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We present an update on the arrival-direction analyses conducted on intermediate angular scales
using the complete Phase I data of the Pierre Auger Observatory up to the end of 2022 with a
total exposure of 135,000 km2 sr yr. We show the arrival-direction distribution of the ultra-high-
energy cosmic rays along the supergalactic plane above 20 EeV, and an update in the search for
magnetically-induced signatures in the arrival directions. Furthermore, we present the potential of
introducing estimators for the rigidity ordering of the events to enhance arrival-direction analyses
on small to intermediate angular scales. To achieve this, we take advantage of two estimators
working on the response of the surface detector: an analytical fit based on air-shower universality
and a deep neural network.
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1. Introduction

The Pierre Auger Observatory [1] is the largest observatory in the world studying ultra-uigh-
energy cosmic rays (UHECRs). The analyses completed on the arrival directions of the events
are a powerful tool to shed light about their astrophysical sources. The Auger Collaboration has
reported the presence of a dipolar modulation in right ascension for events above 8 EeV1 [2]. The
modulation has a significance of 6.8𝜎, and its direction points∼ 115◦ away from the Galactic Centre
providing evidence that the anisotropy observed is of extragalactic origin. Furthermore, the Auger
Collaboration has conducted analyses on smaller angular scales at energies above 32 EeV [3, 4].
The most promising result has been the observation of an excess in the Centaurus region, with a
post-trial significance of 4.0𝜎. This excess is also the driving force of an indication of correlation
with a catalog of starburst galaxies, with a post-trial significance of 3.8𝜎.

In this proceeding, we present an update on the arrival-direction analyses completed on inter-
mediate angular scales with the data of the Pierre Auger Observatory. The analyses include a scan
looking for overdensities along the supergalactic plane and a search for magnetically-induced sig-
natures. The scan on the supergalactic includes events above 20 EeV in an analysis on intermediate
angular scales.

Moreover, we test on simulations the potential of introducing estimators for the rigidity or-
dering of the events, inferred with the data registered with the surface detector, in the analyses on
intermediate angular scales. The estimators are based on the indirect determination of the depth of
shower maximum (𝑋max), using two possible methods: a fit based on air-shower universality [5, 6]
and a deep neural network (DNN) [7]. These methods have worse resolutions on the 𝑋max indirect
determination (≈ 40 g cm−2 for the universality fit and ≈ 25 g cm−2 for the DNN) respect to the
fluorescence-detector measurement (≈ 15 g cm−2). However, since these estimators can be applied
to the data of the surface detector, this ensures ∼ 10 times more events than with the fluorescence
detector.

2. The data set

The data set used includes the events recorded with the water-Cherenkov surface detectors of
the Pierre Auger Observatory from 1st January 2004 to 31st December 2022, namely the Phase I of
the Pierre Auger Observatory. In the transition phase, during the deployment of the AugerPrime
upgrade [8] (during 2021 and 2022), only events reconstructed with stations with pre-update
electronics are included. We consider events with a zenith angle 𝜃 < 80◦, equal to a field of view
ranging from −90◦ to +45◦ in declination. Two different selection criteria are applied for events
with 𝜃 < 60◦ (vertical events) and events with 60◦ ≤ 𝜃 < 80◦ (inclined events). For vertical events,
we require that the station with largest signal is surrounded by at least 4 active stations and that the
reconstructed shower core is within an isosceles triangle of active stations. For inclined events, we
require that the station closest to the reconstructed shower core is surrounded by at least 5 active
stations. These criteria ensure an angular resolution ≲ 1◦ for both vertical and inclined events, for
the energies considered in this work. The statistical uncertainty on the energy is ∼ 7% and the

11 EeV = 1018 eV
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1st maximum 2nd maximun
𝐸min 𝑁tot 𝐿 𝐵

𝜀in
𝜀tot

𝑁bg 𝑁in
𝜙in
𝜙out

𝑍LM
99%
U.L. 𝐿 𝐵

𝜀in
𝜀tot

𝑁bg 𝑁in
𝜙in
𝜙out

𝑍LM
99%
U.L.

