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P. Papenbreer36, G. Parente75, A. Parra60, M. Pech30, F. Pedreira75, J. Pȩkala65, R. Pelayo62, J. Peña-Rodriguez28, J. Perez
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Abstract
The Pierre Auger Observatory was built to study cosmic rays of the
highest energies. It is installed in the Departments of Malargüe and
San Rafael in the Province of Mendoza, Argentina. The Observatory
is based on a hybrid design, comprised by two detector systems: a
surface array of 1660 water Cherenkov detectors is complemented
with 27 fluorescence telescopes which overlook the atmosphere
above the surface array. Covering a total area in excess of 3000
km2, it is the largest and most precise observatory of its kind. It
has been in full operation for over a decade now. In this article
we review the objectives and design properties of the Pierre Auger
Observatory, present its performance and the main scientific results
obtained so far, and we describe the Upgrade that is well underway
to enhance its capabilities for the next decade of measurements.

Keywords
Cosmic rays, Pierre Auger Observatory

1. Cosmic rays and their spectrum

The discovery of cosmic rays is attributed to Viktor Hess, who in 1912 demonstrated the extraterrestrial origin of the
very penetrating ionising radiation that had already been measured years before. Although it was soon established that
this energetic radiation originated beyond the solar system, it was hard to discern if it was caused by photons or massive
particles. It took nearly two decades of intense research and after heated debates among the top scientists in the field, it
could be concluded that cosmic rays are composed of massive, charged particles, mostly high energy protons and, to a
lesser degree, heavier atomic nuclei.

Cosmic ray physics was a very active field of research in the first half of the XXth century. The main breakthroughs in
the dawn of particle physics were possible thanks to the existence of this cosmic radiation of very high energy. Through its
study, the foundations of elementary particle physics were laid, when the positron, the muon, the pions and many other
subatomic particles were discovered as by-products of interactions of cosmic rays.

At the end of the 1930s, Pierre Auger operated a number of Geiger-Müller counters in coincidence at high altitude
sites in the Alps, and concluded that the penetrating radiation detected at ground level is due to so called extensive air
showers (EAS), i.e., secondary particles produced by the interaction of very high energy cosmic rays with the atoms of the
atmospheric air. Fig. 1 shows an artistic view of an Extensive Air Shower. In his studies, Auger concluded that the cosmic
radiation must include particles with energies in excess of 1015 eV. Following Pierre Auger’s discovery, systematic effort
was invested in the study of cosmic air showers, their development and characteristics. Pioneering work by Bethe, Heitler,
Greisen, Hillas, Nishimura and many others set the foundations for their description. For a historical review, see [1].

In the 1950s, surface detectors for the study of Extensive Air Showers became a widely used tool. The first measurements
of energy and arrival direction of cosmic rays above 1015 eV were carried out in 1954 by the cosmic ray group of Bruno
Rossi at MIT, using an array of 11 scintillation detectors arranged in a circle of 230m radius. Between 1954 and 1957, the
cosmic ray spectrum was explored to energies beyond 1018 eV with data provided by the Agassiz Station at Harvard [2]. In
1962, Volcano Ranch in Albuquerque, New Mexico, would be the first giant array to register an ultra-energetic event of
1.4×1020 eV [3, 4].

After the discovery of the cosmic microwave background radiation (CMBR) by Penzias and Wilson in 1964 [5],
Kenneth Greisen [6] and independently Georgiy Zatsepin and Vadim Kuz’min [7] demonstrated that for protons with
energies above ∼ 5×1019 eV, the cross section for the interaction with the CMB photons has a sharp increase due to the ∆
resonance for production of pions:

p+ γcmb →�+ → n+π+ ,

p+ γcmb →�+ →p+π0 . (1)

This interaction degrades the proton energy, preventing particles with energies greater than ∼ 5×1019 eV to be observed
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Figure 1. Artistic view of an Extensive Air Shower. Ultra high energy cosmic rays produce Extensive Air Showers with
∼ 1011 energetic secondary particles, spread over tens of km2.

at distances larger than ∼ 100Mpc. Therefore, if cosmic rays originate at cosmological distances, the flux above this energy
should be largely suppressed, giving rise to a sharp decrease in the cosmic ray energy spectrum, known as the GZK cut-off.

Similarly as for protons, for primary cosmic rays with mass number A > 1 the photodisintegration process comes into
play, both with the microwave and the infra-red background. This leads to the ejection of one or several nucleons N from
the nucleus [8, 9]. Given that the energy of the primary nuclei is shared between nucleons, the threshold energy for these
processes is typically higher than for protons, but producing a similar suppression in the flux at high energies.

Therefore, a series of experiments were set up to study the upper end of the spectrum of cosmic rays. Casa Mia in USA
[10], SUGAR in Australia [11], Haverah Park in England [12], Yakutsk in the USSR [13], KASCADE and Kascade-Grande
in Germany [14], AGASA in Japan [15] and Fly’s Eye - HiRes in the USA [16, 17, 18] recorded high energy cosmic ray
events and contributed to the determination of their spectrum. In 1990, there were already a few dozens of events detected
with estimated energies above the GZK cut-off, including the remarkable event with an energy of E = 3×1020 eV detected
by the Fly’s Eye detector in 1991 [19]. Fly’s Eye was a fluorescence detector that operated from 1981 to 1993 in Utah, and
was later replaced by the “High Resolution Fly’s Eye” (HiRes) detector.

However, a notorious discrepancy was observed between the spectra reported by the two largest observatories, AGASA
[20] and HiRes [21]. While HiRes observed a suppression at the highest energies, AGASA did not. It was conjectured that
systematic errors could be the cause, as AGASA was composed of a surface array of 111 scintillator detectors and 27 muon
detectors, covering some 100 km2, while HiRes was an observatory based on the atmospheric fluorescence technique. The
AGASA results seemed to contradict the expectations from the GZK suppression. If these events had an astrophysical
origin, due to the GZK effect they would necessarily need to have a nearby origin (of the order of ∼100 Mpc). This
conclusion created a tension with the expectation that in this case their arrival directions should suffer small deviations and
should therefore point backwards to identifiable sources, which was not the case.

1.1 The need for a Giant Array

The question about the existence of the GZK cut-off was one of the main reasons for the design of a new observatory that
would be able to gather enough statistics at the highest energies where the cosmic ray flux is below 1km−2 century−1. This
piece of the cosmic ray puzzle, together with the fact that the sources of the highest energy cosmic rays had not yet been
identified, were the main arguments that led to the construction of the Pierre Auger Observatory.

Due to the very low flux of cosmic rays above 1020 eV, vast areas need to be monitored to collect a large statistical
sample. Already in 1992, James Cronin and Alan Watson had proposed the idea of building a huge array of detectors to
answer the question of the origin of the cosmic rays of the highest energies, their composition, source distribution and
propagation. The proposal found support and encouragement from the scientific community and, in 1995, a 6-month
workshop was held at Fermilab to refine the proposal and prepare the Design Report. From the originally called “Giant
Array Project”, the “Pierre Auger Observatory” was born.
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To get a full-sky coverage, two 3000 km2 hybrid observatories, one in each terrestrial hemisphere, were planned, with
the objective of giving a definite answer to the question of the high energy end of the cosmic ray spectrum, to individualize
their sources, to study other primaries rather than nuclei (photons and neutrinos), reveal the chemical composition of
primaries, and study hadronic interactions at the highest energies.

One of the key ingredients of Auger was its hybrid detection concept: a large-scale observatory that would combine the
surface detection technique as exploited by AGASA or Haverah Park, and the fluorescence technique as pioneered by Fly’s
Eye and employed in HiRes. The Surface Detector (SD) is an array of detectors that are sensitive to the secondary particles
of the EAS (muons, electrons, positrons and photons) as they reach the surface of the Earth, providing information on their
arrival times and lateral distribution. The Fluorescence Detector (FD) consists of a set of telescopes that measure the UV
light emitted by the atmospheric nitrogen which is excited by the particles of the shower as they traverse the atmosphere.
The FD provides data on the longitudinal development of the EAS. While the SD is operational 24 hours per day, all year
long, the FD can only operate on clear, moonless nights, with a duty cycle of ∼15%. The combination of information from
the two detection systems enhances the reconstruction capability with respect to the individual detector reconstruction. A

“hybrid event” is an EAS that is simultaneously detected by the FD and the SD.
Several aspects were taken into account for the choice of the observatory’s location, related to the scientific goals

and the construction feasibility [22]. These include the need of a site at ∼ 500−1500 m above sea level to optimize the
detection of showers produced by cosmic rays of 1019 eV. In addition, the communications and deployment requirements
call for a relatively flat site with scarce vegetation and population.

The need to detect the faint fluorescence signals produced by the EAS requires a location with optical characteristics
close to those sought for astronomical telescopes. Small elevations at the periphery of the site are required to install
fluorescence telescopes above the dusty lower layers of the atmosphere. The availability of preexisting infrastructure and
human resources was a requirement to guarantee a smooth construction, operation and maintenance of the observatory for
at least 20 years.

A broad sky coverage was one of the important considerations for the selection of water-Cherenkov detectors (WCDs)
for the surface detector array. WCDs can be relatively deep (e.g. 1.2 m at Haverah Park), while scintillators commonly
used in arrays are much thinner. As such, a WCD allows the detection of much more inclined particles from the EAS. To
optimise the uniformity in exposure of the sky with detectors that can reconstruct showers with a zenith angle up to 60◦,
two observatories are required at latitudes between 30◦ and 45◦ in both hemispheres.

2. The Pierre Auger Observatory

In 1996, after a world-wide survey for suitable sites for installation of the observatories, including Argentina, South Africa
and Australia in the Southern Hemisphere, the International Collaboration agreed to install the Southern Pierre Auger
Observatory in Argentina. This decision was based on the fact that Argentina could provide suitable sites, but also political,
scientific and technological support. Main candidate sites in Argentina that were considered more seriously were Pampa
Amarilla in the Departments of Malargüe and San Rafael in the Province of Mendoza, and the Meseta de Somuncura
in Rio Negro Province [22]. In 1998 the Pampa Amarilla site was chosen, located at 35.0◦ – 35.3◦ S, 69.0◦ – 69.4◦ W
and 1340−1610m above sea level. The observatory spans a total area of approximately 3000 km2. It is the first hybrid
observatory combining a surface array of water-Cherenkov detectors and a set of fluorescence detectors at the periphery of
the array.

Although later on a decision was made to build the Northern Auger Observatory in Lamar, Colorado, USA, this plan
was never fulfilled. However, the Telescope Array collaboration built a hybrid detector expanding the HiRes site in Utah,
USA, and covering 762 km2 [23].

