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INTRODUCTION

Exploring the Universe from Argentina

In this publication the four major international projects in astrophysics and cosmology being developed in Argentina are
described: QUBIC and LLAMA in the Puna of the province of Salta, the Pierre Auger Observatory and ANDES in the
region of Cuyo.

The Pierre Auger Observatory is the largest observatory of cosmic rays in the world developed by a collaboration of about
400 scientists, engineers and technicians from 17 countries. The construction of the Observatory in the Departments of
Malargiie and San Rafael of the Province of Mendoza, on a flat area at 1340—1610m above sea level spanning a surface
of thousands square kilometers was concluded in 2008. Its purpose is the study of cosmic rays that are massive, charged
particles coming from beyond the solar system. Of topical interest in Particle Physics and High Energy Astrophysics
are the cosmic rays of the highest known energies, up to few times 10?° electron-volts, nearly one hundred million times
the highest energies produced so far by the most powerful accelerator on Earth. The ultimate origin and the full detailed
properties of those ultra-high energy particles remain open questions. Cosmic rays with energies greater than few times
10% electron volts have not been observed, and it is not known whether this is due to suppression in the propagation of
cosmic rays in the intergalactic medium, or if it is due to an exhaustion of the injection power of astrophysical sources
in nature. It is expected that an answer of this fundamental question will be found by the observatory’s current upgrade
called AugerPrime. It began in 2015, with a planned complete installation in 2022, and will operate for over a decade. The
protagonist role of Argentine institutions, scientists, engineers and technicians in the successful realization of this project,
provides our country with an excellent international reputation and is an example to follow to host future international
projects.

ANDES (Agua Negra Deep Experiment Site) is a Deep Underground Laboratory (DUL) project, foreseen as an
international laboratory to be constructed in the planned Agua Negra tunnel that will connect the San Juan Argentine
province to the Coquimbo province in Chile. The main scientific motivation is to find the properties of dark matter and
neutrinos. Dark matter is thought to account for approximately 85% of the matter in the Universe, and it is believed to
be composed of particles that do not absorb, reflect, or emit light, so dark matter cannot be detected by electromagnetic
radiation. Neutrinos are elusive subatomic particles that zip through the cosmos at nearly the speed of light and that
only interact via the weak subatomic force and gravity. To avoid the intense background of penetrating cosmic rays that
makes difficult the detection of the weakly interacting dark matter and neutrino particles, DULs that use a great overload
of rock as natural protection have been constructed in the Northern Hemisphere. ANDES would be the first DUL to
be constructed in the Southern Hemisphere with more than 1000m of overburden. ANDES will be important to study
the transformation of one neutrino species (flavor) into another one in media with varying mass density, which may lead
to the explanation of the cosmological dominance of matter over antimatter in the present Universe. Furthermore, a DUL
in the Southern Hemisphere will be necessary to know whether a tentative detection of dark matter signal modulation is
due to the movement of the Earth around the Sun or to possible seasonal atmospheric effects. Besides contributions to
fundamental physics, astrophysics and cosmology, ANDES will allow unique experimental possibilities for a diversity of
other disciplines.

LLAMA (Large Latin American Millimeter Array). In the 1980°s, new horizons for ground-based astrophysics and
cosmology by the observation of the Universe at millimeter wavelengths were open thanks to the development of new
technological capabilities. To take advantage of those new capabilities, in the 1990’s a preliminarily search began in the
provinces of Salta and Jujuy for the dry and high-altitude sites that are needed for sub-millimeter/millimeter observations.
To install an antenna for sub-millimeter/millimeter observations (LLAMA), such early searches were followed
systematically during several years by meteorological and topographical campaigns in different locations of the Puna by
the Argentine Institute for Radio Astronomy (IAR), with instrumentation lent by the National Autonomous University of
Meéxico (UNAM). Two potential sites were identified. To comply with the required atmospheric and logistic conditions
for the installation of the LLAMA antenna, it was finally chosen a site called Alto Chorrillos at 4832m altitude, about 18
km in straight line from the small town of San Antonio de los Cobres, in the Puna of the province of Salta.
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LLAMA is a binational collaboration to install a millimeter antenna of 12m diameter in Alto Chorrillos. After site
selection, members of IAR and the University of Sao Paulo (USP) worked on different aspects of project planning and
management. The Brazilian Foundation FAPESP bought the antenna with a grant of USD9 million in 2012, and in 2014
an agreement was signed between the Argentine ministry of science and technology MinCyT, FAPESP and USP. At 180
km from the Atacama Large Millimeter Array (ALMA), the interferometric connection of LLAMA with that array will
allow to increase by an order of magnitude the angular resolution of the sources, enhancing the scientific return of the
observations. As an additional antenna in the Event Horizon Telescope (EHT), LLAMA will be able to participate in
global astrophysical projects, as the one that recently produced the first image of the shadow of a supermassive black
hole. Therefore, at a relative low cost compared with the fees to become member country of ALMA (which had an
initial construction cost of USD1.4 billon), LLAMA will allow the participation of Argentine and Brazilian scientists in
international projects of front-line research. The LLAMA antenna is a multipurpose instrument that will also operate as
a stand-alone telescope making contributions in solar and planetary sciences, astrophysics, and cosmology. Presently, all
components of the antenna are on site, but it should be assembled with the participation of the staff that will be in charge
of the future operations.

QUBIC (Q&U Bolometric Interferometer for Cosmology) is being built by an international collaboration between
laboratories in France, Italy, UK, Ireland, USA and Argentina. It will be deployed in Alto Chorrillos at about 400m
from LLAMA. The scientific motivation of QUBIC is to find in the polarization of the cosmic microwave background
(CMB) the signature of primordial gravitational waves generated by a very early accelerated expansion of the Universe.
That cosmic inflationary phase is the current paradigm that accounts for the main large-scale properties of the Universe.
So far polarizations of the CMB in the first order E modes due to density fluctuations, and in the secondary B modes
at small angular scales (due to weak gravitational lensing) have been observed. However, primordial B-modes due to
gravitational waves produced during the inflation epoch that stretched quantum fluctuations by a factor larger than 10*
to expected angular scales of about one degree, have not been observed. The observation of primordial B-modes is a
great experimental challenge, due to their likely tiny amplitude, and because their signature can be contaminated with
polarized foregrounds of galactic origin, as has been the case in a reported tentative detection of B-mode polarization.
Currently, there are several experimental efforts pursuing the search for primordial B-modes. QUBIC will join them with
a novel control of systematic instrumental effects, and improved subtraction methods of astrophysical foregrounds, by
interferometry with bolometers of high sensitivity. The successful performance of QUBIC will open a new road to search
for the elusive primordial B-modes of CMB polarization, footprints of gravitational waves from an inflationary period

during the earliest moments in the history of the Universe.
t: v_-' : //ZL
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The Pierre Auger Observatory and its Upgrade
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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 Malarglie 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
km?, 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-Miiller 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 10!> 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 10'> 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 230 m radius. Between 1954 and 1957, the
cosmic ray spectrum was explored to energies beyond 10'® 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 x 10%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 x 10! eV, the cross section for the interaction with the CMB photons has a sharp increase due to the A
resonance for production of pions:

P+ Yemp — AT —=n+7t,

P+ Yemb = AT —p+7°. (1)

This interaction degrades the proton energy, preventing particles with energies greater than ~ 5 x 10'° 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
~ 10! energetic secondary particles, spread over tens of km?.

at distances larger than ~ 100 Mpc. 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 x 10?°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 km?, 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~2century . 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 102’ 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 km? 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 10'? 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 Malargiie 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 km?. 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 km? [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 km? 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 x 10'7 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 750 m-triangles, forming a 433 m-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 MQ-cm) is produced in a water purification plant that was installed in
the Auger Central Station in Malargiie. 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.
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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 40 MHz 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 10°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
10'? eV, the footprint of the air shower on the ground extends over more than 25 km?. 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 0.1 Hz 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 us) 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 x 10'8 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, $(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 S3g-. The assignment of the absolute energy scale to Szge 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.
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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 3400 mm radius of curvature onto a spherical
focal surface with radius of curvature 1700 mm. The primary mirror has an area of 13m?. The camera consists of an array
of 440 photomultiplier tubes of 40 mm 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),,, at depth X = Xp,, 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, Epp. For the FD part of the event, we require an
accurate fit of the longitudinal profile. Furthermore, the depth of the shower maximum Xp,,x must be contained within the
telescope field-of-view and measured with an accuracy better than 40 g/cm?. The uncertainty on the reconstructed Epp 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 S3go and Egp. 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 S3g- and Epp 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 N9, the relative muon content with
respect to simulated proton showers at 10'8 eV. The energy range of full efficiency of the surface detector has been extended
down to 3 x 10'® eV using the events recorded by the infill array. For infill events, the analogous energy estimator is S3se.

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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Figure 5. Relation between the SD energy estimator S, and the calorimetric FD energy E_ for good quality golden
hybrid events. Also shown is the relation with the energy estimator S, for lower energy showers detected with the 750 m
infill array, and the energy estimator N,  for inclined showers.

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.

LIDARSs 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.
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3. Main scientific results

3.1. Spectrum

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 2.5x10'® 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 6 < 60°, corresponding to
an exposure of (60,400 + 1,810) km? sr yr. The addition of “inclined” events with 60° < 6 < 80° 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 £ > 10'8 eV. Even lower energies, £ > 10"’
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 £> 10" 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, £*), to highlight the features of the spectrum.
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Figure 6. The combined spectrum of the Pierre Auger Observatory, multiplied by E* to emphasize its features.

The spectrum above 2.5%x10' 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™" , where v 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) x 10'8 eV with a
slope given by 74 = 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 Ejp = (5.040.1+0.8) x 10'8eV, marking a
hardening of the spectrum from 7 =3.294+0.02+0.10 to y» =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 Ey3 =
(134 142) x 10'® eV, where the spectrum softens from 7 to 73 = 3.05+0.05+0.10.

At lower energies, the spectrum shows a clear inflection point corresponding to the so-called “second knee” around
10'7 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, X,.x. Showers initiated by protons and other light primaries develop deeper in the atmosphere,
leading to larger values of Xp,x. Also, the number of muons Ny, 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 (Xiax) of the showers varies linearly with < InA >, 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 Xpax, i.e., 6(Xmax ), also gives information of the
primary mass.

The direct measurement of Xy« 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 Xpax 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 x 108V 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)/dlog E. The values obtained
are 77+ 2 (stat) g cm2/decade below Eq = 10'8-32+0.03 o and 26+ 2 (stat) g cm2/decade above this energy. This result
suggests a composition getting lighter up to Ey 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
0 (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 x 10'8 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 ~ 10'® 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. X« (left) and 0 (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 km? 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 Ey,, = 32-80 x 10'3eV,
using a 1 x 10'8eV step and scanning circular regions of radius ¥ from 1° to 30° in steps of 1°. The most significant
excess was found for £ > 3.8 x 10! eV in an angular window of 27° centered in the direction (& = 202°, § = —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 3.9¢ for energies above Eg,; = 3.7 x 10!V and for ¥ = 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 YAGNs
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 x 10'? 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 4.50.

In 2017, the Pierre Auger Collaboration announced the observation of a large-scale anisotropy in the arrival directions
of cosmic rays above 8 x 10'® eV [43]. This analysis was extended in [44] to a broader energy range, using about 15
years of data. For energies above 4 x 10'8 eV, data from the fully efficient 1500 m SD array were used, reaching a total
exposure of 92,500 and 60,700 km? sr yr for events with 8 < 80° and 8 < 60° respectively. Under the assumption that
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Figure 8. Left: Map of the flux of cosmic rays above 8 x 10'® 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 x 108 eV.

higher multipoles are negligible, we found a total dipolar amplitude for E < 8 x 10'8eV of d = 0.066 +0.012, with a
60 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 Xp,x. 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 10'8eV 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 102 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, X,.x, 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 X, 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 us, 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:

e measure the composition-discriminated flux in the range from about 10'8eV up to the highest energies,

e carry out composition-enhanced anisotropy searches based on event-by-event estimates of the primary mass,
e search for GZK secondaries as tracers of proton primaries,

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

e understand the muon deficit in shower simulations,

e 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 Xy, With the FD, and indirectly by measuring X« using the surface detectors. Optical observations of Xax
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 N,, 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:

e 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).

e 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.

e 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.

e 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.

e 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%.

e 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 km? 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, y) 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
x 1.3 m, housing two scintillator panels, each covering an area of 1.9 m?. 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
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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 Malargiie, 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 10'%3 ¢V thanks to the installation of
an even denser 1.9 km? 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 m?
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/cm? 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 cmx 1 cmx4 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 1075 eV and 10'8 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 m?> module into three 10 m? 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.

