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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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Update on the intermediate arrival-direction analyses of Auger Lorenzo Apollonio

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 EeV! [2]. The
modulation has a significance of 6.80, 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 4.00~. This excess is also the driving force of an indication of correlation
with a catalog of starburst galaxies, with a post-trial significance of 3.8c.

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 (Xpax), 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 Xy« indirect
determination (= 40 gcm™2 for the universality fit and ~ 25 gcm™2 for the DNN) respect to the
fluorescence-detector measurement (~ 15 gcm™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 1% January 2004 to 31% 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 6 < 80°, equal to a field of view
ranging from —90° to +45° in declination. Two different selection criteria are applied for events
with 6 < 60° (vertical events) and events with 60° < # < 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
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40BeV 1533 | 162° —6° 9.56% 140. 208 14901 4510 177 | 345° -7°  1.00% 152. 26 1713 4250 2.68
50EeV 713 | 161° -7° 9.56% 64.4 103 1.60*0!S +420 205 |322° -22° 3.69% 259 39 151*0% +240 220

63EeV 295 | 163° -3° 9.56% 263. 46 175%030 4330 254 |223° +26° 9.56% 267 42 15798 4260 231

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 Ny. For each
maximum, we list the centre position in supergalactic coordinates (L, B), the ratio of exposure inside and
outside £, the number of events inside (Nj,) and outside (Noy), the flux ratio %n  the Li-Ma significance

Etot’ Pout’
(Zym) and the 99% confidence level upper limit to @i,/ Pout (%?Z‘f).

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

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 Ny, events inside a circular region of
radius ¥ = 27° when Ny, 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 Ngjge = 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 - < B < +¥) and the centre of the region must be contained in
the field of view of the Observatory (declination 6 < +45°). We completed the analysis scanning
over six energy thresholds, E i, = 20, 25, 32,40, 50, 63 EeV, i.e. 1019-3:19-4....19.8 o\ rounded to the
nearest integer in EeV.

Given Nj, (Noy) events inside (outside) a circular region and evaluated the exposure &i,
(&out) inside (outside) the region, we calculated the number of expected background events (Npg =
Nout€in/Eou) and the ratio between the flux inside and outside ¢i,/Pout = 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 @i, /dou as the value of ¢in/Poue Such
that Zi"]‘vm “ P(n|Niot, din/dout) = 0.01. Here, P(n|Niot, Pin/Pout) is the binomial probability of
observing n events in the region given Ny 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 £ > 57 EeV in a circular region centred
in (a,d) ~ (145°,+40°) (a) [12] and weaker excesses centred in (a, ) ~ (20°,+45°) with E >
1019-4.19-5,19.6 oy (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 ~ 2.50-. 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 —0.70 < Zpm < +0.20, in agreement with isotropy, while a significance of
~ 40 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 ¢in/Pour as the @in/Poue such that Z;V:“b_l P(n|Nyt, din/dou) = 0.01. We note here that,
while our result lays in agreement with isotropy, possible values of ¢i,/done 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
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(©3) | 10186V 441 5.84% 246 45 18393 4360 123 3.00 |31.7EeV 2990 0.87% 260 27 104920 4020 1.6l
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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 1 given

the source direction /fs can be linearized [16] as A= ZS + ﬁ fOL dlx B ~ Zs + D(g"), where

D (ZS) denotes the deflection power. For uG 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 A and 1 /E using the same method as [17]. We decided to limit the data set
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to events above 40EeV. The correlation between a given set of N events is calculated finding
the projection (x;,y;) 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) = % Zfil(xi —(x))(1/E; = {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 @ = arctan(Cov(y, 1/E)/Cov(x, 1/E)) between
Cov(u,l/E)