The baseline design of the Pierre Auger Observatory [24] consists of 1600 surface detectors in a triangular grid with
1500 m between adjacent detectors. Twenty four fluorescence telescopes, located in four buildings at the periphery of
the surface array, overlook the atmosphere above the array and record the fluorescence light produced by the cosmic air
showers.

Additionally, an “Infill array” covering an area of 23.5 km2 is composed of the regular array with added detectors at
half-spacing between them, i.e., forming an array with 750 m distance between detectors. This denser array allows to
trigger on smaller showers, caused by lower energy cosmic rays. This infill permits to lower the trigger threshold by one
decade in energy and to detect with full efficiency cosmic rays down to 3×1017 eV. Given that at these lower energies the
cosmic ray flux is considerably higher, the smaller surface is sufficient. To access even lower energies, some additional
detectors have been placed at the central point of the 750m-triangles, forming a 433m-array. Furthermore, for timing and
calibration studies, some array positions have been equipped with two or even three detectors. This brings the total number
of detectors in the field to approximately 1660 units.

Also, to complement the FD, three additional fluorescence telescopes were installed to observe lower energy showers.
These instruments are dubbed ”HEAT”, which stands for High Elevation Atmospheric Telescopes. As the maximum
development of lower energy showers occurs higher in the atmosphere, the HEAT telescopes have a field of view with an
elevation between 30◦ and 60◦.
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A full, detailed description of the Pierre Auger Observatory can be found in [24]. Fig. 2 shows one of the WCDs of the
SD in front of the Los Leones FD building. Fig. 3 shows the layout of the Observatory.

Figure 2. One surface detector deployed in the field, in the background one of the FD buildings and the communications
tower.

The construction of Auger began in 2001 with an Engineering Array consisting of two fluorescence telescopes and
32 WCDs deployed within the fields of view of the two telescopes. The construction and operation of the Engineering
Array allowed to optimise the techniques related to the production and deployment of the detector components, the trigger
algorithms, the data acquisition, monitoring software and telecommunications for both detection systems [25]. In 2004, the
project entered into the production phase and in 2008 the construction of the Observatory was concluded.

2.1 The Surface Detector Array

The principle of operation of the SD stations [24, 26] is based on the Cherenkov light emission in water. When relativistic
secondary particles from an air shower propagate in water, they produce Cherenkov light. This is true for charged particles
such as electrons, positrons and muons of the air shower when their speed exceeds the speed of light in water. Also, when
high energy photons interact with the water, they produce electron-positron pairs which can also be detected by their
Cherenkov emission.

Each WCD consists of a volume of 12,000 litres of ultra-pure water contained in a liner within a rotomolded polyethylene
tank. The tanks are 3.6 m in diameter and 1.5 m high. The liner is black on the outside, for light tightness, and covered
with a highly reflective and diffusive inner surface, provided by a Tyvek film, to distribute uniformly the Cherenkov light
within the water volume.

The ultra-pure water (resistivity above 12 MΩ-cm) is produced in a water purification plant that was installed in
the Auger Central Station in Malargüe. Once deployed at their correct positions in the field, the tanks are filled with
ultra-pure water transported in clean specialized transport tanks. Because of its high purity, the water maintains its clarity
without significant degradation during the lifetime of the observatory. Periodic bacteriological tests have indicated that the
ultra-pure water and the environment free of light and organic residues does not support bacterial growth which could lead
to reduced water clarity.
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The SD stations are completely autonomous. Electrical power is provided by two 55 Wp (Watt-peak) solar panels and a
pair of 12V, 105 Ah batteries, which provide a 24 V power system. Batteries are charged through a commercial charge
controller. The electronics assembly at each SD station possesses a Tank Power Control Board (TPCB) which monitors the
power system operation. The batteries are accommodated in a rotationally molded polyethylene battery box, protected
from direct sunlight at the southern side of the tank. The solar panels are mounted on aluminium brackets, which also
support a mast. Antennas for radio communications and GPS reception are mounted at the top of this mast.

Figure 3. The layout of the Pierre Auger Observatory. Each black dot represents a WCD. The scale can also be inferred
from the distance of 1500 m between adjacent detectors. Lines from the FD buildings represent the field of view of each of
the fluorescence telescopes.

2.2 SD Electronics

The Cherenkov light produced in the detector is collected by three 9-inch photomultiplier tubes (PMTs) which view the
water volume from above, through three window domes integrated to the liner. Each PMT has two outputs. An AC coupled
anode signal is provided. In addition, the signal at the last dynode is amplified and inverted by the PMT base electronics to
provide a signal with 32 times the charge gain of the anode.

Six identical channels of electronics are provided to digitize the anode and amplified dynode signals from each of the
PMTs. The analog signals from the PMTs are fed to Analog Devices AD9203 10 bit 40MHz semi-flash analog to digital
converters (ADCs), corresponding to time bins of 25 ns for the signals. The use of two 10 bit ADCs with a gain difference
of 32 extends the dynamic range of the system to 15 bits. The maximum signal recorded before saturation corresponds to
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about 650 times the peak current from a vertical muon traversing the tank, which corresponds to the signal from a 1020 eV
cosmic ray at about 500 m from the shower core.

Each SD station contains a GPS receiver with its corresponding antenna mounted at the top of the communications mast
for event timing and communication synchronization. The absolute timing of the signals in individual WCDs is relevant for
reconstructing the shower front and computing the arrival directions of the incoming cosmic rays. The time-tagging system
allows to adjust the ADC data to GPS time within 10 ns RMS.

Communications with the Central Station is done through a WLAN customs radio network operating in the 902-928
MHz band. Four concentrators located at the FD buildings collect the data from the field and transfer it through a dedicated
microwave link to the Central Station. This microwave link also transports the FD data. Communications with the individual
WCDs is bidirectional, so that the full trigger information can be requested from the WCD by the Central Data Acquisition
System (CDAS) on demand, and software updates and reset commands can be sent to the individual detectors.

2.3 SD trigger, calibration and event reconstruction

The SD trigger system is hierarchical. The first two triggers (T1 and T2) are at the local level of each WCD, whereas the
third level trigger, T3, occurs at a global level [27]. The first level trigger, T1, has different independent modes. It triggers
either when all three PMT signals exceed a threshold value, or on lower signals extended in time. The second trigger level,
called T2, decreases the global rate of the T1 trigger down to about 23 Hz. All T2s send their timestamp to CDAS for the
global trigger (T3) determination.

To identify real EAS, a coincident T2 trigger in adjacent WCDs is required. For example, at the highest energies, above
1019 eV, the footprint of the air shower on the ground extends over more than 25 km2. To apply the main trigger condition,
the central trigger processor is used to identify groups of locally triggered stations clustered in time and space. At least
three stations in a compact configuration and in a compatible time window are required to form a T3 trigger. With the
arrangements described above, the total T3 trigger rate of the observatory is presently of the order of 0.1Hz and about 3
million SD events are recorded yearly. The T3 trigger is the shower trigger that results in the recording of 768 samples
(19.2 µs) of the six signals (anode and last dynode signal from each of the three PMTs).

The SD array has full trigger efficiency for events of energy above 2.5×1018 eV. The Infill array allows to reduce the
threshold for full acceptance by more than a full order of magnitude in energy.

Calibration of the SD stations is performed during routine operation of the detector. The total bandwidth available from
each SD station to the central station requires that the calibration be done by the local electronics. Also, the remoteness of
the detectors requires the calibration procedure to be robust.

The Cherenkov light recorded by a surface detector is measured in units of the signal produced by a muon traversing
the tank on a vertical trajectory through its centre. This unit is termed the “vertical equivalent muon” (VEM). The goal of
the surface detector calibration is to measure the value of 1 VEM in hardware units (i.e., in integrated FADC channels).
The conversion to units of VEM is done both to provide a common reference level between tanks and to calibrate against
the detector simulations.

For this purpose, each station has a trigger mode which allows to record small signals, which are mostly due to single
muons and other single particles traversing the detector. A histogram of the total charge produced by these signals has
a characteristic peak which is related to the total signal deposited by omnidirectional atmospheric muons. The relation
between this histogram peak and the signal produced by a single, through-going vertical muon can be established from
measurements with muon hodoscopes. Ref.[28] describes in detail the calibration method of the surface detector.

To ensure good quality of the data used for physics analysis, two additional off-line “triggers” are implemented. One of
them, called T4, selects real showers and discards random coincidences of nearby detectors which have triggered on low
energy showers. This trigger is mainly based on a coincidence between adjacent detector stations within the propagation
time of the shower front. Additionally, a fiducial cut is applied to preserve events whose shower core is within an area well
enclosed by functioning detectors. This cut is required both to make sure that the reconstruction is not biased and to define
a precise volume for acceptance calculations.

The reconstruction of the energy and the arrival direction of the cosmic rays producing air showers that have triggered
the surface detector array is based on the signal sizes and start times of the traces registered by individual stations. For
a recent summary, see [29]. The total signal recorded by the WCDs, which is a measure of the total energy transferred
to Cherenkov light inside the detector, is converted into units of VEM. Reconstruction of showers with the SD requires
fitting the signals observed in each of the triggered detectors to a lateral distribution function, and the arrival times to a
shower front shape. This allows to reconstruct the impact point of the shower core, the azimuthal and zenith angle of the
shower axis, and the lateral spread of the signal as a function of the distance to the shower axis. From the information on
the lateral spread of the shower, the signal expected at a reference distance of 1000 m from the shower axis, S(1000), can
be interpolated. The reference distance of 1000 m is chosen because it minimises the fluctuations in the expected signal
for the array geometry with a spacing of 1500 m between adjacent detectors. However, this value of S(1000) needs to be
corrected for the dependence of the atmospheric attenuation with zenith angle. For this correction, a Constant Intensity Cut
method is used, which is based on the fact that the flux of cosmic rays above a certain energy is independent of the arrival
zenith angle. A correction factor is applied to the S(1000) as a function of zenith angle and energy, so that the fluxes are
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about 650 times the peak current from a vertical muon traversing the tank, which corresponds to the signal from a 1020 eV
cosmic ray at about 500 m from the shower core.
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the tank on a vertical trajectory through its centre. This unit is termed the “vertical equivalent muon” (VEM). The goal of
the surface detector calibration is to measure the value of 1 VEM in hardware units (i.e., in integrated FADC channels).
The conversion to units of VEM is done both to provide a common reference level between tanks and to calibrate against
the detector simulations.

