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3000 km2, ~ 350 times the size of Crete

The Water-Cherenkov Detectors (WCD) are sensitive to the secondary cosmic ray particles,
regardless of atmospheric conditions, providing data on their arrival time and lateral distribution.
→ Infill array covering an area of 23.5 km2 with detectors at 750 m spacing (SD-750)

The Fluorescence Detectors (FD) observe air shower’s UV light during clear, moonless nights,
providing data on their longitudinal development, with an elevation from 0 to 30 deg.
→ 3 HEAT telescopes observe lower energy showers with higher elevation from 30 to 60 deg.

1600 Surface detectors (1.5 km apart)

A “hybrid event”
recorded simultaneously by FD and SD

27 Fluorescence detectors (4 locations)

[D. Góra for the Pierre Auger Coll.,
Universe 4 (2018) 128]

1600 Surface detectors (1.5 km apart)

The Pierre Auger Observatory runs an
atmospheric monitoring program
- ground-based weather stations monitor the

ground-level temperature, pressure, humidity
and wind velocity

27 Fluorescence detectors (4 locations)
JINST 12 (2017) P02006

- laser facilities, CLF and XLF, fire vertical UV
laser pulses, which are registered by the FD
telescopes in order to determine the light
attenuation in the atmosphere. In addition, a
Raman LIDAR system measures the vertical
aerosol profile.
- cloud cameras, photometric robotic telescopes
for star tracking, and aerosol samplers

Auger Engineering
Radio Array

153 stations, 17 km2

30-80 MHz

[F. G. Schroeder for the Pierre Auger Coll.,
Nucl. Instr. Meth. A 824 (2016) 648]

→ Radio detection of
extensive air showers
(EAS) has made great
progress in the last decade.
[The Pierre Auger Coll.: “Inclined
showers”, JCAP 10 (2018) 026;
“Energy estimation”, Phys. Rev.
D 93 (2016) 12200; “Radio
emission”, Phys. Rev. D 89 (2014)
052002; “Radio detection”, JINST
(2012) P10011]
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→ Radio detection of
extensive air showers
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→ The physics of the radio emission is well-understood, and 2analysis(EAS)
techniques
have become
153 stations, 17 km
in the last decade.
mature in determining the arrival direction, the energy and depth ofprogress
shower maximum.
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[F. G. Schroeder for the Pierre Auger Coll.,
Nucl. Instr. Meth. A 824 (2016) 648]

[The Pierre Auger Coll.: “Inclined
showers”, JCAP 10 (2018) 026;
“Energy estimation”, Phys. Rev.
D 93 (2016) 12200; “Radio
emission”, Phys. Rev. D 89 (2014)
052002; “Radio detection”, JINST
(2012) P10011]

Main scientific results
→ See talk of A. Yushkov - Sept. 9th



The energy spectrum [Eur. Phys. J. C 81 (2021) 966; Phys. Rev. Lett. 125 (2020) 121106; Phys.

Rev. D 102, 062005 (2020), JCAP 04 (2017) 038]



Anisotropy in the arrival direction

[The Astrophys. J. Lett., 853 (2018);

arxiv.org/abs/2206.13492/Accepted for publication in ApJS (2022)]

 The

sources of UHECRs are almost certainly extragalactic [Science 357 (2017)]
 Multi-messenger physics and observations [Front. Astron. Space Sci. 6 (2019) 24; The
Astrophys. J. Lett. 848 (2017) L12] → see

given talk of V. Scherini – Sept. 1st
 Muon measurements [Phys. Rev. Lett. 126 (2021) 152002] → see talk of E. Santos - Sept 6th
 Machine-Learning [JINST 16 (2021) P07019] → see talk of N. Langer - Sept 6th
 Performance

and first results of RD [J. of Cosmo. and Astrop. Phys. 10 (2018) 026]

→ see talk of M. Gottowik - Sept 5th

Ankle
1 particle/km2 year
e.g. transition to extragalactic origin?

