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Abstract

Ultrahigh-energy cosmic rays are known to be mainly of extragalactic origin, and their propagation is limited by energy
losses, so their arrival directions are expected to correlate with the large-scale structure of the local Universe. In this
work, we investigate the possible presence of intermediate-scale excesses in the flux of the most energetic cosmic rays
from the direction of the supergalactic plane region using events with energies above 20 EeV recorded with the surface
detector array of the Pierre Auger Observatory up to 2022 December 31, with a total exposure of 135,000 km2 sr yr. The
strongest indication for an excess that we find, with a posttrial significance of 3.1σ, is in the Centaurus region, as in our
previous reports, and it extends down to lower energies than previously studied. We do not find any strong hints of
excesses from any other region of the supergalactic plane at the same angular scale. In particular, our results do not
confirm the reports by the Telescope Array Collaboration of excesses from two regions in the Northern Hemisphere at
the edge of the field of view of the Pierre Auger Observatory. With a comparable integrated exposure over these
regions, our results there are in good agreement with the expectations from an isotropic distribution.

Unified Astronomy Thesaurus concepts: Cosmic rays (329); Ultra-high-energy cosmic radiation (1733); Cosmic
anisotropy (316)

Materials only available in the online version of record: figure set

1. Introduction

The flux of ultrahigh-energy cosmic rays (UHECRs), atomic
nuclei mainly of extragalactic origin reaching the Earth with
energies E� 1 EeV = 1018 eV ≈ 0.16 J each, is remarkably
close to being the same from all directions in the sky, with the
exception of a dipole moment in the celestial distribution of
cosmic rays with E� 8 EeV (Pierre Auger Collaboration 2017,
2018a, 2020a) toward a direction ∼115° away from the
Galactic center, with an amplitude of around 6% at 10 EeV and
growing roughly linearly with energy. No anisotropies on
intermediate or smaller angular scales have been conclusively
discovered yet in data collected at either the Pierre Auger

Observatory or the Telescope Array (TA), the two largest
cosmic-ray detector arrays in the world (covering 3000 km2

and 700 km2, respectively), located in the Southern and
Northern Hemispheres (latitudes - 35.2 and + 39.3 ), respec-
tively. On the other hand, a few indications with statistical
significances ranging from 3.0 to 4.6σ of such anisotropies in
the flux of cosmic rays with more than a few tens of EeV have
been reported. An excess of events in data from the Pierre
Auger Observatory from a circular region on the celestial
sphere centered on the Centaurus A (Cen A) radio galaxy, first
reported in Pierre Auger Collaboration (2010), has reached a
posttrial significance of 4.0σ (Pierre Auger Collaboration 2023).
A correlation with the positions of nearby starburst galaxies
first reported in Pierre Auger Collaboration (2018b), to which
the main contributor is the NGC 4945 galaxy in the aforemen-
tioned Cen A region, has reached 3.8σ posttrial as of the last
update (Pierre Auger Collaboration 2023). An analogous study
combining data from both the Pierre Auger Observatory and
the TA has reached 4.6σ posttrial (Pierre Auger Collaboration
& Telescope Array Collaboration 2023b). Finally, the so-called
“TA hotspot” at equatorial coordinates (α, δ) ≈ (145°, +40°)
(Telescope Array Collaboration 2014) and a new excess at
(α, δ) ≈ (20°, +35°) (Telescope Array Collaboration 2021b) in
TA data have posttrial significances of around 3σ as of their
last update (Telescope Array Collaboration 2023). All these
regions where indications of excesses have been reported
intersect the supergalactic plane (SGP), a great circle in the sky
along which extragalactic matter within ( )10 Mpc2 tends to
be concentrated. The Local Sheet, a structure comprising nearly
all bright galaxies within 6Mpc (M. L. McCall 2014), is also
remarkably aligned with the SGP. Hence, a concentration of the
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flux of the highest-energy cosmic rays along this plane would
not be completely unexpected, given that propagation lengths
at the highest energies are limited to a few hundred
megaparsecs—or even less, in the case of intermediate-mass
nuclei (D. Allard 2012). On the other hand, UHECRs can
undergo substantial deflections by Galactic and possibly
intergalactic magnetic fields (M. S. Pshirkov et al. 2013;
R. Alves Batista et al. 2017; M. Unger & G. R. Farrar 2024),
preventing a one-to-one interpretation of arrival directions in
terms of source positions.