For this purpose, each station has a trigger mode which allows to record small signals, which are mostly due to single
muons and other single particles traversing the detector. A histogram of the total charge produced by these signals has
a characteristic peak which is related to the total signal deposited by omnidirectional atmospheric muons. The relation
between this histogram peak and the signal produced by a single, through-going vertical muon can be established from
measurements with muon hodoscopes. Ref.[28] describes in detail the calibration method of the surface detector.

To ensure good quality of the data used for physics analysis, two additional off-line “triggers” are implemented. One of
them, called T4, selects real showers and discards random coincidences of nearby detectors which have triggered on low
energy showers. This trigger is mainly based on a coincidence between adjacent detector stations within the propagation
time of the shower front. Additionally, a fiducial cut is applied to preserve events whose shower core is within an area well
enclosed by functioning detectors. This cut is required both to make sure that the reconstruction is not biased and to define
a precise volume for acceptance calculations.

The reconstruction of the energy and the arrival direction of the cosmic rays producing air showers that have triggered
the surface detector array is based on the signal sizes and start times of the traces registered by individual stations. For
a recent summary, see [29]. The total signal recorded by the WCDs, which is a measure of the total energy transferred
to Cherenkov light inside the detector, is converted into units of VEM. Reconstruction of showers with the SD requires
fitting the signals observed in each of the triggered detectors to a lateral distribution function, and the arrival times to a
shower front shape. This allows to reconstruct the impact point of the shower core, the azimuthal and zenith angle of the
shower axis, and the lateral spread of the signal as a function of the distance to the shower axis. From the information on
the lateral spread of the shower, the signal expected at a reference distance of 1000 m from the shower axis, S(1000), can
be interpolated. The reference distance of 1000 m is chosen because it minimises the fluctuations in the expected signal
for the array geometry with a spacing of 1500 m between adjacent detectors. However, this value of S(1000) needs to be
corrected for the dependence of the atmospheric attenuation with zenith angle. For this correction, a Constant Intensity Cut
method is used, which is based on the fact that the flux of cosmic rays above a certain energy is independent of the arrival
zenith angle. A correction factor is applied to the S(1000) as a function of zenith angle and energy, so that the fluxes are
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equalized in all zenith angle bins. The zenith angle-corrected S(1000), normalized to its value at the median angle of 38◦ is
called S38◦ . The assignment of the absolute energy scale to S38◦ is based on the hybrid data acquired in conjunction with
the FD and will be mentioned in the following section.

The accuracy in the evaluation of the arrival direction of the shower depends on the start times of the individual stations.
Timing precision with the WCDs is of 10 ns. The overall angular reconstruction accuracy of the WCDs can be derived by
means of simulations, and at the highest energies it results to be better than 1◦ for all simulated primary masses and shower
axis directions.

Fig. 4 shows a typical event recorded by the Auger SD in 2020.

Figure 4. A typical event recorded with the Surface Detector Array, as visualized with the Auger Event Display. The
lateral distribution of signals in the intervening SD is shown as a function of the distance to the shower core, together with
the fitted lateral distribution function.

2.4 The Fluorescence Telescopes

The 24 fluorescence telescopes [24, 30] are located in four buildings at the periphery of the SD array, on small elevations
named Los Leones, Coihueco, Loma Amarilla and Los Morados. Each site hosts six telescopes, in six independent bays
within a building with controlled climate. Each telescope has a field of view from 1◦ to 31◦ in elevation and covering 30◦

in azimuth.
Nitrogen fluorescence light, emitted isotropically by an air shower, enters through a circular diaphragm of 1.1 m radius

covered with a filter glass window which only allows the passage of UV light, to reduce the background light. The filter
also serves as a window over the aperture. The telescopes are based on Schmidt optics to reduce the coma aberration of
large optical systems. A shutter system and fail-safe curtains protect the telescope when not in operation or when excessive
outside light or weather effects are detected. A simplified annular lens to correct spherical aberration and eliminate coma
aberration is mounted in the outer part of the aperture.

The fluorescence light is collected by a segmented spherical mirror of 3400mm radius of curvature onto a spherical
focal surface with radius of curvature 1700mm. The primary mirror has an area of 13m2. The camera consists of an array
of 440 photomultiplier tubes of 40mm diameter each. These are arranged in a matrix of 22 rows by 20 columns. The field
of view of each pixel corresponds to an angular size of 1.5◦.

The FD electronics must provide a large dynamic range and strong background rejection, while accepting any physically
plausible air shower. Moreover, the electronics includes capabilities for antialias filtering, digitizing, and storing signals
from the PMTs. The signal is shaped and digitized in the front-end electronics (FE) unit, where threshold and geometry
triggers are also generated. Analog boards in the FE unit are designed to handle the large dynamic range required for air
fluorescence measurements; this means a range of 15 bits and 100ns timing.

As the PMT data are processed, they are passed through a flexible three-stage trigger system implemented in firmware
and software. The trigger rate of each pixel in a camera (first level trigger) is kept around 100Hz by adjusting the pixel
threshold level. The algorithm of the second level trigger searches for track segments at least five pixels in length within a
camera. The typical trigger rate per camera fluctuates between 0.1 and 10Hz. The third level trigger is a software algorithm
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designed to clean the air shower data stream of noise events that survive the low-level hardware triggers. It is optimized for
the fast rejection of triggers caused by lightning, triggers caused by cosmic ray muon impacts on the camera and randomly
triggered pixels. Data from an event that survives all three trigger levels is merged between all the telescopes and generates
a hybrid trigger (FD-T3) for the surface array. The event rate is about 0.012Hz per site for the 24 baseline telescopes.

It should be noticed that unlike the SD, for the FD the energy threshold for detection depends on the distance and the
relative geometry of the shower with respect to the FD building.

The precise reconstruction of air shower longitudinal profiles requires the conversion of an ADC count to a light flux
for each pixel that receives a portion of the signal from a shower. To this end, the absolute calibration of the detector
response is essential. In the first years of operation, a calibrated, large diameter, drum-shaped light source provided an
absolute, end-to-end calibration for each pixel of the fluorescence telescopes, with independent verification for some pixels
by atmospheric Rayleigh scattering from vertical laser pulses. For these absolute methods, the flux of photons on the
telescope aperture is independently measured. The effects of diaphragm area projection, optical filter transmittance, mirror
reflectivity, pixel light collection efficiency and area, cathode quantum efficiency, PMT gain, preamplifier and amplifier
gains, and digital conversion are all included in the end-to-end calibration procedure. Presently, a new calibration method
is being implemented, based on a calibrated point-like UV light source, which is movable and scans all the front surface of
the aperture of the telescopes.

Hybrid events are those recorded simultaneously by FD and SD systems. Hybrid events allow a very precise timing
of arrival of the shower, which is required for a precise geometric reconstruction. Events that trigger three or more SDs,
so that an independent reconstruction can be made with SD alone, are named “Golden hybrid”. These are of particular
importance for the energy calibration of the SD events.

2.5 Energy calibration

Once the geometry of the shower is known, the light collected at the aperture as a function of time can be converted to the
energy deposited by the shower as a function of the traversed atmospheric depth X . For this purpose, the light attenuation
from the shower to the detector needs to be accounted for, and all contributing light sources need to be disentangled:
fluorescence light, direct and scattered Cherenkov light as well as multiply scattered light. The proportionality between the
fluorescence intensity and the energy deposit is given by the fluorescence yield. A good knowledge of its absolute value
as well as its dependence on wavelength, temperature, pressure and humidity is essential to reconstruct the longitudinal
profile.

The full longitudinal profile of the energy deposit and its maximum (dE/dX)max at depth X = Xmax are estimated by
fitting an asymmetric bell-shaped Gaisser–Hillas function to the time profile of photoelectrons detected in the PMTs of the
FD cameras. For this purpose, a log-likelihood fit is used in which the number of photoelectrons detected by the PMTs
of the FD cameras is compared to the expectation from the Gaisser-Hillas function after folding it with the light yield,
atmospheric transmission, lateral distributions and detector response.

Finally, the calorimetric energy of the shower is obtained by integrating over the total longitudinal profile and the total
energy is estimated by correcting for the “invisible energy” carried away by neutrinos and high energy muons.

To assign the energy to the showers detected with the SD, the “golden hybrid” events are used for cross-calibration.
High-quality hybrid events with reconstructed zenith angles less than 60◦ are used to relate the shower size from SD to
the almost-calorimetric measurement of the shower energy from FD, EFD. For the FD part of the event, we require an
accurate fit of the longitudinal profile. Furthermore, the depth of the shower maximum Xmax must be contained within the
telescope field-of-view and measured with an accuracy better than 40 g/cm2. The uncertainty on the reconstructed EFD is
required to be less than 18%. The final criteria for defining the calibration data sample include a selection of data with clear
atmospheric conditions.

The final step in the calibration analysis leads to a relation between S38◦ and EFD. The correlation between the two
variables is obtained from a maximum likelihood method which takes into account the evolution of uncertainties with
energy, as well as event migrations due to the finite energy resolution of the SD. The relation between S38◦ and EFD is well
described by a single power law function, as shown in Fig. 5 [34].

Systematic uncertainties in the energy scale add up to 14%, the major contribution arising from the absolute calibration
of the telescopes, with a value of 9.9%, the other contributions arising from fluorescence yield, atmosphere, profile
reconstruction, estimation of invisible energy and energy scale stability.

The recorded dataset extends up to larger angles approaching 90◦. For the inclined events, with zenith angles larger
than 60◦, we employ a different reconstruction method, yielding to the energy estimator N19, the relative muon content with
respect to simulated proton showers at 1018 eV. The energy range of full efficiency of the surface detector has been extended
down to 3×1016 eV using the events recorded by the infill array. For infill events, the analogous energy estimator is S35◦ .

2.6 Complementary equipment and infrastructure

Other vital components and equipment relevant to the functioning of the Observatory are described in [24] and in references
therein. These include the full communications system, the Central Data Acquisition System (CDAS), the data handling
and storing, the monitoring tools and the Offline framework for data processing and analysis.
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designed to clean the air shower data stream of noise events that survive the low-level hardware triggers. It is optimized for
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triggered pixels. Data from an event that survives all three trigger levels is merged between all the telescopes and generates
a hybrid trigger (FD-T3) for the surface array. The event rate is about 0.012Hz per site for the 24 baseline telescopes.

It should be noticed that unlike the SD, for the FD the energy threshold for detection depends on the distance and the
relative geometry of the shower with respect to the FD building.