\/Var(u)Var(1/E)’

u and x. The correlation between u and 1/E is thus given by C(u, 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) > Cuin), second, the set of events does not spread
largely across the w-axis (max(w;) < wmax), and finally the events do not spread largely across the
sky (d;j < 20°, where d; is the angular distance between the i-th and j-th events of the set). The
values of Cpin and wpax, chosen to maximize the signal enhancement and minimize the isotropic
background chance probability, are Cpiy = 0.85 and wyx = 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 Niie% 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€enA = 0.25, 0.50, and 0.75), and performed 1000 independent sky simulations per case. In this

sig
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;

(i) 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 Z; and energy E is defined by the
1 (E|Zie

@_5( 10EV

from the outcome of the scenario considering Centaurus A as UHECR source in [20]. The

concentration parameter k; = ). We impose ©y = 16.8°. This value was taken
probability for an event distant d from Centaurus A, to be of the atomic species Z; is given by
wi =pvm(d,E/Z;e)/ 2 ; pvm(d, E/Zje). We consider a signal mixed population of proton,
helium and oxygen, i.e. Z; € [1, 2, 8]. Asin the previous scenario, the background population
follows the "Auger mix" composition model.

Starting from the simulated X,,«, we subtracted the decadal elongation rate, defining the energy-
= Xmax — DI12(E/10"%eV). We set D = 58 g/lem?,
which is approximately equal in all hadronic interaction models. We then introduced the rigidity

independent mass-sensitive parameter X7
proxy parameter R := Eg/Ze, using 1/Z := 2 exp (X1, — xrer)/4). In the previous equation,
A =~ 22.3 g/cm?® represents the increase in the average depth of the shower maximum per unit
step in In(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 xef.

In Fig. 1, we present the Li-Ma significance (Zj ) of the Centaurus A excess as a function of
the fraction of low-rigidity events rejected (frj). 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 fSenA

Sig =0.25, 0.5, and 0.75 cases, respectively. With this figure we illustrate
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Figure 1: Evolution of the Li-Ma significance (Zpy) 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 ?;“A =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 (fij ~ 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 20EeV where Zj = +5.20. 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 ~ 40 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.

References

[1] A. Aab et al., Nucl. Instrum. Meth. A 798, 172-213 (2015).
[2] A. A.Halim et al., Astrophys. J. 976, no.1, 48 (2024).
[3] P. Abreu et al., Astrophys. J. 935, no.2, 170 (2022).
[4] G. Golup for the Pierre Auger Collaboration, PoS ICRC2023, 252 (2023).
[5] M. Stadelmaier et al., Phys. Rev. D 110, no.2, 023030 (2024).
[6] M. Stadelmaier for the Pierre Auger Collaboration PoS ICRC2025, 813 (2025).
[7]1 A. Abdul Halim et al., Phys. Rev. Lett. 134, no.2, 021001 (2025).
[8] D. Schmidt for the Pierre Auger Collaboration, PoS ICRC2025, 942 (2025).
[9] A. Aab et al., Phys. Rev. D 102, no.6, 062005 (2020).
[10] A. Aab et al., JINST 15, no.10, P10021 (2020).
[11] A. Abdul Halim et al., Astrophys. J. 984, no.2, 123 (2025).
[12] R. U. Abbasi ef al., Astrophys. J. Lett. 790, L21 (2014).
[13] R. U. Abbasi et al., [arXiv:2110.14827 [astro-ph.HE]].
[14] J. Kim et al. for the Telescope Array Collaboration, PoS ICRC2023, 244 (2023).
[15] L. Caccianiga et al. for the Pierre Auger and Telescope Array Collaborations, PoS ICRC2023,
521 (2023).
[16] G. Golup, D. Harari, S. Mollerach and E. Roulet , Astropart.Phys. 32 (2009) 269-277.
[17] A. Aab et al., JCAP 06, 017 (2020).
[18] T. Pierog et al., Phys. Rev. C 92 (2015) 034906.
[19] O. Tkachenko for the Pierre Auger Collaboration, PoS ICRC2023, 438 (2023).
[20] A. Abdul Halim et al. JCAP 01 (2024) 022.