GPS antenna. C’,._—-—— AMIGA WiFi Antenna.

SD solar panel.
AMIGA solar panel.
SD battery box.

AMIGA battery box.
AMIGA access tube.

SD electronics,
TDR and radio.

Module 3
5 m2

Module 4
5m2

Module 1
10 m?

Module 2
10 m?

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 m? detection area will be reached with three 10 m? 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 mm? [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 m?> 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~? 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 “17-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
ADC:s (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 km?, 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 km? 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/tt) 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/u 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 km?
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 Q
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 10'° eV, and approximately of 300 air showers with an energy in excess of 10! 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 10'° 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 1088 ¢V 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 km? 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.

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 Malargiie, 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 Malargiie 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.
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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 Malargiie
has already received more than 120,000 visitors, including many schoolchildren from the town of Malargiie 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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Abstract

The Large Latin American Milimeter Array (LLAMA) is a
multipurpose single-dish 12 m radiotelescope with VLBI capability
under construction in the Puna de Atacama desert in the Province
of Salta, Argentina. In this paper | review the project, the instrument,
the current status, and the scientific goals of this astronomical
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Introduction

Astronomy is concerned with the detection and measurement of natural signals emitted from astrophysical sources in the
Universe. During most of its long history astronomy was restricted to a very narrow kind of signals: optical radiation. After
the work of James Clerk Maxwell in the 1860s, it became clear that light is a phenomenon based on electric and magnetic
perturbations and that a continuum of electromagnetic radiation should exist. Between 1886 and 1889 Heinrich Hertz, a
young physicist researching at Karlsruhe University, conducted a series of experiments that would prove the existence of
electromagnetic waves.

Quite soon radio waves were being used for communications. The discovery in 1902 that these waves are reflected
by the ionosphere led physicists to think that astronomical radio signals would not penetrate the atmosphere. Bouncing
waves, however, might be used for overseas communication. In the early 1930s, Karl Jansky, an engineer working for Bell
Telephone Laboratories, was investigating the static that interfered with short wave transatlantic voice transmissions when
serendipitously discovered cosmic radio waves coming from the Galactic center region. He published his results [1] but
was not allowed to continue with his astronomical research by the Bell Labs. Grote Reber, an engineer and radio aficionado,
followed Jansky’s path and built the first orientable radio telescope! in the backyard of his house in Wheaton, Illinois. He
confirmed Jansky’s discovery, found additional astronomical radio sources, and by 1944 published the first radio map of
the sky at 160 MHz [2].

Until the end of World War II, Reber remained the world’s only radio astronomer. During the late 1940s and early
1950s the field of radio astronomy exploded with the development of new technologies based upon the radio and radar
techniques. In 1946 Sir Martin Ryle and D. D. Vonberg made the first astronomical observation using a pair of radio
antennas as an interferometer. In 1951 the 21-cm line associated with the emission of hydrogen due to the spin flip of
the electron, was detected at Harvard University. Many discoveries followed, including the spiral structure of the Galaxy,
extragalactic radio sources, supernova remenants, pulsars, quasars, and more.

In Argentina these discoveries did not go unnoticed. In 1958 a Commission for Radio Astronomy was created at the

! The instrument had a 9.5-m parabolic dish.
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University of Buenos Aires (UBA). Soon things were ready for the establishment of the first radio telescope of South
America. The Instituto Argentino de Radioastronomia” (IAR) was created in 1962 by Nobel laureate Dr. Bernardo Houssay,
then President of the National Research Council of Argentina (CONICET) through an agreement with the Carnegie
Institution of Washington. The latter would provide a radio telescope and train engineers that would work on the receiver.
The primary goal of the instrument was to survey the HI line in the galactic plane. As first Director of the institute was
appointed Carlos Varsavsky, an Argentine physicist who got his PhD at Harvard University and was well-known as the
translator to English of Shklovskii’s classic book on radio astronomy [3]. The IAR was originally thought as a radio
observatory but eventually evolved into a full institute with research staff, students, offices, labs, library, and other facilities
(see Figure 1). Till this day it operates two 30-m single-dish radio telescopes, observing at wavelengths of 21 cm in line,
timing, or continuum modes.

Figure 1. View of the Instituto Argentino de Radioastronomia, with one of its two 30-m radio telescopes.

In the late 1960s, while the AR first telescope commenced to produce results of scientific interest, the Astronomy
Committee of the UK’s Science Research Council started to analyze the importance of astronomical observations at
submillimeter and millimeter wavelengths. In 1975 it was concluded that it would be possible to construct a 15-meter
diameter telescope capable of observing at wavelengths down to 750 um (Terahertz radiation or THz). The submillimeter
radio window (from far infrared to microwaves) is particularly challenging because this radiation is absorbed in the
atmosphere by water vapor. At low elevations, where most water vapor resides, the atmosphere is very opaque at
submillimeter wavelengths; the abundant water vapor absorbs any incoming submillimeter photons before they can reach
the telescope. At higher elevations, however, the water content decreases substantially. By minimizing the atmospheric
water vapor, one improves the transparency of the atmosphere and makes astronomical observations possible. It is for this
reason that infrared and submillimeter observatories should be built as high as possible and in very dry places: by being
above some of the atmosphere, the radiation from astronomical sources is much less attenuated.

There are only a handful sites identified on the Earth that are suitable for submillimeter radio observatories. These
include, Mauna Kea (Hawaii, United States), the Atacama Plateau (in the Northwest of Argentina and Northeast of Chile),
the South Pole, and Ladakh, India.

The submillimeter telescope recommended by the British Science Research Council would be eventually constructed in
Mauna Kea and named the James Clerk Maxwell Telescope. The telescope saw first light in 1987. Since then, many other
submillimeter telescopes have been built in the few available sites. The most notorious is the Atacama Large Millimeter
Array (ALMA), an astronomical interferometer of 66 radio telescopes in the Atacama Desert (on the Chilean side). At a
cost of about USD 1.4 billion, ALMA is the most expensive ground-based telescope in operation in the world. It is a joint
enterprise of partners in Europe, the United States, Canada, Japan, South Korea, Taiwan, and Chile. ALMA has a higher
sensitivity and higher resolution than any existing submillimeter facility. This is achieved thanks to the large number of
antennas and the fact that they can be separated up to 16 km to determine long baselines for interferometry.

At a basic level, interferometry is simply the combining of signals from two different sources. If the two signals are
similar then they will combine to make a stronger signal, and if they are not, they will tend to cancel out. This becomes

2 Argentine Institiute for Radio Astronomy.
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useful for astronomy when two signals are out of synchronicity: then it is possible to shift them (correlate them) so that
they will be synchronized. When the signal is strongest, the signals are correctly lined up.

When two radio antennas are aimed in the same direction, they receive the same basic signal, but the signals are out of
synchronicity because it takes a bit longer to reach one antenna than the other. That difference depends on the direction of
the antennas and their spacing apart from each other. By correlating the two signals, it is possible to determine the location
of the signal in the sky very precisely.

Two antennas only give one point in the sky, but dozens of antennas (such as the array at ALMA) can get lots of points,
one for each pairing of antennas, creating an image. But this will be a discretely sampled image. If the Earth were fixed in
relation to the sky, then a radio image would look like a pointillist painting. Since the Earth rotates with respect to the sky,
so0 as time goes by the relative positions of the antennas shift with respect to an astronomical signal. As the observations are
done, the gaps between antennas are filled to create a more solid image. It takes lots of observations and lots of computing
power to combine the images in the right way. At ALMA there is a supercomputer that spends all its time correlating
signals. The results are superb.

By the time when ALMA started operations in 2011, both Argentina and Brazil had embarked into a joint project to
build a submillimeter observatory that might be used to extend ALMA baselines more than 100 km, with the consequent
increase in angular resolution. Such project was named Large Latin America Millimeter Array (LLAMA). It is described in
the pages that follows.

la Provincia de Salta.

1. The project

Campaigns to characterize the potential of the astronomical sites for short wavelengths radio astronomy in the North
of Argentina started in the early 2000s. These campaigns were conducted by the IAR and consisted of meteorological
(especially measurements of atmospheric opacity) and topographical data collection. In 2007, discussions between scientists
from Argentina and Brazil started to shape a joint project for the installation of a submillimeter facility in the Argentine
extension of the Atacama desert. Such a facility should be able to operate both in single-dish mode or as a component of a
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large interferometer array with ALMA or other telescopes. The project was presented to the Argentine scientific community
in 2008, during the Annual Meeting of the Argentine Astronomical Society held in San Juan [4]. The formal presentation
before the Argentine Science Ministry (MinCyT) was in 2010, while a meeting held at the offices of the Brazilian agency
FAPESP, based on Sao Paulo, in August 2011, marked the formal entrance of Brazil in the project [S]. In 2011 MinCyT
ranked LLAMA as its main astronomical project and in 2012 FAPESP approved a grant of about USD 9 M. The final
agreement, between MinCyT, FAPESP, and the University of Sao Paulo (USP), was signed in June 2014.

The site chosen for the telescope was located in the region of Alto Chorrillos, in Salta province. The site is at 4832.5
meters above sea level and about 16 km away from the small town of San Antonio de los Cobres (longitude 66° 28” 29.4”
(W), —24° 11’ 31.4”(S)). At the end of 2016 construction work on the route to the top of the mountain started. By the end
of 2018 the building of the project in San Antonio de los Cobres was completed (see Fig. 2).

Regarding the telescope, it was decided to acquire an antenna and receivers similar to those ones used in ALMA. The
antenna was provided by Vertex, the same company that built some of ALMA antennas. It is described in the next section.

2. The instrument

Since LLAMA is expected to be a multipurpose instrument that should operate either as a stand-alone telescope or as a part
of a larger interferometer, an obvious option was to base the project on the design of an existing and well-tested antenna.
An apparent choice was the design of the Atacama Pathfinder Experiment (APEX), a very successful instrument used to
test technologies later used in ALMA, see Figures 3 and 4. The APEX telescope is a modified ALMA prototype antenna
and is at the site of the ALMA observatory. APEX is designed to work at submillimeter wavelengths, in the 0.2 to 1.5 mm
range and its primary goal is to find targets that ALMA will be able to study in greater detail.

;.‘,... e

Figure 3. The APEX antenna. APEX, the Atacama Pathfinder Experiment, is a collaboration between Max Planck Institut
f ur Radioastronomie (MPIfR), Onsala Space Observatory (OSO), and the European Southern Observatory (ESO) aimed at
constructing and operating a modified ALMA prototype antenna as a single dish on the high altitude site of Llano
Chajnantor in Chile. This instrument essentially operates with the same antenna design that will be used in LLAMA.

Credit: ESO.

The antenna for LLAMA was commissioned to the German company Vertex Antennentechnik, GmbH. It is quite
similar to APEX. The basic design is shown in Figure 5. The operating frequency range of the antenna will be from 30 GHz
to 950 GHz. The antenna has a symmetric paraboloidal reflector with a diameter of 12 m, mounted on an elevation over
an azimuth mount. The overall optical layout of the antenna is a Cassegrain configuration with the parameters as shown
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Figure 4. Detail of the Vertex antenna. Credit: ESO.

in Table 1. There are two Nasmyth cabins for single pixel receivers on both sides of the instrument. These heterodyne
receivers are listed in Table 2.

Table 1. Optical parameters of LLAMA telescope[6]

Name
Parameter Symbol Value
D Primary Apperture 120 m
o Focal Length of Primary 4.8m
Dy Secondary Aperture 0.75m
M Magnification Factor 20.0
6, Primary Angle of Illumination 128.02°
6 Secondary Angle of Illumination 7.16°
2¢ Distance between Primary and Secondary Focus  6.177 m
H Depth of Primary 1.875 m
v Primary Vertex Hole Clear Aperture 0.75m
w Total Weight 125 tons

Major design specifications of the telescope are:

Capability to operate at an altitude of ~ 5000 m.

e Pointing accuracy 2 arcsec (absolute) and 0.6 arcsec (offset pointing).

Reflector surface accuracy < 25 um.

Temperature stability of £1° C in receiver cabin.

Design lifetime > 20 years.

The main dish consists of 264 aluminium panels in 8 rings fixed on a carbon fiber reinforced plastic backup structure
of 24 sandwich shell segments. Each panel is supported by five vertical (four corners and center) and three horizontal
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Table 2. Single pixel receivers of LLAMA telescope([7]

Name

Band Frequency (GHz) Average noise

1 35-50 17K
3 84—-116 35K
5 163 —211 45 K
6 211 -275 55K
7 275 —-373 70K
9 602 —720 160 K

adjustment elements. The panels have been chemically etched to scatter visible and IR radiation and thus allow for daytime
observations. To operate at the shorter submillimeter wavelengths, the antenna should have a surface of exceedingly high
quality. After a series of high precision adjustments, the surface of the primary mirror will have remarkable precision. Over
the 12 m diameter of the antenna, the rms deviation from the perfect parabola is less than 17 thousandths of a millimeter .
This is smaller than one fifth of the average thickness of a human hair.

