to the Super-Galactic Plane, indicated with a dashed line, and
centered at about 18° from the direction of Cen A, indicated
with a white star. One should note that although the effect of a
turbulent magnetic field would just be to spread a signal around
the direction toward the source, a regular field that is coherent
over large scales would give rise to a shift in the excess in a
direction orthogonal to that of the magnetic field, with the size
of both effects being energy dependent.
To assess the significance of this excess, we simulated

10,000 sets of isotropic arrival directions containing the same
number of events as the data set. In doing so, we keep the
original energies of the events and assign to them random
arrival directions according to the geometric exposure,
choosing randomly between vertical and inclined events
according to their relative exposures. We apply to the simulated
sets the same scans in angle and energy as those applied to the
data. We find that values smaller than � q �p 5.9 10 6 are
obtained in 69% of isotropic simulations, and hence the excess
found in the data turns out to be compatible with the maximum
excesses expected in isotropic simulations. We note that in the
region of the hot spot reported by the Telescope Array
Collaboration (Abbasi et al. 2014a), a 20° radius circular
window centered at B E � ◦ ◦( , ) (146 .7, 43 .2) which is partially
outside our field of view, we would expect to see 0.97 events
with �E 53 EeV if the distribution were isotropic; one event is
observed.

4.2. The Autocorrelation of Events

Another simple way to test the clustering of arrival directions
is through an autocorrelation analysis, which is particularly
useful when several sources lead to excesses around them on a
similar angular scale. With this method, one looks for excesses
in the number of pairs of events, i.e., excesses of “self-
clustering,” namely, we count the number of pairs of events,

ZN E( , )p th , above a given energy threshold, Eth, that are within
a certain angular distance, ψ. We do this at different energy
thresholds, from 40 up to 80 EeV (in steps of 1 EeV) and we
look at angular scales from 1° up to 30° (in steps of 0◦. 25 up to
5°, and of 1° for larger angles). To identify an excess, we
compare the observed number of pairs with that expected from
an isotropic distribution having the same number of arrival
directions above the corresponding energy threshold. For each
energy threshold and angle we then calculate the fraction of
isotropic simulations having an equal number of, or more pairs
than the data, Zf E( , )th .
The result is shown in Figure 2 as a function of the angular

distance and the energy threshold. The color code indicates the
values obtained for f. The white cross corresponds to the
parameter values leading to the minimum value of this fraction,

�f 0.027min , which happens for Z � ◦1 .5 and �E 42th EeV.
For these parameters, 30 pairs are expected, on average, for
isotropic simulations, while 41 are observed in the data. We
calculate the post-trial probability for this excess, P, as the
fraction of isotropic simulations that under a similar scan over
Eth and ψ lead to a value of fmin smaller than the one obtained
with the data. The resulting value, �P 70%, indicates that the
autocorrelation is compatible with the expectations from an
isotropic distribution of arrival directions.

Figure 1. Map in Galactic coordinates of the Li–Ma significances of
overdensities in 12°-radius windows for the events with ⩾E 54 EeV. Also
indicated are the Super-Galactic Plane (dashed line) and Centaurus A
(white star).

6

The Astrophysical Journal, 804:15 (18pp), 2015 May 1 Aab et al.

 Li-Ma significance map (galactic coordinates)

for Ψ = 12o and E>54 EeV 

‣ Post-trial probability:     =69% P

- Eth ∈ [ 40; 80 ] EeV in 1EeV steps 
(Cen A. indicated as a white star)

- Ψ ∈ [ 1o; 30o ] ) in 1º steps
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Catalogs
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‣ The 2MRS catalog:

- Almost complete (97.6%) for magnitudes brighter 
than KS=11.75 (IR)

- Contains ~ 37,000 galaxies within 200 Mpc below 
the magnitude cut.

- Traces the location of the «regular» galaxies

‣ The Swift-BAT X-ray catalog of AGN:

- Complete for Φ > 1.34 10-11 erg.s-1.cm-2 in the band 

(14-195 keV)

- Contains ~ 300 AGN above the cut in flux within 200 Mpc.

- Majority of Seyfert I&II spiral galaxies

‣ Catalog of radio galaxies (compiled by Van Velzen et al.)

- Cut in flux Φ > 213 mJy at 1.4 GHz and Φ > 289 mJy at 0.843 GHz  (~ flux of Cen A as seen from 200 Mpc)

- Contains ~ 200 radio galaxies with identified jets within 200 Mpc & satisfying the cut in flux

- Majority of elliptical galaxies

only ~ 5% overlap galaxies
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Cross-correlation with catalogs
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Ψ‣ Select CR events with E > Eth and galaxies with distances d< D from a catalog.  
Count the number ndata of pairs of CR-galaxy within angular radius Ψ. 

‣ Scan on parameters*:  for each value of Eth, Ψ,  compute the fraction f of isotropic simulations 
that have niso ≥ ndata

( *with Eth ∈ [ 40; 80 ] EeV and Ψ ∈ [ 1o; 30o ] )
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‣ Compute this fraction f for all values of D and 
the penalized probability P :

➡ P = fraction of isotropic simulations that lead to a 
f≤fdata under the same scan.

‣ Compute the final post-trial probability    :

➡      = fraction of isotropic simulations that lead 
to a Piso ≤Pdata for any value of D. )
P

P
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Results with radiogalaxies
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‣ Associated post-trial probability:
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f = 2.10-4 for D=10 Mpc, 
corresponds to only 
CenA galaxy

‣ Global minimum: ‣ Second minimum:

f =4.10-4 for D=90 Mpc,  
Eth=72 EeV,  Ψ = 4.75o

P = 8%

. CR eventradio galaxy

subsection. The minimum value of � q �f 2 10min
6 is

obtained for D = 130Mpc and  � 1044 erg s−1. The top-
right panel shows the details of the scan in Ψ and Eth for
D = 130Mpc and  � 1044 erg s−1. The minimum corre-
sponds to the values : � n18 and �E 58th EeV. For these
parameters, there are 10 AGNs and 155 events, and 62 pairs are
obtained between them, while the isotropic expectation is 32.8.
The probability of finding values � q �f 2 10min

6 in isotropic
simulations after making the same scan on Ψ, Eth, min, and D
is  � 1.3%.