8



Update on the intermediate arrival-direction analyses of Auger Lorenzo Apollonio

The Pierre Auger Collaboration

A. Abdul Halim'3, P. Abreu’®, M. Aglietta>>!, 1. Allekotte!, K. Almeida Cheminant’%-77,
A. Almela7’12, R. Aloisio44’45, J. Alvarez-Muﬁiz76, A. Ambrosone44, J. Ammerman Yebra76,
G.A. Anastasi57’46, L. Anchordoqui83, B. Andrada’, L. Andrade Dourado44’45, S. Andringa70,
L. Apolloni058’48, C. Aramo®, E. Arnone®2!, J.C. Arteaga Velézquez“, P. Assis’, G. Avilall,
E. Avocone %% , A. Bakalova3l, F. Barbato*% , A. Bartz Mocellingz, JA. Bellid013, C. Berat35,
M.E. Bertaina62’51, M. Bianciotto62’51, P.L. Biermann?, V. Binets, K. Bismark38’7, T. Bister77’78,
J. Biteau%’i, J. Blazek31, J. Blﬁmer4o, M. Bohz’léové3], D. Bonci01156’45, C. Bonifazis, L. Bonneau
PIERRE Arbeletchezz, N. Borodai68, J. Brack/ , P.G. Brichetto Orchera7’40, F.L. Briechle‘”, A. Bueno75,
AUGER S. Buitink!® , M. Buscerni46’57, M. Biisken38’7, A. Bwembya77’78, K.S. Caballero-Mora65, S. Cabana-
OBSERVATORY Freire76, L. Caccianiga58’48, F. Campuzano6, J. Caraga—ValentegQ, R. Caruso57’46, A. Castellina53’51,
F. Catalani!®, G. Cataldi*’, L. Cazon’®, M. Cerda!®, B. Cermakovd*®, A. Cermenati***°, J.A. Chinellato?2,
J. Chudoba3l, L. Chytka32, R.W. Claly13 , A.C. Cobos Ceruttiﬁ, R. C01a1111059’49, R. Conceigﬁom, G. Consolati48’54,
M. Cont655’47, F. Convenga44’45 , D. Correia dos Sant0327, P.J. Costa70, C.E. Covaultgl, M. Cristinziani43, C.S. Cruz
Sanchez3, S. Dasso4’2, K. Daumiller40, B.R. Dawsonl3, R.M. de Almeida27, E.-T. de Boone43, B. de Erric027, J. de
Jests’, S.J. de Jong””-78, JR.T. de Mello Neto?’, I. De Mitri**#>, J. de Oliveira'®, D. de Oliveira Franco*?, F. de
Palma55’47, V. de Souza20, E. De Vito55’47, A. Del P0p01057’46, 0. Deligny33, N. Denner3l, L. Deva153’5], A. di
MatteoSI, C. Dobrigkeitzz, J.C. D’Olivo®’, L.M. Domingues Mendesm’m, Q. Dorosti43, J.C. dos Anjos16, R.C. dos
