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The search for UHECR sources  

★ Cosmic rays:  observed at energies of more than 1020 eV
★ Most energetic particles known in the universe

★ Above a few tens of EeV:  deflections small enough, directional information for small 
charges can be preserved

★ The cosmological volume within which UHECRs sources should be sought is limited
★ CR interact with photon backgrounds, mean free path for energy losses depends on 

their mass and energies
★ At 100 EeV,  protons and iron:  200-300 Mpc,   intermediate nuclei He, N:  3-6 Mpc
★ Sources of UHECRs must be in the local universe! 

★ Search for sources is challenging:  charged particles deflected by magnetic fields 
★ Magnetic fields: difficult to study and their modeling is far from being complete
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Challenge: control of exposure and trial factor (energy, angle...) 

Small-intermediate scale anisotropies can be present 
in the suppression region  

At UHE, cosmic rays have reduced horizon and maybe enough 
rigidity to point back to their sources 

Method: Comparison of UHECR arrival directions with catalogues of 
astronomical objects 

2MASS Survey,  Astrophys. J.,  2011

Two approaches to search for anisotropies 

Large scale anisotropies can be present at all energies 

★ Propagation from extragalactic sources distributed 
anisotropically 

★ Diffusion from individual extragalactic sources
★ Diffusive escape from Galaxy of CRs from galactic sources 
★ Compton-Getting effect due to the Earth motion in the CR 

rest frame 

Method: Rayleigh analysis in right ascension (and azimuth) 

Challenge: control exposure and event rate down below < % level Pierre Auger Collab.,  Science, 2017
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The Pierre Auger Observatory dataset  

Previous results: 1 Astrophys. J. 935 (2022) 170, 2 PoS(ICRC2021)335, 3 Astrophys. J. 891 (2020) 142 

  

The Pierre Auger Observatory dataset: 

* Water-Cherenkov surface detectors data. 
* From Jan. 2004 to Dec. 2022.  
* 2021-2022 (AugerPrime installation underway): 
only those detectors in which the electronics have not been updated
(~1.6 yr of exposure).

3/12Previous results: 1 Astrophys. J. 935 (2022) 170, 2 PoS(ICRC2021)335, 3 Astrophys. J. 891 (2020) 142

85% coverage of the sky

71% coverage of the sky

★Water-Cherenkov surface detectors data.
★From Jan. 2004 to Dec. 2022.
★2021-2022 (AugerPrime installation underway): 
only those detectors in which the electronics have not been 
updated (~1.6 yr of exposure). 

85% coverage of the sky 

71% coverage of the sky 
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★ Binomial probability to measure Nobs, inside a circular window, compared to Nexp from isotropic simulations. 

★ Scan in Eth in [32, 80] EeV, steps of 1 EeV and in top-hat search angle Ψ in [1°, 30°], steps of 1°                 
(for the Centaurus region 0.25° steps between 1° and 5°). 

Anisotropy studies E > 32 EeV  

PoS(ICRC2023)252

An update on the arrival direction studies made with data from Auger Geraldina Golup

number of events, #obs, inside a circular window, compared to the mean number of events expected
from isotropic simulations, #exp. The post-trial ?-value is computed as the fraction of isotropic
simulations that have an equal or smaller probability under the same scan. The most significant
excess, presented in Table 1, is for an energy threshold of 38 EeV, an angular window of 27�, a
post-trial ?-value of 2% and for a region located 2� away from Cen A. In Fig. 1, we show the sky
maps for local Li-Ma significance and the flux, for the same energy threshold and top-hat window.

Analysis ⇢th [EeV]  [�] #obs #exp Local ?-value Post-trial ?-value
Overdensity 38 27 245 172.0 1.8 ⇥ 10�8 0.02
Cen A 38 27 237 169.0 1.1 ⇥ 10�7 3.0 ⇥ 10�5

Table 1: Results of the all-sky search for overdensities and the search centered at Cen A. ⇢th is the threshold
energy,  is the top-hat radius for which the local ?-value is minimum. #obs and #exp are the number of
observed and expected events above ⇢th and inside  . The post-trial ?-value accounts for the scan.

We also update the search for excesses fixed at the location of Cen A. The energy scan is the
same as in the overdensity search and the angular scan as well, with the exception that between 1�

and 5�, the steps are of 0.25� as in [4, 5]. The results of the scan are shown in Fig. 2 and the most
significant excess is listed in Table 1. The smallest ?-value is at the same ⇢th and top-hat window
as in [5], and the post-trial ?-value has decreased to 3.0 ⇥ 10�5 (4.0f 1-sided). The excess of
events has grown by five, within the expectations of a linear growth of the signal, and thus the 5f
discovery threshold is expected for an exposure of (165, 000± 15, 000) km2 yr sr, as reported in [5].

Figure 1: Local Li-Ma significance map within a top-hat window of 27� radius (left panel) and flux map
(right panel) with ⇢ � 38 EeV in Galactic coordinates. The supergalactic plane is shown with a gray line.