The bottom plot in the figure is the map of events with
⩾E 58 EeV (black dots) and the Swift AGN brighter than

1044 erg s−1 that are closer than 130Mpc, represented in the map
with red circles of 18° radius, which is the value of Ψ found
at the minimum. We see that the events that contribute most
to the excess of pairs observed are those arriving from
directions contained inside the circles centered on IC 4329A
(at ( � ◦ ◦ℓ b, ) (317 .6, 30 .9)), ESO 506-G027 (at ( �ℓ b, )

◦ ◦(299 .6, 35 .5)), AX J1737.4–2907 (at ( � ◦ ◦ℓ b, ) (358 .9, 1 .4)),

NGC 612 (at ( � � n◦ℓ b, ) (261 .8, 77 )), and NGC 1142 (at
( � �◦ ◦ℓ b, ) (175 .9, 49 .9)).102
Figure 9 is similar, but for the sample of radio galaxies. The

scan in luminosity leads to two minima with very similar
probabilities, both for D = 90Mpc (see the top-left panel). The
first one has � q �f 5.1 10min

5 and corresponds to

 � 1039.33 erg s−1, : � ◦4 .75, and �E 72th EeV, with the
angle and energy being equal to the parameters already
obtained in the previous subsection (Figure 7). The main
difference is that 32 AGNs remain within 90Mpc once the
luminosity cut is imposed, compared to the original sample of
39 AGNs in the flux-limited sample, so that the expected
number of pairs becomes 2.4, while 13 are actually observed.
The second minimum has � q �f 5.6 10min

5 and corresponds

Figure 7. Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. The top-left panel shows the values of fmin and P as a function of the
maximum distance, D, to the AGNs considered. The top-right panel shows the results of the scan in ψ and Eth for the value D = 90 Mpc corresponding to the (second)
minimum in the top-left plot. The bottom plot shows the sky distribution (in Galactic coordinates) of the events with ⩾E 72 EeV (black dots). Red circles of 4◦. 75
radius are drawn around the radio galaxies closer than 90 Mpc.

102 One of the objects in the sample of 10 AGNs is the BLLac Mrk 421, a
powerful gamma-ray emitter at ( � n◦ℓ b, ) (179.9, 65 ), which has been
proposed as a candidate source for the hot spot observed by the Telescope
Array (Fang et al. 2014). This object is in a low-exposure region near the
border of the Auger field of view, and there are no events with �E 58 EeV
within 18° of it.
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subsection. The minimum value of � q �f 2 10min
6 is

obtained for D = 130Mpc and  � 1044 erg s−1. The top-
right panel shows the details of the scan in Ψ and Eth for
D = 130Mpc and  � 1044 erg s−1. The minimum corre-
sponds to the values : � n18 and �E 58th EeV. For these
parameters, there are 10 AGNs and 155 events, and 62 pairs are
obtained between them, while the isotropic expectation is 32.8.
The probability of finding values � q �f 2 10min

6 in isotropic
simulations after making the same scan on Ψ, Eth, min, and D
is  � 1.3%.

The bottom plot in the figure is the map of events with
⩾E 58 EeV (black dots) and the Swift AGN brighter than

1044 erg s−1 that are closer than 130Mpc, represented in the map
with red circles of 18° radius, which is the value of Ψ found
at the minimum. We see that the events that contribute most
to the excess of pairs observed are those arriving from
directions contained inside the circles centered on IC 4329A
(at ( � ◦ ◦ℓ b, ) (317 .6, 30 .9)), ESO 506-G027 (at ( �ℓ b, )

◦ ◦(299 .6, 35 .5)), AX J1737.4–2907 (at ( � ◦ ◦ℓ b, ) (358 .9, 1 .4)),

NGC 612 (at ( � � n◦ℓ b, ) (261 .8, 77 )), and NGC 1142 (at
( � �◦ ◦ℓ b, ) (175 .9, 49 .9)).102
Figure 9 is similar, but for the sample of radio galaxies. The

scan in luminosity leads to two minima with very similar
probabilities, both for D = 90Mpc (see the top-left panel). The
first one has � q �f 5.1 10min

5 and corresponds to

 � 1039.33 erg s−1, : � ◦4 .75, and �E 72th EeV, with the
angle and energy being equal to the parameters already
obtained in the previous subsection (Figure 7). The main
difference is that 32 AGNs remain within 90Mpc once the
luminosity cut is imposed, compared to the original sample of
39 AGNs in the flux-limited sample, so that the expected
number of pairs becomes 2.4, while 13 are actually observed.
The second minimum has � q �f 5.6 10min

5 and corresponds

Figure 7. Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. The top-left panel shows the values of fmin and P as a function of the
maximum distance, D, to the AGNs considered. The top-right panel shows the results of the scan in ψ and Eth for the value D = 90 Mpc corresponding to the (second)
minimum in the top-left plot. The bottom plot shows the sky distribution (in Galactic coordinates) of the events with ⩾E 72 EeV (black dots). Red circles of 4◦. 75
radius are drawn around the radio galaxies closer than 90 Mpc.

102 One of the objects in the sample of 10 AGNs is the BLLac Mrk 421, a
powerful gamma-ray emitter at ( � n◦ℓ b, ) (179.9, 65 ), which has been
proposed as a candidate source for the hot spot observed by the Telescope
Array (Fang et al. 2014). This object is in a low-exposure region near the
border of the Auger field of view, and there are no events with �E 58 EeV
within 18° of it.
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The Cen A region
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contributing to the CR fluxes is large. Indeed, the lack of
autocorrelation has been used in Abreu et al. (2013a) to set
lower bounds on the density of sources if the deflections
involved are not large.