Here, we use the intermediate angular scale of the
aforementioned excess from the region reported in data from
the Pierre Auger Observatory. As of the last update (Pierre
Auger Collaboration 2023), the maximum local Li–Ma
significance for a circular window was achieved with an
energy threshold of =E 38 EeVmin and a window radius of
Ψ = 27°, whether the center of the window was constrained to
be the position of Cen A or also scanned to avoid any
assumption on the possible source location. In this work, we
study whether other excesses with similar characteristics are
present in different regions along the SGP, and/or at lower
energies than previously studied. A search for excesses of
events in bands centered around the SGP found no statistically
significant result (p = 0.13 posttrial, Pierre Auger Collabora-
tion 2022, Section 3.3), but a band in latitude may not capture
an excess concentrated in a limited range of supergalactic
longitude, hence in this work we consider top-hat windows
(i.e., disk search regions) intersecting the SGP instead.

2. The Data Set

We use the same data set used in our last update on arrival
directions (Pierre Auger Collaboration 2023) for searches for
medium-scale anisotropies, namely events recorded using the
surface detector (SD) array of the Pierre Auger Observatory
from 2004 to 2022 inclusive. We only consider events with
energies E� 20 EeV, as in Pierre Auger Collaboration (2018b).
This is the same as the published data set of Pierre Auger
Collaboration (2022) with the addition of the events detected in
the years 2021 and 2022 and of events with energies 20 EeV
�E < 32 EeV over the entire time period. As regards the last
two years, only events detected by the parts of the array that
had not yet undergone the AugerPrime upgrade (Pierre Auger
Collaboration 2016) are used. As in Pierre Auger Collaboration
(2022), we use all “vertical” events (with zenith angles
θ < 60°), in which the SD station with the largest signal is
surrounded by at least four active stations and the reconstructed
shower core is within an isosceles triangle of active stations,
and all “inclined” events (with 60°� θ < 80°), in which the
station closest to the reconstructed core position is surrounded

by at least five active stations. The energies of these events are
reconstructed with a total systematic uncertainty ∼14% and
resolution ∼7%, and their arrival directions with a resolution
<1°, for both vertical and inclined events. The total exposure
of this data set is 135,000 km2 sr yr.
As in Pierre Auger Collaboration (2022, 2023), the

exposures to vertical and inclined events are rescaled so as to
be proportional to the number of events in each zenith angle
range (respectively, 6896 and 1936 above 20 EeV). We
checked that the ratio between the number of inclined and
vertical events, 0.281 ± 0.007, is within statistical uncertainties
of the expectation 0.278 (Pierre Auger Collaboration 2022,
Section 2 and Appendix A). The rescaling of exposures ensures
that our analysis is very robust to any systematic effects
affecting vertical and inclined events separately; we find that
even artificially multiplying or dividing all inclined energies by
a factor 1.25 before the rescaling would affect the resulting flux
in the circular regions of the southern sky listed in Table 1 by
less than the statistical uncertainties. By combining both zenith
angle ranges (0°� θ < 80°), the field of view (FOV) of the SD
array covers all declinations d-  < + 90 44.8 .