The precise reconstruction of air shower longitudinal profiles requires the conversion of an ADC count to a light flux
for each pixel that receives a portion of the signal from a shower. To this end, the absolute calibration of the detector
response is essential. In the first years of operation, a calibrated, large diameter, drum-shaped light source provided an
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by atmospheric Rayleigh scattering from vertical laser pulses. For these absolute methods, the flux of photons on the
telescope aperture is independently measured. The effects of diaphragm area projection, optical filter transmittance, mirror
reflectivity, pixel light collection efficiency and area, cathode quantum efficiency, PMT gain, preamplifier and amplifier
gains, and digital conversion are all included in the end-to-end calibration procedure. Presently, a new calibration method
is being implemented, based on a calibrated point-like UV light source, which is movable and scans all the front surface of
the aperture of the telescopes.

Hybrid events are those recorded simultaneously by FD and SD systems. Hybrid events allow a very precise timing
of arrival of the shower, which is required for a precise geometric reconstruction. Events that trigger three or more SDs,
so that an independent reconstruction can be made with SD alone, are named “Golden hybrid”. These are of particular
importance for the energy calibration of the SD events.
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Once the geometry of the shower is known, the light collected at the aperture as a function of time can be converted to the
energy deposited by the shower as a function of the traversed atmospheric depth X . For this purpose, the light attenuation
from the shower to the detector needs to be accounted for, and all contributing light sources need to be disentangled:
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fitting an asymmetric bell-shaped Gaisser–Hillas function to the time profile of photoelectrons detected in the PMTs of the
FD cameras. For this purpose, a log-likelihood fit is used in which the number of photoelectrons detected by the PMTs
of the FD cameras is compared to the expectation from the Gaisser-Hillas function after folding it with the light yield,
atmospheric transmission, lateral distributions and detector response.

Finally, the calorimetric energy of the shower is obtained by integrating over the total longitudinal profile and the total
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To assign the energy to the showers detected with the SD, the “golden hybrid” events are used for cross-calibration.
High-quality hybrid events with reconstructed zenith angles less than 60◦ are used to relate the shower size from SD to
the almost-calorimetric measurement of the shower energy from FD, EFD. For the FD part of the event, we require an
accurate fit of the longitudinal profile. Furthermore, the depth of the shower maximum Xmax must be contained within the
telescope field-of-view and measured with an accuracy better than 40 g/cm2. The uncertainty on the reconstructed EFD is
required to be less than 18%. The final criteria for defining the calibration data sample include a selection of data with clear
atmospheric conditions.

The final step in the calibration analysis leads to a relation between S38◦ and EFD. The correlation between the two
variables is obtained from a maximum likelihood method which takes into account the evolution of uncertainties with
energy, as well as event migrations due to the finite energy resolution of the SD. The relation between S38◦ and EFD is well
described by a single power law function, as shown in Fig. 5 [34].

Systematic uncertainties in the energy scale add up to 14%, the major contribution arising from the absolute calibration
of the telescopes, with a value of 9.9%, the other contributions arising from fluorescence yield, atmosphere, profile
reconstruction, estimation of invisible energy and energy scale stability.

The recorded dataset extends up to larger angles approaching 90◦. For the inclined events, with zenith angles larger
than 60◦, we employ a different reconstruction method, yielding to the energy estimator N19, the relative muon content with
respect to simulated proton showers at 1018 eV. The energy range of full efficiency of the surface detector has been extended
down to 3×1016 eV using the events recorded by the infill array. For infill events, the analogous energy estimator is S35◦ .

2.6 Complementary equipment and infrastructure

Other vital components and equipment relevant to the functioning of the Observatory are described in [24] and in references
therein. These include the full communications system, the Central Data Acquisition System (CDAS), the data handling
and storing, the monitoring tools and the Offline framework for data processing and analysis.
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The Pierre Auger Observatory runs an extensive atmospheric monitoring program for characterizing the atmosphere,both 
to understand the light absorption for FD and to obtain the input parameters for the weather correction of SD events 
(pressure, temperature, air density).

The knowledge of the vertical atmospheric profile is of paramount importance for understanding the shape of the 
longitudinal shower development in the atmosphere. In the first years of operation of the Observatory, radiosondes were 
launched from the observatory site to measure air properties as a function of height. This information was used to calibrate 
the atmosphere to the information provided by the Global Data Assimilation System (GDAS), which is now used as input 
for shower reconstructions.

The observatory additionally uses five ground-based weather stations to monitor the ground-level pressure, temperature, 
humidity, and wind velocity with a time resolution of 5 min. 

The atmospheric monitoring includes two laser facilities, dubbed CLF and XLF, installed at 12km from each other in
the centre of the array, from which vertical UV laser pulses are fired. This laser light is registered by the FD telescopes 

in order to determine the light attenuation in the atmosphere. At the CLF station there is also a Raman LIDAR system, 
which is used to make three measurements of the vertical aerosol profile each night: before, during, and after the FD 
observations.

LIDARs located near the FD buildings record the back-scattered light in order to determine cloud levels and aerosol 
layers. Cloud monitoring cameras, photometric robotic telescopes for star tracking, and aerosol samplers complete the 
available equipment.

Figure 5. Relation between the SD energy estimator S38º and the calorimetric FD energy EFD for good quality golden 
hybrid events. Also shown is the relation with the energy estimator S35º for lower energy showers detected with the 750 m 
infill array, and the energy estimator N19 for inclined showers.
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3.1. Spectrum

3. Main scientific results

The Pierre Auger Observatory allows to determine the spectrum of Ultra-High-Energy cosmic rays at the highest energies 
with unprecedented precision.

The regular surface detector array (SD array with a spacing of 1500 m between adjacent detectors), after calibration 
with the hybrid data acquired together with the FDs as explained before, allows to reconstruct the spectrum spanning 
the energy interval starting from 2.5x1018 eV up to the highest energies. At the lower limit, the SD array still has full 
acceptance, therefore the determination of the aperture is based only on the array geometry and the uptime of the WCDs. 
The most recent dataset contains more than 215,000 events with reconstructed zenith angle q < 60º, corresponding to 
an exposure of (60,400 ± 1,810) km2 sr yr. The addition of “inclined” events with 60º < q < 80º allows to increase the 
exposure by roughly 30%.

The Pierre Auger Observatory has capabilities to extend the spectrum below the energy range described above (see 
[31] and references therein). To determine the spectrum below the full aperture of the 1500 m SD, hybrid events recorded 
by the FD in combination with one of the SD, allow to go down in energy to E > 1018 eV. Even lower energies, E > 1017 

eV, can be achieved with the SD infill, where WCDs have a spacing of 750 m. Using events detected with the HEAT 
telescopes, which are dominated by Cherenkov light, allows to study the spectrum at energies as low as E > 1016.5 eV [33, 
34].

The full, combined spectrum, is depicted in Fig. 6. Given that the flux is a steep function of the energy, is is customary 
to plot the flux multiplied by a power of the energy (in this case, E3), to highlight the features of the spectrum.

Figure 6. The combined spectrum of the Pierre Auger Observatory, multiplied by E3 to emphasize its features.

The spectrum above 2.5×1018 eV can be well fitted with a broken power law in four intervals, as described in [32]. 
In each interval, the functional form is assumed to be dN ⁄ dE ~ E−γ , where γ is the spectral index in the corresponding
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interval. The high-energy suppression has been clearly identified above an energy of E34 = (46±3±6)×1018 eV with a
slope given by γ4 = 5.1±0.3±0.1, confirming with the highest precision the previous reports of the strong attenuation
of the flux at these energies [21, 35, 36]. Determining whether this suppression is a GZK-like effect arising from the
propagation of cosmic rays in the intergalactic medium, or due to an exhaustion of the injection power of the astrophysical
sources is as yet not clear. To find an answer to this question is one of the main goals of the Upgrade, described further on
in this review.

The “ankle” is a known spectral feature described by a rollover at E12 = (5.0± 0.1± 0.8)× 1018 eV, marking a
hardening of the spectrum from γ1 = 3.29±0.02±0.10 to γ2 = 2.51±0.03±0.05. This ankle has been widely reported
in the literature [21, 37, 38]. Different possible explanations have been suggested for this feature, e.g. the transition from
a galactic to an extragalactic origin of cosmic rays, or a dip due to the contribution of e+- e− pair production resulting
from cosmic ray proton interactions with the cosmic microwave background. The Auger measurements favor instead the
interpretation that it results from the transition from an extragalactic component dominated by light elements for lower
energies to one with intermediate and heavier masses at higher energies.

A novel feature that also has to be accounted for in an integrated description of the spectrum is the break at E23 =
(13±1±2)×1018 eV, where the spectrum softens from γ2 to γ3 = 3.05±0.05±0.10.

At lower energies, the spectrum shows a clear inflection point corresponding to the so-called “second knee” around
1017 eV, which is normally explained as related to the maximum energy at which the Fe group galactic cosmic rays can be
accelerated.

3.2 Composition

The determination of the mass composition of the primary cosmic rays is a major experimental challenge. The most
precise and straightforward determination is based on the analysis of the atmospheric depth at which the shower exhibits its
maximum development, Xmax. Showers initiated by protons and other light primaries develop deeper in the atmosphere,
leading to larger values of Xmax. Also, the number of muons Nµ in the shower is a good proxy for studying the composition:
showers from light primaries contain less muons than showers initiated by heavier nuclei, as will be described in Section 4.
From a simple superposition model (see, e.g., [39]), the 〈Xmax〉 of the showers varies linearly with < lnA >, being A the
atomic mass of the primary, and it is therefore a sensitive parameter for mass composition. Although more complex to
interpret for mixed compositions, the behaviour of the fluctuations of Xmax, i.e., σ(Xmax), also gives information of the
primary mass.

The direct measurement of Xmax can only be achieved with the fluorescence technique. The HEAT telescopes provide
the adequate field of view to record the low energy showers that develop higher in the atmosphere.

Comparing Xmax and its standard deviation to results from simulations based on different hadronic interaction models
allows us to interpret its evolution with energy. The latest results can be found in [34, 33] and are displayed in Fig. 7. Based
on 47,000 hybrid events, this analysis shows a trend towards lighter composition as energy increases up to 2×1018 eV and
then to a heavier composition at higher energies.

The elongation rate is defined as the variation of the average Xmax with energy, d〈Xmax〉/d log E. The values obtained
are 77±2 (stat) g cm−2/decade below E0 = 1018.32±0.03 eV and 26± 2 (stat) g cm−2/decade above this energy. This result
suggests a composition getting lighter up to E0 and going towards intermediate-heavy masses above it. As can be seen in
the comparison to results from simulations, the observed elongation rate is not compatible with a constant composition,
which would require instead an elongation rate of ∼ 60 g cm−2/decade in the whole energy range. The results reported for
σ(Xmax) at the highest energies strongly suggest a pure and heavy composition, while in the lower energy range they are
compatible with both a light or mixed composition.