We have also studied the cross-correlation between events
and nearby extragalactic objects in different flux-limited
catalogs with the aim of identifying possible scenarios of

UHECR sources. The parameters corresponding to the minima
obtained when scanning in energy, distance, and angular scale
are listed in Table 1 (first three rows). The penalized
probabilities that these minima are due to fluctuations of an
isotropic background are of the order of a few percent. In all
three cases, the object distance corresponding to the minima is
�D 80–90Mpc, although it happens for different angular

scales and energy thresholds. When a further scan is performed
on the minimum intrinsic AGN luminosity, additional minima
appear (see rows 4 and 5 in Table 1). We note that the
penalized probability is _1.3% for Swift AGNs within
130Mpc and brighter than 1044 erg s−1, corresponding to an
excess of pairs for events above 58 EeV on angular scales of
18°, while for the radio galaxies the penalized probability is
_11%.

Finally, considering circular windows around the direction
of Cen A, the most significant indication of anisotropy appears
for events with ⩾E 58 EeV and for an angular radius of 15°.
After penalizing for the scan on the angle and energy threshold,
this has a 1.4% probability of arising by chance from an
isotropic distribution. Clearly, the events contributing to the
excess around the direction of Cen A also contribute to the
signals found in the cross-correlation searches performed

Figure 10. Correlation of events with the Cen A radio galaxy as a function of the angular distance and the energy threshold, Eth (top-left panel). The top-right panel
shows the cumulative number of events for the threshold �E 58th EeV, exploring the whole angular range. The bottom panel displays the map (in Galactic
coordinates) of the region around Centaurus A, showing the arrival directions of the events with ⩾E 58 EeV (black dots) and a red circle of 15° radius around the
direction of Cen A, indicated by a star.

Table 1
Summary of the Parameters of the Minima Found in the

Cross-correlation Analyses

Objects Eth Ψ D min fmin 
(EeV) (°) (Mpc) (erg s−1)

2MRS
Galaxies

52 9 90 K 1.5 × 10−3 24%

Swift AGNs 58 1 80 K 6 × 10−5 6%
Radio

galaxies
72 4.75 90 K 2 × 10−4 8%

Swift AGNs 58 18 130 1044 2 × 10−6 1.3%
Radio

galaxies
58 12 90 1039.33 5.6 × 10−5 11%

Centaurus A 58 15 K K 2 × 10−4 1.4%
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The Astrophysical Journal, 804:15 (18pp), 2015 May 1 Aab et al.‣ Count the number of events ndata with E > Eth that fall within Ψ of Cen A direction.

‣ Scan on parameters: for each value of Eth, Ψ,  compute the fraction f of isotropic simulations 
that have niso ≥ ndata

‣ Minimum found for:

f =2.10-4 with Eth =58 EeV,  Ψ = 15o

‣ Post-trial probability:   P =1.4%

( fraction of isotropic simulations that lead to a 
f≤fdata under the same scan.)
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Cross-correlation analysis summary
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Search for anisotropies at the highest energies with the Pierre Auger Observatory Julien Aublin
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Figure 2: Left: Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. Values
of fmin and P are shown as a function of the maximum distance D to the AGNs considered. Right: Results
of the scan in y and Eth for the value D = 90 Mpc corresponding to the (second) minimum in the left plot.

for 90% of the sky above an X-ray flux of 13.4⇥ 10�12 erg cm�2 s�1 in the 14-195 keV range.151

This cut in flux selects 296 AGN-like galaxies within 200 Mpc and 160 within 100 Mpc.152

The radio galaxy catalog that we use is a compilation from the 1.4 GHz NRAO VLA Sky153

Survey [16] and the 843 MHz Sydney University Molonglo Sky Survey [17] produced by Van154

Velzen et al. [15]. The catalog is quasi-complete for fluxes above 213 mJy at 1.4 GHz and 289 mJy155

at 843 MHz, and contains 205 radio galaxies with jets within 200 Mpc, and 56 within 100 Mpc.156

The overlap between the Swift-BAT and the radio galaxies catalog is only 5%, the majority of the157

Swift-BAT galaxies being of spiral type whereas the radio galaxies are mostly elliptical.158

As a first approach, we use these catalogs in a cross-correlation analysis where all the ob-159

jects with the above flux limits are selected. This selection corresponds to the assumption that all160

sources contribute to the cosmic ray flux in the proportion of their apparent luminosity. In a sec-161

ond approach, we select only the brightest sources from the catalogs by applying a cut in intrinsic162

luminosity which is motivated by the expectation that the maximum energy Emax achieved by the163

cosmic rays could be related to the intrinsic electromagnetic bolometric luminosity L of the ob-164

ject (E2
max µ L ). In that case, we test the assumption that only the brightest sources can produce a165

cosmic ray flux above an energy threshold Eth.166

Objects Eth Y D Lmin fmin P

[EeV] [�] [Mpc] [erg/s]
2MRS Galaxies 52 9 90 - 1.5⇥10�3 24%

Swift AGNs 58 1 80 - 6⇥10�5 6%
Radio galaxies 72 4.75 90 - 2⇥10�4 8%
Swift AGNs 58 18 130 1044 2⇥10�6 1.3%

Radio galaxies 72 4.75 90 1039.33 5.1⇥10�5 11%
Centaurus A 58 15 - - 2⇥10�4 1.4%

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

6

Search for anisotropies at the highest energies with the Pierre Auger Observatory Julien Aublin
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Figure 2: Left: Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. Values
of fmin and P are shown as a function of the maximum distance D to the AGNs considered. Right: Results
of the scan in y and Eth for the value D = 90 Mpc corresponding to the (second) minimum in the left plot.

for 90% of the sky above an X-ray flux of 13.4⇥ 10�12 erg cm�2 s�1 in the 14-195 keV range.151

This cut in flux selects 296 AGN-like galaxies within 200 Mpc and 160 within 100 Mpc.152