Anj0526, J. Ebr31, F. Ellwanger40, R. Engel38’40, I Epicoc055’47, M. Erdmann‘“, A. Etchegoyen7’12, C. Evoli44’45,
H. Falcke77’79’78, G. Farrar85, A.C. Fauthzz, T. Fehler43, F. Feldbusch39, A. Fernandes70, M. Fernandezl4, B. Fick84,
JM. Figueira’, P. Filip3®7, A. Filip&i¢’473, T. Fitoussi®?, B. Flaggs®’, T. Fodran’’, A. Franco*’, M. Freitas’",
T. Fujii®®", A. Fuster’-!2, C. Galea”’, B. Garcia®, C. Gaudu®’, PL. Ghia®3, U. Giaccari*’, F. Gobbil?, F. Gollan’,
G. Golupl, M. Gémez Berissol, P.F. Gémez Vitale”, J.P. Gongora”, J.M. Gonzélezl, N. Gonzélez7, D. Géraég,
A. Gorgi53’51, M. Gottowik??, F. Guarino®®#?, G.P. Guedes??, L. Giilzow*’, S. Hahn3¢, P. Hamal®!, M.R. Hampel’,
P. Hansen3, V.M. Harvey13, A. Haungs40, T. Hebbeker?! ,C. Hojvatd, JR. Hdrandel77’78, P. Horvath32, M. Hrabovsky32,
T. Huege®-15, A. Insoliad”-#®, P.G. Isar’2, M. Ismaiel”’-’8, P. Janecek3!, V. Jilek3!, K.-H. Kampert3”, B. Keilhauer*?,
A. Khakurdikar77, V.V. Kizakke Covilakam7’40, H.O. Klages40, M. Kleifges”, J. Kﬁhler40, F. Krieger‘“, M. Kubatova31,
N. Kunka®®, B.L. Lago”, N. Langner“, N.Leal’, M.A. Leigui de Oliveira®, Y. Lema—Capeans76, A. Letessier-Selvon34,
1. Lhenry-Yv0n33, L. Lopes70, J.P. Lundquist73, M. Mallamaci60’46, D. Mandat31, P. Mantschd, F.M. Marian158’48,
A.G. Mariazzi3, 1.C. Mari§14, G. Marsellaéo’%, D. Martelloss"”, S. Martinelli40’7, M.A. Martins76, H.-J. Mathes40,
J. Matthews$8, G. Matthiae®!-0, E. Mayottegz, S. Mayottegz, P.O. Mazur?, G. Medina-Tanco®’, J. Meinert3’, D. Melo’,
A. Menshik0v39, C. Merx4o, S. Michal31, ML Micheletti5, L. Miramonti58’48, M. Mogarkarég, S. Mollerach],
F. Montanet®, L. Morejon37, K. Mulrey77’78, R. Mussa®!, W.M. Namasaka’’, S. Negi31, L. Nellen®’, K. Nguyen84,
G. Nicora®, M. Niechciol*3, D. Nitz®*, D. Nosek?, A. Novikov®?, V. Novotny3°, L. Nozka32, A. Nucita>47,
L.A. Nﬁﬁezzg, J. Och0a7’40, C. Oliveirazo, L. Ostman? ', M. Palatka3l, J. Pallotta9, S. Panja3], G. Parente76,
T. Paulsen37, J. Pawlowsky37, M. Pech31, J. Pf;kala68, R. Pelayo("‘, V. Pelgrims”, L.A.S. Pereira24, E.E. Pereira