The optical system is designed to be as versatile as possible. A maximum of two simultaneous receivers, with
dual polarization each, could be used at any given time. Though the optical design of the telescope will not allow
Cassegrain/Nasmyth simultaneous observations to be carried out, the system will have the capability of making a fast swap
(within a few minutes) between instruments located at the Cassegrain focus (e.g. a MKID camera or an heterodyne array at
a given frequency) and those located at a Nasmyth focus.

The different receivers will be contained in cartridges within a cryostat that will cool the electronics to ~ 4 K (see
Figure 6). In the Cassegrain focus area there will be a bolometric array. At present, the most promising technology for
bolometric cameras employs 300 mK cooled microwave kinetic inductance detectors (MKIDs). These type of extremely
cooled arrays of bolometers are similar to those used in the nearby QUBIC telescope [8]. The low frequency receivers
are currently being under construction by NOVA3. NOVA is also in charge of LLAMA back-end. The cryostat where the
cartridges with the receivers are inserted was developed by the National Astronomical Observatory of Japan (NAOJ). It
will accommodate up to three ALMA compatible receivers. The cryostat is currently in NOVA for integration. For first
light LLAMA is expected to count with receivers operating in Bands 5 and 9 (see Table 2).

In the Cassegrain focus a Water Vapor Radiometer (WVR) could also be located tuned to a frequency of 183 GHz.
The WVR would be used to measure the water vapor content of the atmosphere at the time of observation. With this
measurement, the observation frequency band can be programmed in real time and the effects of the distortion caused by
the atmosphere on the signal phase can be obtained for its later removal, with digital techniques, in the detected signal.

3. Science

Much of the electromagnetic radiation in the local Universe arrives in the far-infrared and submillimeter band as thermal
radiation from dust. The microwave electromagnetic window in astronomy is particularly suitable for investigations of star
forming regions and protostars. Molecular outflows associated with the formation of stars and their winds can be traced
by line observations of molecules such as CO, HCN, HCO+, N2H+, CS, and NH3. Interstellar gas clouds are heated by
starlight. When they collapse under gravity, they heat up. However, the clouds need to cool in order to form the next
generation of stars. The spectral lines that are in the far-infrared and submillimeter bands are the primary coolants for the
neutral gas that form stars. Some of the most important cooling lines include H20, SO2, and CO rotational lines, [CI]
[CII], and [NII] fine structure lines. All these lines can be investigated with LLAMA telescope.

ALMA, with its high resolution, has obtained extraordinary images of young stars with protoplanetary disk (see Figure
8). These images reveal the gaps open in the disks by the forming planets. LLAMA can contribute to this kind of studies
either observing as a single dish, measuring the rotational velocity of disks in young stellar objects, or as a part of a larger
interferometer array helping to increase the angular resolution of the images.

As APEX, LLAMA can be used for the Event Horizon Telescope (ETH), a collaboration that applies submillimeter
telescopes to image the supermassive black hole in the galactic center (Figure 7). In the future, this array is also expected to
map the black hole in nearby radio galaxies. In 2019 it already has obtained the first image of the shadow of a supermassive
black hole at the centered of M87 [9].

LLAMA will also be capable of observing the Sun. Frequencies near the submillimeter range are produced in the
lower solar chromosphere or even in the photosphere. LLAMA observations can gather information on the lower solar
atmosphere and particle acceleration there. If working in interferometric mode with ALMA or APEX, the array might

3NOVA stands for ‘Nederlandse Onderzoekschool Voor Astronomie’, i.e., the ‘Netherlands Research School for Astronomy’. It is the alliance of the
astronomical institutes of the universities of Amsterdam, Groningen, Leiden, and Nijmegen.
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Figure 5. Sketch of LLAMA antenna produced by Vertex Antennentechnik, GmbH. Lateral and front views. Credit:
Vertex.

achieve a spatial resolution of 0.001” at wavelengths of about 1 mm. This is tantamount to about 700 m over the solar
surface.

Outside the Galaxy, LLAMA can be used to investigate outflows in starbursts, the chemical enrichment of the
intergalactic medium around galaxies, dusty Active Galactic Nuclei, and galaxy formation at high redshifts. Dusty
star-forming galaxies reprocess stellar light in dust, which radiates in the far-infrared and submillimeter bands. The Milky
Way emits about half of its light in this range. The most luminous galaxies in the local Universe, called Ultra-luminous
Infrared Galaxies (ULIGS) emit most (up to 99%) of their energy at millimeter and submillimeter wavelengths. These
galaxies are natural targets for LLAMA.

Finally, LLAMA also offers a unique opportunity to make research in cosmology. The Cosmic Microwave Background
Radiation (CMBR) stems from about 300.000 years after the Big Bang, when the Universe had expanded and cooled to an
extent such that atoms could form; leaving light waves to travel freely through space. Until that point, the Universe was
ionized, and too dense and hot for light to travel far without interacting with matter. The so-called “last scattering surface”
marks the epoch when the Universe became transparent . The radiation from this epoch has been shifted in wavelength
because of the continued expansion of the Universe, now appearing in the microwave region of the spectrum, and is
observable with millimeter and submillimeter receivers. A major challenge is to detect the polarization of this radiation,
in particular the kind of polarization created by gravitational waves traveling through the primordial plasma. This type
of polarization is known as the “B mode”. Several telescopes, including QUBIC and the Atacama Cosmology Telescope
(ACT), are devoted to the detection of this feature in the CMBR. The latter instrument is a six-meter telescope located on
Cerro Toco in the Atacama Desert in the north of Chile, near the Llano de Chajnantor Observatory. LLAMA, with its larger
surface, might obtain information of CMB fluctuations on smaller scales than these instruments, if an appropriate array of
bolometers is located in one of the focus.

4. Management

The project is funded by the Secretary of Scientific-Technological Articulation of the Ministry of Science, Technology and
Productive Innovation (MINCYT) of Argentina and the Foundation for Research of the State of Sao Paulo (FAPESP) of
Brazil. The construction was supervised by a Steering Committee formed by 6 Argentine and 6 Brazilian scientists, headed
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AP . 4 ¢
Figure 6. Cryostat for the bolometers. Credit: NOVA/ALMA.

by a Director. The first director resigned in late 2017, after the arrival of the telescope to Argentina. The deputy director
also resigned in mid 2018, after the instrument was transported to Alto Chorrillos (see Figure 9). The yoke of the antenna
was damaged during an accident with one of the trucks. This has produced a delay in the original schedule. Currently
the management is being redefined in order to adequately face the final stage of construction and the integration of the
telescope. First light is expected in 3-4 years.

5. Synergy with other instruments

LLAMA will be part of a larger astronomical center in Salta. In the same summit of the mountain another telescope will be
located a few hundred meters away: the Q&U Bolometric Interferometer (QUBIC) [8]. QUBIC is a hybrid telescope of
innovative technology for studies of the polarization of the Cosmic Microwave Background (see the article about QUBIC
in this same issue). It consists of two arrays of bolometers and an array of horns that allow for observations in two bands:
150 GHz and 220 GHz. The cryostats require similar temperatures to those of LLAMA’s receivers (4 and 0.3 K). Both
experiments, then, can share supporting infrastructure and personnel.

A number of lower frequency single dish instruments in Argentina can perform observations complementary to those
made with LLAMA. ESA’s Deep Space Antenna 3 (DSA 3), located in Malarg ue, Province of Mendoza, is a 35-m antenna
that incorporates state-of-the-art technology[10]. Its technical facilities comprise Ka-band reception (31.8 — 32.3 GHz) and
X-band transmission and reception. It is prepared to host Ka-band transmission (34.3 — 34.7 GHz) and K-band reception
(25.5 - 27 GHz). An agreement between ESA and the Argentine Space Agency (CONAE) grants 10 % of the observing
time to Argentina, and part of this time is available to the local astronomical community. Both IAR and the University of
Rio Negro are working on a new digital receiver for astronomical purposes. A similar antenna has been built by China in
the southern province of Neuquén, and it is also partially available for astronomical uses[11].

Another mm instrument will be located soon in Argentina: the China-Argentina Radio Telescope (CART)*. It is a 40-m
single dish that will operate at the Felix Aguilar Observatory in San Juan Province. The instrument will be used at low
frequencies for VLBI with application to geodesy, but in its final configuration it will be able to operate up to 45 GHz. At
such frequencies it will be possible to implement interferometric observations with LLAMA.

A major goal of LLAMA is to form part of a larger array with the ALMA, see Figure 10. In order to operate as a
piece in a larger interferometer LLAMA needs an ultra-precise timekeeping. ALMA uses for this purpose an atomic clock

“http://cart.unsj.edu.ar/index.php.
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Figure 7. Simulated image of an accreting black hole. The event horizon is in the middle of the image, and the shadow can
be seen with a rotating accretion disk surrounding it.. Credit: Bronzwaer/Davelaar/Moscibrodzka/Falcke/Radboud
University.

powered by a hydrogen maser. A similar device should be implemented in LLAMA to link with other observatories. Also,
formal agreements should be signed with ALMA in order to make possible an adequate integration of LLAMA in the array.

Conclusions

LLAMA telescope is a great challenge for Argentina and Brazil. It represents the most advanced astronomical instrument
ever attempted by these countries. Once in operation, it will be a versatile facility that will be used as a single telescope
for molecular line and continuum observations and as a component of a larger interferometer for high-resolution imaging
of astrophysical sources. This latter utility is by far the most challenging one. It requires to implement technical and
scientific methods never tried before in these countries. Advice from and collaboration with ALMA, ESO, NRAO, and
other observatories with greater experience in this field will be essential to achieve success. The result, hopefully, will be the
formation of a new generation of Latin American radio astronomers and many exciting contributions to our understanding
of the Universe.
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Figure 8. Protoplanetary discs around young stars captured by ALMA’s first Large Program, known as the Disk
Substructures at High Angular Resolution Project (DSHARP). Credit: ALMA (ESO/NAOJ/NRAO), S. Andrews et al.;
NRAO/AUI/NSEF, S. Dagnello .
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Figure 9. View of the installation of different components of LLAMA antenna in Alto Chorrillos . Credit: Fundacién
CAPACIT-AR and Instituto Geonorte, INENCO (CONICET).

Figure 10. View of the Atacama Large Millimeter Array (ALMA). Credit: Y. Beletsky/ESO
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Abstract

QUBIC (Q&U Bolometric Interferometer for Cosmology) is an
experiment designed to measure the polarization of the cosmic
microwave background (CMB), the relic radiation from the Big-
Bang. Detailed measurements of tiny temperature anisotropies in
the CMB shaped our understanding of the early Universe. Accurate
measurements of its polarization may reveal even earlier features,
in particular the presence of gravitational waves with primordial
origin. Such measurements can probe inflationary cosmological
models, which postulate that quantum effects during an accelerated
expansion at the earliest stages after the Big-Bang produced
gravitational waves along with the density fluctuations that later
seeded galaxy formation. QUBIC will join other international efforts
currently pursuing this goal using a novel approach, which combines
the sensitivity of bolometric detectors with the control of systematic
effects provided by interferometry. After its current calibration phase
is completed a technological demonstrator already constructed in
European laboratories will be deployed in Alto Chorrillos, a site in
the Puna near San Antonio de los Cobres, Salta, Argentina. The
complete first module of the instrument is planned to be installed
during 2020. We review the scientific goals of the project, the
instrument design and its expected performance.

Keywords:

bolometric interferometry, cosmic microwave background,
cosmology, gravitational waves, polarization, transition-edge
sensors
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Introduction

The oldest light in the Universe is the Cosmic Microwave Background (CMB) radiation, discovered by Penzias and Wilson
in 1965 [1]. It has a thermal distribution with a temperature of 2.725 K. It brings us information about the conditions in the
Universe almost 14 billion years ago, when no planets, stars or galaxies had yet formed. This was the time, 380,000 years
after the Big-Bang, when the Universe had expanded enough so that the CMB temperature dropped down to the point that
electrons and protons could combine into neutral atoms, from which photons scatter much less efficiently than from free
electrons. The CMB photons bring us a picture of the Universe at such early times.

Tiny variations in the temperature of the CMB that arrives from different directions in the sky have been measured
with increased precision since 1992 [2]. They are interpreted as the manifestation of small primordial inhomogeneities in
the matter density that acted as seeds for the formation of galaxies and other large scale structures in the Universe. Their
measurement allows a high-precision determination of the parameters of the current cosmological model [3].