Furthermore, we study the regions of the sky where the Telescope Array (TA) Collaboration
has reported excesses in their data (see [9] for the latest update). The TA overdensities close to the
Perseus-Pisces supercluster (PPSC) and the higher-energy excess, the so-called “TA hot spot”, are
reported for a top-hat window of 20� and 25�, respectively, as in [9]. Their post-trial ?-values are
between 3.0-3.2f (for the PPSC results, no account appears to have been taken for the three trials
in this region, and the post-trial ?-values decrease to ⇠2.5f if they search for an excess close to
any other major structure). In Table 2, we present our results compared to those published by TA.
We have rescaled the energy where TA reports their excesses by �20%, taking into account the
cross-calibration of the energy scale reported in [10]. With comparable statistics to TA, we do not
find any significant excesses in the same regions with rescaled energy thresholds.
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2.1 σ,  
2° from Cent A 
4.0 σ
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Catalog-based searches E > 32 EeV   

★ Probability maps built weighting objects by their relative flux in the corresponding e.m. band and an attenuation due to 
their different distances (Auger spectral-composition modeling1) 

★ Parameters: Fisher search radius   Θ (ψ =1.59 Θ) and the signal fraction α.  Scan in Eth  
in [32, 80] EeV, steps of 1 EeV. 

★ Catalogs (and their flux proxy): 
“all galaxies (IR)” from 2MRS (K-band)
“starbursts (radio)” based on Lunardini+19 (1.4 GHz)
“all AGNs (X-rays)” from Swift-BAT (14-195 keV)
“jetted AGNs (γ-rays)” from Fermi 3FLHE (E>10 GeV) 

Pierre Auger Collab,  JCAP, 2017

  

Anisotropy studies E>32 EeV: catalog-based searches
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3.8s

* Probability maps built weighting objects by their relative fux in the corresponding e.m. band

and an attenuation due to their diferent distances (Auger spectral-composition modeling1).

* Parameters: Fisher search radius Q (Y =1.59 Q) and the signal fraction (a). Scan in E
th
 in 

[32, 80] EeV, steps of 1 EeV. 

* Catalogs (and their fux proxy):    “all galaxies (IR)” from 2MRS (K-band)

                                                         “starbursts (radio)” based on Lunardini+19 (1.4 GHz) 

                                                         “all AGNs (X-rays)” from Swift-BAT (14-195 keV)  

                                                         “jetted AGNs (g-rays)” from Fermi 3FHL (E>10 GeV)

All excesses happen at the same E
th 

and similar angular scale

3.2s

3.5s

3.3s

1  JCAP 04 (2017) 009
All excesses happen at the same Eth and at the same angular scale Pierre Auger Collab., 38th ICRC , 2023
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Evolution of the signal 
Considering the best-fit parameters of the Centaurus region search 

Compatible with linear growth within the expected variance 

5 sigma deviation from isotropy at 2025 ± 2 years 
Pierre Auger Collab., 38th ICRC , 2023
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Regions of Telescope Array excesses with Auger data  

★ Emin = 20, 25, 32, 40, 50, 63 EeV

★ top-hat windows with radius Ψ = 27°

★ SGP intersect the window

★ center of the window be inside the 
FoV 

4 Pierre Auger Collaboration

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 center lies 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 (McCall
2014) for reference only; they are not taken into account in the analysis in any way.

Table 1. Information about the maximum-significance excesses found along the SGP

1st maximum 2nd maximum

Emin Ntot L B Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
U.L. L B Ein

Etot
Nbg Nin

�in
�out

ZLM
99%
U.L.

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

�0.04 +2.2� 1.17

25 EeV 5380 161� �9� 9.56% 504. 608 1.21+0.05
�0.05 +4.2� 1.33 275� �19� 8.00% 426. 482 1.13+0.05

�0.05 +2.6� 1.26

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

�0.07 +2.2� 1.34

40 EeV 1533 162� �6� 9.56% 140. 208 1.49+0.11
�0.11 +5.1� 1.77 345� �7� 1.00% 15.2 26 1.71+0.36

�0.32 +2.5� 2.68

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

�0.23 +2.4� 2.20

63 EeV 295 163� �3� 9.56% 26.3 46 1.75+0.30
�0.26 +3.3� 2.54 223� +26� 9.56% 26.7 42 1.57+0.28

�0.25 +2.6� 2.31
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Figure 3. The windows in which the TA collaboration reported excesses of events, as of their latest update (Telescope Array
Collaboration 2023), compared to the FoV of the Pierre Auger Observatory and of the Telescope Array

Table 2. The excesses reported by TA in the windows shown in Figure 3, as of their latest update (Telescope Array Collaboration
2023), and the corresponding results in our data. The Emin values are converted from the TA energy scale to ours using Pierre
Auger Collaboration & Telescope Array Collaboration (2023b, eq. (1)). Some of the TA values of Nbg, �in/�out and/or ZLM

shown here di↵er by up to a few percent from those reported in Telescope Array Collaboration (2023), presumably because
in that work Ein/Etot was estimated from a Monte Carlo simulation with 100,000 events (of which O(104) within the window,
hence with fluctuations ⇠ 1% in Ein), whereas here we computed it by numerically integrating the expression in 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 �in/�out defined analogously to (5) by

PNin�1
n=0 P (n|Ntot,�in/�out) = 0.01. Note that the TA post-trial

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.

Telescope Array (Telescope Array Collaboration 2023) Pierre Auger Observatory (this work)

Emin Ntot
Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
L.L.

post-
trial Emin Ntot

Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
U.L.