Martins38>7, C. Pérez Bert011i7’40, L. Perrone>> ’47, S. Petrera®*45 ,C. Petrucci56, T. Pierog40, M. Pimenta70, M. Platino’,
B. Pont77, M. Pourmohammad Shahvar60’46, P. Priviteragé, C. Priyadarshi68, M. Prouza31, K. Pytelﬁ9, S. Querchfeld37,
J. Rautenberg37, D. Ravignani’, J.V. Reginatto Akim?2, A. Reuzki*!, J. RidkySl, F. Riehn’%J, M. Risse*3, V. Rizi%%43,
E. Rodriguez7’40, G. Rodriguez Fernandez™?, J. Rodriguez Rojo“, S. Rossoni#2, M. Roth??, E. Roulet!, A.C. Rovero*,
A. Saftoiu71, M. Saharan77, F. Salamida56’45, H. Salazar63, G. Salina50, P. Sampathkumar40, N. San Martingz,
J.D. Sanabria Gomezzg, F. Sénchez7, EM. Santos21, E. SantosSl, F. Sarazingz, R. Sarmento70, R. Sato! 1, P. Savina44’45,
V. Scherini55’47, H. Schieler40, M. Schimassek33, M. Schimp37, D. Schmidt40, 0. Scholten!5-? ,H. Schoorlemmer77’78,
P. Schovének’!, F.G. Schroder8”-40, J. Schulte*!, T. Schulz3!, S.J. Sciutto®, M. Scornavacche’, A. Sedoski’,
A. Segretosz’%, S. Sehga137, S.U. Shivashankara73, G. Sigl42, K. Simkovals’M, F. Simon39, R. Sml’da%, P. Sommers®,
R. Squartinilo, M. Stadelmaier40’48’58, S. Stanié73, J. Stasielak68, P. Stassi35, S. Striihnz38, M. Straub‘“, T. Suomij%irvi36,
A.D. Supanitsky7, Z. Svozilikova31, K. Syrokvas30, Z. Szadkowski69, F. Tair1i13, M. Tambone59’49, A. Tapia28,
C. Taricco%2:51 , C. Timmermans78’77, 0. Tkachenko3], P. Tobiska31, C.J. Todero Peixotol9, B. Tomé70, A. Travainilo,
P. Travnicek®!, M. Tueros, M. Unger40, R. Uzeiroska’?, L. Vaclavek®?, M. Vacula®2, I. Vaiman**%3, J.F. Valdés
Galicia67, L. Va10r659’49, P. van Dillen77’78, E. Varela63, V. Va§1’ékové37, A. Vaisquez-Ramirezz9, D. Veberié40,
I.D. Vergara Quispe3, S. Verpoest87, V. Verziso, J. Vicha31, J. Vinkgo, S. Vorobiov73, J.B. Vuta3l, C. Watanab627,
A.A. Watson®, A. Weindl*?, M. Weitz37, L. Wiencke®2, H. Wi]CnylSkiég, B. Wundheiler’, B. Yue?’, A. Yushkov3!,
E. Zas76, D. Zavrtanik73’74, M. Zavrtanik’473