20 EeV 8832 162◦ −6◦ 9.56% 829. 990 1.19+0.04
−0.04 +5.2𝜎 1.29 241◦ −5◦ 10.27% 900. 971 1.08+0.04

−0.04 +2.2𝜎 1.17
25 EeV 5380 161◦ −9◦ 9.56% 504. 608 1.21+0.05

−0.05 +4.2𝜎 1.33 275◦ −19◦ 8.00% 426. 482 1.13+0.05
−0.05 +2.6𝜎 1.26

32 EeV 2936 163◦ −8◦ 9.68% 276. 363 1.32+0.08
−0.07 +4.7𝜎 1.50 276◦ −17◦ 7.89% 229. 264 1.15+0.08

−0.07 +2.2𝜎 1.34
40 EeV 1533 162◦ −6◦ 9.56% 140. 208 1.49+0.11

−0.11 +5.1𝜎 1.77 345◦ −7◦ 1.00% 15.2. 26 1.71+0.36
−0.32 +2.5𝜎 2.68

50 EeV 713 161◦ −7◦ 9.56% 64.4 103 1.60+0.18
−0.16 +4.2𝜎 2.05 322◦ −22◦ 3.69% 25.9 39 1.51+0.26

−0.23 +2.4𝜎 2.20
63 EeV 295 163◦ −3◦ 9.56% 26.3. 46 1.75+0.30

−0.26 +3.3𝜎 2.54 223◦ +26◦ 9.56% 26.7 42 1.57+0.28
−0.25 +2.6𝜎 2.31

Table 1: First and second maxima found in the SGP analysis, with the second maximum region not
overlapping the first one. For each energy threshold, we report the number of events 𝑁tot. For each
maximum, we list the centre position in supergalactic coordinates (𝐿, 𝐵), the ratio of exposure inside and
outside 𝜀in

𝜀tot
, the number of events inside (𝑁in) and outside (𝑁out), the flux ratio 𝜙in

𝜙out
, the Li-Ma significance

(𝑍LM) and the 99% confidence level upper limit to 𝜙in/𝜙out (99%
U.L.).

systematic uncertainty on the absolute energy scale is 14% [9, 10]. The total exposure of this data
set is 135,000 km2 sr yr.

3. Supergalactic plane analysis

We start reporting the search for overdensities along the supergalactic plane (SGP) described
in [11]. The analysis evaluates the probability of finding 𝑁in events inside a circular region of
radius Ψ = 27◦ when 𝑁bg events are expected. The size of the circular region has been chosen
according to the largest-significance overdensity region observed in the whole sky [3, 4]. The centre
positions of the regions are the bin centres of an HEALPix map with 𝑁side = 64 that meet the two
following criteria: the SGP must be intersected by the circular region (i.e. the centre position has
a supergalactic latitude 𝐵 with −Ψ ≤ 𝐵 ≤ +Ψ) and the centre of the region must be contained in
the field of view of the Observatory (declination 𝛿 ≤ +45◦). We completed the analysis scanning
over six energy thresholds, 𝐸min = 20, 25, 32, 40, 50, 63 EeV, i.e. 1019.3,19.4,...19.8 eV rounded to the
nearest integer in EeV.

Given 𝑁in (𝑁out) events inside (outside) a circular region and evaluated the exposure 𝜀in
(𝜀out) inside (outside) the region, we calculated the number of expected background events (𝑁bg =

𝑁out𝜀in/𝜀out) and the ratio between the flux inside and outside 𝜙in/𝜙out = 𝑁in/𝑁out.
In Table 1, we report the results obtained for the regions of the first and second maxima found

along the SGP as a function of the selected energy threshold. The requirement for the second
maximum is that there is no overlap with the region of the first maximum. For each maximum, we
defined the frequentist 99% confidence level upper limit to 𝜙in/𝜙out as the value of 𝜙in/𝜙out such
that