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

�0.25 �0.5� 1.76

(b1) 1019.4 eV 1125 5.88% 64.0 101 1.58+0.17
�0.16 +4.1� 1.22 3.3� 20.5 EeV 8374 0.84% 70.1 65 0.93+0.12

�0.11 �0.6� 1.23

(b2) 1019.5 eV 728 5.87% 41.1 70 1.70+0.22
�0.20 +4.0� 1.25 3.2� 25.5 EeV 5156 0.84% 43.5 39 0.90+0.15

�0.14 �0.7� 1.29

(b3) 1019.6 eV 441 5.84% 24.6 45 1.83+0.31
�0.27 +3.6� 1.23 3.0� 31.7 EeV 2990 0.87% 26.0 27 1.04+0.21

�0.19 +0.2� 1.61

ray Collaboration (2018b), if anything, would make the
Telescope Array overestimate and the Auger Observa-
tory underestimate �out, going in the opposite direction
than what would explain away the di↵erence between
the �in/�out values from the two datasets.

5. DISCUSSION AND CONCLUSIONS

We have confirmed our previous finding (Pierre Auger
Collaboration 2023, with 4.0� post-trial 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 (post-
trial significance 3.1� in this work), and we have further
found that this excess extends to lower energies than

previously studied (down to 20 EeV), with no apprecia-
ble dependence of its position on the energy threshold
chosen. One possible explanation for this lack of energy
dependence (other than the absence of sizable coherent
magnetic deflections) could be an approximately con-
stant magnetic rigidity R = E/Z of the particles making
up this excess, i.e., an increasingly heavy mass composi-
tion such that their atomic numbers Z are proportional
to their energy. It was already predicted by Lemoine
& Waxman (2009) that in the case of a mixed compo-
sition anisotropies at high energies should be expected
to correspond to anisotropies of lighter nuclei at lower
energies, but in Pierre Auger Collaboration (2011) we
had failed to find any such indication possibly due to

Pierre Auger Collab.,  arXiv 2407.06874
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Figure 3. The windows in which the TA collaboration reported excesses of events, as of their latest update (Telescope Array
Collaboration 2023), compared to the FoV of the Pierre Auger Observatory and of the Telescope Array

Table 2. The excesses reported by TA in the windows shown in Figure 3, as of their latest update (Telescope Array Collaboration
2023), and the corresponding results in our data. The Emin values are converted from the TA energy scale to ours using Pierre
Auger Collaboration & Telescope Array Collaboration (2023b, eq. (1)). Some of the TA values of Nbg, �in/�out and/or ZLM

shown here di↵er by up to a few percent from those reported in Telescope Array Collaboration (2023), presumably because
in that work Ein/Etot was estimated from a Monte Carlo simulation with 100,000 events (of which O(104) within the window,
hence with fluctuations ⇠ 1% in Ein), whereas here we computed it by numerically integrating the expression in 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 �in/�out defined analogously to (5) by

PNin�1
n=0 P (n|Ntot,�in/�out) = 0.01. Note that the TA post-trial

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.

Telescope Array (Telescope Array Collaboration 2023) Pierre Auger Observatory (this work)

Emin Ntot
Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
L.L.

post-
trial Emin Ntot

Ein
Etot

Nbg Nin
�in
�out

ZLM
99%
U.L.

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

�0.25 �0.5� 1.76

(b1) 1019.4 eV 1125 5.88% 64.0 101 1.58+0.17
�0.16 +4.1� 1.22 3.3� 20.5 EeV 8374 0.84% 70.1 65 0.93+0.12

�0.11 �0.6� 1.23

(b2) 1019.5 eV 728 5.87% 41.1 70 1.70+0.22
�0.20 +4.0� 1.25 3.2� 25.5 EeV 5156 0.84% 43.5 39 0.90+0.15

�0.14 �0.7� 1.29

(b3) 1019.6 eV 441 5.84% 24.6 45 1.83+0.31
�0.27 +3.6� 1.23 3.0� 31.7 EeV 2990 0.87% 26.0 27 1.04+0.21
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ray Collaboration (2018b), if anything, would make the
Telescope Array overestimate and the Auger Observa-
tory underestimate �out, going in the opposite direction
than what would explain away the di↵erence between
the �in/�out values from the two datasets.

5. DISCUSSION AND CONCLUSIONS

We have confirmed our previous finding (Pierre Auger
Collaboration 2023, with 4.0� post-trial 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 (post-
trial significance 3.1� in this work), and we have further
found that this excess extends to lower energies than

previously studied (down to 20 EeV), with no apprecia-
ble dependence of its position on the energy threshold
chosen. One possible explanation for this lack of energy
dependence (other than the absence of sizable coherent
magnetic deflections) could be an approximately con-
stant magnetic rigidity R = E/Z of the particles making
up this excess, i.e., an increasingly heavy mass composi-
tion such that their atomic numbers Z are proportional
to their energy. It was already predicted by Lemoine
& Waxman (2009) that in the case of a mixed compo-
sition anisotropies at high energies should be expected
to correspond to anisotropies of lighter nuclei at lower
energies, but in Pierre Auger Collaboration (2011) we
had failed to find any such indication possibly due to

Regions of Telescope Array excesses with Auger data  

Correcting the energy thresholds for the known mismatch between the energy scales of the two observatories 
Pierre Auger Collab. Telescope Array Collab,  38th ICRC, 2023

The excesses reported by TA in the windows a and b , as of their latest update and the corresponding results in our data 
Telescope Array Collab., 38th ICRC, 2023

We actually obtain always −0.7σ ≲ ZLM < +0.2σ, in excellent agreement with the isotropic null hypothesis. 

