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In this contribution, we present the status and first data from the Radio Detector (RD) at the
Pierre Auger Observatory, consisting of 1660 radio antennas deployed across the 3000 km? sur-
face detector array. These antennas measure the radio emission from extensive air showers in the
30 — 80 MHz band, enabling electromagnetic energy measurements for air showers with zenith
angles above 65 °. Combined with the muonic measurements from the water-Cherenkov detectors
(WCDs), this allows mass composition studies at the highest energies. The large-scale deployment
of the RD began in November 2023 and was completed in November 2024. A full end-to-end cal-
ibration shows consistency between Galactic and in-lab calibration to better than 5% and includes
continuous monitoring for hardware failures, ensuring, for example, antenna alignment within
5°. We present the first data, demonstrating a strong correlation between the electromagnetic
energy measured by the RD and the total shower energy measured by the WCD, confirming that
the detector chain—including triggering, data readout, absolute calibration, and reconstruction is
well understood. We highlight a particularly impressive 32 EeV shower at a zenith angle of 85 °,

producing a 50 km-long radio footprint, showcasing the unique capabilities of this detector.
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1. Introduction

The Pierre Auger Observatory [1] has re-
cently been enhanced through the AugerPrime
upgrade [2], which aims to improve its capabil-
ity for studying ultra-high-energy cosmic rays.
As part of this upgrade, each water-Cherenkov
detector (WCD) in the surface detector array
has been complemented with a surface scintil-
lator detector (SSD) [3], upgraded electronics,
and an expanded dynamic range. The Auger
Radio Detector (RD) adds two dual-polarized
radio antennas at each station to detect the ra-
dio emissions from extensive air showers in Figure 1: An upgraded surface detector station. The

the 30 — 80 MHz frequency range (see Fig. 1). loop antennas on top are part of the Radio Detector.
The image was taking during a calibration measure-

ment with a reference radio source mounted on a drone.

The antennas are a revised version of the Short
Aperiodic Loaded Loop Antenna (SALLA) [4],
originally developed for the Auger Engineering
Radio Array (AERA) [5]. Radio signals from two antenna channels (aligned along the north-south,
and east-west directions) are amplified, filtered, and digitized at 250 MHz sampling with 12-bit
resolution. Data are collected upon triggers from the WCDs and transferred through a wireless
communication system. Future developments may incorporate radio data directly into the trigger
decision, potentially enhancing sensitivity to photon and neutrino-induced air showers. Given the
1.5 km spacing of the surface detector array, this radio extension will enable the detection of in-
clined air showers, with zenith angles greater than approximately 65°, over large ground areas. Such
showers, as predicted by simulations [6] and observed with AERA [7] and now this detector up-
grade, produce detectable radio signals spanning tens of kilometers. For these inclined showers, the
electromagnetic component of the shower is largely absorbed before reaching the ground, allowing
the WCDs to measure predominantly muonic signals. Conversely, the radio antennas are sensitive
only to the electromagnetic cascade. This complementary detection approach provides a method to
infer the mass composition of primary cosmic rays and serves as an independent cross-check to the
WCD-SSD system used for more vertical air showers. We present an overview of the Auger Radio
Detector deployment, data monitoring and processing, and show the first data.

2. Commissioning of the Radio Detector

2.1 Deployment

The Radio Detector marks the first extreme-scale deployment of radio antennas in a cosmic-ray
detector. Initial testing efforts began in 2019. After this, the deployment proceeded in phases,
starting with 10 stations in 2022, then scaling up to 40 in 2023, and starting in November 2023
with the roll-out of the full array. In Fig. 2 and Fig. 3, we show the deployment of all radio
antennas over time. The roll-out of RD stations was influenced by environmental factors such
as the flooding season, extreme heat in sandy regions, snowfall, as well as international shipping
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Figure 2: Timeline of the deployment of radio stations from the start of 2022 till the end of 2024. The

colors indicate the order of deployment, determined by environmental and logistical constraints. The gray

lines mark the GPS tracks of the deployment. The bottom right shows three successive zoom-in panels of the

denser region in the north-west region (from bottom to top: station spacings of 750 m, 433 m, and O(10) m).
Early

Test phase deployment
N=10 N=40 Mass deployment Finished
T

—— Gain issues

~——— Firmware issues
—— Misaligned antennas
mmm All data

B All bad periods

= =
o S
S o
S s}
L L

500 A

Number of stations

e o o =
» o ® o
! | | ;

o
N
)