Other more indirect methods for the determination of the primary mass have also been explored [40]. Although not so
precise, given the higher statistics they allow to measure composition in a broader energy interval.

Any integral astrophysical interpretation of the Auger data has to describe both the spectral features and the composition
evolution with energy. A combined fit of spectrum, mass composition and its fluctuations has been described in [32, 41].
The fit has been performed for energies above 5×1018 eV, i.e. the region above the “ankle” of the all-particle spectrum. The
astrophysical model consists of identical sources uniformly distributed in comoving volume, where nuclei are accelerated
through a rigidity-dependent mechanism. The fit results suggest that the sources are characterized by relatively low
maximum rigidity of the particles at the acceleration site, hard spectra and mixed chemical composition, with heavier
elements becoming dominant as the energy increases. The steepening of the spectrum at ∼ 1019 eV suggests the interplay
between the flux contributions of the helium and carbon-nitrogen-oxygen components injected at the source with their
distinct cut-off energies, combined with photodisintegration effects during the propagation. However, uncertainties about
physical quantities relevant to cosmic ray propagation and shower development have a non-negligible impact on the fit
results. To make progress along these lines of research, a more precise determination of the mass composition on an
event-by-event basis is required, with high statistics to reach the upper end of the spectrum where events are scarce. This
program is pursued with the Upgrade of the Auger Observatory described in Section 4.
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Figure 7. Xmax (left) and σ(Xmax) (right) as a function of primary energy, and comparison to the expectations from
simulated showers with different hadronic models for proton (red) and iron (blue) primaries.

3.3 Arrival direction anisotropies

A basic objective in the study of cosmic rays and in the quest to determine their origin is the search for anisotropies in the
arrival directions. These anisotropies might manifest themselves at different angular scales and energy ranges.

At higher energies, cosmic rays are expected to come from nearby, as the flux from far away sources is suppressed due
to energy losses suffered during propagation. On the other hand, the particles with larger rigidity are expected to suffer
smaller deflections by the galactic and intergalactic magnetic fields. Therefore, at the highest energies, tracing backwards
the arrival directions should hint to the sources, or at least reveal anisotropies correlated with the directions of the sources.
Searches for anisotropies on small and intermediate angular scales have been performed by exploiting 15 years of data,
reaching an unprecedented exposure of ∼100,000 km2 sr yr in a declination range between −90◦ and +45◦. One strategy
for searching for anisotropies is based on scanning the sky for an excess in the flux of particles in different angular scale
windows. The advantage of this search is that it is model independent and does not require any assumption on the possible
sources. This search was performed over the whole field of view, in a wide energy threshold range Ethr = 32-80×1018 eV,
using a 1× 1018 eV step and scanning circular regions of radius Ψ from 1◦ to 30◦ in steps of 1◦. The most significant
excess was found for E > 3.8×1019 eV in an angular window of 27◦ centered in the direction (α = 202◦, δ = −45◦) [34].
This direction corresponds to a region densely populated with extragalactic objects, among which is Centaurus A, our
closest radio galaxy. Indeed, the excess of events in its direction, already pointed out in the past [42], reached a one-sided
post-trial significance of 3.9σ for energies above Ethr = 3.7×1019 eV and for Ψ = 28◦.

The arrival directions of ultrahigh energy cosmic rays were also studied by searching for correlations with the
distribution of nearby extragalactic matter. This has been modelled by using different catalogs of possible sources up to a
distance of ∼250 Mpc. In [34, 42], the following sources were considered: (a) a sample of 32 starburst galaxies (SBGs)
selected based on their continuum emission at 1.4 GHz, used as a proxy for their UHECR flux; (b) a selection of γAGNs
from the 3FHL catalog, weighting the sources with the integral flux from 10 GeV to 1 TeV; (c) the 2MRS catalog of nearby
matter farther than 1 Mpc; (d) a selection of Swift-BAT radio-loud and radio-quiet AGNs.

In this analysis, we exploited the source directions and also the possible scenarios for the relative UHECR fluxes from
source candidates provided by the observations from Fermi-LAT. Furthermore, our current knowledge of the cosmic ray
composition could be used to evaluate the attenuation in intensity due to the energy losses during propagation. A likelihood
ratio analysis allowed us to evaluate the smearing angle and the fraction of anisotropic cosmic rays for each case. The
highest significance is obtained for the case of SBGs, where we found an anisotropic fraction of (11±5)% of events with
energy above 3.8×1019 eV in a smearing angle of 15◦. Note that the attenuation of particles in the case of the nearby SBGs
is much less important than for more distant blazars. After penalization for the scanning in energy, the significance of the
correlation results to be 4.5σ .

In 2017, the Pierre Auger Collaboration announced the observation of a large-scale anisotropy in the arrival directions
of cosmic rays above 8× 1018 eV [43]. This analysis was extended in [44] to a broader energy range, using about 15
years of data. For energies above 4×1018 eV, data from the fully efficient 1500 m SD array were used, reaching a total
exposure of 92,500 and 60,700 km2 sr yr for events with θ ≤ 80◦ and θ ≤ 60◦ respectively. Under the assumption that
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Figure 8. Left: Map of the flux of cosmic rays above 8×1018 eV, in equatorial coordinates. The Galactic plane and the
Galactic centre are indicated by a dashed line and a star, respectively. The flux is averaged on windows of 45◦ radius.
Right: Energy dependence of the dipolar amplitude measured in four energy bins above 4×1018 eV.

higher multipoles are negligible, we found a total dipolar amplitude for E ≤ 8× 1018 eV of d = 0.066± 0.012, with a
6σ significance, pointing ∼ 125◦ away from the direction of the Galactic centre, as shown in Fig. 8. This result strongly
indicates an extragalactic origin of the modulation.

3.4 Search for neutrinos and photons

The Pierre Auger Observatory possesses the capability of recording and identifying extensive air showers initiated by
neutrinos or photons. The interaction of UHECRs with the radiation background during their propagation is expected to
produce a diffuse flux of neutrinos and photons, caused by the decay of charged and neutral pions respectively, produced in
the photon-nucleon collisions. The resulting neutrino and photon fluxes depend critically on the cosmological evolution of
the cosmic ray sources, and on their composition and injection spectra [45].

In FD, high energy photons can be identified because they are more penetrating than nuclei, therefore producing a
much larger Xmax. With SD, photon showers are characterised by a very low muonic content in the shower and by its
steeper lateral distribution.

The search for neutrinos is based on the study of horizontal showers. When initiated by nuclei, very inclined showers
traverse a large amount of air, thus producing a shower development in which the electromagnetic component has been
very much attenuated, therefore the shower is dominated by energetic muons. Contrarily, showers initiated by neutrinos are
expected to develop much deeper in the atmosphere, therefore still containing a large electromagnetic component when
reaching the SD. Also, Earth-skimming tau-neutrinos can give rise to upwards pointing showers that are a characteristic
signature for neutrinos. It turns out that Auger has an aperture for the detection of neutrinos at the highest energies that is
comparable to that of other neutrino observatories.

Photons and neutrinos propagate through space in lightlike paths, therefore no time delays are expected with respect
to gamma or radio emissions. This capacity positions the Auger Observatory as an important partner in multimessenger
astronomy.

Present Auger limits on photon and neutrino fluxes at ultra-high energy can be found in [46, 47]. The upper limits on
the photon flux have been relevant to exclude some “top-down” source scenarios, such as those in which ultrahigh energy
cosmic rays originate from the decay of super-heavy particles. The limits above 1018 eV energies also constrain the most
optimistic models of photon production from the interaction of protons with the Cosmic Microwave Background. Present
bounds on neutrinos and photons will be further improved as statistics increases with increased aperture.

3.5 Additional results

3.5.1 Hadronic interactions

Collisions of cosmic ray protons of energies of 1020 eV with air nuclei have a centre of mass energy
√

s larger than 400 TeV,
which is more than 30 times beyond the reach of human-made accelerators. Therefore, the observation of the development
of showers in the atmosphere can provide valuable information about high-energy hadronic interactions in an energy range
not yet accessible with particle colliders. The shower development depends on many different features of the hadronic
interactions. In particular, by measuring the depth of maximum development of the EAS, Xmax, we obtain information
about the cross-section of the first interaction. The determination of the muonic component at the ground is more sensitive
to the details of the hadronic interactions along many steps of the cascade, like the multiplicity of the secondaries and the
fraction of electromagnetic component with respect to the total signal. On the contrary, the intrinsic muon fluctuations
mostly depend on the first interactions. Clear evidence for a deficit of the number of muons predicted by the models
was reported by the Auger Collaboration by exploiting different techniques such as the study of inclined showers [48],
comparison of the development of the lateral and longitudinal profiles of showers with models [49], the study of the muon
production depth [50] and of the time profiles of the signals recorded with SD [40].
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More recently and at lower energies, the deficit of muons in the models was also confirmed by directly measuring the
muon content in EAS with an array of underground muon detectors (AMIGA project, see Section 4), while comparing
with the Xmax obtained from FD [55]. The resulting predicted muon content is 38% too low when the hadronic interaction
model EPOS-LHC is used, the mismatch increasing to 50% - 53% at the two energies in the case of QGSJetII-04.

Shower-to-shower fluctuations of the muonic component could also be measured with hybrid inclined showers [56], at
the same time updating the results on the mean muon number. The expectations for the relative fluctuations are compatible
with the experimental results, while models and data show a significant discrepancy in the average muon scale. These
results thus suggest that models are describing reasonably well the distribution of energy going into the electromagnetic
component after the first interaction, while the discrepancy in the overall muon number should be explained by changes in
the characteristics of hadronic interactions at all shower stages.

3.5.2 Atmospheric Phenomena: Elves

ELVES is an acronym for “Emissions of Light and Very low frequency perturbations due to Electromagnetic pulse Sources”.
They are transient luminous events produced at the base of the ionosphere by the intense electromagnetic pulses emitted
during lightning discharges. These intense flashes of light appear in the night sky as rapidly expanding quasi-circular fronts;
generated at 80–95 km altitudes, they are visible at distances of several hundred kilometers. The original pulse lasts less
than 20 µs, but the propagating light front is visible for a few milliseconds.

The first clear observation of ELVES was made using a high-speed photometer from the Space Shuttle. More recently
such phenomena were studied using photometers either based at the ground or on satellites.

After the first serendipitous observation of an ELVES event during an FD shift, further studies, done on a sample of data
taken in the period 2008–2011, have shown that the FD is ideally suited for detailed studies of ELVES. A new, modified
third level trigger algorithm was implemented in March 2013 to increase the detection and recording efficiency of these
events. Since then, a large fraction of these events is regularly recorded, and a new dedicated readout scheme has been
gradually improved to allow recording of the light emission, from farther and farther distances [51].