Pierre Auger Collab,,  arXiv 2407.06874
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We computed the distribution of the number Nin of events in our dataset 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 Collab., 38th ICRC, 2023  

(iii) the marginal distribution of Φin/Φout  over TA statistical uncertainties. 

Regions of Telescope Array excesses with Auger data  
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Figure 4. Binomial probability that Nin events would be
observed in our dataset in each of the windows reported by
TA and shown in Figure 3. The thin blue histogram assumes
that the value of the flux ratio �in/�out is exactly the one
reported by TA, whereas the thick one is the marginal dis-
tribution of �in/�out over TA statistical uncertainties.

the smaller statistics available back then. The growth
of the strength �in/�out of the excess with increasing
energy threshold could be explained if, for example, the
excess originates from a single or a few nearby sources
(whose identification would require accurately knowing
the intervening magnetic deflections), whereas the back-

ground is from a large number of distant, more isotrop-
ically distributed sources. The steeper decrease with
energy of the background would naturally be due to in-
teractions with background photons in the intervening
space (Greisen 1966; Zatsepin & Kuz’min 1966), as dis-
cussed in Pierre Auger Collaboration (2024).
On the other hand, no statistically significant excesses

were found in the regions where TA reported excesses of
events, despite comparable exposure. Given our current
statistics, the Auger data do not support the sugges-
tion of the Telescope Array Collaboration that the dec-
lination dependence of the UHECR energy spectrum,
recently claimed by them in Telescope Array Collabo-
ration (2024), is due to the presence of excesses in the
flux of UHECRs from particular regions of the northern
hemisphere.
It will be interesting to see whether the upgraded

detectors of AugerPrime (Pierre Auger Collaboration
2016) and TA⇥4 (Telescope Array Collaboration 2021a)
and future experiments such as GRAND (GRAND Col-
laboration 2020), POEMMA (POEMMA Collaboration
2021) or GCOS (GCOS Collaboration 2023) will confirm
or rule out the indications for excesses reported by cur-
rent 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 con-
firmed, event-by-event mass information from upgraded
detectors (Pierre Auger Collaboration 2016) and/or ma-
chine learning techniques (Pierre Auger Collaboration
2021a,b; Telescope Array Collaboration 2019) will help
us elucidate their origin in the future by examining
whether and how the mass composition in such regions
di↵ers from that in the rest of the sky and the energy
dependence of any such di↵erences.
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their continuing cooperation 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

8 Pierre Auger Collaboration

 0  5  10  15  20  25  30  35Auger Nin

 0 0.01 0.02 0.03 0.04 0.05 0.06

         60  70  80  90  100  110  120  130

−2 −1  0 +1 +2 +3 +4 +5 +6
marg.

0σ
binomia

l probab
ility

Auger Nin

(b1)     Auger local Li–Ma significance [σ]     isotropicfrom Telescope ArrayAuger Obs. data
74%0.04%

 0.08 −2 −1  0 +1 +2 +3 +4 +5 +6
binomia

l probab
ility

(b2)     Auger local Li–Ma significance [σ]     

Figure 4. Binomial probability that Nin events would be
observed in our dataset in each of the windows reported by
TA and shown in Figure 3. The thin blue histogram assumes
that the value of the flux ratio �in/�out is exactly the one
reported by TA, whereas the thick one is the marginal dis-
tribution of �in/�out over TA statistical uncertainties.
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of the strength �in/�out of the excess with increasing
energy threshold could be explained if, for example, the
excess originates from a single or a few nearby sources
(whose identification would require accurately knowing
the intervening magnetic deflections), whereas the back-

ground is from a large number of distant, more isotrop-
ically distributed sources. The steeper decrease with
energy of the background would naturally be due to in-
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chine learning techniques (Pierre Auger Collaboration
2021a,b; Telescope Array Collaboration 2019) will help
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Large scale:  weighted harmonic analysis E>4 EeV  

★ Search for harmonic modulation in right ascension and azimuth: 

★ Fourier coefficients of order k (1 or 2)  

★ Amplitude,                                   ,  phase     

★ Weights: small variations in coverage and tilt of the array  

number of active 
detector cells 

 right ascension of the 
zenith of the observatory 

average tilt of
 the array  

Dipolar modulation: 
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 Harmonic analysis above 4 EeV  

Significance of the first harmonic modulation became larger as the exposure increase 

4-8 EeV bin: consistent with isotropy 

ApJ 2020

Science 2017 

ApJ 2015

> 8 EeV bin:                                           ,       

Evidence of large scale anisotropies above 8 EeV 

PoS(ICRC2023)252

An update on the arrival direction studies made with data from Auger Geraldina Golup

⇢ [EeV] # 3? 3I 3 U3 [�] X3 [�] P(� 3?)
4-8 118,835 0.010+0.006

�0.004 �0.014 ± 0.008 0.017+0.008
�0.005 91 ± 30 �53+21

�19 0.15
�8 49,710 0.058+0.009

�0.008 �0.045 ± 0.012 0.073+0.010
�0.008 97 ± 8 �37+9

�9 7.4 ⇥ 10�12

8-16 36,683 0.057+0.010
�0.009 �0.030 ± 0.014 0.065+0.012

�0.009 92 ± 10 �28+11
�12 1.2 ⇥ 10�8

16-32 10,288 0.059+0.020
�0.015 �0.07 ± 0.03 0.094+0.026

�0.019 93 ± 18 �51+13
�13 4.5 ⇥ 10�3

�32 2,739 0.11+0.04
�0.03 �0.13 ± 0.05 0.17+0.05

�0.04 143 ± 19 �51+14
�13 8.4 ⇥ 10�3

Table 4: Results for the 3D dipole reconstruction above full efficiency. We present, for each energy bin, the
number of events, # , the equatorial component of the amplitude, 3?, the North-South one 3I , the modulus
of the amplitude 3, the R.A., U3 , and declination, X3 , of the dipole direction and the probability of getting a
larger amplitude from fluctuations of an isotropic distribution P(� 3?).