The CMB was predicted to be linearly polarized [4]. The polarization was imprinted by anisotropic Thomson scattering
during the last few interactions of CMB photons with free electrons, a process somewhat similar to how light is polarized
after reflection off a surface. This small effect was experimentally verified for the first time in 2002 by the Degree Angular
Scale Interferometer (DASI), located at the South Pole [5]. The process that imprinted the polarization was mostly driven
by density inhomogeneities, responsible also for most of the CMB anisotropy. Gravitational waves can also leave their
imprint in the CMB polarization [6, 7, 8]. A method was devised to disentangle what fraction of the polarization originates
from gravitational waves [9, 10] . It is based upon a decomposition of the polarization properties into E-modes, invariant
under reflections, and B-modes, that change sign under a reflection. Scalar (density) fluctuations at first order generate
E-modes only, while tensor (gravitational waves) fluctuations can produce both. The E-modes are much larger than
the expected B-modes, and have been measured with increasing accuracy since 2002, providing further confirmation of
the Big-Bang paradigm and increasing the precision on the determination of cosmological parameters. On the contrary,
B-modes imprinted by gravitational waves have not been observed yet.

B-modes in the CMB polarization have been observed at relatively small angular scales, of the order of a few arc
minutes [11, 12]. These B-modes were predicted to exist as a consequence of weak gravitational lensing, the distortion
of photon trajectories away from the straight line in an inhomogeneous gravitational field. Gravitational lensing rotates
primordial £-modes into B-modes [13]. Measurement of these “secondary” B-modes is a great accomplishment, since an
accurate mapping of the lensing effect provides insight into the distribution of dark matter on large scales, and may even
allow an indirect measurement of the mass of the neutrinos.

Primordial B-modes, with an amplitude that is expected to peak at an angular scale of the order of one degree, are
searched for with great expectation, since they would be indirect evidence for the existence of gravitational waves with
cosmological wavelengths, that can not be detected directly with current instruments such as the Laser Interferometer
Gravitational-Wave Observatory (LIGO) [14]. Primordial gravitational waves would be produced during an inflationary
phase in the expansion of the early Universe. Inflation is currently the dominant paradigm to understand why the
energy-density in the Universe is so close to the critical value corresponding to spatial-flatness, and why otherwise
causally-disconnected regions when the CMB photons decoupled have almost the same temperature today [15, 16, 17]. It
also provides a mechanism to generate tiny perturbations in the matter density that much latter seed galaxy formation. This
same mechanism generates primordial gravitational waves, but inflationary models do not make a definite prediction for
their amplitude, and consequently for the amplitude of the signal in B-modes. Observation of the footprint of gravitational
waves in the B-modes of the CMB poses a great experimental challenge, partly due to their likely minuscule amplitude and
also because their signature can be contaminated with polarized foregrounds of galactic origin.

Several experimental efforts are currently pursuing the search for primordial B-modes. Some are located at the South
Pole [18, 19], that offers the driest site in the world and hence the best atmospheric conditions for the task. Others are in
the Atacama desert in Chile [20, 21, 22, 23], the second driest site on Earth. We review in this article the QUBIC project
[24, 25, 26, 27, 28], that will soon join the search for primordial B-modes from the Puna in Salta, Argentina. QUBIC is a
novel kind of instrument, that combines the sensitivity of bolometric detectors based on Transition-Edge Sensors [29] with
the control of systematics granted by interferometric operation.

The outline of this article is as follows. In section 1 we review the scientific goals behind the quest for primordial
B-modes. In section 2 we describe the design of the QUBIC instrument, with special emphasis on its most distinctive
feature: its self-calibration properties based on interferometric operation. We review the characteristics of the site chosen
for its installation in Alto Chorrillos, Salta. We summarize work on the detection and analysis chain and the expected
performance of the instrument. We conclude in section 3 with a summary of the current status of the project, its schedule
and future plans.

49



:// Vol. 1, No. 4, September 2020 QUBIC: Observing the Polarized Microwave Sky over the Puna

1. Footprints of primordial gravitational waves

Gravitational waves were predicted to exist by Einstein in 1915, and a century elapsed until a first direct detection was
possible, when LIGO measured the emission from the coalescence of binary black holes [14]. In the meantime, indirect
evidence of their existence was available since 1974, when Hulse and Taylor verified that the rate of change in the period of
a binary millisecond pulsar matched the expectation from the energy it should radiate away in gravitational waves[30]. The
ongoing quest for primordial B-modes is analogous in the sense that while their measurement would not imply a direct
detection, it would provide an unmistakable signature that gravitational waves with cosmological wavelengths existed well
before any astrophysical object was formed.

1.1. E and B-modes

Temperature anisotropies are usually characterized through an expansion over the celestial sphere in spherical harmonics
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From measurements of temperature anisotropies we have gained a great knowledge about the Universe, such as its
content in ordinary (baryonic) and dark matter, dark energy, its relatively negligible spatial curvature, the almost (but not
quite) scale-invariant nature of the primordial matter inhomogeneities and their seemingly Gaussian distribution. We also
learned that if primordial gravitational waves exist they contribute little to the observed anisotropies.

While this picture is quite compelling, there is still more to learn from measurements of the CMB polarization,
particularly due to its sensitivity to the dynamics during the last few scatterings of the CMB photons. For instance, the
observed anti-correlation of temperature and polarization confirms the coherence of fluctuations at scales larger than the
horizon at the time when electrons and protons combined into neutral atoms [31]. This observation makes inflationary
models of the early universe the most plausible explanation for the origin of density fluctuations, rather than for instance
models based on topological defects, which do not produce fluctuations over scales larger than the horizon. Furthermore,
the polarization properties of the CMB are particularly sensitive to the cosmological ionization and reionization history.
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Figure 1. Illustration of polarization patterns induced by density waves compared to those by gravitational waves.
Reproduced from [32].

Linear polarization is typically described in terms of Stokes parameters Q and U, that can be expanded in spherical
harmonics with spin 2 [33]:
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Alternatively E and B-modes are defined through the linear combinations [9, 10]
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E-modes are parity invariant, while B-modes change sign under a parity transformation. Characterization of CMB
polarization properties in terms of E and B-modes is an invaluable source of information on different physical processes
at work in the early Universe. B-modes can be used as a probe to infer if primordial gravitational waves drove partially
the process that imprinted the polarization, in addition to density fluctuations. The origin of this possibility is illustrated
in figure 1. Linear polarization can be imprinted in the CMB through Thomson scattering by electrons if the radiation
has a quadrupolar anisotropy. The imprinted pattern of linear polarization differs depending on the type of motion of the
electrons that scatter the radiation. Density waves produce a linear gradient in the gravitational potential that drives the
motion of electrons, rotationally symmetric around the wave direction. Gravitational waves instead distort the gravitational
potential differently in orthogonal directions perpendicular to their direction of propagation. The figure illustrates these
different patterns in the rest frame of an electron. Shown also is the final polarization pattern after superposition of three
crossing plane waves. Density waves do not imprint B-modes, while gravitational waves do.

Another contribution to B-modes comes from gravitational lensing that can convert a fraction of the CMB E-modes
into B-modes[13]. The fluctuations in the gravitational potential of large scale structures distort the photon trajectories
while preserving the orientation of the polarization, and thus alter the symmetry of the polarization pattern. The lensing
contribution to B-modes can be disentangled and subtracted from a primordial signal through its different dependence on
the angular scale as compared to that induced by gravitational waves, at least if the latter is not exceedingly smaller. It is
also possible to generate B-modes by Faraday rotation of E-modes in primordial magnetic fields [34], but their frequency
dependence would allow to clearly identify them if they actually existed. Density fluctuations can also produce B-modes
through non-linear effects that generate secondary vector and tensor modes [35], but with a significantly reduced amplitude.

The major concern for contamination of a signal of primordial B-modes in addition to instrumental systematic effects
are astrophysical foregrounds, particularly polarization by dust grains aligned by the galactic magnetic field and also
synchrotron emission by relativistic electrons. They can in principle be accounted for through their angular power spectra
and frequency dependence, distinct from that of the CMB. Measurements of CMB polarization at several frequencies are
crucial for disentangling astrophysical foregrounds.

1.2. Quantum effects during inflation

An inflationary period in the early Universe [15, 16, 17] may have been the source for the tiny perturbations in the matter
density that much latter seeded galaxy formation. Inflation can both generate quantum fluctuations and also drive them to
cosmological scales. All fields have quantum fluctuations in their vacuum state. Quantum fluctuations at small scales in
the field ¢ that drives the inflationary expansion are stretched to cosmological wavelengths and transferred to the matter
density as inhomogeneities at later stages, when the expansion is radiation or matter-dominated. The wavelength of the
fluctuations is expanded by a factor larger than 10°° during inflation, which explains their cosmological size in spite of
their quantum origin. Their amplitude is almost the same when their wavelength is comparable to the cosmological horizon.
The fluctuations in the field ¢ driving inflation and those in gravitational waves & have the same quantum origin and have
comparable amplitude, determined by the value H of the Hubble constant (the rate of expansion) during the inflationary
phase:
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where G is Newton’s constant, and Mppanek = 10'° GeV is Planck’s mass. The relative intensity between the tensor and
scalar fluctuations predicted by inflation is typically described in terms of the dimensionless quantity 7:
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Here dp/p are the relative density fluctuations, which are very well characterized by measurements of temperature
anisotropies, and are of the order of 107>. This is why a measurement of r (the tensor-to-scalar ratio) is so relevant. It
would reveal the presence of primordial gravitational waves, and determine the energy scale (the potential V) at which
inflation took place:
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A value of r close to 0.01 would imply an energy scale close to that favoured theoretically for grand unified theories of
fundamental interactions. Note, however, that there is no definite prediction for the value of r in inflationary models.

The inhomogeneities in the matter distribution generated by the quantum fluctuations of the field ¢ depend also on the
details of the potential V(¢) driving inflation
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where H is the time-derivative of the expansion rate, and V' is the derivative of the potential of the inflaton field, which
determines the dependence of the density fluctuations with scale. Measurement of » would then also provide additional
insight into the shape of the potential driving inflation, not only its absolute scale [36].

1.3. Bounds on primordial gravitational waves

In 2014 the BICEP2 experiment, located just next to where DASI measured E-modes for the first time in 2002, made
the first detection of B-modes in the sky at degree angular scales [37], compatible with a value » = 0.2. It did so with
an instrument operating at 150 GHz and scanning a region of the sky in which the galactic contamination was expected
to be negligible. Subsequent measurements and analysis, in particular correlating data from BICEP2 and Keck Array
at 150 GHz with that from the Planck satellite at 353 GHz, revealed [38] that the excess of B-modes observed at large
angular scales was dominated by polarized emission by galactic dust. Figure 2 displays in the left panel the 95% confidence
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Figure 2. Left: 95% CL upper limits for the angular power spectrum in B-modes from different CMB experiments with no
significant detections. Shown separately are the theoretical predictions for the contribution from lensing of E-modes (gray
dotted line) and from primordial gravitational waves for » = 0.1 (gray dashed) and » = 0.01 (blue dashed lines). The solid
lines correspond to the total power expected for r = 0.1 (gray) and » = 0.01 (blue). Right: observed B-modes from CMB
experiments with significant detections. The lensing of E-modes into B-modes is detected with high significance, and at
95% confidence level r < 0.06. Figures reproduced from NASA-LAMBDA, https://lambda.gsfc.nasa.gov/.

level upper limits for B-mode power from different CMB experiments with no significant detections (as compiled in the
NASA-LAMBDA site https://lambda.gsfc.nasa.gov/). Data from ACTPol, BICEP1, BOOMERanG, CAPMAP, CBI, DASI,
MAXIPOL, QUaD, QUIET-Q, QUIET-W, and WMAP are included. Plotted is the rotationally invariant angular power
spectrum CP% = 51+ ¥, alal for the B-modes. The corresponding angular scale in terms of the multipole moment is
about 1°(180/¢). As reference theoretical predictions in a ACDM cosmology with values of the tensor-to-scalar ratio
r=0.1 (gray) and r = 0.01 (blue) are shown. The dashed lines are the tensor contributions and the solid lines are the total
power after addition of the expected signal from weak gravitational lensing of E-modes (gray dotted line). Note that the
signal in B-modes from primordial gravitational waves peaks at degree angular scales (¢ &~ 80) while that of lensing of
E-modes peaks at significantly smaller angular scales (¢ =~ 1000). A reionization bump is also predicted for the tensor
modes at larger angular scales (¢ < 10). The right panel of figure 2 displays the B-mode power measured by experiments
with significant detections. Results from BICEP2, Planck, POLARBEAR, and SPTpol are included. The BICEP2 + Keck
data points show the CMB contribution after separation into CMB, dust, and synchrotron components. The BICEP2 +
Keck/Planck data points show results with dust foreground subtraction based on measured cross-power between Planck and
BICEP2 + Keck. The other points show results without any foreground subtraction.