∑𝑁tot
𝑛=𝑁in+1 𝑃(𝑛|𝑁tot, 𝜙in/𝜙out) = 0.01. Here, 𝑃(𝑛|𝑁tot, 𝜙in/𝜙out) is the binomial probability of

observing 𝑛 events in the region given 𝑁tot events. In Table 1, we show that the most significant
excess is contained in the Centaurus region (for reference the position of the radiogalaxy Centaurus A
in supergalactic coordinates is (𝐿, 𝐵) = (159.7◦,−5.2◦)), with an approximately stable position,
throughout the energy-threshold range studied. On the other hand, we show that the flux ratio
increases, meaning that the particles of the excess have a different spectrum than the background
ones, with a slower decrease with energy.
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We note that the Telescope Array Collaboration (TA) reported the presence of two overdensity
regions intersecting the SGP. These are an excess with 𝐸 ≥ 57 EeV in a circular region centred
in (𝛼, 𝛿) ≈ (145◦, +40◦) (a) [12] and weaker excesses centred in (𝛼, 𝛿) ≈ (20◦, +45◦) with 𝐸 ≥
1019.4,19.5,19.6 eV (b1, b2, b3) [13, 14]. As it is reported in Table 1, the significance of the second
maximum intersecting the SGP found for each energy threshold in our data is always ∼ 2.5𝜎. The
non observation of other excesses is in contrast with the results reported by the TA Collaboration, as
the exposure of the Pierre Auger Observatory in the excess regions reported by the TA Collaboration
is comparable with the TA one. To better compare our results with those reported by the TA
Collaboration, we changed our energy threshold according to the energy mismatch known between
the two observatories (see Eq. (1) of [15]) and completed the analysis for each excess region. A
full comparison of the results is reported in Table 2. We report that the significance obtained in
each window is always −0.7𝜎 ≲ 𝑍LM ≲ +0.2𝜎, in agreement with isotropy, while a significance of
≈ 4𝜎 is expected when considering the flux ratio observed by the TA Collaboration. Based on the
result reported by the TA Collaboration, we have been able to compute the frequentist 99% lower
limit on 𝜙in/𝜙out as the 𝜙in/𝜙out such that

∑𝑁in−1
𝑛=0 𝑃(𝑛|𝑁tot, 𝜙in/𝜙out) = 0.01. We note here that,

while our result lays in agreement with isotropy, possible values of 𝜙in/𝜙out compatible with both
the lower limits obtained from the results reported by the TA Collaboration and the upper limits
obtained from our data, exist for all the reported TA overdensities.

Telescope Array Pierre Auger Observatory
𝐸min 𝑁tot

𝜀in
𝜀tot

𝑁bg 𝑁in
𝜙in
𝜙out

𝑍LM
99%
L.L.

post-
trial 𝐸min 𝑁tot

𝜀in
𝜀tot

𝑁bg 𝑁in
𝜙in
𝜙out

𝑍LM
99%
U.L.

(a) 57 EeV 216 9.47% 18.0 44 2.44+0.44
−0.39 +4.8𝜎 1.60 2.8𝜎 44.6 EeV 1074 1.00% 10.7 9 0.84+0.31

−0.25 −0.5𝜎 1.76
(b1) 1019.4 eV 1125 5.88% 64.0 101 1.58+0.16

−0.17 +4.1𝜎 1.22 3.3𝜎 20.5 EeV 8374 0.84% 70.1 65 0.93+0.12
−0.11 −0.6𝜎 1.23

(b2) 1019.6 eV 728 5.87% 41.1 70 1.70+0.22
−0.20 +4.0𝜎 1.25 3.2𝜎 25.5 EeV 5156 0.84% 43.5 39 0.90+0.15

−0.14 −0.7𝜎 1.29
(b3) 1019.8 eV 441 5.84% 24.6 45 1.83+0.31

−0.27 +3.6𝜎 1.23 3.0𝜎 31.7 EeV 2990 0.87% 26.0 27 1.04+0.21
−0.19 +0.2𝜎 1.61

Table 2: Comparison between the result obtained by the Telescope Array Collaboration according to the
latest update [14] and the Auger Collaboration in the circular region of the excesses reported by Telescope
Array Collaboration.

