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To measure the properties of the highest-energy particles in the Universe with unprecedented
precision, we have upgraded the Pierre Auger Observatory. A crucial component of this upgrade
is the Radio Detector. Radio antennas have been added to all 1660 positions of the surface detector
array, covering an area of 3000 km?. The antennas detect radio emission, emitted by extensive
air showers in the frequency band from 30 to 80 MHz in two polarization directions - one parallel
and one perpendicular to the Earth magnetic field. For inclined air showers with zenith angles
above 60 degrees, the radio antennas provide a clean measurement of the electromagnetic shower
component, while the water-Cerenkov detectors measure the muonic component. Large-scale
deployment in the Argentinian Pampa Amarilla started around June 2023 and has been completed
in 2024. The deployment is accompanied by extensive calibration efforts both, in the laboratory
and in the field. The signal chain is characterized in the laboratory. Galactic radio emission is
used as a reference signal and the antenna patterns are verified through in-situ calibrations with a
reference antenna. Commissioning of the system is in full progress as well as the analysis of first
measured air showers. We present first air showers measured with the largest radio detector for
cosmic rays in the world.
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1. Introduction

Nature provides particles at enormous energies, exceeding 10%° eV — orders of magnitude
beyond the capabilities of human-made facilities like the Large Hadron Collider at CERN. At
the highest energies, the precise particle types are not yet known, they might be ionised atomic
nuclei or even neutrinos or photons. Even for heavy nuclei (e.g. iron nuclei) their Lorentz factors
Y = Etot/ mc? exceed values of ¥ > 10°. The existence of such particles arises immediate,
yet unanswered questions: ® What are the physics processes involved to produce these particles?
e Are they decay or annihilation products of Dark Matter[1, 2]? If they are accelerated in violent
astrophysical environments: ® How is Nature able to accelerate particles to such energies? e What
are the sources of these particles? Do we understand the physics of these sources? o Is their origin
connected to the recently observed mergers of compact objects — gravitational wave sources [3—8]?
These highly-relativistic particles also provide the unique possibility to study particle physics at
its extremes: e Is Lorentz invariance (still) valid under such conditions [9-14]? e How do these
particles interact? e Are their interactions described by the Standard Model of particle physics?
When these energetic particles interact with the atmosphere of the Earth, hadronic interactions can
be studied in the extreme kinematic forward region (with pseudorapidities 7 > 15) [15].

2. Radio Detection of extensive air showers

The radio emission in extensive air showers (EASs)
originates from different processes (see Fig.1 for an il- cosmic ray@
lustration). The dominant mechanism is of geomagnetic

origin [16—18]: electrons and positrons in the shower are
atmospheric nucleus @

accelerated in opposite directions by the Lorentz force ex-
deflection of particles
in geomagnetic field

erted by the magnetic field of the Earth. The generated

radio emission is linearly polarised in the direction of the . QB //)

Lorentz force (v X B), where v is the propagation veloc- e 7
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B represents the direction and strength of the Earth mag- 7 (/,/ } air shower
netic field. A secondary contribution to the radio emission e arift / /?7

arises from the excess of electrons at the front of the shower

(Askaryan effect) [19]. This excess builds up from electrons / / esd:ﬂ
that are knocked out of atmospheric molecules by interac-

tions with shower particles, while positrons are depleted coherent V\/\

through annihilation. This charge excess contribution is radio pulse
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sition of the observer/antenna relative to the shower. The air shower.

emission is strongly beamed in the forward direction due

to the relativistic velocities of the particles. Additionally, the emission propagates through the
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atmosphere, which has a non-unity index of refraction that changes with altitude. This leads to
relativistic time-compression effects, most notably producing a ring of amplified emission around
the Cerenkov angle [20]. By precisely measuring the polarisation direction of the electric field
at various positions within the air shower footprint, the relative contribution of the main emission
processes has been measured [21, 22].
Horizontal air showers (HAS,
see Fig.2) [23] with zenith angles
® > 60° traverse a big amount of at-
mosphere until they are detected. The

thickness of the atmosphere in hori-
zontal direction amounts to about 40
times the column density of the verti- Figure 2: Illustration of a horizontal air shower.

cal atmosphere. Thus, the e/m shower

component is mostly absorbed and only muons are detected with the water-Cerenkov detectors of
the Surface Detector. The atmosphere is transparent for radio emission in our band (30 — 80 MHz)
and radio measurements are an ideal tool for a calorimetric measurement of the e/m component in
HAS.