The signal expected from rotation of E-modes into B-modes by weak gravitational lensing is detected with high
significance, and at 95% confidence level the tensor-to-scalar ratio is currently bound to be r < 0.06 [39], which already
disfavours the simplest inflationary models of the early Universe.

The quest for detection of primordial B-modes in the CMB continues to be a major experimental challenge. Accurate
foreground contamination and removal of lensing effects for values as low as r = 0.001 are challenging, but potentially
feasible [40].

In what follows we describe the approach taken by QUBIC to confront the challenge of measuring primordial B-modes.
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2. Measuring_ primordial B-modes with QUBIC

2.1. The QUBIC instrument

QUBIC is an additive interferometer formed by different components, as schematized in figure 3. The detection system is
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Bolometer array (992 TES) 220 GHz

bolometer array (992 TES) 150 GHz

Figure 3. Schematics of the QUBIC instrument. Figure reproduced from [24].

contained inside a cryostat that is cooled down to 4K using pulse-tubes. The microwave signals to be measured enter the
cryostat through a 45 cm diameter window made of ultra-high molecular weight polyethylene [41] that provides excellent
transmission and mechanical stiffness. After the window, filters ensure a low thermal load inside the cryostat. Following
this are a rotating Half-Wave-Plate (HWP) that modulates the polarization, and then a polarizing grid that selects one of the
two linear polarization components.

Right below the polarizing grid an array of 400 corrugated horns receives the incoming radiation and defines the
baselines for the interferometric operation of the instrument. These primary horns are followed by secondary back-horns
that re-emit the signal towards an optical combiner constituted of a dual-mirror system. This combiner allows the radiation
coming from different directions to sum coherently in the various locations of the detector focal planes, thus producing
the interference fringes pattern. A key part of QUBIC is an array of switches placed between the two feed-horn arrays,
which can be used to exclude particular baselines when the instrument operates in self-calibrating mode, as described in
section 2.4.1.

Between the mirrors and the focal planes a dichroic filter splits the signal into its 150 GHz and 220 GHz sub-bands,
imaged onto orthogonal focal planes, each equipped with 1024 Transition-Edge-Sensors (TES) cooled down to 320 mK. Of
the set of 1024 TES, 992 are exposed to the sky radiation, while the rest are used to characterize systematic effects. The
sensors are read using a cryogenic readout system based on superconducting quantum interference devices (SQUIDs) and
Si-Ge application-specific integrated circuits (ASIC) operating at 4K with an unprecedented multiplexing factor equal to
128 [42, 43].

The TES technology is well developed and extensively used in several millimetric and sub-millimetric astronomical
experiments. They have been chosen as detectors for the QUBIC first module. Other types of detectors such as Kinetic
Inductance Detectors (KIDs) [44] will be considered for future QUBIC modules as they may offer an easier fabrication and
readout, and larger scalability.

As mentioned before, the whole instrument will be integrated in a cryostat that needs to be operated without the use
of cryogenic liquids in order to be usable in any remote observation site. The 4K stage is therefore ensured thanks to a
pulse-tube refrigerator, which must remain with unchanged cooling efficiency when the instrument is tilted in elevation in
the range between £30° and 70° required to scan the region of the sky chosen for observation. The secondary and primary
mirrors, dichroic filter and focal planes will be cooled down to 1K with a dedicated *He adsorption fridge and integrated in
a special mechanical enclosure, the “1 K box”. The purpose of the 1K box in addition to thermal shielding is to assure the
mechanical holding of these different parts. It was built stiff enough to guarantee the alignment of the optical components
while the instrument scans the sky. The cryogenic stage for the detectors at 320 mK will be ensured through a *He/*He
absorption fridge. The outer dimensions of the cryostat (1.4 m in diameter and 1.6 m in height) allow for sufficient thermal
insulation between the cryogenic instrument and the room-temperature shell. The total weight of the instrument is 800 kg,
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and the weight of the overall internal structure that holds the horn array, the mirrors, the dichroic filter and the detectors has
been limited to less than 150 kg in order to prevent too long a cooling time down to 1K.

2360mm

1850mm

-
|

Figure 4. QUBIC assembly: cryostat with forebaffle on its mount (left); detail and dimensions (right).

790mm

3000mm

QUBIC will host two arrays of bolometric detectors, operating respectively at 150 GHz and 220 GHz, that will observe
interference fringes formed by the back-to-back horns on the focal planes of the optical combiner. The image formed is the
result of the interference from the sum of the fields emitted by each of the 400 apertures.

Interferometry offers an improved control of instrumental systematics with respect to direct imaging, because interfer-
ence fringes from different baselines can be calibrated individually. This feature is made possible in QUBIC thanks to the
electromagnetic shutters inserted between the primary and secondary horns. Each shutter consists of a blade operated by a
solenoid magnet that can slide into a smooth circular waveguide, and acts as a RF switch.

In the self-calibration mode, pairs of horns are successively shut when observing an artificial partially polarized source.
QUBIC will use for external self-calibration a source able to radiate a typical power of few mW through a feedhorn with a
well-known beam, and a low level of cross-polarisation, typically less than -30 dB. The source is a microwave synthesizer
operated around 10 GHz followed by a multiplication chain which brings the frequency in the millimeter wave range to
generate quasi-monochromatic signals in both QUBIC frequency bands. This external calibration source will be located in
the far-field of the interferometer, at about 40 m from the instrument and it will be mounted on top of a tower near the
instrument shelter inside an insulation box suitable to maintain the device within a specified temperature range. In addition,
two carbon fiber sources located inside the cryostat, just next to to the array of back-to-back horns and switches, will also
be used for calibration purposes [45].

The instrument will be installed on a mount, following a design as in Figure 4. It will be able to rotate 360° in azimuth,
from 30° to 70° in elevation, and £15° around the optical axis, with a pointing accuracy better than 20 arcsec. A forebaffle
with 1 m length and 14° aperture will be used to reduce radiation from unwanted sources by more than 20 dB in directions
between 20° and 40° away from the optical axis, and more than 40 dB beyond. A ground shield will also be included to
minimize the brightness contrast between the sky and the ground.

Figure 5. Pictures of various QUBIC components. From left to right: integration of the instrument inside the cryostat, 1 K
box, array of 64 back-to-back horns with individual switches, and focal plane on top of the cryogenic detection chain.

The QUBIC instrument is currently in a phase of laboratory calibration of its so-called “Technological Demonstrator”
(TD). The TD uses the cryostat and 1K box built for the first module, but has a reduced focal plane and horn array and a
smaller optical combiner compared to the full instrument. The TD has one-quarter of the TES focal plane (i.e. 256 pixels)
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operating at 150 GHz and 64 back-to-back horns with their respective switches. The TD has already been integrated at
the APC laboratories in Paris (see Figure 5) and is in the process of calibration, with very satisfactory preliminary results,
as will be described in section 3. After calibration the TD will be sent to Argentina for installation on site while the
construction of the complete first module continues. The TD was not designed to produce scientific results but will serve to
demonstrate the feasibility of bolometric interferometry both in the laboratory as well as in the field.

A more detailed description of the QUBIC instrument can be found in its Technical Design Report in [27]. The QUBIC
instrument is being built by an international collaboration with participating laboratories in France, Italy, UK, Ireland, USA
and Argentina.

2.2. The Alto Chorrillos site
2.2.1. The site

The QUBIC instrument will be deployed in Alto Chorrillos, Salta, Argentina (24° 11°11.7” S, 66° 28°40.8” W) at 4,870
meters above the sea level, in what is known as the Puna de Atacama region. This location is 180 km away from the
Chajnantor site in Chile where other millimeter-wave experiments and observatories are located (ALMA, APEX, Advanced
ACTPol, POLARBEAR and CLASS) and offers similar atmospheric properties [46, 27]. It is next to the location of the
Large Latin American Millimeter Array (LLAMA), a bi-lateral cooperation project between Argentina and Brasil that is
installing a 12 m radiotelescope operating at millimeter and submillimeter wavelenghts (for more details see the article by
G. Romero in this same volume). This location has been characterized during several years within the framework of the
site selection process for the Cherenkov Telescope Array project, and for the LLAMA project, which has atmospheric
requirements similar to those of QUBIC. We here summarize these and further studies that have been performed on the site
properties, and the status of the infrastructure being developed.

The city nearest to the site is San Antonio de los Cobres, at an altitude of about 3,700 meters above sea level and 200
km from Salta city, the province capital. Originally a mining town, it now has about 7000 inhabitants, and in the last decade
the town has witnessed the efforts of several international collaborations that have characterized the atmosphere of the area,
searching for sites suitable for the installation of astrophysical experiments. The national route 40 crosses the region in
the S-N direction. The most important nearby city is Salta, but it is also possible to access the area from San Salvador de
Jujuy. The valley of San Antonio de los Cobres, which gives its name to the river that runs through it, unfolds parallel to
the Andes. This valley culminates to the north in the depression of the Salinas Grandes, 80 km away from San Antonio.
The site where QUBIC will be installed is named “Alto Chorrillos™. It is located about 16 km in a straight line from the city

4
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Figure 6. Qubic Site (top) and elevation profile (bottom). The positions of QUBIC and San Antonio de los Cobres are

detailed as well as the distance between the sites. The elevation profile is such that it is possible to establish a direct link for
communications.

of San Antonio de los Cobres, at 4870 meters above the sea level (see Figure 6) and in the same area where the LLAMA
antenna will be installed. Alto Chorrillos is located within a reserve of 400 hectares allocated by the Government of the
Province of Salta to Argentina’s National Research Council (CONICET) for the installation of LLAMA. A flat area of
about 125 m x 150 m will be used for the installation of QUBIC. A detailed map of this area is shown in the left panel of
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figure 7. It displays the site chosen for the installation of the first module, as well as those reserved for future modules. The
right panel in the figure displays a simulation of an aerial view of the site including the shelter with the first module and the
tower for the calibration source.
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Figure 7. Left: detailed map of the area allocated to QUBIC. Slashed in blue the locations for the first installations, in red
those reserved for future modules. Right: simulation of an aerial view for the first installations at the site, including the
shelter with the first module and the tower for the calibration source.

The predominant climate in the area chosen for installation of the experiment is semi-arid continental, with significant
fluctuations in temperature between day and night. The minimum temperature recorded was -16°C with a maximum of
35°C. Summer is a rainy season, but the rain is scarce (the annual average is 70-120 mm). The snowfalls are also scarce
and they only whiten the tops of the mountains.

Emission from atmospheric water vapour in the site is the main source of photon noise measured by background-limited
detectors such as those in QUBIC. During the last decade, the Argentine Institute of Radio Astronomy (IAR), which
leads the LLAMA project in Argentina, has continuously carried out several campaigns to obtain weather measurements
in Alto Chorrillos in order to establish the general climatic characteristics of the site and in particular to measure its
atmospheric opacity. These measurements were performed using a tipping radiometer operating at 210 GHz, instrument
lent by the National Autonomous University of Mexico. The results obtained from these observations and the permanent
monitoring of opacity, show that the site is within the specifications required by LLAMA at the frequency of 210 GHz
[46]. The measurements are summarized in the left panel of figure 8. These and further measurements of opacity at 210
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Figure 8. Left: atmospheric opacity at 210 GHz as measured in Alto Chorrillos for each month (reproduced from [46]).
Right: extrapolations to 150 GHz and 220 GHz using an atmospheric model for Chajnantor (reproduced from [27]).
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GHz (the published ones did not include January) were extrapolated to the frequencies at which QUBIC operates using an
atmospheric emission spectrum model. Due to the proximity and similar geographical and geological characteristics, the
Atmospheric Transmission at Microwaves (ATM) code [47] optimized for the atmospheric conditions in Chajnantor was
used [27]. This is the site in Chile for the ALMA radio-telescopes, as well as for several other millimeter and submillimeter
telescopes. The results of the extrapolation are shown in the right panel of figure 8. As we can see the atmospheric opacity
is as good as T < 0.20 for all months, except for January and February (part of what is known as the “Bolivian winter”).
The values of atmospheric opacities are comparable to the results for Chajnantor.

2.2.2. Weather measurements on site

In addition to the measurements of atmospheric opacity described above, meteorological data was collected in the context
of the LLAMA project using a standard station installed in May 2010, provided by researchers from the Institute of
Astronomy, Geophysics and Atmospheric Sciences of Brazil, in order to monitor the atmospheric temperature, humidity,
pressure, and wind speed and direction. All the meteorological variables collected for LLAMA are within the ranges for
smooth operation of QUBIC: temperature between —15°C and +15°C 90% of the time, wind speed with a maximum over
1 minute less that 20 m/s, clear skies 90% of the time and atmospheric opacity T < 0.10 (median) at 150 GHz and 7 < 0.15
(median) at 220 GHz.