Figure 4: Flux above 8 EeV, smoothed by a top-hat window of 45�, in equatorial coordinates (left panel).
The position of the Galactic Center is shown with a star and the Galactic Plane is indicated with a dashed
line. Distribution in R.A. of the normalized rates of events with ⇢ � 8 EeV (right panel). The black line
shows the obtained distribution with the Rayleigh analysis assuming only a dipolar component.
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Figure 5: Map with the directions of the 3D dipole for different energy bins, in Galactic coordinates
(left panel). We show the contours of equal probability per unit solid angle, marginalized over the dipole
amplitude, that contain the 68% CL range. The dots represent the location of the galaxies in the 2MRS
catalog within 100 Mpc. The evolution of the dipole amplitude with energy is shown in the right panel.

has surpassed the 5f discovery level. It is seen that the quadrupolar components are not significant
and that the dipolar ones are consistent with the results we obtain assuming only a dipole.

The equatorial component of the dipole can also be reconstructed for lower energies [3]. Below
2 EeV, the East-West method is used for the 1500 m array since trigger effects are difficult to control
down to the 1% level. The East-West method, which is based on the difference between the counting
rates of the events detected from the east sector and those from the west sector, is less sensitive than

6

6,9 σ

Pierre Auger Collab., 38th ICRC , 2023

5,7 σ
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number of events, # , the equatorial component of the amplitude, 3?, the North-South one 3I , the modulus
of the amplitude 3, the R.A., U3 , and declination, X3 , of the dipole direction and the probability of getting a
larger amplitude from fluctuations of an isotropic distribution P(� 3?).

Figure 4: Flux above 8 EeV, smoothed by a top-hat window of 45�, in equatorial coordinates (left panel).
The position of the Galactic Center is shown with a star and the Galactic Plane is indicated with a dashed
line. Distribution in R.A. of the normalized rates of events with ⇢ � 8 EeV (right panel). The black line
shows the obtained distribution with the Rayleigh analysis assuming only a dipolar component.
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Figure 5: Map with the directions of the 3D dipole for different energy bins, in Galactic coordinates
(left panel). We show the contours of equal probability per unit solid angle, marginalized over the dipole
amplitude, that contain the 68% CL range. The dots represent the location of the galaxies in the 2MRS
catalog within 100 Mpc. The evolution of the dipole amplitude with energy is shown in the right panel.

has surpassed the 5f discovery level. It is seen that the quadrupolar components are not significant
and that the dipolar ones are consistent with the results we obtain assuming only a dipole.

The equatorial component of the dipole can also be reconstructed for lower energies [3]. Below
2 EeV, the East-West method is used for the 1500 m array since trigger effects are difficult to control
down to the 1% level. The East-West method, which is based on the difference between the counting
rates of the events detected from the east sector and those from the west sector, is less sensitive than

6

Right ascension [degrees]

N
or

m
al

iz
ed

 r
at

es

https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1808.03579
https://arxiv.org/abs/1411.6953v3
https://doi.org/10.22323/1.444.0252


Large-scale analysis E>4 EeV:  dipole + quadrupole  

Results for the two energy bins with more than 5σ significance

  

Large-scale analysis E>4 EeV: dipole + quadrupole 

Quadrupolar components not signifcant.

Dipolar amplitudes consistent with dipole only results.

10/12

Results for the two energy bins with more than 5s signifcance:

Quadrupolar component not significant

Dipolar amplitudes consistent with dipole only results

14/19



 Dipole reconstruction Ε> 4 EeV  
suposing a pure 
dipolar distribution

E > 8 EeV:  

dipole amplitude:

dipole direction
Galactic 
center 

Flux sky map E > 8 EeV 

Equatorial coordinates 

Dipole directions in galactic scenario

Galactic coordinates 

Extragalactic origin 
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Table 4: Results for the 3D dipole reconstruction above full efficiency. We present, for each energy bin, the
number of events, # , the equatorial component of the amplitude, 3?, the North-South one 3I , the modulus
of the amplitude 3, the R.A., U3 , and declination, X3 , of the dipole direction and the probability of getting a
larger amplitude from fluctuations of an isotropic distribution P(� 3?).

