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THE PIERRE AUGER OBSERVATORYTHE PIERRE AUGER OBSERVATORY

35.2º S, 69.3º W

use surface detector data for present analyses : much larger statistics, simpler exposure

WATER-CHERENKOV SURFACE DETECTORS WATER-CHERENKOV SURFACE DETECTORS 
  (~100% duty cycle)

SD1500: array with 1.5 km separation → 3000 km²
 fully efficient for E > 2.5 EeV (q < 60o), > 4 EeV (q < 80o)
    Exposure above 4 EeV: 123,000 km2 sr yr (Jan04-Dec22)

SD750: array with 750 m separation → 23 km²
 fully efficient for E > 0.2 EeV (q < 55o)
Exposure above 0.03 EeV: 269 km2 sr yr (Jan14-Dec21)

FLUORESCENCE DETECTORSFLUORESCENCE DETECTORS (~13% duty cycle)
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Large angular-scale anisotropies can be present at all energies. They can originate from:

  - anisotropies in the distribution of extragalactic CR sources

  - diffusive propagation from individual sources

  - diffusive escape from the Galaxy 

  
Due to deflections, small or intermediate angular-scale anisotropies eventually only appear at highest energies 
At present just hints at ~20 degree scales around direction of CenA (see di Matteo’s talk)

  we reconstruct 3D dipole (and quadrupole)  above full efficiency (E > 4 EeV)

   reconstruct equatorial dipole component from anisotropies in right ascension at energies E > 0.03 EeV

to avoid spurious signals need to account for:  active detectors vs. time, 
atmospheric effects in E reconstruction (spurious diurnal and annual modulations) ,
geomagnetic effects and slope of the array (spurious azimuthal modulation affecting dz)                         

We here update previous large-scale anisotopy analyses, We here update previous large-scale anisotopy analyses, 
including full Phase I data (19 years)including full Phase I data (19 years)

Science 357 (2017) 1266 
ApJ 868 (2018) 4
ApJ 891 (2020) 142 

JINST 12 P02006 (2017) 

JCAP 11 (2011) 022 
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Weights: 

number of active 
detector ‘hexagons’

right ascension
of the zenith
of the observatory

event coordinates
average tilt of the array
f

0
 = -30o  (~South-East)

Fourier coefficients of order k
amplitude                           phase

above full efficiency we use weighted Fourier analysis to obtain 
 modulation in right ascension and azimuth:

for dipolar modulation,                          and d ⊥≃
r1
α

⟨ cosδ ⟩
d z≃

b1
ϕ

⟨ sinθ⟩ cos l obs lobs=−35.2o
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6.8s

3D dipole:   3D dipole:   equatorial dipole (dequatorial dipole (d⊥⊥) , NS component (d) , NS component (d
zz) , total amplitude (d) and direction ) , total amplitude (d) and direction                                                                                                                       

5.7s

Equatorial

GC

E>8 EeV
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relative intensities at 45relative intensities at 45oo scales scales
galactic 
coordinates

>32 EeV

4-8 EeV 8-16 EeV

16-32 EeV
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evolution with energyevolution with energy

GC
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results including also quadrupole components 

→ none significant, except dipole
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check that no spurious modulations are present in check that no spurious modulations are present in 
solar and antisidereal frequencies solar and antisidereal frequencies 
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see also 
JCAP06(2017)026

angular power spectrum above 8 EeV:angular power spectrum above 8 EeV:
the only relevant multipole is the dipolethe only relevant multipole is the dipole
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extending the search to lower energiesextending the search to lower energies

below full efficiency use East-West method to obtain equatorial dipole:  
systematic effects  are the same for rates from E or W
their difference is free from systematics and allows to infer modulation, 
although with reduced sensitivity (by factor 2)
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below 4 EeV, equatorial dipole below 1-2%, but no significant determination
phases consistently close to the Galactic Center direction

anisotropies dominated by a Galactic origin below few EeV?
note that Compton Getting effect due to Solar System motion dCG~0.6%
this would be affected by deflections in Gal B field
 also E fields induced by Galaxy rotation may have an impact

PLB 640 (2006) 225

JCAP 12 (2022) 021

Equatorial dipole resultsEquatorial dipole results
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nearby (< 100 Mpc) galaxy distribution is not uniformnearby (< 100 Mpc) galaxy distribution is not uniform

if galaxies trace UHECR sources → UHECR arrival directions not uniform
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Effect of Galactic B field on extragalactic dipole direction Effect of Galactic B field on extragalactic dipole direction (and amplitude)(and amplitude)

extragalactic dipole direction gets shifted towards spiral arms by Galactic B fieldextragalactic dipole direction gets shifted towards spiral arms by Galactic B field
deflections also generate higher multipoles, which may also result from source distribution (eg SGP)deflections also generate higher multipoles, which may also result from source distribution (eg SGP)

ApJ 868 (2018) 4dipole direction
outside Galaxy

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

observed dipole E > 8 EeVouter spiral arm

Galactic coordinates

GC

 (using Jansson&Farrar 2012 B field model)

2MRS
dipole

x
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expected dipole and quadrupole  from sources taken from 2MRS catalog (volume limited)expected dipole and quadrupole  from sources taken from 2MRS catalog (volume limited)
with densities 10with densities 10-4-4  and 10  and 10-5-5 Mpc Mpc-3-3 and after deflections in JF12 galactic magnetic field model and after deflections in JF12 galactic magnetic field model
using composition and spectrum inferred from combined fit using composition and spectrum inferred from combined fit JCAP05 (2023) 024
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CONCLUSIONSCONCLUSIONS

● for E > 8 EeV:                          and points 115º away from GC 

It is indicative of an extragalactic origin

● above 4 EeV the dipole amplitude grows with energy

● below 8 EeV  the amplitudes are not significant 

99% CL upper bounds on      are at the level of 1 to 3%   

● the right ascension phases lie close to Galactic Center one:

Galactic origin below 1 EeV and/or effects of Gal B field

on an extragalactic component?

● Results consistent with expectations from some astrophysical models

                

d=0.074− 0.008
+0.010

d⊥
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