Update on the intermediate arrival-direction analyses of Auger Lorenzo Apollonio

—_

31
32
33
34

35

36
37
38
39
4(
4
42
43
44
45
46
47
48
49
50
51

Centro Atémico Bariloche and Instituto Balseiro (CNEA-UNCuyo-CONICET), San Carlos de Bariloche, Argentina
Departamento de Fisica and Departamento de Ciencias de la Atmédsfera y los Océanos, FCEyN, Universidad de Buenos
Aires and CONICET, Buenos Aires, Argentina
IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA), Buenos Aires, Argentina
Instituto de Fisica de Rosario (IFIR) — CONICET/U.N.R. and Facultad de Ciencias Bioquimicas y Farmacéuticas
U.N.R., Rosario, Argentina
Instituto de Tecnologias en Deteccién y Astroparticulas (CNEA, CONICET, UNSAM), and Universidad Tecnolégica
Nacional — Facultad Regional Mendoza (CONICET/CNEA), Mendoza, Argentina
Instituto de Tecnologias en Deteccién y Astroparticulas (CNEA, CONICET, UNSAM), Buenos Aires, Argentina
International Center of Advanced Studies and Instituto de Ciencias Fisicas, ECyT-UNSAM and CONICET, Campus
Miguelete — San Martin, Buenos Aires, Argentina
Laboratorio Atmésfera — Departamento de Investigaciones en Ldseres y sus Aplicaciones — UNIDEF (CITEDEF-
CONICET), Argentina
Observatorio Pierre Auger, Malargiie, Argentina
Observatorio Pierre Auger and Comisioén Nacional de Energia Atémica, Malargiie, Argentina
Universidad Tecnolégica Nacional — Facultad Regional Buenos Aires, Buenos Aires, Argentina
University of Adelaide, Adelaide, S.A., Australia
Université Libre de Bruxelles (ULB), Brussels, Belgium
Vrije Universiteit Brussels, Brussels, Belgium
Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil
Centro Federal de Educacdo Tecnoldgica Celso Suckow da Fonseca, Petropolis, Brazil
Instituto Federal de Educagdo, Ciéncia e Tecnologia do Rio de Janeiro (IFRJ), Brazil
Universidade de Sdo Paulo, Escola de Engenharia de Lorena, Lorena, SP, Brazil
Universidade de Sao Paulo, Instituto de Fisica de Sdo Carlos, Sao Carlos, SP, Brazil
Universidade de Sao Paulo, Instituto de Fisica, Sdo Paulo, SP, Brazil
Universidade Estadual de Campinas (UNICAMP), IFGW, Campinas, SP, Brazil
Universidade Estadual de Feira de Santana, Feira de Santana, Brazil
Universidade Federal de Campina Grande, Centro de Ciencias e Tecnologia, Campina Grande, Brazil
Universidade Federal do ABC, Santo André, SP, Brazil
Universidade Federal do Parand, Setor Palotina, Palotina, Brazil
Universidade Federal do Rio de Janeiro, Instituto de Fisica, Rio de Janeiro, RJ, Brazil
Universidad de Medellin, Medellin, Colombia
Universidad Industrial de Santander, Bucaramanga, Colombia
Charles University, Faculty of Mathematics and Physics, Institute of Particle and Nuclear Physics, Prague, Czech
Republic
Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
Palacky University, Olomouc, Czech Republic
CNRS/IN2P3, 1JCLab, Université Paris-Saclay, Orsay, France
Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Sorbonne Université, Université de Paris, CNRS-
IN2P3, Paris, France
Univ. Grenoble Alpes, CNRS, Grenoble Institute of Engineering Univ. Grenoble Alpes, LPSC-IN2P3, 38000 Greno-
ble, France
Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
Bergische Universitidt Wuppertal, Department of Physics, Wuppertal, Germany
Karlsruhe Institute of Technology (KIT), Institute for Experimental Particle Physics, Karlsruhe, Germany
Karlsruhe Institute of Technology (KIT), Institut fiir Prozessdatenverarbeitung und Elektronik, Karlsruhe, Germany
Karlsruhe Institute of Technology (KIT), Institute for Astroparticle Physics, Karlsruhe, Germany
RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
Universitidt Hamburg, II. Institut fiir Theoretische Physik, Hamburg, Germany
Universitdt Siegen, Department Physik — Experimentelle Teilchenphysik, Siegen, Germany
Gran Sasso Science Institute, [’Aquila, Italy
INEN Laboratori Nazionali del Gran Sasso, Assergi (LAquila), Italy
INEN, Sezione di Catania, Catania, Italy
INFEN, Sezione di Lecce, Lecce, Italy
INFN, Sezione di Milano, Milano, Italy
INFEN, Sezione di Napoli, Napoli, Italy
INFN, Sezione di Roma “Tor Vergata”, Roma, Italy
INFEN, Sezione di Torino, Torino, Italy

10



Update on the intermediate arrival-direction analyses of Auger Lorenzo Apollonio

52
53
54
55
56
57
58
59
60
61
62

63
64

65
66
67
68
69
70

71
72
73
74
75
76

77
78
79
80
81
82
83
84
85
86

A 0T Q

<

]