Figure 4: Flux above 8 EeV, smoothed by a top-hat window of 45�, in equatorial coordinates (left panel).
The position of the Galactic Center is shown with a star and the Galactic Plane is indicated with a dashed
line. Distribution in R.A. of the normalized rates of events with ⇢ � 8 EeV (right panel). The black line
shows the obtained distribution with the Rayleigh analysis assuming only a dipolar component.
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Figure 5: Map with the directions of the 3D dipole for different energy bins, in Galactic coordinates
(left panel). We show the contours of equal probability per unit solid angle, marginalized over the dipole
amplitude, that contain the 68% CL range. The dots represent the location of the galaxies in the 2MRS
catalog within 100 Mpc. The evolution of the dipole amplitude with energy is shown in the right panel.

has surpassed the 5f discovery level. It is seen that the quadrupolar components are not significant
and that the dipolar ones are consistent with the results we obtain assuming only a dipole.

The equatorial component of the dipole can also be reconstructed for lower energies [3]. Below
2 EeV, the East-West method is used for the 1500 m array since trigger effects are difficult to control
down to the 1% level. The East-West method, which is based on the difference between the counting
rates of the events detected from the east sector and those from the west sector, is less sensitive than
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Split the E>8 EeV bin in three

dipole amplitude increases with energy 

(energy-independent fit disfavored above 5σ) 

Energy dependence of dipolar modulation 

Dipole directions above 4 EeV outer 
spiral arm

Galactic coordinates 

No clear trend in the evolution of 
dipole direction with energy 
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Table 4: Results for the 3D dipole reconstruction above full efficiency. We present, for each energy bin, the
number of events, # , the equatorial component of the amplitude, 3?, the North-South one 3I , the modulus
of the amplitude 3, the R.A., U3 , and declination, X3 , of the dipole direction and the probability of getting a
larger amplitude from fluctuations of an isotropic distribution P(� 3?).

Figure 4: Flux above 8 EeV, smoothed by a top-hat window of 45�, in equatorial coordinates (left panel).
The position of the Galactic Center is shown with a star and the Galactic Plane is indicated with a dashed
line. Distribution in R.A. of the normalized rates of events with ⇢ � 8 EeV (right panel). The black line
shows the obtained distribution with the Rayleigh analysis assuming only a dipolar component.
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Figure 5: Map with the directions of the 3D dipole for different energy bins, in Galactic coordinates
(left panel). We show the contours of equal probability per unit solid angle, marginalized over the dipole
amplitude, that contain the 68% CL range. The dots represent the location of the galaxies in the 2MRS
catalog within 100 Mpc. The evolution of the dipole amplitude with energy is shown in the right panel.

has surpassed the 5f discovery level. It is seen that the quadrupolar components are not significant
and that the dipolar ones are consistent with the results we obtain assuming only a dipole.

The equatorial component of the dipole can also be reconstructed for lower energies [3]. Below
2 EeV, the East-West method is used for the 1500 m array since trigger effects are difficult to control
down to the 1% level. The East-West method, which is based on the difference between the counting
rates of the events detected from the east sector and those from the west sector, is less sensitive than
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Extragalactic Dipole and GMF 

Extragalactic dipole direction gets 
shifted towards spiral arms 

Dipole interpretation

Dipole direction after accounting for JF12 
Galactic B field for E/Z = 32, 16, 8 and 4 EeV Dipole direction 

outside Galaxy 

Outer spiral
 arm Measured

dipole 

Models with mixed composition,  !max = 6 EV,  source density 10-4  Mpc-3

Consistent with expectations 

Possibly due to the larger relative contribution 
from nearby sources to the flux at higher energies 

Harari, Molerach, Roulet, PRD, 2014)  
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Large-scale analysis in R.A. at E > 0.03 EeV  

  

Large-scale analysis in R.A. at E>0.03 EeV

11/12

Even though the results for the lower E have a P>1%,
amplitudes grow from below 1% to above 10% and phases shift from

~GC to the opposite direction
 => suggests a transition of the origin of the anisotropies 

from galactic to extragalactic 

Even though the results for the lower E have a P>1%,   amplitudes grow from below 1% to above 10% and 
phases shift from ~GC to the opposite direction.

    suggests a transition of the origin of the anisotropies from galactic to extragalactic 
18/19



Conclusions  and prospects

★ Highest energies: Centaurus region at 4.0 σ (3.0 x 10-5), could reach 5.0 σ by (165 ± 15) x 103 km2sr yr. SBG 

catalog at 3.8 σ (6.6 x 10-5). 

★ TA excesses: with comparable statistics, no significant results have been found.

★  Dipole: >8 EeV at 6.9 σ and 8-16 EeV at 5.7σ. Quadrupolar moments not  signifcant. 

★ Large-scale analysis above 0.03 EeV: results suggest that the anisotropy has a predominant galactic origin 

below 1 EeV and a predominant extragalactic one above few EeV. 

★ Promising inclusion of mass composition estimators on an event-by-event basis with AugerPrime             

(and improved mass estimators with Phase1 data) 
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Thank you!