4. Search for magnetically-induced signatures

We present here an update on the search of magnetically-induced signatures in UHECR arrival
directions. The deflection of a charged particle inside a regular magnetic field depends on the
rigidity of the particle 𝑅 = 𝐸/𝑍𝑒 and the distance 𝐿 transverse within the magnetized regions. If
the deflections are small enough, the equation describing the observed arrival direction ®𝜆 given
the source direction ®𝜆𝑠 can be linearized [16] as ®𝜆 = ®𝜆𝑠 + 1

𝐸/𝑍𝑒
∫ 𝐿

0 𝑑®𝑙 × ®𝐵 ≃ ®𝜆𝑠 +
®𝐷 ( ®𝜆𝑠 )
𝐸

, where
®𝐷 ( ®𝜆𝑠) denotes the deflection power. For 𝜇G values typical of the Galactic magnetic field, we expect
departures from the linear approximation below ∼ 20 EV, thus for proton the approximation is valid
above ∼ 20 EeV, while for helium above ∼ 40 EeV. The signatures of this deflection would be the
presence of sets of events (multiplets) oriented in the source direction within ∼ 20◦ according to
1/𝐸 .

We studied the presence of multiplets inside the Auger Phase I data set with a high correlation
coefficient between ®𝜆 and 1/𝐸 using the same method as [17]. We decided to limit the data set
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to events above 40 EeV. The correlation between a given set of 𝑁 events is calculated finding
the projection (𝑥𝑖 , 𝑦𝑖) of each event along the plane (𝑥, 𝑦), defined as the plane tangent to the
celestial sphere in the average direction of the set of events. We then compute the covariances
Cov(𝑥, 1/𝐸) = 1

𝑁

∑𝑁
𝑖=1(𝑥𝑖 − ⟨𝑥⟩)(1/𝐸𝑖 − ⟨1/𝐸⟩) and Cov(𝑦, 1/𝐸). We thus define the rotated

plane (𝑢, 𝑤) as the plane where Cov(𝑢, 1/𝐸) is maximum and Cov(𝑤, 1/𝐸) = 0. This plane is
obtained by rotating (𝑥, 𝑦) with the rotation angle 𝛼 = arctan

(
Cov(𝑦, 1/𝐸)/Cov(𝑥, 1/𝐸)

)
between

𝑢 and 𝑥. The correlation between 𝑢 and 1/𝐸 is thus given by 𝐶 (𝑢, 1/𝐸) = Cov(𝑢,1/𝐸 )√
Var(𝑢)Var(1/𝐸 )

, where

Var(𝑥) =
〈
(𝑥 − ⟨𝑥⟩)2〉.

To identify a set of 𝑁 events as a multiplet, we require three conditions: first, the correlation
coefficient has to be sufficiently large (𝐶 (𝑢, 1/𝐸) > 𝐶min), second, the set of events does not spread
largely across the 𝑤-axis (max(𝑤𝑖) < 𝑤max), and finally the events do not spread largely across the
sky (𝑑𝑖 𝑗 < 20◦, where 𝑑𝑖 𝑗 is the angular distance between the 𝑖-th and 𝑗-th events of the set). The
values of 𝐶min and 𝑤max, chosen to maximize the signal enhancement and minimize the isotropic
background chance probability, are 𝐶min = 0.85 and 𝑤max = 1.5◦.

We completed an all-sky analysis, where no condition on the multiplet position is defined, and
a targeted analysis, where multiplets are searched around specific sources. In the targeted analysis,
we imposed that the position of the reconstructed source is within 3◦ from the selected source.
We performed the targeted analysis considering ten potential sources as in [17], among which,
three are AGNs (Centaurus A, M 87 and Fornax A) and seven are SBGs (NGC 253, NGC 4945,
Circinus, M 83, NGC 4631, NGC 1808, NGC 1068). The 𝑝-value of 𝑛 independent multiplets with
multiplicity equal or larger than 𝑚 is given by the fraction of isotropic simulations where at least 𝑛
or more multiplets are found with multiplicity equal or larger than 𝑚, passing the same cuts.