3. The Radio Detector and the upgraded Pierre Auger Observatory

Recently, the Pierre Auger Observatory has been upgraded to improve its sensitivity to identify
the type incoming particle (mass sensitivity) [24]. The deployment of all components is almost
completed and commissioning is ongoing, preparing to take data for the coming decade. A
Scintillator Surface Detector (SSD) has been installed on top of each water-Cerenkov Detector
(WCD) [25]. Scintillator bars with an area of 2 m? are enclosed in an aluminium box and read out
by a PMT via wavelength shifting fibres. The electronics of the Surface Detector (SD) has been
upgraded [26]: the newly developed Upgraded Unified Board (UUB) features a 12-bit ADC with
120 MHz sampling rate to read out the PMTs of the WCD and the SSD. All data are send via the
existing communication system to a central Data Acquisition System (DAQ).

The Radio Detector (RD): Two aluminium rings, forming the dual-polarised antenna, are
mounted on a fibreglass mast on top of each WCD (see Fig. 3, left) [27, 28]. One of the antenna
rings is aligned parallel to the orientation of the Earth’s magnetic field, while the second one is
perpendicular to it. The antenna is a Short Aperiodic Loaded Loop Antenna (SALLA) [29]. With
its diameter of 122 cm, it is tailored to the frequency range of interest of 30 to 80 MHz, for which
it delivers a virtually uniform response with very little dispersion. The antenna arms are held in
place by injection-moulded plastic housings, which also contain the pre-amplifier at the top, and
the load resistor at the bottom. The antenna features a 392 () resistor at the bottom, which shapes
the main lobe towards the zenith and, at the same time, suppresses dependence on structures below
the antenna, in particular the SSD, the WCD, and potentially variable ground conditions. Each of
the two antenna channels is read out by a 12-bit ADC with a sampling rate of 250 MHz. Before
digitisation, the signals are amplified by a total of 36 dB and filtered by a band-pass filter in the
range 30 to 80 MHz. A Field Programmable Gate Array (FPGA) coordinates data exchange with
the UUB, which requests radio data whenever a trigger is received from the WCD. On the UUB
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the RD data are included in the standard data stream. All SD positions have been equipped with
radio antennas, enabling radio detection on different grid sizes of 1500 m, 750 m, and 433 m (see
Fig. 3, right). Covering a total area of 3000 km? the Radio Detector is the largest radio detector
for (charged) cosmic rays, neutrinos, and gamma rays, orders of magnitude larger than all other
rexisting facilities [30]. The main objective is the detection of inclined air showers with zenith
angles 8 > 60° with the 1500 m grid. The grids with shorter distances will be used to perform radio
detection of vertical showers (with 8 < 60°). Of particular interest (to study hadronic interactions)
will be air showers recorded simultaneously with the RD and the Underground Muon Detector [31],
allowing for a direct, simultaneous measurement of the electromagnetic (e/m) and muonic shower
components.

The Radio Detector adds unique physics capabilities to the Pirre Auger Observatory [32]. We
expect to measure about 3000 to 4000 cosmic rays with energies > 10'° eV in the next decade.
The goal of the upgraded Observatory is to exploit separate measurements of the e/m and muonic
content of air showers to determine the mass of the incoming cosmic rays. While for vertical air
showers the separate measurement of the two components is achieved by the combination of the
WCD and the SSD, for inclined air showers (with zenith angle ©® > 60°) the combination of the RD
and WCD is used. The RD delivers an accurate measurement of the e/m energy of an air shower,
while the WCD measures the virtually pure muon content of inclined air showers. The combination
thus allows us to study the muon content of extensive air showers, as has previously been performed
using the combination of WCD and Fluorescence Detector data [33], yet with orders of magnitude
lower statistics than will be possible with the RD.

4. End-to-end calibration of the signal chain

The active components of the RD electronics, the low-noise amplifiers (LNAs) and the digi-
tisers have been thermally cycled to simulate ageing and take care of eventual changes in per-
formance as a function of time. All units have been end-to-end calibrated in the laboratory,
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recording parameters like gain and phase shifts as a function of frequency. The antenna pattern
of the Short Aperiodic Loaded Loop Antenna (SALLA) [29] has been simulated with the NEC
software. The antenna pattern has been verified through in-situ measurements (see e.g. [34])
in the field with a drone, carrying a reference antenna in a defined pattern above a RD station.