Auger has detected thousands of ELVES events with an unprecedented time resolution of 100 ns. These observations
facilitate the study of the frequency of such events and of the correlation with other atmospheric phenomena.

3.5.3 Space Weather

Every second, the Pierre Auger surface detectors record the rate of low energy particles detected and report this information
to the central data acquisition system. This event rate is related to the flux of low energy Galactic cosmic rays reaching the
Earth, which is modulated by the solar activity. Therefore, by measuring with great precision the flux variations, and after
correction for atmospheric effects, the Pierre Auger Observatory is able to contribute to the Space Weather program, in a
way similar to neutron monitors.

A description of the Pierre Auger low energy detection mode can be found in [52]. More information about Space
Weather and cosmic rays can be found on the webpage http://www.spaceweather.com/.

4. AugerPrime: The Upgrade of the Pierre Auger Observatory

4.1 Science Case for the Upgrade

So far, the Pierre Auger Observatory has provided important results regarding the upper end of the cosmic ray spectrum,
the spectral features at lower energy, the search for anisotropies at different angular scales and the composition of the
primaries. However, these findings open up new questions and a full, integrated picture is still missing. Having established
the existence of a sharp steepening of the cosmic ray spectrum at the highest energies, it is natural to inquire about the
origin of this suppression. It may be due to energy losses during propagation of the cosmic rays from their sources to
the Earth, but it could also be an indication of the upper limit of the power of the accelerating sources. Also, the spectral
features at lower energy could be an indication of the transition from galactic to extragalactic origin or it may be due to
propagation losses. Therefore, for a full understanding of the observations, a combined analysis of the spectrum and the
composition is required. Although anisotropies in the arrival directions have been found, the search for the sources is
still not concluded. Hints towards a heavier composition at higher energies suggest greater magnetic deflections, which
hinders the search for point sources. If, however, even a small fraction of cosmic rays of the highest energies is composed
of protons, identifying these protons might lead to a possible indication of the sources. The measurement of the fraction of
protons is a decisive ingredient for assessing the prospects for proton astronomy with future ultra-large detectors.

Determining the mass composition of ultra-high energy cosmic rays is closely related to, and crucially depends on
understanding extensive air showers and hadronic interactions. When estimating the number of muons in air showers from
Auger data, a discrepancy is currently found between the observed and expected muon numbers. The study of extensive air
showers and hadronic multiparticle production is a further open field of research, including the exploration of fundamental
particle physics at energies well beyond those accessible at terrestrial accelerators as well as the derivation of constraints
on new physics phenomena, such as Lorentz invariance violation or extra dimensions.
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In 2015, the Pierre Auger Collaboration agreed to design and build an upgrade of the Observatory to address the open
science questions described above. The Upgrade is described in [53, 54]. To accomplish its science objectives, it will be of
paramount importance to improve the composition sensitivity and to extend it into the energy region of the flux suppression.
This will allow us to:

• measure the composition-discriminated flux in the range from about 1018 eV up to the highest energies,

• carry out composition-enhanced anisotropy searches based on event-by-event estimates of the primary mass,

• search for GZK secondaries as tracers of proton primaries,

• search for ultra-high energy secondary photons produced in or near cosmic ray sources,

• understand the muon deficit in shower simulations,

• test our understanding of hadronic interactions at c.m.s. energies near and beyond 60 TeV.

Presently, determinations of the cosmic ray mass composition are performed by direct observations of the shower
maximum Xmax with the FD, and indirectly by measuring Xmax using the surface detectors. Optical observations of Xmax
can currently be performed with a duty cycle of only 13% to 15%. Another good indicator of the primary composition is
the number of muons Nµ present in the shower. Therefore, disentangling the muonic and electromagnetic component of
the EAS at the ground provides the largest boost in performance towards the aforementioned science goals. This can be
achieved either with a muon detector or a detector which has differential sensitivity to both EAS components.

The Pierre Auger Observatory Upgrade, named “AugerPrime”, will be based on the following improvements:

• A complementary measurement of the shower particles will be provided by plastic Surface Scintillator Detectors
(SSD) placed above the existing 1660 water-Cherenkov Detectors (WCD).

• The surface detector stations will be upgraded with new electronics that will process both WCD and SSD signals.
The new electronics will also provide faster sampling of ADC traces, better timing accuracy, increased dynamic
range, and enhanced triggers.

• To increase the dynamic range, each WCD will be equipped with an additional “small PMT”, i.e., a smaller low gain
photomultiplier tube, to register large pulses from very close showers that saturate the signal of the large PMTs.

• An Underground Muon Detector (UMD) will provide important direct measurements of the shower muon content
and its time structure, while serving as verification and fine-tuning of the methods used to extract muon information
with the SSD and WCD measurements.

• The operation mode of the Fluorescence Detector (FD) will be changed to extend measurements into periods with
higher night sky background and twilight. This will allow an increase in the current ∼15% duty cycle of the FD to
over ∼20%.

• Each Surface Detector station will be complemented with an antenna for radio detection of cosmic ray showers.

Both the scintillator planes, the new electronics and the radio antennas can be deployed over the full 3000 km2 area of
the Pierre Auger Surface Detector, with minimal impact on the continuous data taking and maintenance of the existing
detectors. Except for the Infill area, the current communication systems for the Surface Detector will remain unchanged.
The solar power system will be upgraded with larger, more efficient solar panels. Only minor software changes are required
for the central data acquisition system (CDAS) and for the monitoring system.

Prototyping of the Upgrade began in 2015 and its complete installation is planned for 2022. It is expected to operate
and provide data for over a decade, nearly doubling the statistics with respect to the presently available one.

4.2 Scintillator Surface Detector (SSD)

The key element of the upgrade is the installation of a new detector consisting of a plastic scintillator plane above each of
the existing water-Cherenkov detectors. These scintillation detectors will provide a complementary measurement of the
shower particles: as the SSD and the WCD have different responses to muons and electromagnetic particles, this allows for
the disentangling of the different shower components. Whereas in a WCD the signal deposited by electromagnetic particles
(e+, e−, γ) is proportional to their energy and the signal from muons is proportional to their track length, in the SSD each
particle contributes essentially one MIP (Minimum Ionizing Particle) to the signal. The SSD array will also map the lateral
footprint of EAS at the surface, being more sensitive to the electromagnetic component than to muons.

The design of the surface scintillator detectors is simple and reliable [53]. The SSD unit consists of a box of 3.8 m
× 1.3 m, housing two scintillator panels, each covering an area of 1.9 m2. Each panel is composed of 24 bars of 10 mm
thick, 50 mm wide and 1.6 m long scintillator made of extruded polystyrene. The bars are co-extruded with a TiO2 outer

18

4.2. Scintillator Surface Detector (SSD)



// Vol. 1, No. 4, September 2020 The Pierre Auger Observatory and its Upgrade

26

// Science Reviews. Vol. I, No.1, 2018 The Pierre Auger Observatory and its Upgrade

Figure 9. The Pierre Auger Observatory Upgrade: a prototype of an upgraded Auger Surface Detector, including the SSD
on top of the tank and the SALLA antenna for the Radio Upgrade. Left: schematics. Right: the detector in the field.

layer for reflectivity and have two holes in which the wavelength-shifting fibres can be inserted. The fibres are 1 mm in
diameter and are disposed in a “U” configuration that maximizes light yield and uniformity. The response over the area
of the scintillator has been characterised and found to be uniform within 5%. All ends of the fibres are bundled towards
one single photomultiplier in the centre of the module. A PMT of 38 mm in diameter, eight stages, fast time response and
high linearity was chosen. The triggering of the SSDs is done in slave mode, i.e. the SSD data is read out every time the
corresponding WCD reports a trigger.

The SSD modules are easily deployed in the field with a truck and crane. They are fixed to an aluminium frame
mounted on top of the WCD tanks of the SD.

Calibration of the SSDs is performed in a similar way as for the WCDs. In a histogram of background signals, a clean
peak is observed corresponding to Minimum Ionizing Particle (MIP) signals.

An engineering array of ten detectors was installed at the Auger site in September 2016. First, very encouraging results
can be found in [34]. Additional 70 SSDs were installed in the field in 2018 and are collecting data since then. As of
August 2020, all of the 1500 SSDs for the Upgrade have already been built at laboratories in Germany, Italy, Poland,
Netherlands and France. More than half of them have already been shipped to Malargüe, where they were assembled and
installed in the field, awaiting the delivery of the optical modules and electronics. Fig. 9 shows a detector in the field with
the SSD installed on top.

4.3 Upgraded Electronics

The surface detector stations will be upgraded with new electronics that will process both WCD and SSD signals [53]. It
will increase the data quality with faster sampling of ADC traces (120 MHz), giving a better timing accuracy, and increased
dynamic range (12 bits). To enhance the local trigger and processing capabilities a more powerful local station processor
and FPGA have been implemented. This upgrade also improves calibration and monitoring capabilities of the surface
detector stations. The surface detector electronics upgrade (SDEU) can be easily deployed and will have only minimal
impact on the continuous data taking of the Surface Detector.

To increase the dynamic range of the WCD, a fourth PMT, 1 inch in diameter, corresponding to 1/9th of the WCD
PMTs, will be added in each detector. With this solution, the total dynamic range of the SD will correspond to 22 effective
ADC bits, ranging from fractions of 1 VEM (energy from one Vertical Equivalent Muon) to 20,000 VEM. This amplitude in
ranges is achieved by splitting and amplifying the anode signal of the three large PMTs of the WCD and by using the single
channel of the small additional PMT. This leads to less than 2% saturated events at the highest energies and unambiguous
determination of the particle density down to less than 300 m from the shower core.

4.4 AMIGA: Auger Muons and Infill for the Ground Array

4.4.1 Underground Muon Detectors

In addition to the SD array of 1600 WCDs with a 1500 m spacing and the denser array of 61 WCDs with a 750 m spacing
(SD-750), more recently the SD energy threshold has been further extended down to 1016.5 eV thanks to the installation of
an even denser 1.9 km2 array in which detectors are spaced by 433 m (SD-433). To provide a direct measurement of the
muon content in air showers, an underground muon detector (UMD) [53] is also being deployed. Both arrays, the “infilled”
array of WCDs working jointly with the UMD, form “AMIGA”.
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Figure 9. The Pierre Auger Observatory Upgrade: a prototype of an upgraded Auger Surface Detector, including the SSD
on top of the tank and the SALLA antenna for the Radio Upgrade. Left: schematics. Right: the detector in the field.

layer for reflectivity and have two holes in which the wavelength-shifting fibres can be inserted. The fibres are 1 mm in
diameter and are disposed in a “U” configuration that maximizes light yield and uniformity. The response over the area
of the scintillator has been characterised and found to be uniform within 5%. All ends of the fibres are bundled towards
one single photomultiplier in the centre of the module. A PMT of 38 mm in diameter, eight stages, fast time response and
high linearity was chosen. The triggering of the SSDs is done in slave mode, i.e. the SSD data is read out every time the
corresponding WCD reports a trigger.