The radio galaxy catalog that we use is a compilation from the 1.4 GHz NRAO VLA Sky153

Survey [16] and the 843 MHz Sydney University Molonglo Sky Survey [17] produced by Van154

Velzen et al. [15]. The catalog is quasi-complete for fluxes above 213 mJy at 1.4 GHz and 289 mJy155

at 843 MHz, and contains 205 radio galaxies with jets within 200 Mpc, and 56 within 100 Mpc.156

The overlap between the Swift-BAT and the radio galaxies catalog is only 5%, the majority of the157

Swift-BAT galaxies being of spiral type whereas the radio galaxies are mostly elliptical.158

As a first approach, we use these catalogs in a cross-correlation analysis where all the ob-159

jects with the above flux limits are selected. This selection corresponds to the assumption that all160

sources contribute to the cosmic ray flux in the proportion of their apparent luminosity. In a sec-161

ond approach, we select only the brightest sources from the catalogs by applying a cut in intrinsic162

luminosity which is motivated by the expectation that the maximum energy Emax achieved by the163

cosmic rays could be related to the intrinsic electromagnetic bolometric luminosity L of the ob-164

ject (E2
max µ L ). In that case, we test the assumption that only the brightest sources can produce a165

cosmic ray flux above an energy threshold Eth.166

Objects Eth Y D Lmin fmin P

[EeV] [�] [Mpc] [erg/s]
2MRS Galaxies 52 9 90 - 1.5⇥10�3 24%

Swift AGNs 58 1 80 - 6⇥10�5 6%
Radio galaxies 72 4.75 90 - 2⇥10�4 8%
Swift AGNs 58 18 130 1044 2⇥10�6 1.3%

Radio galaxies 72 4.75 90 1039.33 5.1⇥10�5 11%
Centaurus A 58 15 - - 2⇥10�4 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.
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Results for the 3 catalogs are summarized in the following table:

➡  No significant correlation is found

‣ The maximum distance D is consistently ~ 80-90 Mpc

(the whole Centaurus Supercluster of galaxies gets included for D~80 Mpc.)
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Summary & Outlook

‣ The distribution of arrival directions of CR with E> 40 EeV has been analyzed 

‣ Data set with ~600 CRs gathered in 10 years of operation, ~ 66,500 km2 sr yr of 
total exposure. 

‣ «Intrinsic» anisotropy tests show no evidence of signal

‣ Cross-correlation with 3 complementary catalogs: all tests are compatible with 
isotropic expectations

12
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Additional material
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Update of the VCV correlation test

‣ Previous analyses: 

- Correlation with AGN from the VCV catalog with d < 75 Mpc

- Count the fraction of events with E > 55 EeV that have Ψ < 3.1o

- Result with 69 events (2010):  f = 38 ± 7 %

- Isotropic expectation fiso=21%

14

‣ Update with the present data set:

- Correlation fraction:  f = 28.1 ± 3.8 %

‣ The VCV test no longer provides a significant indication of anisotropy.

(with Eth=53 EeV with the updated energy scale)
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Auto-correlation analysis
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‣ Scan on parameters*:  for each value of Eth, Ψ,  compute the fraction f of isotropic simulations 
that have niso ≥ ndata

‣ Minimum found for:

f = 0.027 for Eth=42 EeV and Ψ = 1.5o

- Eth ∈ [ 40; 80 ] EeV in 1EeV steps 

- Ψ ∈ [ 1o; 5º ]  in 0.25º steps

5. SEARCH FOR CORRELATIONS WITH THE GALAXY
AND WITH THE SUPER-GALACTIC PLANE

In the previous section, we tested the intrinsic distribution of
arrival directions of UHECRs, i.e., without formulating any
hypothesis on the distribution of their sources. In the following,
we consider specific astrophysical structures and objects as
candidate sources. In this section, we search for correlations
with the Galactic and the Super-Galactic Planes as well as with
the Galactic Center. On the one hand, a Galactic origin of
UHECRs might give rise to an excess of arrival directions near
the plane of the Galaxy, especially if a low-Z primary
component contributes to the CR flux. On the other hand,
nearby galaxies (within 100Mpc) show a clustering along the
so-called Super-Galactic Plane, which contains several promi-
nent (super) clusters such as Virgo, Centaurus, Norma, Pavo-
Indus, Perseus-Pisces, Coma, etc., and, hence, extragalactic
cosmic rays could be clustered near the Super-Galactic Plane.

We search for excesses of events as a function of Galactic
(Super-Galactic) latitude, bG (bSG), considering different
latitude bands, �∣ ∣b b (max), with b (max) indicating the
half-width of the band. To identify an excess, we compare the
number of events observed within the latitude band considered
with those obtained in isotropic simulations for the distribution
of arrival directions. The plots in Figure 3 display the fraction, f,
of isotropic simulations leading to a larger number of events than
the data for the different energy thresholds and angular scales
considered. The left figure represents the excesses in different
latitude bands around the Galactic Plane, leading to a minimum
value of �f 0.05min for ⩾E 72 EeV and � nb (max ) 30G ,
indicated with a white cross in the figure. In this case, 29 events
are observed, but 22.8 would be expected on average in isotropic
simulations. The penalized probability for obtaining a smaller
value of fmin in isotropic simulations after a similar scan is
P = 70%. The right plot is similar but represents the excesses in
different super-galactic latitude bands, leading to a minimum
value of �f 0.035min for ⩾E 53 EeV and � nb (max) 19SG . In
this case, 89 events are observed, but 69.7 would be expected on
average in isotropic simulations. The penalized probability for
obtaining a smaller value of fmin in isotropic simulations after a
similar scan is P = 22%.

The corresponding results for circular windows around the
Galactic Center are shown in Figure 4. The minimum, fmin, is

obtained for an angular radius around the GC of 19° and for
⩾E 60 EeV, for which 12 events are observed while 5.6 are

expected on average for isotropic simulations. The penalized
probability in this case is �P 29%, so that no significant
excess results for any of the cases considered in this section.

