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nuclei with energies  inducing extensive air showers on Earth

open questions: 

‣ what are their sources? how are they accelerated? what is the mass composition at highest energies? 

challenges: 

‣ deflections in magnetic fields, interactions with photon fields during propagation, limited charge 
information, …

≥ 1018 eV

Ultra-high-energy cosmic rays
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• largest UHECR detector: area of 3,000 km2

• located in Argentina

• hybrid detection of extensive air showers


‣ Surface Detector Array (SD)

‣ 1660 water-Cherenkov stations 

‣ ~ 100% duty cycle


‣ Fluorescence Detector (FD)

‣ 27 telescopes at 4 sites around the perimeter overlooking the array

‣ ~ 15 % duty cycle


• AugerPrime

‣ upgrade nearly finished


‣ updated electronics

‣ radio antennas

‣ scintillation detectors

Pierre Auger Observatory
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→ observables
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measured flux above 8 EeV  
in equatorial coordinates smoothed with 45° tophat

Galactic 
center

dipole 
directionGalactic plane

• dipolar modulation in right ascension:  significance


• dipole amplitude: 


• dipole direction:  from the Galactic center

• no significant quadrupole components

6.9 σ

7.3+1.0
−0.8 %

113∘

Large-scale anisotropy

4

→ suggests extragalactic origin of UHECRs at these energies

PoS(ICRC2023)252

→ harmonic analysis in right ascension & azimuth of measured UHECR flux above 8 EeV  
     with data from 1/1/2004 to 31/12/2022 (~50,000 events)
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Large-scale anisotropy: energy evolution
→ investigate energy dependence of dipole direction & amplitude above 4 EeV
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PoS(ICRC2023)252

Galactic 
center

• no clear trend in dipole direction

• rise of dipole amplitude with energy


‣ possible explanation: larger relative contribution of nearby sources with rising energy 
+ particles with higher rigidities being less deflected by magnetic fields
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PoS(ICRC2023)252

Large-scale anisotropy: low-energy extension
→ energies down to 0.03 EeV 

6

PoS(ICRC2023)252

→ suggests transition from Galactic to extragalactic origin at few EeV 

Galactic 
center

• amplitude increase from <1% to >10% 
(results for energies <8 EeV: P>1%)

• phase shift from ~ Galactic center 
to opposite direction
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Overdensity search
blind search with 2 free parameters:


‣ energy threshold:   (~2,700 events above )

‣ search radius: 

32 EeV ≤ Eth ≤ 80 EeV 32 EeV
1∘ ≤ Ψ ≤ 30∘
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→ most significant excess: ,  with  post-trial significance, 2° away from Centaurus AEth = 38 EeV Ψ = 27∘ 2.1σ
PoS(ICRC2023)252

Φ(EAuger ≥ 38 EeV) − Ψ = 27∘ σ(EAuger ≥ 38 EeV) − Ψ = 27∘
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Overdensity search: Centaurus A
Centaurus region with 2 free parameters:


‣ energy threshold: 

‣ search radius: 

32 EeV ≤ Eth ≤ 80 EeV
1∘ ≤ Ψ ≤ 30∘
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→ Centaurus region: also , , with  post-trial significanceEth = 38 EeV Ψ = 27∘ 4σ
PoS(ICRC2023)252

σ(EAuger ≥ 38 EeV) − Ψ = 27∘
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compare measured flux with isotropic models + catalog contribution

free model parameters:


‣ signal fraction from catalog 

‣ search radius  (magnetic field influence)


with scan of energy threshold ( )


tested catalogs based on:

‣ near-infrared emission of galaxies (2MASS Redshift Survey): „all galaxies“

‣ radio emission from starburst galaxies (SBGs): „starbursts“

‣ X-rays from AGNs (Swift-BAT): „all AGNs“


‣ -rays from jetted AGNs: „jetted AGNs“

α

Θ

Eth ∈ [32 EeV, 80 EeV]

γ

P. Abreu et al 2022 ApJ 935 170

Catalog-based likelihood analyses
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AGN

SBG
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Catalog-based likelihood analyses
compare measured flux with isotropic models + catalog contribution

free model parameters:


‣ signal fraction from catalog 

‣ search radius  (magnetic field influence)


results: 

→ similar angular scale & energy threshold for all tested catalogs

α

Θ
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PoS(ICRC2023)252

→ overdensity of Centaurus region captured by all models,  
SBG model adds subtle overdensity at Galactic South Pole

Ψ = 1.59θ

P. Abreu et al 2022 ApJ 935 170

PoS(ICRC2023)252

Φ(EAuger ≥ 38 EeV) − Ψ = 27∘
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Combination of anisotropy with spectrum & composition 
use energy spectrum & composition measurements as additional information 

improved astrophysical model:


‣ energy-dependent catalog contribution

‣ modeling of propagation effects

‣ rigidity-dependent magnetic field blurring


results: 

• -AGN catalog:

‣ more strongly disfavored than with AD-only analysis


‣ CR flux proportional to -ray flux disfavored

• SBG model: favored with  over homogeneous model


‣ main contribution to significance: Centaurus region

‣ 20% signal fraction at 

γ

γ
4.5σ

40 EeV
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PoS(ICRC2023)258

1019.9 eV
ADs in best-fit SBG model

→ good description of all 3 observables with one model

SBG
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PoS(ICRC2023)252

Conclusions & Outlook
•  large-scale dipole anisotropy above  pointing away from 

the Galactic center indicating extragalactic origin of UHECRs

‣ amplitude rising with energy


•  overdensity in Centaurus region above 

•  correlation with starburst galaxy catalog above 


‣  including energy spectrum & composition


future perspectives:

‣ event-by-event mass estimates using deep-learning techniques & 

AugerPrime upgrade

‣ improved Galactic magnetic field models will be released soon

‣ exciting prospects for unveiling the sources of UHECRs!

6.9σ 8 EeV

4σ 38 EeV

3.8σ 38 EeV

4.5σ

12Thank you for your attention!

σ(EAuger ≥ 38 EeV) − Ψ = 27∘

Φ(EAuger ≥ 8 EeV)



Backup
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Catalogs for likelihood analyses: jetted AGNs
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P. Abreu et al 2022 ApJ 935 170
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P. Abreu et al 2022 ApJ 935 170

Catalogs for likelihood analyses: SBGs
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P. Abreu et al 2022 ApJ 935 170

Correlation studies
autocorrelation study 

‣ count events separated by less than an angle  above an 
energy threshold  & compare to simulations of isotropy


‣ post-trial -value: 0.24


correlation with local astrophysical structures 

• Galactic plane

• Galactic center

• supergalactic plane

Ψ
Eth

p
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scan in , Ψ ∈ [1∘, 30∘]
Eth ∈ [32 EeV, 80 EeV]

→ no significant departures from isotropy found

post-trial -valuep
0.13

0.44

0.57

Galactic 
center

Galactic 
plane

supergalactic plane

Φ(EAuger ≥ 40 EeV) − Ψ = 25∘


