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#Extensive Air Showers 

#Detection Techniques 

#The Pierre Auger Observatory

Last Class’ 
Summary



Today’s Program

#Measurement of the Cosmic 
Rays Spectrum 

#Setting Limits on Photon & 
Neutrino fluxes 

#Correlation with near-by 
astrophysical sources & 
interpretation 

#Measurement of the 
Elongation Rate 

#Looking at the Big (Broken?) 
Picture 

#Future Detectors & 
Upgrades



Summary of Auger Results



Energy

Energy spectrum



typical UHECR 
event

Lateral density

distribution
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stats @ the highest E
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take home message



Latest Result

Measurement of the cosmic ray energy spectrum above 2.5 x 1018 eV using the Pierre Auger Observatory 

The Pierre Auger Collaboration, Phys. Rev. D 102, 062005 (2020)



Latest Result

Features of the energy spectrum of cosmic rays above 2.5 x 1018 eV using the Pierre Auger Observatory 

The Pierre Auger Collaboration, Phys. Rev. Lett. 125, 121106 (2020)



Anisotropy

Searching for “source(s)”



Why look @ AGN?

#Artist’s Impression 
of an AGN



Active Galaxies



Points of View...

#Different angles 
on a galaxy with 
jets: 

#Viewing down the jet 

#Viewing at an angle 

#Viewing at 90 degrees 
from the jet



Centaurus A

Credits 

X-ray 

NASA/CXC/M. Karovska et al.

Radio 21-cm image

NRAO/AUI/NSF/J.Van Gorkom/

Schminovich et al.

Radio continuum image

NRAO/AUI/NSF/J.Condon et al.

Optical 

Digitized Sky Survey U.K. Schmidt 

Image/STScI



Pierre Auger Collaboration 
Science 318 (2007) 939



Coord. System

#Change to 
Equatorial 
Coordinates



equal area map 
(Mollweide)



Correlation

Nearby AGNs

Auger data above 3×1018 eV

27 events above 5.7 × 1019 eV



“Small” scales



“Small” scales

f	=	7%;	Ë = 7°		

“pre-trial”	p-value	=	5+10-4	

“post-trial”	significance	=	2.7Ã



“Small” scales



“Small” scales

f	=	10%;	Ë = 13°		

“pre-trial”	p-value	=	4+10-6	

“post-trial”	significance	=	3.9Ã

Indication of anisotropy in arrival directions of ultra-high-energy cosmic rays through comparison to the 
flux pattern of extragalactic gamma-ray sources 

The Pierre Auger Collaboration, The Astrophysical Journal Letters 853 (2018) L29



Large scales
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Latest Result

Cosmic ray anisotropies in right ascension measured by the Pierre Auger Observatory 

The Pierre Auger Collaboration, The Astrophysical Journal, Volume 891, 142 (2020)



Take home message

#Have we found the sources of 
UHECRs? 

#The results are certainly interesting 
if not (yet!) statistically compelling. 

#If/When our correlations are 
statistically compelling, we will have 
(arguably) the first experimental 
feedback on magnetic deflections of 
extra-Galactic CRs. 

#We will continue our analysis on the 
ever-increasing Auger data set.



Composition

Elongation rate



Latest Results
Composition - Inferring the identity of the primary CR
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Latest Result

Inferences on Mass Composition and Tests of Hadronic Interactions from 0.3 to 100 EeV using the water-
Cherenkov Detectors of the Pierre Auger Observatory 

The Pierre Auger Collaboration, Phys. Rev. D 96 (2017) 122003



p-air x-section



UHE 
Neutrinos 
& Gammas

 [eV]
0

E

18
10

19
10

20
10

] 
 -

1
 y

r
-1

 s
r

 -
2

 [
 k

m
0

 >
 E

³
 I
n
te

g
ra

l 
p
h
o
to

n
 f
lu

x
 E

3210

2210

1210

1
GZK proton I 

GZK proton II

Hy 2011

+syst.Hy 2016

Y 2010

 TA 2015

SD 2015

HP 2000
A 2002

Z-burst

TD

SHDM I

SHDM II

upper limits 95% CL

 [eV]
¿

E
1710

18
10

19
10

20
10 2110

 ]
-1

 s
r

-1
 s

-2
 d

N
/d

E
  
[ 
G

e
V

 c
m

2
E

9210

8210

7210

6210

5210

Single flavour, 90% C.L.
 = 1 : 1 : 1
Ç

¿ : 
µ

¿ : e¿

IceCube (2015) (x 1/3)

ANITA-II (2010) (x 1/3)

Auger 1 Jan 04 - 31 Mar 17

 models¿Cosmogenic  

 eV (Ahlers '10)19=10
min

p, Fermi-LAT, E

 eV (Ahlers '10)17=3 10
min

p, Fermi-LAT, E

p, FRII & SFR (Kampert '12)

p or mixed, SFR & GRB (Kotera '10)

Fe, FRII & SFR (Kampert '12)

Astrophysical sources

 (Murase '14)¿AGN 

Exotic sources 
disfavored

Photon 
limits

Neutrino  
limits

p + γCMB ! n + π
+

&

e+ + 3ν

p + γCMB ! p + π
0

&

γγ



Latest Result

Probing the origin of ultra-high energy cosmic rays with neutrinos in the EeV energy range at the Pierre 
Auger Observatory 

The Pierre Auger Collaboration, JCAP 10 (2019) 022



The BIG picture

# UHECR are produced by near-by 

extragalactic objects 

# Very low fluxes of photons and neutrinos 

# Strong flux suppression @ GZK energies 

# “AGN” correlation at “small” angular 

scale   (consistent with CNO primaries?)



Energy ordered presentation
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isotropy (2
1% chance corr) 
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New Toys

Enhancements  

&  

Upgrade

Auger Assembly Building

Feb 2002

Mar 2012
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Auger Upgrade

#4 m2 scintillators 
on each station 

#Upgraded 
electronics 

#New small PMT 

#Buried muon 
counters under each 
infill station 

#Increase FD uptime



Enhancing  
Auger South

 

Existing tank array 1500m

Infill array 750m

Hexagon

(7 x 60 m2)

Area ~ 23 km2

Muon detectors: 

54 (30m2) + 7 (60m2)

Cherenkov tanks: 61

~2.5m

Detector pairs

em. + ¿ 

¿ 

Infill array 433m

Area ~ 5.9 km2

#AMIGA



In-Fill Array



AMIGA status



SSD deployment



Enhancing  
Auger South

#AMIGA + HEAT



Low(er)-Energy FD
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#HEAT



Low-Energy FDs
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HEAT status



HEAT status



Other Ideas

#On-going 
Prototypes: 

#RADIO detection 

#RADAR detection 

#LIGHTENING detection 

#...



Auger Prime



Summary

# Introduction to Cosmic Rays 

# Detection techniques 

# The latest results in UHECRs 

# Current Upgrades & Outlook



Thank You!

Cosmic Rays - Miguel Mostafa 
LA-CoNGA Physics 2023

The Pierre Auger Collaboration
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