6. SEARCH FOR CROSS-CORRELATIONS WITH
ASTROPHYSICAL CATALOGS

In this section, we search for correlations of the set of arrival
directions with the celestial distribution of potential nearby
cosmic ray sources. We choose approximately uniform and
complete catalogs, namely the 2MRS catalog of galaxies
(Huchra et al. 2012), the Swift-BAT (Baumgartner et al. 2013)
X-ray catalog of AGNs100, and a catalog of radio galaxies with
jets recently compiled in Van Velzen et al. (2012). The three
samples are quite complementary in identifying possible
cosmic ray sources. The normal galaxies that dominate the
2MRS catalog may trace the locations of gamma-ray bursts
and/or fast-spinning newborn pulsars, whereas X-rays observed
by Swift identify AGNs hosted mainly by spiral galaxies, and
the radio emission catalog selects extended jets and radio lobes
of AGNs hosted mainly by elliptical galaxies.
The 2MASS Redshift Survey (2MRS; Huchra et al. 2012)

maps the distribution of galaxies in the nearby universe. It
covers 91% of the sky, except for Galactic latitudes � n∣ ∣b 5
(and � n∣ ∣b 8 for longitudes within 30° of the Galactic Center).
In the region covered, it is essentially complete (at 97.6%) for
magnitudes brighter than Ks = 11.75. It contains 43,533
galaxies with measured redshift101: 37,209 of them are within
200Mpc and 16,422 are within 100Mpc. About 90% of its
objects have a redshift �z 0.05, which is the range of
distances of interest for UHECR correlation studies due to the
effects of the GZK horizon.
The Swift-BAT 70 months X-ray catalog (Baumgartner

et al. 2013) includes sources detected in 70 months of
observation of the BAT hard X-ray detector on the Swift
gamma-ray burst observatory. It contains a total of 1210
objects: 705 of them are AGN-like (Seyfert I and II, other
AGNs, blazars, and QSOs) with measured redshift. The catalog
is complete over 90% of the sky for fluxes � q �13.4 10 12

erg (s cm2)−1, measured in the X-ray band from 14 to 195 keV
(note that the completeness of the subsample of AGNs with
measured redshifts maybe slightly different). We use this cut in
flux hereafter to have a more uniform sample of nearby AGNs.
489 AGN-like objects survive the cut: 296 of them are within
200Mpc and 160 are within 100Mpc.
The third catalog we use is a compilation of radio galaxies

produced in Van Velzen et al. (2012). This is a combination of
catalogs of observations at 1.4 GHz (NRAO VLA Sky Survey
(Condon et al. 1998)) and 843MHz (Sydney University
Molonglo Sky Survey (Mauch et al. 2003)), with redshifts of
associated objects taken from 2MRS. A flux limit of 213 mJy
(289 mJy) at 1.4 GHz (843MHz) is imposed on the objects
from each respective catalog, which would correspond to the
flux of Cen A as seen from a distance of about 200Mpc. We
select from this catalog the radio galaxies having jets, which
constitute a set of attractive candidates for UHECR sources.

Figure 2. Fraction f obtained in the autocorrelation of events vs. ψ and Eth.

100 The 2MRS and Swift catalogs have been updated after our earlier study of
correlations in Abreu et al. (2010) and Kampert et al. (2012).
101 We adopt hereafter a Hubble constant of � � �H 70 km s Mpc0

1 1 and the
effective distances considered are taken as wD zc H0, with z being the source
redshift obtained from the catalog.
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         [ 5o; 30o ] in 1º steps

‣ Post-trial probability:     =70% P
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Search for anisotropies at the highest energies with the Pierre Auger Observatory Julien Aublin
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Figure 2: Left: Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. Values
of fmin and P are shown as a function of the maximum distance D to the AGNs considered. Right: Results
of the scan in y and Eth for the value D = 90 Mpc corresponding to the (second) minimum in the left plot.

for 90% of the sky above an X-ray flux of 13.4⇥ 10�12 erg cm�2 s�1 in the 14-195 keV range.151

This cut in flux selects 296 AGN-like galaxies within 200 Mpc and 160 within 100 Mpc.152

The radio galaxy catalog that we use is a compilation from the 1.4 GHz NRAO VLA Sky153

Survey [16] and the 843 MHz Sydney University Molonglo Sky Survey [17] produced by Van154

Velzen et al. [15]. The catalog is quasi-complete for fluxes above 213 mJy at 1.4 GHz and 289 mJy155

at 843 MHz, and contains 205 radio galaxies with jets within 200 Mpc, and 56 within 100 Mpc.156

The overlap between the Swift-BAT and the radio galaxies catalog is only 5%, the majority of the157

Swift-BAT galaxies being of spiral type whereas the radio galaxies are mostly elliptical.158

As a first approach, we use these catalogs in a cross-correlation analysis where all the ob-159

jects with the above flux limits are selected. This selection corresponds to the assumption that all160

sources contribute to the cosmic ray flux in the proportion of their apparent luminosity. In a sec-161

ond approach, we select only the brightest sources from the catalogs by applying a cut in intrinsic162

luminosity which is motivated by the expectation that the maximum energy Emax achieved by the163

cosmic rays could be related to the intrinsic electromagnetic bolometric luminosity L of the ob-164

ject (E2
max µ L ). In that case, we test the assumption that only the brightest sources can produce a165

cosmic ray flux above an energy threshold Eth.166

Objects Eth Y D Lmin fmin P

[EeV] [�] [Mpc] [erg/s]
2MRS Galaxies 52 9 90 - 1.5⇥10�3 24%

Swift AGNs 58 1 80 - 6⇥10�5 6%
Radio galaxies 72 4.75 90 - 2⇥10�4 8%
Swift AGNs 58 18 130 1044 2⇥10�6 1.3%