Backup slides



Analysis strategy 

Sky model probability maps: 

Null hypothesis H0:  isotropy 

Contribution to the UHECR flux from each galaxy: 

Single population signal model H1:

(free parameters: " and Θ) 

Modeled as a von Mises-Fisher distribution centered on the direction of the galaxy with a smearing angle Θ 

Test statistics:  

Catalog-based searches E > 32 EeV   



Highest energies:  blind searches for overdensities  

Search for excesses not specifying a priori the 
targeted regions of the sky 

★ Li-Ma:  compare cumulative number of events (Nobs) 
given the expected on average from isotropic simulations 
(Nexp)

★ Scan in energy threshold in [32; 80] EeV, step of 1 EeV 
★ Scan in top-hat search angle Ψ in [1°; 30°], steps of 1° 

Most significant local excess over whole observable sky 

★ Eth ≥ 41EeV, Ψ =24°
★ (#, $) = (196.3o, -46.6o), (l, b) = (305.4o, 16.2o)
★ Local p-value 3.7 × 10-8 , Li&Ma significance = 5.4σ
★ Global p-value = 3% 

(after accounting the scan, penalty factor ~!(105) 

The dataset above 32 EeV is available for public use  
 

★ with the code to reproduce the results (link)

P. Auger Collab,  ApJ, 2022

https://zenodo.org/record/6759610#.YzGXFOxBwhs


All catalogs have highest test statistics 
at Eth=38- 41EeV,  scale Ѱ=23°-27°, 
signal fraction ɑ=6-15% 

Catalogue searches for intermediate scale anisotropies  

Post-trial significance  

3.1σ for jetted AGNs 

4.0σ for Starburst galaxies 
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Figure 4. The test statistic as a function of signal fraction and search radius for the four tested catalogs, as labeled in the
Figure. The reference best-fit parameters obtained above the energy threshold that maximizes the departure from isotropy are
marked with a cross. The 68% C.L. contour is displayed as a black line. The complete Figure set (4 ⇥ 49 images), which shows
the evolution of the test statistic mapping as a function of energy threshold, is available in the online journal, in the arXiv
source file and on the website of the Pierre Auger Collaboration.

one of the pillars of the so-called Council of Giants
(McCall 2014) surrounding the Milky Way and An-
dromeda galaxy. Inspection of the two AGN models,
tracing accretion through X-ray emission and jet activ-
ity through �-ray emission, does not suggest bright sec-
ondary hotspots in other sky regions at the highest en-
ergies (E & 60 EeV), as the attenuation of the UHECR
flux dramatically reduces the contribution from more
distant galaxies. On the other hand, both the infrared
model of stellar mass and the radio model of enhanced
starforming activity suggest hotspots in the directions
of other members of the Council of Giants: the star-
burst galaxies NGC 253 and M 82, which are the only
two starburst galaxies currently detected at TeV ener-

gies.7 While M 82 lies in the blind region of the Pierre
Auger Observatory, which can only be observed with
Telescope Array (Telescope Array Collaboration 2018),
the contribution from NGC 253 is responsible for the
larger departure from isotropy obtained with the star-
burst model with respect e.g. to the X-ray AGN model
(see Appendix C). The infrared model instead yields a
smaller test statistic than both the X-ray AGN and star-
burst models. Within the infrared model, the region of
the Virgo cluster (at d ⇠ 20 Mpc) would be brighter
than the Centaurus region, which is in tension with the
UHECR observations. Following the same procedure as
in Pierre Auger Collaboration (2018b), we performed
a quantitative comparison between the four models to

7 http://tevcat2.uchicago.edu/
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Figure 3. The test statistic (top), signal fraction (center)
and Fisher search radius (bottom) maximizing the deviation
from isotropy as a function of energy threshold. The results
obtained with each of the four catalogs are displayed with
varying colors and line styles, as labeled in the Figure. The
uncertainties on the parameters, which are correlated above
successive energy thresholds, are not displayed for the sake
of readability.

ence, we estimate that there is a total of five to six inde-
pendent energy bins, by identifying the successive refer-
ence energy thresholds above which the number of events
is less that half that above a previous reference energy.
Such a procedure suggests reference energy thresholds
at E & 32, 40, 50, 60, 70, 80 EeV, with boundaries dis-
tant by more than � log10 E = 0.06, that corresponds
to the energy resolution of ±7% relevant in the range
covered here (Pierre Auger Collaboration 2020b). As
illustrated by the set of Figures above energy thresh-
olds ranging in 32–80 EeV (see online material attached
to Figure 4), the reconstructed parameters do not show
significant variations with energy.

For the sake of completeness, we provide the best-fit
parameters and maximum test statistic obtained above
energy thresholds corresponding to the global maximum
at E & 40 EeV, in the upper part of Table 2, as well as
those obtained above the secondary maximum identi-
fied at E & 60 EeV, in the lower part of the same table.
The most significant departure from isotropy is iden-
tified for all four catalogs at energy thresholds in the
range 38–40 EeV, with post-trial p-values of 8.3⇥ 10�4,
7.9 ⇥ 10�4, 4.2 ⇥ 10�4 and 3.2 ⇥ 10�5 for jetted AGNs
traced by their �-ray emission, galaxies traced by their
near-infrared emission, all AGNs traced by their X-ray
emission and starburst galaxies traced by their radio
emission, respectively. As in Pierre Auger Collaboration
(2018b), we do not penalize for the test of the four cata-
logs, which all provide similar UHECR flux patterns. As
a note, the infrared sample of galaxies contains a large
fraction (more than 75%) of each of the three other cat-
alogs and only jetted AGN and starburst catalogs can
be considered as strictly distinct galaxy samples.