3. Analysis Method

In this work, for each of the six different energy thresholds,
=E 20, 25, 32, 40, 50, 63 EeVmin (i.e., 1019.3,19.4,K,19.8 eV

rounded to the nearest EeV), we consider all circular windows
with radius Ψ = 27° (the maximum-significance radius in
Pierre Auger Collaboration 2023) centered on the positions on
a HEALPix104 grid (K. M. Górski et al. 2005) with Nside = 26

(resolution » 0.9 ) simultaneously meeting two criteria: first,
we require that the SGP intersects the window, i.e., that
the supergalactic latitude B of the window center satisfies
−Ψ � B � Ψ; and second, as in our previous works, in order to
have reasonably large statistics, we require that the center of the
window be inside the FOV of the observatory, i.e., that the
decl. of the window center satisfies d < + 44.8 .105 For each
such window, we counted the numbers Nin, Nout of events
in our data set with E Emin, respectively, inside the
window and in the rest of the FOV, and computed the
exposures ,in out  by numerically integrating the expression
in P. Sommers (2001, Section 2). From these, we computed the
background number of events Nbg as /Nout in out  , and the flux
ratio Φin/Φout as Nin/Nbg (see Section 3.1).

Table 1
Information about the Maximum-significance Excesses Found along the SGP

First Maximum Second Maximum

Emin Ntot L B
in

tot



 Nbg Nin

F
F

in

out ZLM U.L.
99% L B

in

tot



 Nbg Nin

F
F

in

out ZLM U.L.
99%

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 0.07

0.08 +4.7σ 1.50 276° −17° 7.89% 229. 264 -
+1.15 0.07

0.08 +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 0.32

0.36 +2.5σ 2.68

50 EeV 713 161° −7° 9.56% 64.4 103 -
+1.60 0.16

0.18 +4.2σ 2.05 322° −22° 3.69% 25.9 39 -
+1.51 0.23

0.26 +2.4σ 2.20

63 EeV 295 163° −3° 9.56% 26.3 46 -
+1.75 0.26

0.30 +3.3σ 2.54 223° +26° 9.56% 26.7 42 -
+1.57 0.25

0.28 +2.6σ 2.31

104 https://healpix.sourceforge.io/
105 Note that this is slightly more conservative than the recommendation by T.-
P. Li & Y.-Q. Ma (1983) that Nin  10 and Nout  10 when using the lowest of
the energy thresholds we use here but slightly less conservative using the
highest thresholds, i.e., some of the windows with centers closest to the edge of
the FOV have Nin  10 when using the highest thresholds.
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3.1. Binomial Probability, Likelihood, and Upper Limit

For a given value of the ratio Φin/Φout between the flux inside
the window and that in the rest of the FOV (the isotropic null
hypothesis being Φin/Φout= 1) and total number Ntot= Nin+ Nout

of events above the energy threshold, the probability to observe
exactly Nin events inside the window is

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( ) ( )F
F

= - -P N N
N

N
p p, 1 , 1N N N

in tot
in

out

tot

in

in tot in

where

( )=
F

F + F
p 2in in

in in out out



 

is the probability for each event to fall within the window. This
probability as a function of Φin/Φout for a fixed Nin, Nout defines a
likelihood function,

/ /( ) ( | ) ( )F F = F FL P N N , , 3in out in tot in out

which achieves its maximum at / /
/

/
F F = = N NN

Nin out in bg
in in

out out




.

If we define the deviance (generalized χ2, here with one
degree of freedom) as

/
/

/

/

/

/

( )
( )

( )
( )

( )
( )

F F = -

= -

F F
F F

F F
F F

D 2ln

2ln ,
4

L

L

L

L N N

in out max
in out

in out
in out

in out

in bg

then /( ) F FD in out is the number of standard deviations at
which the data set disfavors a given value of Φin/Φout with
respect to the value Nin/Nbg; in particular, /( ) F F =D 1in out

equals the local Li–Ma significance ZLM (T.-P. Li &
Y.-Q. Ma 1983).106 The statistical uncertainties in Φin/Φout we
report in the tables are the ±1σ intervals defined this way.