Radio galaxies 72 4.75 90 1039.33 5.1⇥10�5 11%
Centaurus A 58 15 - - 2⇥10�4 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.
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Figure 2: Left: Cross-correlation of events with the AGNs in the catalog of radio galaxies with jets. Values
of fmin and P are shown as a function of the maximum distance D to the AGNs considered. Right: Results
of the scan in y and Eth for the value D = 90 Mpc corresponding to the (second) minimum in the left plot.
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The radio galaxy catalog that we use is a compilation from the 1.4 GHz NRAO VLA Sky153

Survey [16] and the 843 MHz Sydney University Molonglo Sky Survey [17] produced by Van154

Velzen et al. [15]. The catalog is quasi-complete for fluxes above 213 mJy at 1.4 GHz and 289 mJy155

at 843 MHz, and contains 205 radio galaxies with jets within 200 Mpc, and 56 within 100 Mpc.156

The overlap between the Swift-BAT and the radio galaxies catalog is only 5%, the majority of the157

Swift-BAT galaxies being of spiral type whereas the radio galaxies are mostly elliptical.158

As a first approach, we use these catalogs in a cross-correlation analysis where all the ob-159

jects with the above flux limits are selected. This selection corresponds to the assumption that all160

sources contribute to the cosmic ray flux in the proportion of their apparent luminosity. In a sec-161

ond approach, we select only the brightest sources from the catalogs by applying a cut in intrinsic162

luminosity which is motivated by the expectation that the maximum energy Emax achieved by the163

cosmic rays could be related to the intrinsic electromagnetic bolometric luminosity L of the ob-164

ject (E2
max µ L ). In that case, we test the assumption that only the brightest sources can produce a165

cosmic ray flux above an energy threshold Eth.166

Objects Eth Y D Lmin fmin P

[EeV] [�] [Mpc] [erg/s]
2MRS Galaxies 52 9 90 - 1.5⇥10�3 24%

Swift AGNs 58 1 80 - 6⇥10�5 6%
Radio galaxies 72 4.75 90 - 2⇥10�4 8%
Swift AGNs 58 18 130 1044 2⇥10�6 1.3%

Radio galaxies 72 4.75 90 1039.33 5.1⇥10�5 11%
Centaurus A 58 15 - - 2⇥10�4 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.
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‣ Additional scan on the luminosity of sources: 

- select galaxies that have intrinsic luminosity ℒ > ℒmin

(in the X-ray band for Swift and at 1.1GHz for radiogalaxies)

- scan on Eth, Ψ ,D, and ℒmin , compute fmin and     with isotropic simulations

‣ Penalized probability reach the 1% level for Swift

P
(from 1042 - 1044 erg.s-1 for Swift, 1039 - 1041  erg.s-1 for radio galaxies) 
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Correlation with astrophysical structures

‣ Search for excesses in the GC region, and in latitude bands around the Galactic 
Plane & Super-Galactic Plane. 
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‣ Result: no significant excess is found.

‣ If deflections are small, CR are unlikely of galactic origin above E > 40 EeV, and do not seem to come 
from the Super-Galactic Plane.

There are a total of 407 such jetted radio galaxies: 205 are
within 200Mpc and 56 are within 100Mpc (for this catalog we
compute the distance using the redshift corrected for peculiar
velocities that are also provided). We note that the majority of
these radio galaxies are different from the Swift-BAT AGNs
detected in X-rays, with an overlap of only about 5%. It is also
important to keep in mind that although we analyze each
catalog individually, it is possible that different types of sources
(i.e., from different catalogs) might be contributing to the
overall UHECR fluxes.

Below, we first study the cross-correlation with the three
flux-limited catalogs (with the flux limits just described),
including objects up to different maximum distances. This
selection is based on the apparent luminosity, and is motivated
by the fact that nearby sources may contribute significantly to
the fluxes (in their corresponding electromagnetic band as well
as in CRs) even if they are intrinsically fainter than far away
sources. In the case of the AGNs in the Swift and radio-galaxy
catalogs we also scan on the measured intrinsic luminosity of
the objects. This is motivated by the fact that the maximum CR
energy, Emax, achievable at the sources may be linked to the

intrinsic electromagnetic bolometric luminosity, , of the
source. In particular, one could expect that r( )E Zmax

2 if
the energy density in the magnetic field is in equipartition with
the energy in synchrotron emitting electrons in the acceleration
region (see, e.g., Farrar & Gruzinov 2009). Hence, it might
happen that only sources intrinsically brighter than some given
luminosity are able to accelerate CRs above the threshold
energies considered in this paper. On the other hand, for the
radio galaxies, the luminosity is also correlated with the
Fanaroff-Riley class, with FRII galaxies being generally
brighter than FRI ones.

6.1. Cross-correlation with Flux-limited Samples

The basis of the cross-correlation technique is a counting of
the number of pairs between UHE events and objects in the
chosen catalogs. In a similar way to the analyses described in
previous sections, we scan over energy threshold
( ⩽ ⩽E40 EeV 80th EeV) and over the angular scale
( Zn n⩽ ⩽1 30 ). We also consider different maximum dis-
tances to the objects, D, scanning on this from 10Mpc up to
200Mpc, in steps of 10Mpc. To find excesses of pairs, we
compare their observed number with that resulting from
isotropic simulations. For each considered distance, D, we first
calculate the fraction of isotropic simulations having an equal
number to or more pairs than the data, Zf E( , )th , and then we
look for its minimum, fmin. The post-trial probability, P, is
calculated as the fraction of isotropic simulations which, under
similar scans over Eth and ψ for each considered D, lead to a
value of fmin smaller than the one obtained with the data.
Figure 5 displays the results for the case of the 2MRS

catalog. The top-left panel shows fmin (asterisks) and P
(squares) obtained for each distance, D. The minimum values
are observed for D = 90Mpc, for which q ��f 1.5 10min

3

and �P 8%. The top-right panel in the figure shows the
distribution of Zf E( , )th as a function of energy threshold and
angle for the value D = 90Mpc, giving rise to the minimum
probability. The local minimum (indicated with a cross) is
observed for Z � n9 and �E 52th EeV. For these values,
20,042 pairs are expected on average from isotropic realiza-
tions, while 23,101 are observed in the data. Considering the
penalization due to the scan in D performed, the probability,  ,

Figure 3. Fraction f as a function of Galactic (left) or Super-Galactic (right) latitude band half-width considered, for events with energies above Eth.