Fraction of stations

0.0
2022-01  2022-05  2022-09  2023-01 2023-05 2023-09  2024-01  2024-05  2024-09  2025-01
Figure 3: Timeline of the deployment. Several phases of deployment are annotated. Shown are the number
of stations in the data acquisition and the number of stations that were flagged during periods of bad operation
by an automated data-quality monitoring pipeline. The contributions that are shown: issues with reduced
antenna gain (bad connections, broken amplifier, etc.), issues with firmware, and misalignment of antennas.
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Figure 4: Example of noise the conditions measured by the RD. (Left) Median RMS of the recorded voltage
traces of channel 1 (north-south aligned antennas) of each radio station in April 2025. Stations without radio
antenna or with bad data quality are marked in white and gray, respectively. (Right) Median RMS of channel
1, like the left figure, but after removing up to 10 narrow-band emitter signals (NB-RFI) with a discrete time
Fourier transform (DTFT). In the south-west, near the single white marker in the bottom left, is the location
of the TV channel 4 broadcasting tower that emits an AM signal at 67.25 MHz, increasing the RMS in our
stations. The increased noise in the zoom-in region is due to additional electronics at these stations. RFI
mitigation here has only been completed for selected stations.

delays, logistical constraints, and landowner agreements. Throughout the process, continuous
data monitoring led to design and procedure improvements, including solutions to prevent rotating
antennas in strong winds, and static build-up during transport, which had previously damaged some
amplifier components.

2.2 Data monitoring

Since early 2023, a live monitoring system has tracked the status and data quality of the Radio
Detector. An internal Auger webpage displays key metrics including data availability, software
update status, RMS of signal traces, mean frequency spectra, and the most recent voltage traces
and frequency spectra. As an example, we show in Fig. 4 the median RMS noise (root-mean-
square of the voltage trace) over the month of April 2025, as measured per station. The live
monitoring enables prompt identification of issues such as hardware failures or radio-frequency
interference (RFI). Additional checks include detection of repeated traces using hash comparisons,
identification of bit flips through unphysical-looking single-bin spikes in the voltage traces, and the
analysis of spectral power to detect loss of gain. The latter can indicate failures such as broken
low-noise amplifiers, damaged or loose cables, faulty connectors, or dust in connectors. These
checks have been implemented in an automated pipeline that identifies periods of bad operation
(both for diagnosing issues and filtering out the data before undertaking physics analysis). In Fig. 3
these bad periods are shown. To illustrate the importance of monitoring these quantities in the early
deployment phases, one can see that the start of the monitoring website in early 2023 coincides with
a sharp drop-off of bad stations due to repairs. Futhermore, at the start of each new deployment
phase new issues naturally arise. These can be seen to be resolved promptly by the decrease in the
number of bad periods before continuing the large-scale deployment.
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Figure 5: Methodology for measuring antenna alignment. The top two plots on the right-hand side display
the simulated antenna sensitivity to vertically polarized signals (H ) in the East-West and North-South
aligned channels. The pattern has been calculated with the NEC software [8]. The red line points in the
direction of the AM TV signal tower. The black line is the reconstructed direction. In the bottom right
plot we compare the ratio of the two channels as predicted by NEC (blue line) and as measured in the data
(horizontal line). The intersection provides the estimation of the alignment. Uncertainties are obtained from
subtracting the background signal in a bootstrapping procedure. In the left-hand plot, we show the position
of the evaluated RD station and the position of the TV signal source.

2.3 Antenna alignment monitoring with reference beacon signals

A method was developed to verify station alignment by comparing the measured signal from a
nearby TV transmitter (which emits a strong narrow-band signal at 67.25 MHz) with the expected
response from our antenna model. The procedure is demonstrated and illustrated in Fig. 5. This
reference signal is visible across the entire array and enables detection of swapped cables (swapping
of the two channels) or misaligned stations caused by installation errors or subsequent rotation. An
example can be seen in Fig. 3 in November 2023 when extreme wind conditions rotated antennas due
to a manufacturing tolerance issue; this was corrected by reinforcing the mounting of the SALLA
antennas with an additional rivet. Evaluation of the antenna orientations for the full array shows
a small azimuthal dependence of the alignment of a few degrees, hinting at possible deviations in
the simulated antenna pattern pointing near the horizon or effects from ground reflection. After
removing the azimuthal dependence with a spline fit we obtain a spread in the alignments of less
than 5° over all stations (which includes both the true misalignment and method uncertainties).

2.4 Calibration

As an additional high-level check, we validated the absolute gain of our signal chain using the
galactic background emission as a reference source [9, 10]. Results show compatible calibration
factors to those obtained in an early phase of the deployment [9], demonstrating that the measured
signals all over the array are consistent with laboratory-based measurements of the signal chain.
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Figure 6: Distribution of reconstructed air-shower parameters, showing the electromagnetic energy (left), the
zenith angle (middle), and azimuth angle (right). Poisson uncertainties are shown to illustrate the expected
statistical fluctuations.

In addition, the directional sensitivity was evaluated in 2023 using a drone-mounted calibration
source (see Fig. 1), with preliminary results showing agreement (within systematic uncertainties)
with simulations of the antenna response [11].