Figure 1. Local Li–Ma significance ZLM of excesses over the isotropic expectation as a function of the window center position. The ZLM in windows whose centers lie
outside the FOV of the observatory was not computed (shown as the gray disk wrapping around the left and right edges of each panel; see also Figure 3). In each
panel, the energy threshold used is written in the upper-right corner. The solid circle is the window position with the highest ZLM in the whole strip; the dashed one is
that with the highest ZLM excluding those overlapping with the solid one. Labels indicate the position of Council of Giants galaxies (M. L. McCall 2014) for reference
only; they are not taken into account in the analysis in any way.

106 The sign is + or − depending on whether Φin/Φout is larger or smaller than
the maximum-likelihood value Nin/Nbg.
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Finally, we define the frequentist 99% confidence level (CL)
upper limit to Φin/Φout as the Φin/Φout value such that

/( | ) ( )å F F =
= +

P n N , 0.01; 5
n N

N

1
tot in out

in

tot

in the cases we report, this agrees with the value such that
/( )F F =D 2.33in out to within a few percent.

4. Results

The local Li–Ma significance ZLM as a function of the
position of the window center in supergalactic coordinates (L,
B) is shown in Figure 1, and the information about the window
with the highest ZLM for each Emin is provided in Table 1. We
also search for the highest ZLM among windows that do not
overlap with the global maximum one (distance between
centers >2Ψ). In Figure 2, we show the flux ratio Φin/Φout

computed as Nin/Nbg as a function of the position of the
window center.

4.1. Indication of an Excess in the Centaurus Region

As shown in the left part of Table 1 and by the solid circles
in Figure 1, with all energy thresholds the most significant
excess is the previously reported one in the Centaurus region.
Its position is remarkably stable at least over a range of energy

thresholds spanning half an order of magnitude (and of
cumulative UHECR flux values spanning 1.5 orders of
magnitude), with no discernible change in the maximum-
significance window center. On the other hand, the strength
Φin/Φout of the excess does grow with the energy threshold,
implying that the particles making up the excess have a
different energy spectrum than the background, with a slower
decrease with energy. By studying the number of events in this
region in separate energy bins (see Appendix A for details), we
find that the excess has a spectral index γ = 2.6 ± 0.3. For
comparison, the overall spectrum in our FOV (Pierre Auger
Collaboration 2020b, with stricter quality cuts and a different
reconstruction) has γ = 3.05 ± 0.05 ± 0.10 below
(46 ± 3 ± 6) EeV and γ = 5.1 ± 0.3 ± 0.1 above, where
the first uncertainty is statistical and the second is systematic.
The local significance of +5.2σ we find in the Centaurus region

using the lowest energy threshold is exceeded for at least one of the
window positions and energy thresholds in 912 out of 106 isotropic
simulations, corresponding to a 3.1σ posttrial significance.

4.2. Study of TA-reported Excess Regions

As shown in the right part of Table 1 and by the dashed circles
in Figure 1, the local significances of excesses in windows not
overlapping with the maximum significance one are below 2.7σ
for all the energy thresholds we tested. As shown in Appendix B,

Figure 2. The maximum-likelihood value of the ratio Φin/Φout, i.e., Nin/Nbg, as a function of the window center position.
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this sets stringent upper limits on the flux, except very close to the
edge of our FOV. The nonobservation of other excesses at this
angular scale appears to contradict the reports by the Telescope
Array Collaboration of an excess of cosmic rays with energies
E� 57 EeV from a circular window (hereafter “TA hotspot”)
around (α, δ) ≈ (145°, +40°) (Telescope Array Collabora-
tion 2014) and later of a weaker excess of events with
E� 1019.4,19.5,19.6 eV from a window around (α, δ) ≈ (20°, +35°)
(Telescope Array Collaboration 2021b), both shown in Figure 3.

These reports have global statistical significances ∼3σ so far
(as of Telescope Array Collaboration 2023), but nevertheless
they have already been met with considerable interest in the
community and spurred several attempts at phenomenological
interpretations (e.g., L. A. Anchordoqui 2023; A. Neronov
et al. 2023; P. Plotko et al. 2023).