Istituto di Astrofisica Spaziale e Fisica Cosmica di Palermo (INAF), Palermo, Italy
Osservatorio Astrofisico di Torino (INAF), Torino, Italy
Politecnico di Milano, Dipartimento di Scienze e Tecnologie Aerospaziali , Milano, Italy
Universita del Salento, Dipartimento di Matematica e Fisica “E. De Giorgi”, Lecce, Italy
Universita dell’Aquila, Dipartimento di Scienze Fisiche e Chimiche, I’Aquila, Italy
Universita di Catania, Dipartimento di Fisica e Astronomia “Ettore Majorana®, Catania, Italy
Universita di Milano, Dipartimento di Fisica, Milano, Italy
Universita di Napoli “Federico II”’, Dipartimento di Fisica “Ettore Pancini”, Napoli, Italy
Universita di Palermo, Dipartimento di Fisica e Chimica “E. Segre”, Palermo, Italy
Universita di Roma “Tor Vergata”, Dipartimento di Fisica, Roma, Italy
Universita Torino, Dipartimento di Fisica, Torino, Italy
Benemérita Universidad Auténoma de Puebla, Puebla, México
Unidad Profesional Interdisciplinaria en Ingenieria y Tecnologias Avanzadas del Instituto Politécnico Nacional
(UPIITA-IPN), México, D.F., México
Universidad Auténoma de Chiapas, Tuxtla Gutiérrez, Chiapas, México
Universidad Michoacana de San Nicolds de Hidalgo, Morelia, Michoacdn, México
Universidad Nacional Auténoma de México, México, D.F., México
Institute of Nuclear Physics PAN, Krakow, Poland
University of £.6dZ, Faculty of High-Energy Astrophysics,t.6dZ, Poland
Laboratério de Instrumentacdo e Fisica Experimental de Particulas — LIP and Instituto Superior Técnico — IST,
Universidade de Lisboa — UL, Lisboa, Portugal
“Horia Hulubei” National Institute for Physics and Nuclear Engineering, Bucharest-Magurele, Romania
Institute of Space Science, Bucharest-Magurele, Romania
Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica, Slovenia
Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia
Universidad de Granada and C.A.F.P.E., Granada, Spain
Instituto Galego de Fisica de Altas Enerxias (IGFAE), Universidade de Santiago de Compostela, Santiago de Com-
postela, Spain
IMAPP, Radboud University Nijmegen, Nijmegen, The Netherlands
Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), Science Park, Amsterdam, The Netherlands
Stichting Astronomisch Onderzoek in Nederland (ASTRON), Dwingeloo, The Netherlands
Universiteit van Amsterdam, Faculty of Science, Amsterdam, The Netherlands
Case Western Reserve University, Cleveland, OH, USA
Colorado School of Mines, Golden, CO, USA
Department of Physics and Astronomy, Lehman College, City University of New York, Bronx, NY, USA
Michigan Technological University, Houghton, MI, USA
New York University, New York, NY, USA
University of Chicago, Enrico Fermi Institute, Chicago, IL, USA
University of Delaware, Department of Physics and Astronomy, Bartol Research Institute, Newark, DE, USA
Max-Planck-Institut fiir Radioastronomie, Bonn, Germany
also at Kapteyn Institute, University of Groningen, Groningen, The Netherlands
School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom
Fermi National Accelerator Laboratory, Fermilab, Batavia, IL, USA
Pennsylvania State University, University Park, PA, USA
Colorado State University, Fort Collins, CO, USA
Louisiana State University, Baton Rouge, LA, USA
now at Graduate School of Science, Osaka Metropolitan University, Osaka, Japan
Institut universitaire de France (IUF), France
now at Technische Universitit Dortmund and Ruhr-Universitit Bochum, Dortmund and Bochum, Germany

Acknowledgments

The successful installation, commissioning, and operation of the Pierre Auger Observatory would not have been

possible without the strong commitment and effort from the technical and administrative staff in Malargiie. We are very
grateful to the following agencies and organizations for financial support:

Argentina — Comisién Nacional de Energia Atémica; Agencia Nacional de Promocién Cientifica y Tecnolégica

(ANPCyT); Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET); Gobierno de la Provincia de