As discussed in Sec. 4.1, all four sky models tested
here are based on improved versions of the catalogs used
in Pierre Auger Collaboration (2018b), although with a
mild impact on the significance of the results and no
noticeable change in the best-fit parameters. The max-
imum test statistic is obtained at the same point of the
parameter space using the catalogs of infrared galaxies,
starburst galaxies, and X-ray AGNs from Pierre Auger
Collaboration (2018b), with TS values of 16.0, 23.1 and
18.0, respectively, di↵ering by less than 2 units from the
results in Table 2. The most important change is ob-
served for the gamma-ray catalog of jetted AGNs: the
maximum TS (13.5) is obtained above ⇠ 60 EeV with
the earlier catalog version based on the 2FHL catalog
(E� > 50 GeV), while it is obtained above ⇠ 40 EeV
with the current version based on the 3FHL catalog
(E� > 10 GeV). The change can be understood from
the lower energy threshold of the 3FHL catalog, which
reduces the relative flux of blazars beyond 100 Mpc
(Mkn 421, Mkn 501) with respect to the flux of local
radio galaxies (Cen A, NGC 1275, M 87).

5. THE CENTAURUS REGION

A visual inspection of the sky models displayed in
Appendix C highlights the main similarity between the
four catalogs, namely a hotspot expected in the Auger
field of view in the direction of the group of galaxies
composed of the radio galaxy Centaurus A, the Seyfert
galaxy NGC 4945 and the starburst galaxy M 83. These
three galaxies, at distances of about 4 Mpc, constitute
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Figure 3. The test statistic (top), signal fraction (center)
and Fisher search radius (bottom) maximizing the deviation
from isotropy as a function of energy threshold. The results
obtained with each of the four catalogs are displayed with
varying colors and line styles, as labeled in the Figure. The
uncertainties on the parameters, which are correlated above
successive energy thresholds, are not displayed for the sake
of readability.

ence, we estimate that there is a total of five to six inde-
pendent energy bins, by identifying the successive refer-
ence energy thresholds above which the number of events
is less that half that above a previous reference energy.
Such a procedure suggests reference energy thresholds
at E & 32, 40, 50, 60, 70, 80 EeV, with boundaries dis-
tant by more than � log10 E = 0.06, that corresponds
to the energy resolution of ±7% relevant in the range
covered here (Pierre Auger Collaboration 2020b). As
illustrated by the set of Figures above energy thresh-
olds ranging in 32–80 EeV (see online material attached
to Figure 4), the reconstructed parameters do not show
significant variations with energy.

For the sake of completeness, we provide the best-fit
parameters and maximum test statistic obtained above
energy thresholds corresponding to the global maximum
at E & 40 EeV, in the upper part of Table 2, as well as
those obtained above the secondary maximum identi-
fied at E & 60 EeV, in the lower part of the same table.
The most significant departure from isotropy is iden-
tified for all four catalogs at energy thresholds in the
range 38–40 EeV, with post-trial p-values of 8.3⇥ 10�4,
7.9 ⇥ 10�4, 4.2 ⇥ 10�4 and 3.2 ⇥ 10�5 for jetted AGNs
traced by their �-ray emission, galaxies traced by their
near-infrared emission, all AGNs traced by their X-ray
emission and starburst galaxies traced by their radio
emission, respectively. As in Pierre Auger Collaboration
(2018b), we do not penalize for the test of the four cata-
logs, which all provide similar UHECR flux patterns. As
a note, the infrared sample of galaxies contains a large
fraction (more than 75%) of each of the three other cat-
alogs and only jetted AGN and starburst catalogs can
be considered as strictly distinct galaxy samples.

As discussed in Sec. 4.1, all four sky models tested
here are based on improved versions of the catalogs used
in Pierre Auger Collaboration (2018b), although with a
mild impact on the significance of the results and no
noticeable change in the best-fit parameters. The max-
imum test statistic is obtained at the same point of the
parameter space using the catalogs of infrared galaxies,
starburst galaxies, and X-ray AGNs from Pierre Auger
Collaboration (2018b), with TS values of 16.0, 23.1 and
18.0, respectively, di↵ering by less than 2 units from the
results in Table 2. The most important change is ob-
served for the gamma-ray catalog of jetted AGNs: the
maximum TS (13.5) is obtained above ⇠ 60 EeV with
the earlier catalog version based on the 2FHL catalog
(E� > 50 GeV), while it is obtained above ⇠ 40 EeV
with the current version based on the 3FHL catalog
(E� > 10 GeV). The change can be understood from
the lower energy threshold of the 3FHL catalog, which
reduces the relative flux of blazars beyond 100 Mpc
(Mkn 421, Mkn 501) with respect to the flux of local
radio galaxies (Cen A, NGC 1275, M 87).

5. THE CENTAURUS REGION

A visual inspection of the sky models displayed in
Appendix C highlights the main similarity between the
four catalogs, namely a hotspot expected in the Auger
field of view in the direction of the group of galaxies
composed of the radio galaxy Centaurus A, the Seyfert
galaxy NGC 4945 and the starburst galaxy M 83. These
three galaxies, at distances of about 4 Mpc, constitute



Pierre Auger Observatory:                          
state-of-the art cosmic ray detector 

★Water Cherenkov stations 
★ SD1500:  1600, 1.5 km grid, 3000 km2

★ SD750:     61,    0.75 km grid,  23.5 km2

★ Live time ~ 100%
★ 4 Fluorescence sites
★ 24 telescopes, 1-300  FOV

★ 3 high elevation FD 300-600  FOV 

★ Live time ~ 13%
★Underground Muon Detectors
★ 7 in engineering array phase

★ 61 aside the Infill stations

★ AERA radio antennas
★153 antenas in  17 km2
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