Since these windows intersect the SGP and their centers are
inside the FOV of the Auger Observatory (see also Figure 4),
they are among the range of window centers we considered. As
shown in Figure 1, we do not find any excesses at these
positions when using comparable energy thresholds.
To find out what we could have expected to observe in our

data given those reports from the TA, after correcting the
energy thresholds for the known mismatch between the energy
scales of the two observatories (Pierre Auger Collaboration &
Telescope Array Collaboration 2023b, Equation (1)), we
computed the distribution of the number Nin of events in our
data set expected in each of these windows based on (i)
isotropy (Φin/Φout = 1), (ii) the TA value of Φin/Φout that can
be computed from their numbers of events Nin, Ntot as reported
in their last update (Telescope Array Collaboration 2023), or
(iii) the marginal distribution of Φin/Φout over TA statistical
uncertainties. As we show in Figure 5, in each case we find
that, based on the TA result, we would expect on average a
local Li–Ma significance in our data of the order of 4σ,

Figure 4. The directional exposure of the Pierre Auger Observatory and the TA
as a function of decl., compared to the declinations of the windows shown in
Figure 3 (horizontal bars; note that the bar lengths denote the sizes of the
windows, not the uncertainties in their position).

Figure 3. The windows in which the Telescope Array Collaboration reported excesses of events, as of their latest update (Telescope Array Collaboration 2023),
compared to the FOV of the Pierre Auger Observatory and the TA.

Figure 5. Binomial probability that Nin events would be observed in our data
set in the first (a) of the windows reported by the TA and shown in Figure 3.
The thin blue histogram assumes that the value of the flux ratio Φin/Φout is
exactly the one reported by the TA, whereas the thick one is the marginal
distribution of Φin/Φout over TA statistical uncertainties.
(The complete figure set (4 images) is available in the online article.)
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comparable to the TA value—since the integrated exposures
we have accumulated in these windows are comparable to TA
ones, as shown by the Nbg values

107 in Table 2. Instead, what
we actually obtain is always −0.7σ  ZLM < + 0.2σ, in

excellent agreement with the isotropic null hypothesis. In all
cases, there exist possible values of Φin/Φout that would
be compatible with both the 99% CL lower limit from TA
data and the 99% CL upper limit from our data, e.g.,
1.60 < Φin/Φout < 1.76 in (a).
Telescope Array Collaboration (2018a) reported a deficit of

events in the same part of the sky as the TA hotspot and at
immediately lower energies, so that in a search for anisotropies
with an energy threshold lower than that of the hotspot they

Figure 6. Flux ratio in the windows considered in this work (a, b1, b2, b3) computed from our data with all possible energy thresholds. The shaded bands show the
±1σ interval for each threshold. The filled markers indicate the values at the thresholds computed via Pierre Auger Collaboration & Telescope Array Collaboration
(2023b, Equation (1)); the uncertainties on the energy cross calibration are comparable to the horizontal size of the markers. The results reported in Telescope Array
Collaboration (2023) are also shown as empty markers for comparison.

Table 2
The Excesses Reported by the TA in the Windows Shown in Figure 3, as of Their Latest Update (Telescope Array Collaboration 2023), and the Corresponding Results

in Our Data

TA (Telescope Array Collaboration 2023) Pierre Auger Observatory (This Work)

