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Key science questions
•What are the sources and 
acceleration mechanisms of ultra-
high-energy cosmic rays (UHECRs)? 

•Do we understand particle 
acceleration and physics at energies 
well beyond the LHC (Large Hadron 
Collider) scale? 

•What is the fraction of protons, 
photons, and neutrinos in cosmic rays 
at the highest energies? 
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Accurate bias-free energy 
reconstruction with radio needed!

Status and prospects of the Radio Detector of 
the Pierre Auger Observatory

http://particle.astro.ru.nl
http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf
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Figure 5: Farthest axis distance at which a radio signal above noise background has been detected as
a function of the air-shower zenith angle. Black dots represent the 50 events that pass the quality cuts
for energy reconstruction, grey diamonds denote the remaining 511 events. The red bars show the
profile of the distribution, i.e., the mean and standard deviation in each 2¶ bin. Please note that, as
the array is significantly smaller than the radio-emission footprints, the mean values might significantly
underestimate the average footprint size.

have been detected above Galactic background noise up to axis distances of 2200 m. Note that the143

signal distribution has not been corrected for asymmetries arising from the charge-excess contribution144

to the radio signal [25]. The illuminated area in the plane perpendicular to the air-shower axis for145

this event amounts to approximately 15 km2. Due to projection e�ects the illuminated area on the146

ground is much larger; a simple projection with a factor of sec(82.8¶) yields an illuminated area of147

approximately 120 km2.148

A look at the total data set of 561 events shows that indeed many events have their impact point149

outside the geometric area of AERA, cf. Fig. 4. This demonstrates that the area illuminated by radio150

signals is typically larger than the instrumented area of 3.5 km2 used in this analysis. The farthest axis151

distance at which a signal above noise has been measured shows a clear increase with increasing zenith152

angle of the air shower, as is shown in Fig. 5. This is in line with the expectations for forward-beamed153

radio emission in the absence of absorption and scattering in the atmosphere as explained above. It154

is also consistent with the observed increase in the number of detected air showers as a function of155

sin2(◊) shown in Fig. 1. A correlation of the farthest distance with the energy of the cosmic ray (not156

shown here) is also observed and can be explained by the expected increase of the detection threshold157

with increasing zenith angle.158

Fig. 6 shows a closer look at another interesting air-shower event, the southernmost one in Fig. 4.159

It has been detected with four antennas at the edge of AERA, the positions of which are in alignment160

with the air-shower axis reconstructed from the surface-detector data. Also, the arrival directions161

reconstructed from the surface-detector and radio data are in agreement, and the signals measured162

in the individual antennas have typical characteristics of air-shower radio signals. The maximum163

axis distance at which the signal has been measured amounts to 2150 m, a value similar to that164

measured in other air showers; i.e., the exceptionally large ground distance arises from projection165

e�ects. Nevertheless, this example illustrates that the ground area illuminated by radio signals can be166

significantly larger than the “particle footprint” on the ground.167
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~21 km2

~87 km2

~8 km2

~114 km2

~46 km2

~17 km2

~60 RDs

~25 RDs

~9 RDs

on standard 1500 m grid

Horizontal air showers have large footprints in radio 
emission

this is MEASURED with the small 17km2 AERA

A. Aab et al., JCAP10(2018)026
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 

Surface Detector array: 
Water Cherenkov Detector, Surface 
Scintillator Detector, Radio Detector 
1600 stations on 1500 m grid 
    61 stations on   750 m grid

Pierre Auger Observatory

3000 km2
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Expected Performance
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End-to-end simulation

1.5km grid

Antenna signalSimulated pulse Reconstructed pulse 

65° - 85°

 1018.4 – 1020.1 eV

p, He, N, Fe Simulate instrumental response 
(directional response, analog gain, digitization, …..)