The SSD modules are easily deployed in the field with a truck and crane. They are fixed to an aluminium frame
mounted on top of the WCD tanks of the SD.

Calibration of the SSDs is performed in a similar way as for the WCDs. In a histogram of background signals, a clean
peak is observed corresponding to Minimum Ionizing Particle (MIP) signals.

An engineering array of ten detectors was installed at the Auger site in September 2016. First, very encouraging results
can be found in [34]. Additional 70 SSDs were installed in the field in 2018 and are collecting data since then. As of
August 2020, all of the 1500 SSDs for the Upgrade have already been built at laboratories in Germany, Italy, Poland,
Netherlands and France. More than half of them have already been shipped to Malargüe, where they were assembled and
installed in the field, awaiting the delivery of the optical modules and electronics. Fig. 9 shows a detector in the field with
the SSD installed on top.

4.3 Upgraded Electronics

The surface detector stations will be upgraded with new electronics that will process both WCD and SSD signals [53]. It
will increase the data quality with faster sampling of ADC traces (120 MHz), giving a better timing accuracy, and increased
dynamic range (12 bits). To enhance the local trigger and processing capabilities a more powerful local station processor
and FPGA have been implemented. This upgrade also improves calibration and monitoring capabilities of the surface
detector stations. The surface detector electronics upgrade (SDEU) can be easily deployed and will have only minimal
impact on the continuous data taking of the Surface Detector.

To increase the dynamic range of the WCD, a fourth PMT, 1 inch in diameter, corresponding to 1/9th of the WCD
PMTs, will be added in each detector. With this solution, the total dynamic range of the SD will correspond to 22 effective
ADC bits, ranging from fractions of 1 VEM (energy from one Vertical Equivalent Muon) to 20,000 VEM. This amplitude in
ranges is achieved by splitting and amplifying the anode signal of the three large PMTs of the WCD and by using the single
channel of the small additional PMT. This leads to less than 2% saturated events at the highest energies and unambiguous
determination of the particle density down to less than 300 m from the shower core.

4.4 AMIGA: Auger Muons and Infill for the Ground Array

4.4.1 Underground Muon Detectors

In addition to the SD array of 1600 WCDs with a 1500 m spacing and the denser array of 61 WCDs with a 750 m spacing
(SD-750), more recently the SD energy threshold has been further extended down to 1016.5 eV thanks to the installation of
an even denser 1.9 km2 array in which detectors are spaced by 433 m (SD-433). To provide a direct measurement of the
muon content in air showers, an underground muon detector (UMD) [53] is also being deployed. Both arrays, the “infilled”
array of WCDs working jointly with the UMD, form “AMIGA”.
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The UMD will consist of an array of scintillator detectors co-located at the position of each infill WCD: three 10 m2

scintillation modules are buried at a distance of at least 7 m from the WCD, at a depth of 2.3 m underground. The separation
from the surface detector guarantees that even particles with zenith angles up to 45◦ hit the underground scintillators without
passing through the WCD, while probing the same point in the shower front. The chosen depth, which corresponds to 540
g/cm2 of overburden as determined by the local soil density, ensures that the electromagnetic component of extensive air
showers is largely absorbed while muons with energy greater than 1 GeV can reach the buried detectors. Each underground
module is composed of 64 plastic-scintillation strips of 400 cm×1 cm×4 cm, similar to those of the SSD. They carry
embedded wavelength-shifting (WLS) optical fibres which are optically coupled to an array of 64 silicon photomultipliers
(SiPMs) [57, 58]. The light produced in the plastic scintillation bars is absorbed by the WLS optical fibre. The excited
molecules of the fibre decay by emitting photons, some of which are propagated along the fibres towards a single pixel of
the array of optical sensors.

Using data of the UMD engineering array that was operative until the end of 2017, it was determined for the first time
with direct measurements of the muons, that the muonic densities in data are larger than those expected from simulations
of showers between 1017.5 eV and 1018 eV [59], even after the update of the simulations to the latest hadronic interaction
models, which include the data from the Large Hadron Collider. After the engineering array phase, modifications in the
design were implemented to optimize the detector performance based on the experience gained with the operation of the
prototypes. In particular, the optical devices were changed. The formerly used photomultiplier tubes were replaced by
silicon photomultipliers to improve the detection efficiency, lower the costs and reduce the power consumption. Additionally,
upgraded electronics with a novel acquisition mode to extend the dynamic range were adopted. It was also decided to work
with a segmentation per position corresponding to 192 channels total, by splitting the 30 m2 module into three 10 m2 units.

A scheme of the layout of an AMIGA station as deployed during the engineering phase is shown in Fig. 10. For the full
array, only three buried modules per position will be installed. As of the time of writing this review, the modules at 20
positions were already deployed at the Observatory site, and 15 of them are acquiring data. The completion of the UMD is
foreseen for 2022.

Figure 10. AMIGA station general overview. Both surface and underground detectors are shown in their arrangement
during the prototyping phase. For the final design, the 30 m2 detection area will be reached with three 10 m2 units with 64
segments each, totalling 192 channels.

4.4.2 Mechanics and electronics of the underground muon detectors

Much effort was invested in developing the buried scintillator detectors that act as muon counters. As can be seen in the left
panel of Fig. 11, in each module of the UMD, the scintillator strips are laid in two groups of 32 scintillator bars mounted at
opposite sides of a central dome, which houses the optical sensors and the underground electronics. The scintillation light
transported by the WLS optical fibre (Saint-Gobain BCF-99-29AMC) is fed to the array of 64 SiPMs, which converts the
light pulses into a measurable electrical signal.

Each SiPM of the UMD (Hamamatsu S13361-2050) is composed of 1584 avalanche photodiodes (also referred as cells)
operated in Geiger mode. The cells are distributed over an area of 2 mm2 [58]. An electronics board acquires the signals
from the photo-sensor and, at the same time, provides control, monitoring and communications to the UMD station.
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Figure 11. (Left) A 10 m2 module being assembled and (Right) its deployment at the Observatory site.

The UMD aims at measuring a broad range of muon densities, from 0.03 m−2, typical for distances far from the shower
core, to more than 20 m−2 in regions closer to the core where the muon flux is very high. This ample dynamic range is
attained by binary and ADC acquisition modes working simultaneously. The former is optimized to count a small number
of particles, the latter is designed to cope with large muon densities.

The binary mode benefits from the detector segmentation: muons can be directly counted as pulses above a certain
threshold. This mode is very robust since it neither relies on deconvoluting the total number of particles from a single
integrated signal, nor on the precise optical device gain or its fluctuations, and is almost completely independent of the
hitting position of the particle on the scintillator strip and the corresponding light attenuation along the fibre. Another
advantage is that it does not require a thick scintillator to control Poissonian fluctuations in the number of photons per
impinging muon. However, the binary acquisition is limited by the segmentation itself: two muons arriving at the same
strip simultaneously will be indistinguishable and, therefore, only counted as one. This undercounting feature is known as
pile-up effect. As long as the number of strips with coincident signal is less than the segmentation, the pile-up effect can be
statistically treated and corrected for, but when the number of particles is similar to the number of channels (64 in this
case), the binary mode is saturated and the correction is no longer feasible.

On the other hand, knock-on electrons from the soil or from inclined muons might produce signals in two neighbouring
strips resulting in an over-count of particles as well as an increased probability of saturating the detector. Therefore, being
limited in the number of muons that can be detected at the same time, the binary mode is limited in the distance to the
shower core that can be probed.

To overcome this difficulty, the ADC mode is well-suited to measure a higher number of particles. This mode provides a
single, integrated signal from all 64 strips in a module. Contrary to the binary acquisition, in the ADC mode the fluctuations
in the signal charge decrease with the number of hitting muons. The disadvantage of the ADC channel, when used to
estimate the number of particles, is that it relies on an averaged charge estimation and therefore the signal fluctuations are
propagated to uncertainties in the estimation of the muon densities.

In the binary acquisition mode, the 64 SiPM signals are handled independently through a pre-amplifier, a fast shaper,
and a discriminator, built within each channel of two 32-channel Application-Specific Integrated Circuits (ASICs). The
discriminator signal is sampled at 320 MHz (3.125 ns sample time) with the FPGA into 64 traces of 2048 bits. In each trace,
a “1”-bit results if the fast-shaper output is above a fixed discriminator threshold, and a “0”-bit otherwise. The threshold is
defined, as last step of the calibration procedure, to significantly reject the noise due to the SiPM dark-counts [58] while
keeping a high efficiency.

The data acquisition system of each UMD module is fully synchronized with its associated SD station. Each module
works as a slave detector and, therefore, follows the SD trigger chain [27]. The buried scintillators are synchronized at the
first-level trigger: when such a condition is met, the WCD sends a signal with a timestamp to all the underground detector
modules associated to it. Upon arrival of such signal, the traces of both, binary and ADC modes, as well as the timestamp
of the trigger, are stored in an internal memory which can accommodate data up to 2048 triggers. Therefore, the rate of
triggers determines that, at each position, the data is retrievable up to ∼20 s after its occurrence. Each triggered event in the
UMD is composed, in turn, of 2048 samples of 64 single end lines measured at 320 MHz and 1024 samples of two 14-bit
ADCs (high and low gain) measured at 160 Msps. The temporal length of each event is 6.4 microseconds and occupies
184 Kbits of memory. When a shower trigger takes place, all first- and second-level triggers from the WCDs, along with
the muon detector traces, are sent to the central data acquisition server for higher level physical analysis.
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Figure 11. (Left) A 10 m2 module being assembled and (Right) its deployment at the Observatory site.
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statistically treated and corrected for, but when the number of particles is similar to the number of channels (64 in this
case), the binary mode is saturated and the correction is no longer feasible.

On the other hand, knock-on electrons from the soil or from inclined muons might produce signals in two neighbouring
strips resulting in an over-count of particles as well as an increased probability of saturating the detector. Therefore, being
limited in the number of muons that can be detected at the same time, the binary mode is limited in the distance to the
shower core that can be probed.