Emin Ntot
in

tot



 Nbg Nin

F
F

in

out ZLM L.L.
99% -

trial
post

Emin Ntot
in

tot



 Nbg Nin

F
F

in

out ZLM U.L.
99%

(a) 57 EeV 216 9.47% 18.0 44 -
+2.44 0.39

0.44 +4.8σ 1.60 2.8σ 44.6
EeV

1074 1.00% 10.7 9 -
+0.84 0.25

0.31 −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 0.11

0.12 −0.6σ 1.23

(b2) 1019.5 eV 728 5.87% 41.1 70 -
+1.70 0.20

0.22 +4.0σ 1.25 3.2σ 25.5
EeV

5156 0.84% 43.5 39 -
+0.90 0.14

0.15 −0.7σ 1.29

(b3) 1019.6 eV 441 5.84% 24.6 45 -
+1.83 0.27

0.31 +3.6σ 1.23 3.0σ 31.7
EeV

2990 0.87% 26.0 27 -
+1.04 0.19

0.21 +0.2σ 1.61

Note. The Emin values are converted from the TA energy scale to ours using Pierre Auger Collaboration & Telescope Array Collaboration (2023b, Equation (1)).
Some of the TA values of Nbg, Φin/Φout, and/or ZLM shown here differ by up to a few percent from those reported in Telescope Array Collaboration (2023),
presumably because in that work /in tot  was estimated from a Monte Carlo simulation with 100,000 events (of which ( )104 within the window, hence with
fluctuations ∼1% in in ), whereas here we computed it by numerically integrating the expression in P. Sommers (2001, Section 2) over a HEALPix grid with
Nside = 210 (resolution » 0.06). For the TA results, we computed the frequentist 99% CL lower limit to Φin/Φout defined analogously to (5) by

/( ∣ )å F F ==
- P n N , 0.01n

N
0

1
tot in out

in . Note that the TA posttrial significances were computed under the assumption that only excesses near the center of a presumed
emitting structure (the Perseus–Pisces Supercluster) had been searched for.

107 We cannot compute the absolute integral exposure of the TA within each
window (in km2 sr yr) to directly compare it with ours, as the Telescope Array
Collaboration (2023) did not report the total exposure of the data set. (Pierre
Auger Collaboration & Telescope Array Collaboration 2023b did, but a
different TA data set with stricter selection criteria was used there.)
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would partially cancel each other out. To take into account the
possibility that Pierre Auger Collaboration & Telescope Array
Collaboration (2023b, Equation (1)) under- or overestimates
the energy on the Pierre Auger Observatory scale corresp-
onding to a given energy on the TA because of statistical and
systematic uncertainties in the fit, we also computed Φin/Φout

and ZLM values with different energy thresholds, finding that
no other choice of threshold yields significances comparable to
what we would expect based on the TA results, either
(Figure 6).

A limitation of this study is that the likelihood in Equation
(3) implicitly assumes a constant UHECR flux Φin inside the
window being considered and a constant flux Φout outside.
Whereas the directional exposure of the TA is roughly uniform
within the windows shown in Figure 3, that of the Pierre Auger
Observatory steeply decreases with increasing decl. (and even
vanishes in part of the windows), as shown in Figure 4, so a
flux excess more concentrated in the northern than in the
southern part of a window would on average be underestimated
when using data from the Auger Observatory. On the other
hand, it should be noted that the TA window positions were not
fixed a priori, but chosen in order to maximize the statistical
significance of the excesses using TA data. This indicates that
the excess is located roughly equally in the northern and
southern parts of the window: if more of the excess were in the
northern than in the southern part of the window, the
significance would have been maximized by a different
window further north, and vice versa. Similar considerations
could apply to a decl. dependence of the flux outside the
window being considered, but in Pierre Auger Collaboration
(2020b) we found that the flux of UHECRs does not
appreciably vary with decl. within our FOV other than the
dipole mentioned in Section 1. Furthermore, the decl.
dependence in the TA FOV claimed in Telescope Array
Collaboration (2018b, 2024), if anything, would make the TA
overestimate and the Auger Observatory underestimate Φout,
going in the opposite direction than what would explain away
the difference between the Φin/Φout values from the two
data sets.

5. Discussion and Conclusions

We have confirmed our previous finding (Pierre Auger
Collaboration 2023, with 4.0σ posttrial there) that the
statistically most significant excess of UHECRs along the
SGP is from the Centaurus region, though still not at the
discovery level with the current statistics (posttrial significance
3.1σ for a fixed search radius in this work), and we have further
found that this excess extends to lower energies than previously
studied (down to 20 EeV), with no appreciable dependence of
its position on the energy threshold chosen. In case future
experiments with more statistics confirm this excess, one
possible explanation for the lack of energy dependence of its
position (other than the absence of sizable coherent magnetic
deflections) could be an approximately constant magnetic
rigidity R = E/Z of the particles in it, i.e., an increasingly
heavy mass composition such that their atomic numbers Z are
proportional to their energy.