For the all-sky analysis, the largest multiplet we have obtained is a 13-plet with an isotropic
chance probability of 12%. For the targeted analysis, the largest multiplet is a 9-plet for Centaurus A,
with a chance probability of 6%.

5. Rigidity-ordering estimators for arrival directions

Given that magnetic deflections scale with the rigidity of the particles, events with higher
rigidity are expected to show more pronounced anisotropies. We conducted a series of simulations
to determine the most effective strategy to enhance a potential excess of high-rigidity events in
the Centaurus region, defined as the circular area within 27◦ of the radiogalaxy Centaurus A
(Cen A)[3, 4], using rigidity-ordering estimators applied to the data registered with the surface
detector. Assuming that the observed excess is not due to statistical fluctuations, our goal is to
study how discarding low-rigidity events can maximize the statistical significance of the excess,
under different hypothesis for the mass composition of the events that are located in the overdensity
region. The analysis was restricted to events with reconstructed energy above 38 EeV, which is the
energy threshold where the maximum significance is found.

In each simulation, we defined a signal population 𝑆 confined to the Centaurus region, and
a background population 𝐵 extending throughout the sky. Since the depth of shower maximum
(𝑋max) inferred with data from the surface detector can only be reconstructed for vertical events as
of now, we randomly marked 𝑁

sig
ver vertical events within the Centaurus region as signal, assigning
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them a mass according to the specific scenario under study. All remaining vertical events were
treated as background and assigned a mass according to the background model.

The events were then matched with air shower simulations of the corresponding mass, whose
𝑋max values had been reconstructed using both the universality-based method [5, 6] and a DNN ap-
proach [7]. All simulations were performed using the EPOS-LHC hadronic interaction model [18].

For each scenario, we tested three different values for the signal fraction in the Centaurus region
( 𝑓 Cen A

sig = 0.25, 0.50, and 0.75), and performed 1000 independent sky simulations per case. In this
proceeding, we report the results for the following two scenarios.

(i) helium scenario: the signal composition is made of helium particles, while the background
composition follows the "Auger mix" composition. This composition is obtained fitting the
𝑋max distributions [19], measured using the fluorescence detector, with the expectation based
on the EPOS-LHC hadronic interaction model [18], asssuming four atomic species: proton,
helium, nitrogen and iron;

(ii) mixed composition scenario: in this scenario, we account for possible deflections and place
lower-rigidity events further away from Centaurus A. We considered that the cosmic rays are
deflected due to turbulent extragalactic magnetic fields following a von Mises distribution
(𝑝VM(𝑑, 𝑅)), where 𝑑 is the angular distance from Centaurus A and 𝑅 is the rigidity of the
event. The deflection for an event with atomic number 𝑍𝑖 and energy 𝐸 is defined by the
concentration parameter 𝑘𝑖 = 1

Θ2
0

(𝐸/𝑍𝑖𝑒

10 EV
)
. We impose Θ0 = 16.8◦. This value was taken

from the outcome of the scenario considering Centaurus A as UHECR source in [20]. The
probability for an event distant 𝑑 from Centaurus A, to be of the atomic species 𝑍𝑖 is given by
𝑤𝑖 = 𝑝VM(𝑑, 𝐸/𝑍𝑖𝑒)/

∑
𝑗 𝑝VM(𝑑, 𝐸/𝑍 𝑗𝑒). We consider a signal mixed population of proton,

helium and oxygen, i.e. 𝑍𝑖 ∈ [1, 2, 8]. As in the previous scenario, the background population
follows the "Auger mix" composition model.