The diffuse
Galactic ra- thermal cycling end-to-end calibration in lab M i
) . LNA & digitizer =) LNA & digitizer b gl simviation of antenna pattern
dio emission
is well mea- agreement On ~5% level *
sured [35],
. . in-situ calibration with
f t
this is used absolutely calibrated reierencejantenna
as a stan- signals
atmospheric electric field
dard refer-

ence signal Figure 4: Calibration concept of the RD, see text.
to calibrate

the RD in-situ [36]. The galactic radio emission is recorded periodically on each station lo-
cally and is used to correct for potential time-dependent changes in the parameters. It should
be noted that the absolute calibration of the full electronics chain (performed in the laboratory)
agrees within 5% uncertainty with the parameters obtained from the Galactic emission [37]. This
demonstrates our excellent understanding of the complete signal chain. The atmospheric electric
fields are continuously monitored at 5 positions in the SD array. This allows to generate a veto
against strong atmospheric electric field during thunderstorms [38], which would distort the energy
measurements of a shower. This yields absolutely calibrated time traces for each antenna and po-
larisation direction. The calibration chain is illustrated in Fig. 4. A study with an engineering array
(AERA) demonstrates the long-term stability of the radio detection technique [39]. Only marginal
deviations, compatible with zero have been found over a period of nearly 10 years.

5. First data

At the time of writing, installation has been completed and commissioning of the RD systems
is ongoing. First RD data are being analysed in parallel with the already commissioned parts of
the array. The first data coming in look very promising. For illustration, in Fig. 5, a measured air
shower is shown with an energy of almost 4 x 10'” eV, coming in just 5° above the horizon. The
energy fluence as a function of distance to the shower axis has been fitted with a specially adapted
function for HAS [40]. This function describes the data very well and yields the total e/m energy
delivered to the ground in the form of radio waves (in the 30 — 80 MHz band). The shower has
been reconstructed independently, using the information from the RDs and the WCDs.

Both, the direction (azimuth and zenith angles) as well as the energy agree perfectly within
their uncertainties. The location of the shower axis, intersecting with the ground, is slightly offset
between the particle content of the shower (WCD) and the radiation (RD), this is caused by refractive
effects during the propagation of the radio waves in the atmosphere [41]. For illustration and to
facilitate cross checks an independent reconstruction has been applied for Fig. 5. The goal of future
work is to establish a hybrid reconstruction, combining the information from the RDs and WCDs.
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Figure 5: An air shower measured with the RD. Left: footprint of the shower, the colored circles represent

measured (geomagnetic) radio energy fluence.

Right: energy fluence as a function of distance to the

shower core with a fit, see text. For illustration, the shower has been reconstructed independently with the

water-Cerenkov detectors (SD) and the radio antennas (RD).

Another data-driven approach to verify the
performance of the RD system is to investigate
the measured e/m energy (obtained by the RD)
as a function of the total shower energy, derived
from the WCD measurements, as illustrated in
Fig. 6. This is a very important plot since it il-
lustrates the end-to-end verification of the com-
plete signal chain. The absolute energy scale
obtained by the RD is fully compatible with the
well established energy scale of the WCD. It
should be noted that the data shown were taken
during the installation, i.e. only with a fraction
of the full 3000 km? array. Therefore, only
loose quality cuts have been applied (to keep
some showers for the analysis), which results
in a larger scattering of points around the main

diagonal. In the future, when we can apply
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Figure 6: Measured e/m energy (from the RD) in
showers as a function of total CR energy, derived from
WCD measurements.

stricter quality cuts, we expect a much narrower distribution along the main diagonal. It should also

be noted that the e/m energy is always expected to be slightly smaller than the total shower energy.

The difference is caused by energy carried away in the shower by neutrinos and high-energy muons,

i.e., the "missing energy".
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6. Outlook

On 16 November 2024 the International Agreement to operate the Pierre Auger Observatory
was extended until 2035. We are looking forward to the next decade in which we expect new
results, that will provide us new insights to the understanding of physics processes under extreme
conditions and the origin of the highest-energy particles in the Universe.
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