On the other hand, no statistically significant excesses were
found in the regions where the TA reported excesses of events,
despite comparable integral exposures in those regions. It will
be interesting to see whether the AugerPrime (Pierre Auger
Collaboration 2016) and TA × 4 (Telescope Array

Collaboration 2021a) upgraded detectors or future observa-
tories such as GRAND (GRAND Collaboration 2020),
POEMMA (POEMMA Collaboration 2021), or GCOS (GCOS
Collaboration 2023) will confirm or rule out the indications for
excesses reported by current experiments, and/or detect other
anisotropies too weak to be noticed with the number of events
gathered so far by current observatories. If any excesses are
confirmed, event-by-event mass information from upgraded
detectors (Pierre Auger Collaboration 2016) and/or machine
learning techniques (Telescope Array Collaboration 2019;
Pierre Auger Collaboration 2021a, 2021b) will help us
elucidate their origin in the future by examining whether and
how the mass composition in such regions differs from that in
the rest of the sky and the energy dependence of any such
differences.
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Appendix A
Results Using Separate Energy Bins

In order to describe the energy dependence of the excess in
the Centaurus region, we computed Nin, Nbg, and ZLM in
separate bins [20 EeV, 25 EeV), K, [50 EeV, 63 EeV),
[63 EeV, + ∞) rather than cumulative ones [20 EeV, + ∞),
[25 EeV, + ∞), K, keeping the window position fixed to the
maximum significance one found in [20 EeV, + ∞). The
results are listed in Table 3. Also, we fitted a power-law energy
spectrum µ g-EdN

dE
integrated over the bins to the excess

Nin − Nbg, as shown in Figure 7. While the excess is
considerably weaker in the third bin and barely present in the
second bin, the behavior is still consistent with a simple power
law with the current amount of statistics.

Appendix B
Upper Limits as a Function of the Window Position

In Figure 8, we show the frequentist 99% CL upper limit
to Φin/Φout, as determined from Equation (5) for each of the
energy thresholds and window positions we considered,
showing how our data can set stringent upper limits to the
flux in the windows except very close to the edge of
the FOV.

Figure 7. The number of excess events, Nin − Nbg, fitted as a power-law

spectrum ( )( )
( )ò= =

g- -g g

g

- -

-N E E J dE N,
E

E E E E
min max 20 20 EeV 20 20 EeVmin

max min
1

max
1

1 . The

uncertainty on each entry is the sum in quadrature of those on Nin and
Nbg, computed as N in and /Nout in out  , respectively. In the last bin, we
use =E 166 EeVmax , the energy of the most energetic event. The best-fit
parameter values we obtain are N20 = 160 ± 32 and γ = 2.63 ± 0.35. Unlike
in Pierre Auger Collaboration (2020b), in this work we do not correct for
energy resolution effects; we estimate that here their effect on the spectral
index would be an order of magnitude less than the statistical uncertainty of
the fit.

Table 3
The Same as Table 1, but Using a Fixed Window Position (L, B) = (162°, −6°)

and Separate Energy Bins

Emin Emax Ntot Nbg Nin

F
F

in

out ZLM

20 EeV 25 EeV 3452 324. 389 -
+1.20 0.06

0.07 +3.3σ

25 EeV 32 EeV 2444 233. 242 -
+1.04 0.07

0.07 +0.6σ

32 EeV 40 EeV 1403 132. 151 -
+1.14 0.10

0.10 +1.5σ

40 EeV 50 EeV 820 75.4 106 -
+1.41 0.14

0.15 +3.1σ

50 EeV 63 EeV 418 37.9 59 -
+1.56 0.21

0.23 +3.0σ

63 EeV +∞ 295 26.6 43 -
+1.62 0.25

0.28 +2.7σ
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