Starting from the simulated 𝑋max, we subtracted the decadal elongation rate, defining the energy-
independent mass-sensitive parameter 𝑋19

max = 𝑋max − 𝐷 lg(𝐸/1019 eV). We set 𝐷 = 58 g/cm2,
which is approximately equal in all hadronic interaction models. We then introduced the rigidity
proxy parameter 𝑅 := 𝐸0/𝑍𝑒, using 1/𝑍 := 2 exp

(
(𝑋19

max − 𝑥ref)/𝜆
)
. In the previous equation,

𝜆 ≃ 22.3 g/cm2 represents the increase in the average depth of the shower maximum per unit
step in ln(𝐴) based on the Heitler-Matthews model, and is approximately invariant in all hadronic
interaction models. 𝑅 is not the absolute rigidity of the events, but approximately preserves the
rigidity ordering of the data set, given an ideal reconstruction. Thus, we ordered the simulated data
sets according to 𝑅, and discarded events as a function of increasing 𝑅 to study the evolution with
𝑅 of the significance in the Centaurus A targeted analysis. We note that the ordering is independent
of the choice of 𝑥ref.

In Fig. 1, we present the Li-Ma significance (𝑍LM) of the Centaurus A excess as a function of
the fraction of low-rigidity events rejected ( 𝑓rej). The top panel corresponds to the results when
the estimator based on air-shower universality is used, and the bottom panel corresponds to the
results when the estimator inferred with the DNN is considered. In each panel, the top and bottom
rows correspond to the helium and mix composition scenario, while the left, middle and right
columns are the 𝑓 Cen A

sig =0.25, 0.5, and 0.75 cases, respectively. With this figure we illustrate
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(a) Universality

(b) DNN

Figure 1: Evolution of the Li-Ma significance (𝑍LM) of the Centaurus region excess as a function of the
fraction of the low-rigidity events rejected ( 𝑓rej) , considering the estimator based on Universality (a) and the
one inferred with DNN (b). In each panel, the top row corresponds to the helium scenario while the bottom
one corresponds to the mixed composition case. The left, middle and right columns are the 𝑓 Cen A

sig =0.25,
0.5 and 0.75 cases, respectively.

that the introduction of rigidity-ordering estimators can significantly enhance the significance of
an excess caused by high-rigidity events around Centaurus A. As expected, the enhancement is
more pronounced when there is a larger mass difference between signal and background, and it
increases with the signal fraction. Moreover, the increase is larger when the estimator inferred with
DNN is considered, given that it has a better resolution than the universality-based one. For both
methods, the maximum significance is obtained when a substantial fraction of low-rigidity events
is discarded ( 𝑓rej ∼ 0.4 − 0.6). We note, however, that these results are obtained in the specific
assumption that a high-rigidity signal is present only in the Centaurus A region; thus results on data
may vary significantly.
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6. Conclusion

We presented here an update on the arrival-direction analyses on intermediate angular scale
with data of the Phase I of the Pierre Auger Observatory.

Firstly, we showed a blind search looking for overdensities on circular regions along the SGP
with radius fixed to 27◦. The most significant overdensity is located in the Centaurus region with a
position approximately stable at all energy thresholds considered. The largest significance is found
above 20 EeV where 𝑍LM = +5.2𝜎. We also studied the regions along the SGP where the TA
Collaboration has reported overdensities in their data. With comparable statistics, all the Li-Ma
significances obtained are in agreement with isotropy, while significances of ≈ 4𝜎 were expected.
We note however that there are values of the flux ratio compatible with the upper limits obtained
from our data and the lower limits inferred from the results reported by the TA Collaboration.

We then reported an update on the search for multiplets. By completing an all-sky analysis, the
largest multiplet observed is one 13-plet with a probability of 12% of being present in an isotropic
distribution of arrival directions. By doing a targeted analysis looking for multiplets within 3◦ from
selected sources, we observed one 9-plet near Centaurus A with a chance probability of 6%.

Lastly, using simulations, we studied the introduction of estimators for the rigidity ordering
for the data recorded with the surface detector in the Centaurus A targeted analysis. We showed
that if the excess observed in the Centaurus region is formed by high-rigidity events, we expect to
improve the significance of the Centaurus A targeted analysis by discarding a moderate fraction of
low-rigidity events.
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