Energy spectrum
(after combining the individual measurements
by the SD-750 and the SD-1500 scaled by 𝐸2.6)

Flux suppression
1 particle/km2 century
e.g. a GZK-like effect?

[The European Physics Journal C 81 (2021) 966; Science Reviews - from the end of the world (Argentina) 1 (2020) 8-33]

SD energy spectrum
(after combining the individual measurements
2.6
by the SD-750
andto
thebecome
SD-1500heavier
scaled by
)
Mass-composition
tends
at 𝐸the

highest energies,
according to current understanding of hadronic interactions. Heavy
nuclei showers develop faster and generate higher depths Xmax.

[The European Physics Journal C 81 (2021) 966; Science Reviews - from the end of the world (Argentina) 1 (2020) 8-33]

Flux map at energies above 40 EeV with a top-hat smoothing radius Ψ = 25◦ in Galactic coordinates. The
super-galactic plane is shown as a gray line. [arxiv.org/abs/2206.13492 (2022) Accepted for publication in ApJS]

A prominent source found in the four studied catalogs is Centaurus A

Flux map at energies above 40 EeV with a top-hat smoothing radius Ψ = 25◦ in Galactic coordinates. The
super-galactic plane is shown as a gray line. [arxiv.org/abs/2206.13492 (2022) Accepted for publication in ApJS]

AugerPrime

Auger Phase I allowed studying the origins and
properties of ultra-high-energy cosmic rays
(UHECR), providing unique results in astroparticle
physics with unprecedented statistics.


However, these findings open up new questions and a full,
integrated picture is still missing.

Auger Phase II, called AugerPrime, is underway.
Its main objective is to provide an enhanced
estimation of the mass composition of cosmic rays
and increased statistics at the highest energies


The AugerPrime program enhances improved detectors

Motivation for AugerPrime
2015: The Pierre Auger Collaboration agreed to design and build an upgrade of the Observatory
[The Observatory Upgrade - Preliminary Design Report, arXiv:1604.03637, 2016]

2017: The Finance Board approved AugerPrime

 Elucidate the mass composition and the origin of the flux
suppression at the highest energies
 Search for a flux contribution of protons up to the highest energies
 Study extensive air showers and hadronic multiparticle production
→ In oder to improve the composition sensitivity and to extend it to the highest energies, the
discrimination between the electromag. and muonic components of the shower is needed.

Configuration of AugerPrime
Its complete installation is planned for 2022. It is expected to operate and provide data for over a decade

 A complementary measurement of the shower particles will be provided by plastic Surface
Scintillator Detectors (SSD) and radio detectors (RD) placed above the existing 1660 WCD
 Each WCD will be upgraded with new electronics and equipped with an additional “small

PMT”, to increase the data quality and respectively the dynamic range
 An Underground Muon Detector (UMD), i.e. buried scintillator counters co-located with
the WCDs at the INFILL array, will provide direct measurements of the muon content
 The operation mode of FD will be extend to periods with higher night sky background, to
increase its duty cycle from ~15% to over ∼20%
[The Pierre Auger Coll., The Observatory Upgrade - Preliminary Design Report, arXiv:1604.03637 (2016) 201]
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[The Pierre Auger Coll., The Observatory Upgrade - Preliminary Design Report, arXiv:1604.03637 (2016) 201]

Conclusions
 Auger Phase I has provided great results, which pave the way for new
discoveries of UHECRs
→ the origin of the steepening feature in the energy spectrum
→ the sources of the anisotropic arrival directions
→ the mass composition, which strongly depends on hadronic interaction models,
i.e. the muon deficit in simulations.
 Understanding the sources of UHECRs is one of the drivers of AugerPrime
→ Its increase in accuracy, exposure, and sky coverage will bring unprecedented
sensitivity for the search of mass-sensitive anisotropies in the arrival direction of
the most energetic particles in the Universe.
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