Moreover, a new weather station was installed by the QUBIC collaboration in 2018, in order to record current data
specifically at the QUBIC site. The ground data acquisition was performed using a DAVIS Vantage Pro II weather station
(https://www.davisinstruments.com/solution/vantage-pro2/), located 3 meters above ground level and connected to a single
board computer (SBC) and a data logger. The data were stored at the device in a convenient ad-hoc format, usually plain
text. A simple database was designed to store all data in a consistent way, also providing a quick way to choose and process
the data. The data were acquired every minute, all year round, and averaged every 10 minutes before the analysis. Figure 9
presents the results from the ground-based weather station in Alto Chorrillos. The average temperature and its dispersion
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Figure 9. Histograms for the probability density of ambient temperature (left), humidity (center) and wind speed (right) at
the Alto Chorrillos site. A normal distribution with the average and dispersion as in data is also plotted (dashed lines) for
reference.

are (1.8 +5.3)°C. The daily probability density for relative humidity is 31.4% in average with a standard deviation of
about +27.5%. The analysis was performed for 24 hs. of data. The wind speed average is 21.9 km/h (6.1 m/s), with a
standard deviation of +13.7 km/h. The wind gusts are, in general, a big restriction for astronomical facilities. In the case of
the site chosen for QUBIC, the wind presents maximum speeds of 100 km/h (28 m/s). This is fundamental data to estimate
the resistance needed by the shelter and the dome for the instrument.

Figure 10. Ongoing construction of the Integration Laboratory in Salta City as of May 2019 (left) and design of the
structure for shelter, dome and ground-shield for QUBIC (right).
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2.2.3. Site development and infrastructure

Several developments related to the site are ongoing, mainly devoted to preparations to test the instrument upon arrival
to Argentina and to secure its installation in Alto Chorrillos. The access road to the LLAMA site and from there to the
QUBIC site has already been built, and constructions towards the installation of the first module are under way.

Figure 10 shows in its left panel the Integration Laboratory under construction in Salta city, the place where the
instrument will be integrated and tested prior to installation in its final site, and the final design for the shelter and the
dome for the instrument in its right panel. An open-foldable dome with high-tension textile membranes was chosen for the
cover in order to reduce weight. The weather conditions, mainly the wind speed, were accounted for in the simulations of
resistance of the complete building. The construction of the shelter is planned to be completed before the end of 2019.

2.3. Detection and analysis chain

2.3.1. Signal model and synthesized beam

The image that QUBIC will observe in each of the two focal planes is the result of an interferometric pattern that arises
from the superposition of the signals of each of the secondary antennas in the horn array. Due to the time modulation
introduced by the rotating half-wave plate (HWP), the signal measured by each of the bolometric detectors p in the focal
plane with frequency v and at time ¢ can be described by:

R(pv V,l) = K[Sl(pa V) + COS(4¢HWP(t))SQ(p7 V) + Sin(4¢HWP(t))SU (pv V)} (8)

where ¢ywp(t) is the angle of the HWP at time 7, and K is an overall calibration constant that takes into account the
efficiency of the optical chain. The three terms S; o ¢y in Equation 8 represent the sky signal in intensity and polarization
convolved with the so-called synthesized beam (see Eq. 10).

As more and more horns are open in the observing array, the number of baselines increases (a baseline is the vector
separating two horns). The constructive and destructive superposition of the re-emitted signals produces an effective beam
which is highly non-trivial. In fact, the synthesized beam of QUBIC has a complicated shape, with a central peak and
replications. The beam can be approximated by a central gaussian with secondary gaussian peaks, separated by an angular
distance of about 8.5° with a width equal to the full-width at half-maximum (FWHM) at the observing frequency. Both
the separation distance between peaks and their width depend on the frequency of the received signal. In the left panel of
figure 11, a schematic plot of the synthesized beam for two monochromatic frequencies is shown, where it is clear the
dependence on the observing frequency of the separation between primary and secondary peaks. The amplitudes of the
primary and secondary peaks are modulated by a gaussian which is equal to the primary beam of the input horn. For a
finite bandwidth, the beam is computed as the superposition of all the monochromatic beams included in the band, and due
to the dependence on the frequency, the secondary peaks appear asymmetric and elongated. In the right panel of Figure 11
we show the synthesized beam of the central pixel, considering a 30% bandwidth.

2.3.2. Point source imaging

Taking into account all of the detectors in the focal plane, we can study the image obtained for a far-away point source
located along the line of sight. The images in figure 12 shows the resulting synthesized beam on the focal plane. When
QUBIC observes a far point-source located along the line-of-sight, with all 400 antennas open, the image formed in the
focal planes is an interference pattern with the shape of the synthesized beam. It consists of peaks and lobes, and it is
regarded as the beam that will convolve the sky-signal at observation time.

More specifically, if X is the signal from the sky (either in intensity, /, or polarization, Q, U), then the measured signal
on the pixel pis Sx(p) = [ X (n)nym ,(m)dn. This means that QUBIC data can be analyzed similarly to the data obtained
from a normal imager, provided that we build a window function of the synthesized pattern for each pixel. The synthesized
beam nym ,(n) is obtained through the interference of the beams of different horns, and can be described, in the absence of
optical aberrations, by

2

A X [r
nymh(n,r,l) - ZBp,im(n)Bsec(r) exp <z27t): (Df — n)) 9)
14
where Bﬁrim(n) is the primary beam (the input beam for horns pointing to the sky at direction n); By, (r) is the secondary

beam acting at the r point in the focal plane (i.e. in the pixel p), X; is the position of the horn i; Dy is the focal distance. For
a square horn array the sum in the last equation can be computed analytically to give

) Ax (e )} - 2[ M(Ly )}
sin” |\n, T —n sin” (nj T —n
[h % (Df x Wt \Dy

BP
sin? [7{% (L’} —nx)} sin? [n% (1% —ny)}

synth

(l’l,l‘,l) = Bprim(n)Bsec(r) (10)
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Figure 11. Left panel: Synthesized beam for the monochromatic case, for two nearby frequencies. The separation between
the primary and secondary peaks of the beam depends on the frequency of the signal. Right panel: Simulation of the
synthesized beam of the center pixel of the 150 GHz array, taking into account the finite (30%) bandwidth of the detectors.
The addition of all of the secondary peaks of the monochromatic beams included in the band results on secondary peaks
which are asymmetric and elongated. Figure adapted from [24] and [28].

where ny, is the number of horns on one side of the square horn array and Ax is the distance between them [24].

2.3.3. Map-making

QUBIC will observe a partial area of the sky, similar to the region observed by the BICEP2 Collaboration (another
observational effort to measure the primordial B-modes [37]). It is a region with relatively low galactic foregrounds,
although they cannot be neglected. This is the main reason why the instrument has two frequency bands, and the relevance
of the spectro-imaging properties of QUBIC, which will be described in subsection 2.4.2. The contamination from
foregrounds can be alleviated when the sky is observed in several frequencies.

When the signal is not a point-source but an extended region in the sky, as the QUBIC area will be, every detector in the
focal plane will receive the signal from different directions in the sky, due to the non-trivial shape of the synthesized beam.

Exactly in the same way as for a usual imager, we can scan the sky with our synthesized beam with any scanning
strategy, and any individual measurement results in the convolution of the sky through our synthesized beam. From the
Time-Ordered Data (TOD) of each individual bolometer, we can reconstruct a map of the sky, taking into account the
special shape of the synthesized beam.

2.4. Calibration and expected performance
2.4.1. Self-calibration

The design of QUBIC as a bolometric interferometer allows the exploitation of redundant interferometric patterns to
control and reduce the systematics of the experiment. By using different combinations of open horns in the array, we can
obtain a number of redundant baselines that can be used to self-calibrate the instrument. This technique is derived from
radio-interferometry self-calibration [48].

To understand the basic concept of self-calibration, it is important to note that the interference pattern produced by
two open horns will be exactly the same as one obtained with a different pair of open horns but defining exactly the same
baseline (separation and orientation of the pair of open horns). For an ideal instrument, with no systematic effects, the
interferometric pattern depends only on the baseline. Hence, we can use the observations obtained with equivalent baselines
to account for the systematics of the instrument, by analysing the differences observed with different but equivalent
baselines.

The theoretical framework of the self-calibration procedure is described in detail in [49]. The instrumental systematics
are modelled via the use of Jones-matrices, which are used in cascade to describe the action of an optical chain onto the
incoming radiation electric field (attenuation, polarization mixing, dephasing). For an instrument with several components,
there is a Jones-matrix for each of them. In this way, the effect of each part of the instrument can be parametrized with a
given model.

Systematic errors can come in the form of horn location errors, pointing errors, asymmetries of beams, bolometer
location errors, diagonal and non-diagonal terms of the Jones-matrices, and so forth. Due to the time modulation of the
polarized signal given by the HWP (eq. 8), and the subsequent action of the interference array, for a real instrument, there is
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Figure 12. Left: QUBIC aperture plane showing all 400 antennas open to the sky. Right: the interference pattern formed
on each of the focal planes when the instrument is observing a point-source located in the far field vertically along the
instrument line-of-sight. The u and v coordinates are defined as: u = sin 6 cos ¢ and v = sin 0 sin ¢, where 6 and ¢ are the
angles on the celestial sphere defining the synthesized beam. Figure reproduced from [28].

the possibility of a leakage from Q to U and vice versa, due to uncertainties and errors in the process. Therefore, there will
be a leakage between the £ and B-modes, in particular from E to B (the original B-mode is expected to be much lower than
the E-mode, hence the leakage from B to E might be neglected). We can further give a constraint to the induced value of
the tensor-to-scalar ratio r. The leakage from E-modes to B-modes is significantly reduced by applying the self-calibration,
even spending only 1 sec per baseline in the procedure. The leakage can be further reduced by spending more time on
self-calibration. During the self-calibration phase, pairs of horns are successively shut while QUBIC observes an artificial
partially-polarized source (a microwave synthesizer) in the far field. Then, the signal measured by each individual pair
of horns is reconstructed and compared with each other. If the source is stable, then redundant baselines correspond to
the same mode of the observed field, and therefore, a different signal between them can only be due to photon noise or
instrumental systematic effects. Using a detailed parametric model of the instrument, we can fully recover the instrument
parameters. The updated model of the instrument can then be used to reconstruct the synthesized beam and improve the
map-making, thus reducing the leakage from E to B-modes.

In Figure 13 we show the improvement in the power spectrum estimation with self-calibration, depending on the
time spent in the calibration mode. The more time spent in self-calibration mode, the lower the E to B leakage due to
instrumental imperfections. In black solid lines, the prediction of the B-mode polarization power spectrum is displayed, for
different values of the tensor-to-scalar ratio r.

2.4.2. Spectral imaging

The particular shape of the synthesized beam of the QUBIC experiment enables a peculiar and most convenient use of the
instrument: that of a spectro-imager. Indeed, the dependence of the angular distance between primary and secondary peaks
of the beam on the frequency of the observed signal allows the separation of the signal into different subfrequencies inside
each channnel, providing information at more frequency bands than originally designed for. In this way, we can count on
more frequency channels to disentangle the CMB polarization signal from those of polarized galactic foregrounds.

3. Current status and forecasts

The QUBIC instrument is currently undergoing its phase of laboratory calibration of its technological demonstrator version.
A single focal plane with 256 TES detectors operating at 150 GHz and an array of 64 back-to-back horns along with a
smaller optical combiner have been integrated into the final 1K box and cryostat. The horns array include the individual
switches that enable the auto-calibration procedure. The cryogenic system has been succesfully cycled and tested to reach
the expected performance.

An image of the synthesized beam at various frequencies has been successfully measured in several bolometers in
the focal plane of the technological demonstrator, using the laboratory calibration source. As an example, in Fig. 14 we
show a comparison between the predicted synthesized beam at 150 GHz and the one measured in one of the TES. The left
panel displays the measurement, and the right panel shows the expected shape without aberrations (geometrical optics).
The signal is normalized to the maximum value in each of the maps. There is some degree of saturation in the simulated
image, to mimic what is observed in the measurement. Albeit only qualitative, the agreement shown here constitutes good
evidence of the successful performance of the instrument design. A quantitative characterization of the response of all
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Figure 13. Improvement in the recovery of the B-mode power spectrum as a function of the time spent in the
self-calibration mode. The three curves drawn with black solid lines represent theoretical B-mode power spectra calculated
for three different values of the tensor-to-scalar ratio r. Figure reproduced from [28], adapted from [49].

detectors will be reported elsewhere, after the calibration of the technological demonstrator is completed. More details on
the simulation of the optical beam combiner and horns array can be found in [50].