To overcome this difficulty, the ADC mode is well-suited to measure a higher number of particles. This mode provides a
single, integrated signal from all 64 strips in a module. Contrary to the binary acquisition, in the ADC mode the fluctuations
in the signal charge decrease with the number of hitting muons. The disadvantage of the ADC channel, when used to
estimate the number of particles, is that it relies on an averaged charge estimation and therefore the signal fluctuations are
propagated to uncertainties in the estimation of the muon densities.

In the binary acquisition mode, the 64 SiPM signals are handled independently through a pre-amplifier, a fast shaper,
and a discriminator, built within each channel of two 32-channel Application-Specific Integrated Circuits (ASICs). The
discriminator signal is sampled at 320 MHz (3.125 ns sample time) with the FPGA into 64 traces of 2048 bits. In each trace,
a “1”-bit results if the fast-shaper output is above a fixed discriminator threshold, and a “0”-bit otherwise. The threshold is
defined, as last step of the calibration procedure, to significantly reject the noise due to the SiPM dark-counts [58] while
keeping a high efficiency.

The data acquisition system of each UMD module is fully synchronized with its associated SD station. Each module
works as a slave detector and, therefore, follows the SD trigger chain [27]. The buried scintillators are synchronized at the
first-level trigger: when such a condition is met, the WCD sends a signal with a timestamp to all the underground detector
modules associated to it. Upon arrival of such signal, the traces of both, binary and ADC modes, as well as the timestamp
of the trigger, are stored in an internal memory which can accommodate data up to 2048 triggers. Therefore, the rate of
triggers determines that, at each position, the data is retrievable up to ∼20 s after its occurrence. Each triggered event in the
UMD is composed, in turn, of 2048 samples of 64 single end lines measured at 320 MHz and 1024 samples of two 14-bit
ADCs (high and low gain) measured at 160 Msps. The temporal length of each event is 6.4 microseconds and occupies
184 Kbits of memory. When a shower trigger takes place, all first- and second-level triggers from the WCDs, along with
the muon detector traces, are sent to the central data acquisition server for higher level physical analysis.
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4.5 Radio Detection Array

Extensive air showers are composed of charged particles undergoing acceleration in the atmosphere and are therefore
known to produce radio emission in the frequency range of tens to hundreds of MHz. Radio emission from cosmic rays is
due to two effects: the radiation arising from time-varying transverse currents induced by the geomagnetic field and the
Askaryan effect related to a time-varying net negative charge. At the Auger Observatory, radio emission was first studied
with the Auger Engineering Radio Array (AERA), an array of more than 150 radio detector stations, covering an area of
about 17 km2, co-located with the infill array, see [60, 61] and references therein.

The Auger Upgrade will also include a radio-detector array the size of the SD [62]. Each of the 1660 WCDs will carry
a radio antenna on top of it, forming a radio-array covering 3000 km2 and measuring in coincidence with the SD, the FD
(during its uptime fraction of ∼15%) and the AMIGA underground muon detectors in the infill area. Fig. 9 shows the
layout of the WCD with the SSD and the radio antenna on top of it.

With the combination of water-Cherenkov detector and Surface Scintillator Detector, the electron-to-muon ratio (e/µ) is
measured for vertical showers. In a similar way, the combination of WCD and Radio Detector will be used to measure the
ratio of the electromagnetic energy content and the number of muons for horizontal air showers. Thus, the Radio Detector
will increase the aperture of the Observatory for mass-sensitive investigations, allowing the e/µ separation for showers
with a broad zenith angle range, from zenith with the Surface Scintillator Detector to the horizon with the Radio Detector.
Horizontal air showers have a large footprint of the radio emission on the ground, covering areas of the order of 100 km2

for very inclined showers. This has already been confirmed experimentally with AERA. Thus, the radio emission from
such showers can be recorded with a sparse antenna array with 1.5 km spacing.

The chosen design proposes the use of a short aperiodic loaded loop antenna (SALLA) to detect the radio emission
from air showers in the frequency range 30 to 80 MHz. The SALLA realizes a Beverage antenna as a dipole loop of 1.2
m diameter. The SALLA has been developed to provide a minimal design that fulfills the need for both, ultra-wideband
sensitivity, and low costs for production and maintenance of the antenna in a large-scale radio detector. The compact
structure of the SALLA makes the antenna robust and easy to manufacture. Beverage antennas include a resistor load
within the antenna structure to give a specific shape to the directivity. In the case of the SALLA, a resistance of 500 Ω
connects the ends of the dipole arms at the bottom of the antenna. The antenna is read out at the top which is also the
position of the Low-Noise Amplifier (LNA). While signals coming from above will induce a current directly at the input of
the amplifier, the reception from directions below the antenna is strongly suppressed as the captured power is primarily
consumed within the ohmic resistor rather than amplified by the LNA. The resulting strong suppression of sensitivity
towards the ground reduces the dependence of the antenna on structures installed below it (like the Surface Scintillator
Detector and the water-Cherenkov detector) and on environmental conditions which might vary as a function of time and
are thus a source of systematic uncertainty. With the inclusion of an ohmic resistor, the SALLA especially challenges its
amplifier as only ∼10% of the captured signal intensity is available at the input of the LNA. Proper matching between
the antenna structure and the LNA is realized with a 3:1 transmission line transformer. The structure of the SALLA
creates a sensitivity which is flat as a function of frequency. The antenna measures along two polarization directions
oriented orthogonal to each other. The signals of the two analogue channels will be pre-amplified in a LNA at the antenna.
The signals are transmitted through shielded coaxial cables to the filter amplifier on the front-end board. They will be
digitized with a sampling frequency of 200 Msps. A FPGA controls the data flow and the communication with the existing
electronics of each Surface Detector station.

The water-Cherenkov detector will provide a trigger signal when energy deposition is detected. The data from the
radio antenna will be passed to the read-out electronics of the Surface Scintillator Detector/water-Cherenkov detector
system (UUB) and will be transmitted together with all data from the station to the central data acquisition of the Auger
Observatory.

The expected number of cosmic rays for the envisaged lifetime of the Radio Detector of ten years is of more than 3000
cosmic rays at energies exceeding 1019 eV, and approximately of 300 air showers with an energy in excess of 1019.5 eV. It
is to be noticed that an increase of the assumed detection threshold mostly affects detection efficiencies and thus event rates
at energies below 1019 eV. The Radio Detector will be a powerful tool to study the muon content in inclined air showers.
The almost pure separation of the muon content (water-Cherenkov detectors) and electromagnetic energy (radio antennas)
of inclined air showers will allow us to determine the energy dependence of the number of muons in inclined air showers,
as has previously been done with the combination of water-Cherenkov Detectors and Fluorescence Detectors (FD). The
Radio Detector, however, will achieve an order of magnitude higher event statistics: To date, a few hundreds of hybrid
FD-SD events above 1018.8 eV have been collected for this analysis. Over the lifetime of the Radio Detector, roughly 6500
air showers can be collected in that energy range.

Prototypes of all components are installed in the field and evaluation of their performance is ongoing. Mass production
of some components has already begun in 2020. The plan foresees to complete the deployment of the almost 1700 units
of the 3000 km2 Radio Detector at the beginning of 2022. The Radio Detector will improve the science capabilities of
the Auger Observatory, by providing electron-muon separation for inclined air showers up to the highest energies. This
implies also a larger mass-sensitive set of cosmic rays, measured by the Auger Observatory in the overlap region on the
sky with the Telescope Array. The Auger Radio Detector is a natural next step towards future cosmic ray experiments,
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applying the radio technique on even larger scales, such as GRAND [63] or a next-generation cosmic ray experiment, or
applying hybrid detection techniques by combining radio antennas with e.g. segmented water-Cherenkov detectors. The
Auger Radio Detector will be the biggest array for the next decade, and it will allow to evaluate the detector technology,
establish reconstruction methods, and study the physics performance of such large radio arrays.

5. Conclusions

The construction of the Pierre Auger Observatory was completed in 2008. It has been running smoothly with nearly full
aperture, and has now accumulated more than 12 years of data with the full-size observatory, which allowed to confirm
previous results and to provide new insights about the spectrum, arrival directions and mass composition of ultra-high
energy cosmic rays. It has also contributed to the understanding of cosmic ray shower physics, high-energy particle
interactions, atmospheric phenomena and instrumentation development. The main scientific results have been described in
Section 3.

The day-to-day operation of the Observatory demands 34 people on site, mostly highly qualified engineers and
technicians. Night shifts for running the Fluorescence Detectors are covered by members of the international collaboration,
both on site in Malargüe, as well as in the different control rooms set up at many participating institutions.

A major upgrade of the Auger Observatory is now underway. Presently, more than half of the 1500 SSD have been
installed in the field, most of the remaining ones are already in Malargüe awaiting deployment. Their PMTs are being
fabricated and tested in Europe and will soon be shipped to the site for installation. Small PMTs for increased dynamic
range of the WCDs are ready to be deployed together with the new electronics. An engineering array of more than 70 SSD
is running for more than a year in the field, using the original electronics kits. Their performance indicates that they respond
according to design. The first batch of the preproduction series of upgraded electronics is being tested and will be installed
at the site in the coming months. The upgrade of the Pierre Auger Observatory is expected to be completed in 2022.

AugerPrime, the Upgrade of the Pierre Auger Observatory, will provide a multi-hybrid cosmic ray detector, that will
allow simultaneous measurement of a shower with water-Cherenkov detectors, surface scintillator detectors, radio detectors,
muon counters and fluorescence detectors. As an illustration of the potentiality of this approach, in Fig. 12 a real event with
the measured signals of all the surface techniques is shown. Operation of the upgraded Observatory is expected for at least
10 years.

Figure 12. Lateral distribution of signals from SD, SSD, UMD and RD of a real event, as a function of the distance to the
reconstructed shower core, including a fit (solid red, blue and black lines) to the measured data.

Outreach to the local community is important for the Auger Collaboration. The Visitor Centre in the town of Malargüe
has already received more than 120,000 visitors, including many schoolchildren from the town of Malargüe and the Province
of Mendoza. A webpage www.auger.org is maintained to provide updated news and information on the Observatory. Public
data for outreach and educational purposes is also provided through that page.
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3; Ministério da Ciência, Tecnologia, Inovações e Comunicações (MCTIC); Czech Republic – Grant No. MSMT CR
LTT18004, LM2015038, LM2018102, CZ.02.1.01/0.0/0.0/16 013/0001402, CZ.02.1.01/0.0/0.0/18 046/0016010 and
CZ.02.1.01/0.0/0.0/17 049/0008422; France – Centre de Calcul IN2P3/CNRS; Centre National de la Recherche Scien-
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nologı́a (CONACYT) No. 167733; Universidad Nacional Autónoma de México (UNAM); PAPIIT DGAPA-UNAM; The
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