Figure 4. Fraction f in circular windows around the Galactic Center as a
function of the angular radius of the window and Eth.
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There are a total of 407 such jetted radio galaxies: 205 are
within 200Mpc and 56 are within 100Mpc (for this catalog we
compute the distance using the redshift corrected for peculiar
velocities that are also provided). We note that the majority of
these radio galaxies are different from the Swift-BAT AGNs
detected in X-rays, with an overlap of only about 5%. It is also
important to keep in mind that although we analyze each
catalog individually, it is possible that different types of sources
(i.e., from different catalogs) might be contributing to the
overall UHECR fluxes.

Below, we first study the cross-correlation with the three
flux-limited catalogs (with the flux limits just described),
including objects up to different maximum distances. This
selection is based on the apparent luminosity, and is motivated
by the fact that nearby sources may contribute significantly to
the fluxes (in their corresponding electromagnetic band as well
as in CRs) even if they are intrinsically fainter than far away
sources. In the case of the AGNs in the Swift and radio-galaxy
catalogs we also scan on the measured intrinsic luminosity of
the objects. This is motivated by the fact that the maximum CR
energy, Emax, achievable at the sources may be linked to the

intrinsic electromagnetic bolometric luminosity, , of the
source. In particular, one could expect that r( )E Zmax

2 if
the energy density in the magnetic field is in equipartition with
the energy in synchrotron emitting electrons in the acceleration
region (see, e.g., Farrar & Gruzinov 2009). Hence, it might
happen that only sources intrinsically brighter than some given
luminosity are able to accelerate CRs above the threshold
energies considered in this paper. On the other hand, for the
radio galaxies, the luminosity is also correlated with the
Fanaroff-Riley class, with FRII galaxies being generally
brighter than FRI ones.

6.1. Cross-correlation with Flux-limited Samples

The basis of the cross-correlation technique is a counting of
the number of pairs between UHE events and objects in the
chosen catalogs. In a similar way to the analyses described in
previous sections, we scan over energy threshold
( ⩽ ⩽E40 EeV 80th EeV) and over the angular scale
( Zn n⩽ ⩽1 30 ). We also consider different maximum dis-
tances to the objects, D, scanning on this from 10Mpc up to
200Mpc, in steps of 10Mpc. To find excesses of pairs, we
compare their observed number with that resulting from
isotropic simulations. For each considered distance, D, we first
calculate the fraction of isotropic simulations having an equal
number to or more pairs than the data, Zf E( , )th , and then we
look for its minimum, fmin. The post-trial probability, P, is
calculated as the fraction of isotropic simulations which, under
similar scans over Eth and ψ for each considered D, lead to a
value of fmin smaller than the one obtained with the data.
Figure 5 displays the results for the case of the 2MRS

catalog. The top-left panel shows fmin (asterisks) and P
(squares) obtained for each distance, D. The minimum values
are observed for D = 90Mpc, for which q ��f 1.5 10min

3

and �P 8%. The top-right panel in the figure shows the
distribution of Zf E( , )th as a function of energy threshold and
angle for the value D = 90Mpc, giving rise to the minimum
probability. The local minimum (indicated with a cross) is
observed for Z � n9 and �E 52th EeV. For these values,
20,042 pairs are expected on average from isotropic realiza-
tions, while 23,101 are observed in the data. Considering the
penalization due to the scan in D performed, the probability,  ,

Figure 3. Fraction f as a function of Galactic (left) or Super-Galactic (right) latitude band half-width considered, for events with energies above Eth.

Figure 4. Fraction f in circular windows around the Galactic Center as a
function of the angular radius of the window and Eth.
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There are a total of 407 such jetted radio galaxies: 205 are
within 200Mpc and 56 are within 100Mpc (for this catalog we
compute the distance using the redshift corrected for peculiar
velocities that are also provided). We note that the majority of
these radio galaxies are different from the Swift-BAT AGNs
detected in X-rays, with an overlap of only about 5%. It is also
important to keep in mind that although we analyze each
catalog individually, it is possible that different types of sources
(i.e., from different catalogs) might be contributing to the
overall UHECR fluxes.

Below, we first study the cross-correlation with the three
flux-limited catalogs (with the flux limits just described),
including objects up to different maximum distances. This
selection is based on the apparent luminosity, and is motivated
by the fact that nearby sources may contribute significantly to
the fluxes (in their corresponding electromagnetic band as well
as in CRs) even if they are intrinsically fainter than far away
sources. In the case of the AGNs in the Swift and radio-galaxy
catalogs we also scan on the measured intrinsic luminosity of
the objects. This is motivated by the fact that the maximum CR
energy, Emax, achievable at the sources may be linked to the

intrinsic electromagnetic bolometric luminosity, , of the
source. In particular, one could expect that r( )E Zmax

2 if
the energy density in the magnetic field is in equipartition with
the energy in synchrotron emitting electrons in the acceleration
region (see, e.g., Farrar & Gruzinov 2009). Hence, it might
happen that only sources intrinsically brighter than some given
luminosity are able to accelerate CRs above the threshold
energies considered in this paper. On the other hand, for the
radio galaxies, the luminosity is also correlated with the
Fanaroff-Riley class, with FRII galaxies being generally
brighter than FRI ones.