Furthermore, the angular resolution of the spectro-imager has been computed, and follows what is expected for the
different subfrequency bands, namely, that the FWHM is reduced with increasing frequency.

After calibration is completed the TD will be shipped to Argentina for a first-light test on site in Alto Chorrillos.
Meanwhile construction of the two complete focal panels at 150 GHz and 220 GHz, the full horns array and the final
optical combiner will proceed. It is expected that the first module of the QUBIC instrument will be ready by 2020.

With two years of operation of its first module and an efficiency of 30% QUBIC is expected to be sensitive to values
of the tensor-to-scalar ratio parameter r as low as 0.01. In Table 1 we summarise the expected sensitivity of QUBIC and
other major ground-based experiments in the same frequency range, either running or expected to be deployed in the near
future. It is important to notice that not only the reachable sensitivity should be taken into account, but also the systematic
effects control and the possibility to remove foregrounds. In this sense, QUBIC has a unique status due to its particular
architecture as a bolometric interferometer.

Project Frequencies (GHz) lrange Ref. o(r)goal (nofg.) o(r) goal (with fg.)
QUBIC 150,220 30-200 6.0x 1073 1.0x 1072
Bicep3/Keck 95, 150, 220 50-250  [18] 2.5%1073 1.3x 1072
CLASS * 38,93, 148, 217 2-100  [20] 1.4%x1073 3.0x 1073
SPT-3G ¥ 95, 148,223 50-3000 [19] 1.7x1073 5.0x 1073
AdvACT # 90, 150, 230 60-3000 [21] 1.3x1073 4.0x1073
Simons Array 90, 150, 220 30-3000 [22] 1.6x 1073 5.0x 1073
Simons Observatory (SAT) ** 27,39, 93, 145,225,280  30-300  [23] 1.3x1073 3.9x%x1073

* CLASS: Cosmology Large Angular Scale Surveyor; T SPT-3G: South Pole Telescope—3rd generation; ¥ AdvACT: Advanced
Atacama Cosmology Telescope; ** SAT: Small Aperture Telescopes.

Table 1. Sensitivity of the main B-mode ground experiments operating in a frequency range similar to QUBIC. The label
“fg” or “no fg” corresponds to the assumption on the foregrounds. Table extracted and expanded from [27, 28]. The entries
for o(r) correspond to the estimates made in [40] for different experiments with the algorithms developed there (Appendix
B1, no-delensing option). We acknowledge use of the public code CMB4CAST (https://portal.nersc.gov/project/mp107)
for the computation of the last entry with the same method as in [40].
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Figure 14. Comparison between the synthesised beam measured with one of the TES in the technological demonstrator
(left panel) and the predicted beam without aberration effects (right panel).

In the future, more modules at additional frequencies could be added, aiming at improving the foreground removal, and
increasing the sensitivity to the primordial B-mode polarization of the CMB.

Conclusions

The CMB provides a way to indirectly probe for the presence of primordial gravitational waves with cosmological
wavelengths, with the size of the observable universe. Gravitational waves would have imprinted upon the CMB a specific
pattern of B-mode polarization at the time the relic photons decoupled from matter almost 14 billion years ago. The quest
for the detection of primordial B-modes in the CMB is a major experimental challenge, which is being pursued by several
experiments, and up to now resulted in an upper bound on the tensor-to-scalar ratio r < 0.06 at 95% confidence level.
The detection of primordial B-modes and the determination of the parameter » would be a major milestone in modern
cosmology. It would test inflationary cosmological models, that predict that quantum effects at the earliest stages of the
Big-Bang produced gravitational waves along with the density fluctuations that later seeded galaxy formation, but do not
make definite predictions for their relative intensity.

QUBIC will soon join the existing efforts to search for primordial B-modes. It will do it from the Puna in Salta,
Argentina, with a novel kind of instrument. With its unique architecture as a bolometric interferometer, it will benefit from
the excellent sensitivity of the TES detectors, as well as from the high levels in the control of systematic effects provided
by the self-calibration procedure based on the comparison of redundant baselines. Interferometric operation will also allow
for spectral-imaging, which will improve the subtraction of astrophysical foregrounds with multi-frequency measurements.

After calibration is completed, QUBIC “Technological Demonstrator” will be shipped to Argentina for installation
in Alto Chorrillos, while construction of the complete first module proceeds. In two years of operation of the complete
instrument values of the tensor-to-scalar ratio » of order 0.01 will be probed with a method alternative to those of other
current efforts. The successful performance of QUBIC will open a new road in the search of the elusive primordial B-modes
of CMB polarization, footprints of gravitational waves from an inflationary period during the earliest moments in the
history of the Universe.
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QUBIC is an international collaboration involving universities and laboratories in France, Italy, Argentina, the UK and
the USA. It is building an experiment aimed to reveal the existence of primordial gravitational waves through their effects
upon the polarization of the cosmic microwave background, the relic radiation from the Big-Bang. The instrument will be
installed in Alto Chorrillos, near San Antonio de los Cobres, Salta, Argentina.
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Abstract

Deep Underground Laboratories (DUL) provide a unique
environment to address some key questions in basic and applied
science. A penetrating radiation due to cosmic rays is present at
ground level at a rate of a few hundred particles per square meter
per second. Moving deep underground with more than 1000m
of overburden allows a reduction of this flux by 5 to 8 orders of
magnitude. Frontier experiments in search for dark matter or
neutrino properties can be designed and operated in DUL thanks to
this background reduction. The ANDES DUL is foreseen to be built at the same time as the Agua Negra
tunnel planned between the Argentine province of San Juan and the Chilean region of Coquimbo. It is
designed to be a world class deep and large laboratory, operated by an international consortium.
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Introduction

Everywhere on Earth a background flux of ionizing secondary particles from cosmic ray interactions in the upper atmosphere
is present. While the precise flux depends on the altitude and geomagnetic latitude (higher at highest altitudes and closer
to the magnetic poles), it is roughly of the order of a few hundred particles per square meter per second, half of which
being electrons, positrons and gammas, the other half being mostly muons (neutrons, protons and more exotic particles
are found in smaller amounts). They have been of utmost importance in the first stages of the construction of particle
physics as we know it nowadays, and are still one of the main topic of interest in Astroparticle Physics, with the Pierre
Auger Observatory as the flagship experiment for their observation. However, for many measurements this background
flux of ionizing particles is more of a hindrance, and experiments try to reduce it by using active or passive shielding. For
a small reduction, using lead and polyethylene (to absorb neutrons) can be quite efficient, and with some active muon
veto, background flux reductions of up to 4 orders of magnitude can be achieved (see [1] for example). However, if more
reduction is needed, the only viable option is to go deep underground to use a large rock overburden as natural shielding.

Since the 1960s experiments have been installed deep underground to study neutrino physics, starting with the precursor
experiments in India and South Africa in 1965 discovering atmospheric neutrinos and the Homestake experiment in the
US, measuring solar neutrinos. In the late 1970s/early 1980s it was decided to go forward with permanent underground
installations and the first DUL were built (Baksan in Russia, Modane in France, Gran Sasso in Italy, Kamiokande in Japan).
Built under more than 1000 m of rock overburden, they provide strong reduction in the cosmic background and opened the
way to detailed neutrino physics studies, and the search of dark matter, among other topics. They have been key in the
advance of neutrino physics, providing site for the experiments that resulted in the last Nobel prizes in the area (2002 and
2015). Current DUL are constantly being improved and new ones have been built recently (such as CJPL in China, 2010),
while other are planned for the near future (SURF in the USA, SUPL in Australia, and hopefully INO in India).

DUL are mostly of two types, either built together with a road tunnel, or in an already existing mine. Building a
laboratory in a tunnel implies almost surely having to build it at the same time as the tunnel, meaning there are little windows
of opportunity to build those. They however benefit from an horizontal access to the laboratory helping significantly the
installation of large pieces of equipment and experiments. Some mines or otherwise already built tunnel (such as the CJPL
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one) also benefit from horizontal access. While they differ in many aspects (size, depth, access, radioactive environment,
water presence...), there are many common issues to DUL and a global network of DUL is being worked upon to address
them, with the most critical one being safety.

Finally, as of 2019 all DUL in operation are in the northern hemisphere. While it may not appear as an important
laboratory parameter when studying neutrinos or other particles that can cross the Earth almost without interacting, there
are reasons to look for sites in the southern hemisphere, as eventual effects of propagation through the Earth could be
relevant, and some sources of background are location dependent. A worldwide well distributed network of DUL can be of
specific interest to study dark matter signal modulation or MSW effects on neutrino propagation. It furthermore pushes
for more international collaboration and enlarges the underground science community. It is in this context and with the
construction of a new tunnel between Argentina and Chile that the ANDES project was proposed.

1. Science in Deep Underground Laboratories

DUL were initially built to access weakly interacting particle properties, driven by particle physics and basic science.
Neutrino physics and dark matter search are the two main research topics in these laboratories. However, the extremely
low background of DUL opened the window to many other studies, from nuclear astrophysics to biology. A complete
review of these topics is out of the scope of this article, but a brief overview is given below.

1.1. Neutrino physics

Neutrino physics is a very active topic in DUL and has been extremely successful in the last 20 years, leading to the
discovery of neutrino oscillations, changing significantly the view the high energy physics community had on the neutrino
and solving the long lasting issue of the solar neutrino flux. The measurement of the neutrino mixing angles has been
performed from solar [2], atmospheric [3], and nuclear power plant [4] neutrinos, but there are still many unknowns. First,
while the mass squared difference between the different neutrino types is well determined by the oscillation measurements,
the absolute scale for masses and the mass hierarchy are still unknown (see for example the review [5]). Then, it is still
unclear whether neutrinos and anti-neutrinos are 2 different particles or the same, as proposed by E. Majorana in 1937 [6].
Finally, a last parameter from the oscillation parameters is missing. This phase, dcp could be violating the CP symmetry in
the leptonic sector, and could lead to an explanation on why we live in a matter dominated universe. Other topics such as
existence of a fourth sterile neutrino (or three right handed neutrinos [7]), effects of propagation in matter [8, 9], are also of
importance for the understanding of neutrino physics. Most of these topics are searched for nowadays either by pointing a
beam of man-made neutrinos to an underground laboratory hosting a huge neutrino detector (see for example [10]), or by
looking for an elusive phenomenon, the neutrinoless double-beta decay [11].

Then neutrino themselves can be used as probes to understand macroscopic objects given their capability to escape
most dense environments. There are still many fusion reactions in our Sun to be explored through neutrinos [12], and
the role of neutrinos in supernovae explosion is still not fully understood. The observation of a supernova exploding in
our galaxy would bring a whole new set of data to understand the phenomena (up to now only a distant supernova has
been observed in neutrino [13]). Neutrinos are also produced in natural radioactive decays in the Earth (from uranium,
thorium and potassium) and these geoneutrinos have been recently observed [14]. Better understanding of them could bring
significant information in the geoscience sector, starting from the thermal balance of the Earth.

1.2. Dark matter search

The current understanding of the structure of the Universe is described by the cosmological standard model called ACDM,
where A stands for the cosmological constant, explaining the observed acceleration of the universe [15, 16], and CDM
referring to Cold Dark Matter. Dark matter is a form of non baryonic matter that we don’t directly observe but which
existence we infer from numerous observations, from rotation curves of galaxies [17], cluster formation [18], gravitational
lensing [19], observation of collisions of galaxies [20], the Cosmic Microwave Background [21], and more. All these
observations are compatible with our understanding of gravity if in addition to the normal observed matter, an extra
component, the dark matter, is added, at a ratio of 6 to 1 (i.e. 85% of the total matter content of the Universe is in form of
dark matter). It should mostly be cold, ie not relativistic, in order to explain the observations.

For many years, the best candidate for dark matter was thought to be the WIMP, Weakly Interactive Massive Particle,
as in order to get the correct amount of dark matter via thermal production in the early universe a 100 GeV particle with
a cross-section at the electroweak level is needed, and supersymmetric models naturally propose such a candidate. This
coincidence is widely referred as the “WIMP miracle” [22]. After decades of search, the absence of signal in large detectors
optimized for WIMP detection (noble gas double phase TPC such as Xenon [23]) and at the LHC [24] motivated alternative
explanations for dark matter. Recently, lighter dark matter particles from a dark sector are becoming a well motivated target
for direct searches [25], for which the LHC is already producing relevant limits [24].