11



Update on the intermediate arrival-direction analyses of Auger Lorenzo Apollonio

Mendoza; Municipalidad de Malargiie; NDM Holdings and Valle Las Lefas; in gratitude for their continuing coop-
eration over land access; Australia — the Australian Research Council; Belgium — Fonds de la Recherche Scientifique
(FNRS); Research Foundation Flanders (FWO), Marie Curie Action of the European Union Grant No. 101107047;
Brazil — Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq); Financiadora de Estudos e Projetos
(FINEP); Fundagdo de Amparo a Pesquisa do Estado de Rio de Janeiro (FAPERJ); Sao Paulo Research Foundation
(FAPESP) Grants No. 2019/10151-2, No. 2010/07359-6 and No. 1999/05404-3; Ministério da Ciéncia, Tecnologia,
Inovacdes e Comunicagdes (MCTIC); Czech Republic — GACR 24-13049S, CAS LQ100102401, MEYS LM2023032,
CZ.02.1.01/0.0/0.0/16_013/0001402, CZ.02.1.01/0.0/0.0/18_046/0016010 and CZ.02.1.01/0.0/0.0/17_049/0008422 and
CZ.02.01.01/00/22_008/0004632; France — Centre de Calcul IN2P3/CNRS; Centre National de la Recherche Scientifique
(CNRS); Conseil Régional Ile-de-France; Département Physique Nucléaire et Corpusculaire (PNC-IN2P3/CNRS); Dé-
partement Sciences de I’Univers (SDU-INSU/CNRS); Institut Lagrange de Paris (ILP) Grant No. LABEX ANR-10-
LABX-63 within the Investissements d’Avenir Programme Grant No. ANR-11-IDEX-0004-02; Germany — Bundesmin-
isterium fiir Bildung und Forschung (BMBF); Deutsche Forschungsgemeinschaft (DFG); Finanzministerium Baden-
Wiirttemberg; Helmholtz Alliance for Astroparticle Physics (HAP); Helmholtz-Gemeinschaft Deutscher Forschungszen-
tren (HGF); Ministerium fiir Kultur und Wissenschaft des Landes Nordrhein-Westfalen; Ministerium fiir Wissenschaft,
Forschung und Kunst des Landes Baden-Wiirttemberg; Italy — Istituto Nazionale di Fisica Nucleare (INFN); Istituto
Nazionale di Astrofisica (INAF); Ministero dell’Universita e della Ricerca (MUR); CETEMPS Center of Excellence;
Ministero degli Affari Esteri (MAE), ICSC Centro Nazionale di Ricerca in High Performance Computing, Big Data
and Quantum Computing, funded by European Union NextGenerationEU, reference code CN_00000013; México —
Consejo Nacional de Ciencia y Tecnologia (CONACYT) No. 167733; Universidad Nacional Auténoma de México
(UNAM); PAPIIT DGAPA-UNAM; The Netherlands — Ministry of Education, Culture and Science; Netherlands Or-
ganisation for Scientific Research (NWO); Dutch national e-infrastructure with the support of SURF Cooperative;
Poland — Ministry of Education and Science, grants No. DIR/WK/2018/11 and 2022/WK/12; National Science Centre,
grants No. 2016/22/M/ST9/00198, 2016/23/B/ST9/01635, 2020/39/B/ST9/01398, and 2022/45/B/ST9/02163; Portugal
— Portuguese national funds and FEDER funds within Programa Operacional Factores de Competitividade through
Fundagao para a Ciéncia e a Tecnologia (COMPETE); Romania — Ministry of Research, Innovation and Digitization,
CNCS-UEFISCDI, contract no. 30N/2023 under Romanian National Core Program LAPLAS VII, grant no. PN 23 21
01 02 and project number PN-III-P1-1.1-TE-2021-0924/TE57/2022, within PNCDI III; Slovenia — Slovenian Research
Agency, grants P1-0031, P1-0385, 10-0033, N1-0111; Spain — Ministerio de Ciencia e Innovacién/Agencia Estatal de
Investigacion (PID2019-105544GB-100, PID2022-140510NB-100 and RYC2019-027017-I), Xunta de Galicia (CIGUS
Network of Research Centers, Consolidacion 2021 GRC GI-2033, ED431C-2021/22 and ED431F-2022/15), Junta de
Andalucia (SOMM17/6104/UGR and P18-FR-4314), and the European Union (Marie Sklodowska-Curie 101065027
and ERDF); USA — Department of Energy, Contracts No. DE-AC02-07CH11359, No. DE-FR02-04ER41300, No. DE-
FGO02-99ER41107 and No. DE-SC0011689; National Science Foundation, Grant No. 0450696, and NSF-2013199;
The Grainger Foundation; Marie Curie-IRSES/EPLANET; European Particle Physics Latin American Network; and
UNESCO.

12



	Introduction
	The data set
	Supergalactic plane analysis
	Search for magnetically-induced signatures
	Rigidity-ordering estimators for arrival directions
	Conclusion