6.1. Cross-correlation with Flux-limited Samples

The basis of the cross-correlation technique is a counting of
the number of pairs between UHE events and objects in the
chosen catalogs. In a similar way to the analyses described in
previous sections, we scan over energy threshold
( ⩽ ⩽E40 EeV 80th EeV) and over the angular scale
( Zn n⩽ ⩽1 30 ). We also consider different maximum dis-
tances to the objects, D, scanning on this from 10Mpc up to
200Mpc, in steps of 10Mpc. To find excesses of pairs, we
compare their observed number with that resulting from
isotropic simulations. For each considered distance, D, we first
calculate the fraction of isotropic simulations having an equal
number to or more pairs than the data, Zf E( , )th , and then we
look for its minimum, fmin. The post-trial probability, P, is
calculated as the fraction of isotropic simulations which, under
similar scans over Eth and ψ for each considered D, lead to a
value of fmin smaller than the one obtained with the data.
Figure 5 displays the results for the case of the 2MRS

catalog. The top-left panel shows fmin (asterisks) and P
(squares) obtained for each distance, D. The minimum values
are observed for D = 90Mpc, for which q ��f 1.5 10min

3

and �P 8%. The top-right panel in the figure shows the
distribution of Zf E( , )th as a function of energy threshold and
angle for the value D = 90Mpc, giving rise to the minimum
probability. The local minimum (indicated with a cross) is
observed for Z � n9 and �E 52th EeV. For these values,
20,042 pairs are expected on average from isotropic realiza-
tions, while 23,101 are observed in the data. Considering the
penalization due to the scan in D performed, the probability,  ,

Figure 3. Fraction f as a function of Galactic (left) or Super-Galactic (right) latitude band half-width considered, for events with energies above Eth.

Figure 4. Fraction f in circular windows around the Galactic Center as a
function of the angular radius of the window and Eth.
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P ≈70% P ≈22%P ≈29%
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Top down models

‣ Limits on photon flux from Auger excludes several SHDM, TD & Z-burst models
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Auger neutrino and photon limits Carla Bleve
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Figure 6: Upper limits to the diffuse flux of
UHE neutrinos at 90% C.L. in integrated (hor-
izontal lines) and differential form. Limits de-
scribed in this work (red lines) are compared
with cosmogenic neutrino models [16, 17, 18],
the Waxman-Bahcall bound [19], and limits
from IceCube [20] and ANITA [21]. All neu-
trino limits and fluxes are converted to single-
flavour.
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Figure 7: Upper limits at 95% C.L. to the diffuse
flux of UHE photons derived in this work (black)
shown together with previous results from the
Pierre Auger Observatory with hybrid (Hyb) and
SD data [22], Telescope Array (TA) [23], Yakutsk
(Y) [24], Haverah Park (HP) [25], AGASA (A)
[26] and predictions from several top-down [27,
28] and cosmogenic photon models [27, 17].

evolution and model for the transition from galactic to extragalactic cosmic-rays [18]. A 10-fold
increase in the exposure will be needed to reach the most optimistic predictions in case of a pure
iron composition at sources, out of the range of the current configuration of the observatory.

3.2 Limits to the integrated photon flux

The upper limits on the integral flux of photons, for Eg > E0, are defined as:

FCL
g (Eg > E0) =

NCL
g

hE i (3.3)

where Eg is assigned according to the photon energy reconstruction; NCL
g is the Feldman-Cousins

upper limit to the number of photon events computed at a confidence level CL in the hypothesis of
no background event expected; hE i is the spectrum-weighted average exposure in the energy range
Eg > E0. In the period of data taking considered, the value of hE i is 5200, 6800, 6300 km2 sr yr,
for Eg >10, 20, 40 EeV respectively. The limits to the integral flux are:

F95%
g (Eg > 10, 20, 40 EeV)< 1.9, 1.0, 0.49⇥10�3 km�2 yr�1 sr�1. (3.4)

The limits to the diffuse flux of photons obtained with the Auger Observatory are the most stringent
currently available above 1 EeV (Fig. 7). Top-down models of photon production from the decay
of heavy primordial particles [27, 28] are strongly disfavoured. Preliminary limits derived in this
work for Eg > 10 EeV start constraining the most optimistic predictions of cosmogenic photon
fluxes in the assumption of a pure proton composition at the sources [27]. Cosmogenic models
using a primary spectral index of -2 and maximum energy of 1021 eV at the sources [17] predict an
integrated photon flux above 10 EeV ⇠4 times lower than the current limits in the case of proton
primaries, ⇠2 orders of magnitude lower if iron nuclei are injected at the sources.

7

*see talk by C.Bleve, in 
the NU 04 session for 
details.
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A binned maximum-likelihood method is used to find
the best-fitting combination of the various species. For a
given energy bin E, the likelihood is expressed as

L ¼
Y

j

"
e−CjCnj

j

nj!

#
; ð4Þ

where nj is the measured count of events in Xmax bin j and
Cj is the corresponding MC prediction. As a practical
consideration, we remove the factorials by dividing L by
the likelihood value obtained when Cj ¼ nj. As this value
is a constant factor, the maximization is not affected by this
process. This has the added advantage that the resulting
likelihood ratio can also be used as an estimator for the
goodness of fit [11];

L0 ¼
Y

j

"
e−CjCnj

j

nj!

#

=

"
e−njnnjj
nj!
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: ð5Þ

The species fractions Fi that best fit the data are found by
minimizing the negative log-likelihood expression

L ¼ − lnL0 ¼
X

j

!
Cj − nj þ nj ln

nj
Cj

"
: ð6Þ

The fit quality is measured by the p-value, which is
defined as the probability of obtaining a worse fit (larger
L) than that obtained with the data, assuming that
the distribution predicted by the fit results is correct.
To construct p-values for the fit, mock data sets of
the predicted Xmax distribution were generated from the
templates with size equal to the real data set. The
p-value was calculated as the fraction of mock data sets
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FIG. 4 (color online). Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and
iron nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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Depth of maximum of air-shower profiles at the Pierre Auger Observatory.
II. Composition implications
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Combined fit of Pierre Auger spectrum and composition data Armando di Matteo
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Figure 1: Left:
p

D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable

4

(see talk by A. di Matteo, in the CR13 EX EAS session)
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,
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