While a lot of efforts in dark matter searches are done outside of DUL (searches for axions [26], production at LHC,
indirect astrophysical searches for annihilation signals [27]), the most promising research is done in DUL. For dark
matter candidates above 10 GeV, double phase noble gas TPC are leading the effort using Xenon [23] or Argon [28]. At
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lower mass, a lot of different detection techniques and target materials are used, from cryogenic crystals [29], silicon
sensors [30, 31], and liquid or gaseous detectors [32]. In most of these detectors a characteristic interaction signal is
searched on as low a background as possible (ideally zero-background detectors once all the rejection techniques are
applied). While most detectors have reported no signal and set limits in the mass-cross section plane of parameters, one
experiment has reported a modulation in their detector counting compatible with the observation of a WIMP wind due to the
movement of the Sun within the Galaxy, modulated by the movement of the Earth around the Sun [33]. Most interpretations
of this signal are in contradiction with other experimental limits, and new experiments are trying to confirm or reject this
observed modulation [34]. One of the arguments against this modulation being caused by dark matter are potential seasonal
atmospheric effects. This is an example of measurement where a complementary detector in the southern hemisphere could
give a final statement (if the effect is atmospheric, as the seasons are inverted in the southern hemisphere the phase of the
modulation should change by 6 months, while if it is a genuine extra-solar signal then the phase wouldn’t change). Finally,
one can try to distinguish dark matter from potential noise (including neutrino coherent interactions when looking for
extremely low cross sections [35]) by trying to measure the direction of propagation of dark matter particles [36].

1.3. Multidisciplinary studies

The very low cosmic background of DUL is essential for neutrino physics and dark matter searches, but can also be used
for many other measurements and experiments. Extremely low levels of radioactive decays can be measured in DUL,
measurements that would be impossible at the surface as they would be dominated by noise from cosmic ray interactions.
This research area is quickly growing and has still a lot of potential as many possible users are not aware of the existence of
DUL with unique environmental capabilities, and DUL directors and staff can’t imagine all the areas which could benefit
from it and contact the relevant researchers.

As examples of a wide range of different studies, one can mention the impact of cosmic radiation on cells, where it
has been determined that a minimum of exposition to radiation seems necessary to train cells into repairing damage [37],
evolution of fish populations over long periods of time [38], environmental studies [39], impact of cosmic rays on mi-
crochips [40] or even wine evaluation against fraud [41]. Specific experiments can be also instrumented to measure nuclear
processes at energies relevant for astrophysics [42], and have led to some reestimation of the age of globular clusters [43].

2. The Agua Negra Deep Experiment Site
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Figure 1. Map of existing (yellow dots) and planned (red dots) DUL over the world [44].

Figure 1 shows the existing and planned DUL. As already stressed all the existing DUL are in the northern hemisphere.
Two DUL are in planning for the southern hemisphere, the Stawell Underground Physics Laboratory (SUPL) in Australia,
planned 1 km deep in the Stawell Goldmine, a small size laboratory aimed at hosting the Sodium Iodide with Active
Background Rejection Experiment (SABRE) [45], and the Agua Negra Deep Experiment Site (ANDES), planned as a
world class laboratory at the border between Argentina and Chile to be constructed along a new tunnel in the Andes, the
Agua Negra tunnel.
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2.1. The Agua Negra tunnel

The world economic evolution with the growing importance of the Asian market makes it crucial for Argentina and Brazil
to access the pacific. The current main pass through the Andes is the Cristo Redentor tunnel, and is becoming insufficient
for the growing commercial exchange. It furthermore suffers from closure during strong snowfalls in winter time. Many
options have been looked forward to improve the situation, and the most advanced one as of 2019 is the Agua Negra tunnel.

The Agua Negra tunnel is planned where the current Agua Negra international crossing is located, 300 km north of the
Cristo Redentor tunnel, connecting the San Juan Argentine province to the Coquimbo province in Chile. It is planned as a
high altitude tunnel, at roughly 4000 m of altitude, but in a dry region where snowfalls are no major issue. It will consist of
two 14 km long, 12 m diameter road tunnels, the southern one allowing to drive from Chile to Argentina, while the northern
one will go from Argentina to Chile. Feasibility studies were started in 2005, and the presidents of Argentina and Chile
signed a Bi-National Integration treaty, which included the San Juan - Coquimbo tunnel option, in October 2009. This
treaty was then approved by both countries parliaments. In August 2010, a MERCOSUR meeting in San Juan marked
the launch of the final part of the planning of the tunnel, with strong support from the Argentine, Chilean, and Brazilian
presidents. The EBITAN (bi-national entity in charge of the political and technical aspects of the Agua Negra tunnel) was
formed and approved by the congress of both countries. In 2012 a first international tender process was started, where
companies were supposed to bid for the construction and provide a financing scheme. 3 years later, the Inter-American
Develop Bank (IDB) approved the financing of the project and the tunnel entered a new phase. A fifth of the estimated
1.5 B$ cost of the tunnel has already been put forward by the IDB and the last phase of the tender process is expected to
end in 2021. Construction would last 8 years, likely 2022-2029.

2.2. ANDES design and layout

The ANDES design and layout was developed starting in 2011 around the central idea of having a main hall about the
height and width of a Gran Sasso hall, but only half its length, as this is the typical size needed for next generation large
experiments searching for dark matter. A large pit able to host a next generation neutrino detector was also planned since
the beginning. Then a few extra halls were thought to host technical services and other experiments.

In 2014 the design was assessed by a former director of SNOLAB and the resulting documents were submitted to
the Lombardi company, in charge of the design of the Agua Negra tunnel. In 2015 a conceptual design was requested
to the company [46]. The resulting design was discussed in an international workshop in 2017 and then presented to the
EBITAN that approved its inclusion in the tunnel civil work plan. In 2018 the basic engineering design was requested to
Lombardi (for a cost of about 0.5 M$, financed by the San Juan province), and was finalized in June 2019 [47]. With these
documents (and the technical tender documents to include ANDES in the tunnel civil work, not yet finalized), it is expected
to have ANDES at the same level of design as the tunnel by the end of 2020, ready for the construction to start in 2021.
The construction of ANDES would start once the tunnel is excavated to the planned location of the laboratory, after 4 years
of civil work. The laboratory itself would take 6 years of construction to completion. The total cost of the underground
civil work for the laboratory is expected to be around 73 M$ [47].

The final design can be observed in figure 2, and its main features are described below.

2.2.1. Location and access

The laboratory is foreseen to be located at the km 4.5 of the tunnel (from the Chilean side), at the same level as the main
ventilation hall where a specific ventilation tunnel coming from Chile ends. This location has been chosen in order to
optimize the integration to the tunnel and the ventilation processes. A study of the muon background expected in areas
between this location and another location at the frontier between both countries shows the muon flux is minimum in this
area and changes by less than 10% in between these 2 locations. While the baseline design is to locate the laboratory at km
4.5, the final location may change if the geology is not adequate for the construction.

The laboratory will be accessed directly from the southernmost road tunnel, going from Chile to Argentina. In order to
access it from Argentina one will have to go to Chile by the northernmost tunnel and then come back to the laboratory. It
should be noted that the whole area will be bi-national so no migration duties will be necessary as long as one goes back
to the corresponding country. Safety doors will allow entering the laboratory space, where a large parking space will be
available, giving access to technical halls (for ventilation, cooling, water waste, technical services) and the main office
hall. A safety exit allowing to access the second tunnel in case of a fire in the Chile-Argentina tunnel is also located in this
access zone.

The laboratory section will not be accessible by vehicles except large tucks needing to discharge containers. In that
case they will be able to maneuver and move backwards to the main access tunnel for the laboratory, where various cranes
will unload the containers. An internal escape gallery allows a safety exit in case of fire in the laboratory.

2.2.2. Main, secondary hall and large pit

The main, secondary halls and the large pit are the three main areas foreseen for large experiments, in particular for direct
dark matter search and neutrino physics.
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Figure 2. Final design for the ANDES deep underground laboratory, adapted from the basic engineering phase [47]. See
text for details.

The main and secondary halls mainly differ in their dimensions. The main hall is 50m x 21 m x 22 m while the
secondary is 40 m x 16 m x 14 m. They both are overlooked by a 40 t crane that follows the cavern shape to optimize the
available height. To reach optimally the full height in the main cave, the central part is below the access tunnel level by one
meter. This is a design similar to the main hall of Canfranc (in a larger size). This also helps containing eventual material
leak from experiments.

The secondary hall is mainly foreseen for modular structures that can host specific long term laboratories or short term
experiments subject to regular changes. The main hall on the other hand is foreseen for two or three major long term
experiments, especially for direct dark matter search or neutrinoless double beta decay.

The Large pit is the single large cavern of the laboratory. Its useful volume is 30 m of diameter and 30 m of altitude. It
is foreseen for a single large experiment, in particular a large neutrino experiment [48]. The size was fixed in order to host a
3 kt scintillator neutrino experiment (10 times the size of Borexino [12]). The main access is from the top with a rotating
crane allowing to access any place within the pit. A secondary access from the bottom is available for the installation of the
experiment. The bottom access door can be sealed and the full pit is designed to be waterproof allowing it to be filled with
purified water shielding without mixing with the water from the rock.

2.2.3. Geoscience sector

The geoscience sector was added to the ANDES design in 2017, and is based on the experience of the Black Forest
Observatory [49]. It is located at the end of the main laboratory access tunnel and consists of a long tunnel with 2 final
tunnels in a Y shape, designed for the installation of a tiltmeter. Different halls are foreseen for the installation of specific
instruments, such as superconductive gravimeters, strainmeters, long period and short period seismometers.

The overburden is not of the highest importance for the geoscience sector. On the other hand, the stability of the sensors
environment is of the utmost importance for a precise measurement, and this can be achieved with a significant overburden,
as long as the geoscience sector is air tight. This implies the use of air-locks, with the whole geoscience sector being sealed
except during the installation of new equipment or reparation phases.

In addition to the sealed sector, a specific geomaterial laboratory will be installed in the secondary hall, allowing on one
hand a continuous analysis of the gasses and fluids at the rock face, and on the other hand studies of geomaterials from
other sources. It will be strongly integrated to the low radiation measurement laboratory.

2.2.4. Multidisciplinary halls

Multiple extra halls will host a variety of experiments. While it is probably ambitious to plan for all the uses an underground
laboratory can have for the next 100 years, at start the distribution of the halls is foreseen based on current activity in other
underground laboratories. In particular, the first room, isolated from the other rooms, is foreseen to possibly host a particle
accelerator to do nuclear astrophysics similar to the LUNA experiment in Gran Sasso [42]. As it can produce noise to other
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experiments it is oriented in a way that points away from other caverns.

The second supplementary hall is foreseen for the clean laboratories. Two clean rooms will be installed, one accessible
only from the other one through an air shower. The first one will act as a clean room available for activities in the
underground laboratory, while the second one will host the low radiation laboratory, featuring high purity germanium
detectors for very low radioactive material measurements.

The last specific area will be a biology dedicated laboratory, with different sectors for plants, cells, multipurpose
experiments, and a specifically designed area for work on animals, to ensure no contamination to other areas of the
laboratory.

2.3. ANDES operation and organization

Since its start ANDES was foreseen not only as a laboratory that would host international experiments, but as an international
laboratory. It is currently coordinated by the ANDES Unit within the CLAF (Latinamerican Center for Physics, a type
II UNESCO institute recognized by most latinamerican countries), with representatives of Argentina, Brazil, Chile and
Mexico. Advanced contacts aim at widening the unit to include more partners, not necessarily from Latin America. In the
short term Colombia, France and Germany could be added to the coordination, while other countries such as Italy could act
as observers of the structure.

In the longer term a more structured organization is being designed, based on similar international science oriented
institutions such as the CERN [50] and SESAME [51]. In particular the SESAME model (itself based on CERN) is being
pursued given the similar expected organizational size of ANDES and SESAME. ANDES would therefore be run by
a council formed by member and observer states, in charge of taking the scientific decisions needed to guarantee the
excellence of the laboratory and funding the basic operation of the laboratory.

In addition to the underground laboratory and its operational organization, two support centers are foreseen, one in
Argentina and one in Chile. Given the geography and relatively high altitude of the planned tunnel, cities are at some
distance. The Chilean support laboratory is foreseen in La Serena, a large connected city with well developed local scientific
infrastructure. It is however at 200 km from the tunnel. A closer center is therefore foreseen in Argentina and aimed
at being more operational, running daily activities at the underground site. Each support center will be associated with
national authorities (local universities, local research centers) and a strong focus will be put in order to host a visitor center
in each country, as these will allow a direct contact between the population and a world class research center, something
uncommon in the region.

Finally a strong effort will be done in order to link the local universities in Argentina and Chile to the laboratory,
through the organization of undergraduate and graduate courses. A strong link to existing underground laboratories and
foreign educational structures will be pursued, in particular with the Canfranc laboratory in Spain and the Gran Sasso
Science Institute [52].
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