3. First Data

3.1 Collected events

We have analysed data from Jan. 1, 2022 till Mar. 3, 2025 to obtain our ’first data’ set of air
shower events. Note that the full RD was only deployed for the final three months of this period and
the total exposure in this data set is equivalent to approximately half a year of full operation. We
applied the bad-period cuts as described in the previous section, rejecting about 6% of raw data.
We reconstruct air-shower events by identifying radio signals in coincidence with surface detector
triggers, calculating the energy fluence in each station, and estimating the incoming direction, shower
core position, and electromagnetic energy of the shower using a model of the lateral distribution
function; further details are given in [12]. We obtain 351 events above 10'8-eV (4 EeV). In Fig. 6,
we show the distributions of the reconstructed electromagnetic energy, the azimuth angle, and the
zenith angle, consisting of 351 showers after applying all cuts that guarantee good reconstruction
of the WCD and RD parameters. Note that the flat distribution in azimuth is as expected due to
full efficiency above 4 EeV. When going to lower energies we observe the so-called north-south
asymmetry caused by the radio signal scaling with the angle to the magnetic field (reducing the
number of detectable showers in the direction of the magnetic field axis). In Fig. 7 (Left), we
compare the WCD-reconstructed cosmic-ray energy with the radio-reconstructed electromagnetic
energy. A good linear correlation can be seen, but note that not all corrections (temperature,
absolute calibration, etc.) have yet been implemented and that an inherent offset between the two
energies is expected due to the non-electromagnetic energy components, dominated by the invisible
energy [15]. Anindependent energy scale from the radio signal by the RD is planned for the future;
this will likely follow the detailed procedure established recently for AERA [13] and extend its
result to the highest cosmic-ray energies.
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Figure 7: (Left): Comparison of the cosmic ray energy as measured by the WCD and the electromagnetic
energy as measured by the RD. Highlighted in color are the zenith angles of the air showers. Statistical
uncertainties of reconstructed parameters are shown as gray bars. (Right): An example of a near-horizontal
air shower with an energy of approximately 32 EeV arriving from west. The gray markers are SD positions
and the green markers show where the RD was deployed at the time of the event. Stations that measured a
significant radio signal are shown with star markers. The color indicates the arrival time of the pulse. The
underlying red markers show the signals measured by the WCD, where the size is proportional to the signal.

3.2 Extremely extended radio footprints

In Fig. 7 (Right), we illustrate the detection of a near-horizontal radio footprint measured in
early 2024. The air shower had a zenith angle of 85° and an electromagnetic energy of about
32 EeV, compatible with the estimate of the WCD. This event demonstrates the ability of the RD
to measure in this near-horizontal regime, illustrating the potential to measure ultra-high-energy
neutral particles. Of particular interest are showers coming from the west where the Andes mountain
range provides the potential for earth-skimming neutrinos to interact and to produce an air shower
(the event shown does not have a sufficient zenith angle to be considered a candidate).

4. Outlook

The Radio Detector is expected to operate for at least a decade, providing a substantial increase
in the number of cosmic rays with an estimation of the mass [14]. Together with the mass
measurements by the WCD-SSD at low zenith angles, it will be able to cover most of the southern
sky. This will allow for studies of the mass composition of ultra-high-energy cosmic rays. In
addition, the measurements of the amount of muons in the shower as a function of energy by this
WCD-RD hybrid approach will contribute to addressing the muon puzzle [16]. In parallel, the
Radio Detector will extend the radio-based energy scale to energies beyond 10'8- eV, building on
the results and method developed for the AERA radio detector at the Pierre Auger Observatory [13].
This extension will provide an independent way to access the cosmic-ray energy up to the highest
observed energies. Furthermore, the use of both amplitude and phase information in the radio
signal enables interferometric reconstruction techniques, allowing for a three-dimensional and time-
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resolved mapping of the air shower emission region [17, 18]. This capability has been demonstrated
to be feasible at AERA, and work is ongoing to implement this for the RD. The interferometric
technique offers a new window into the dynamics of the electromagnetic cascade and air shower
physics.

5. Conclusions

In this contribution, we report on the status and first results from the Radio Detector (RD) at the
Pierre Auger Observatory. The RD measures the radio emission from extensive air showers with
zenith angles above 65° enabling the reconstruction of their electromagnetic energy. Combined
with the muon measurements from the water-Cherenkov detectors (WCDs), this provides sensitivity
to cosmic-ray mass composition at the highest energies. Large-scale deployment of the RD began in
November 2023 and concluded in November 2024. A full end-to-end calibration shows agreement
between Galactic and laboratory reference measurements to within 5%, and continuous system
monitoring ensures hardware integrity, including antenna alignment within 5°. We present first
data demonstrating a strong correlation between the RD-reconstructed electromagnetic energy
and the total energy measured by the WCDs, confirming the expected performance of the full
detector chain—including triggering, readout, calibration, and reconstruction. As an illustration
of the capabilities of the RD, an air shower with an energy of 32 EeV and a zenith angle of 85°,
producing a 50 km radio footprint, was shown. In the next decade, the RD will enable high-statistics
composition studies and interferometric reconstruction of the shower development, providing new
possibilities for probing the physics of ultra-high-energy air showers and their sources.
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