■ Including uncertainties (σA = 5%)

■ Measured noise

8000 CoREAS showers

WCD triggers!

see Felix Schlüter, ARENA 2022

End-to-end simulation

https://indico.cern.ch/event/826366/contributions/4880764/attachments/2457884/4213335/rd-performance-schlueter-v2.pdf
https://indico.cern.ch/event/826366/contributions/4880764/attachments/2457884/4213335/rd-performance-schlueter-v2.pdf
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Detection efficiency

➔ Full efficiency: 
θ ≳ 70° &
lg(E / eV) > 18.8

Detection condition:
min. 3 signal stationsFull efficiency > 0.97

Detection Efficiency Aperture for 3000 km2 array

Detection condition: >= 3 stations w signals 

full efficiency ⇥ � 70� lg(E/eV) > 18.8

~25% of aperture with vertical air showers (0°-60°) 8Felix Schlüter  -  felix.schlueter@kit.edu 

Aperture for 3000 km2 array

 Decreases 
with θ

 At highest 
energies 
approaches ideal 
aperture 

 ~25% of aperture 
with vertical air 
showers (0 – 60°)
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Event statistics for 10-year exposure
Using Auger-measured flux

Independent of exact 
simulation settings

Expected number of cosmic rays after 10 years
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

6
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Lateral signal distribution

E=10
19.4
eV θ=72.3

∘

Newly developed 

LDF model*

■ 2 parameter +
core coordinates

■ Derive start values 
from WCD 
(use radio rec. arrival 
direction)

■ Integral yields energy 
estimator

3:25 PM - 3:45 PM

*

Lateral signal distribution

see Felix Schlüter, ARENA 2022

new model for LDF 
- 2 parameter + core coordinates 
- derive start values from WCD 

(use RD arrival direction) 
- integral -> energy estimator

A. Aab et al., PRL  116 (2016) no.24, 241101 
A. Aab et al., PRD 93 (2016) no.12, 122005 

https://indico.cern.ch/event/826366/contributions/4880753/attachments/2458111/4213862/ldf-has-schlueter.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.241101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.122005
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Shower reconstruction

11Felix Schlüter  -  felix.schlueter@kit.edu 

Shower reconstruction

Showers with at 
least 5 signal 
stations and θ > 68°

quality cuts: ~95% 
efficiency

Resolution 
improves with 
energy

showers with >= 5 signal stations and ⇥ � 68�

quality cuts: ~95% efficiency

12Felix Schlüter  -  felix.schlueter@kit.edu 

Shower reconstruction

Resolution ~ 6%

No mass-
dependent bias

Resolution 
increases to 9%
with 10% amplitude 
uncertainty

Issue with the 
estimated resolution 
(use parameterization)

↔FD: 7%

resolution increases to 9% with 10% amplitude 
uncertainty
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Particle type for each cosmic ray
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Event-by-event mass discrimination

 FOM = 1.61 ± 0.04

Equal to X
max 

with perfect 

resolution!

Goal for the Upgrade: 1.5

50/50 p-Fe composition
with 10-year RD spectrum

1920 events: θ > 70° & lg E
em

 > 19

Figure of Merit:

50/50 p-Fe composition 
with 10 yr RD measurements 

figure of Merit:
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Event-by-event mass discrimination

 FOM = 1.61 ± 0.04

Equal to X
max 

with perfect 

resolution!

Goal for the Upgrade: 1.5

50/50 p-Fe composition
with 10-year RD spectrum

1920 events: θ > 70° & lg E
em

 > 19

Figure of Merit:

equal to Xmax with perfect 
resolution 

goal for the upgrade: 1.5
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Particle physics in air showers 

—> investigation of 
muon deficit

15Felix Schlüter  -  felix.schlueter@kit.edu 

Muons in inclined air showers

■ Higher energies 
and larger statistics

■ Muon deficit

■ Discrimination 
potential with 
fluctuation

Muons in inclined 
air showers
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Calibration with Galactic signal

see Tomas Fodran, ARENA 2022

9/12 Tomáš Fodran

9/12 

1)Simulate galactic signal seen by the radio station using 

the galactic map, antenna model and measured HW 

response

2)Fit the simulated galactic signal with the measured noise 

to derive the calibration constant

(for details on the fitting methods see Rogerio Menezes de Almeida’s 

slides: https://indico.cern.ch/event/826366/contributions/4877946/  )

 We used 5 different maps, 17 different antenna models 

and 4 different fitting methods; this gives in total 340 

constants which we then smeared by the underlying 

uncertainty of the map

Absolute galactic calibration – method & results

Method        

 EW calibration constant: 1.03 ± 9.6% ± 2%

 NS calibration constant:  0.96 ± 9.7% ± 2% 

 Uncertainty caused by the Antenna model: max 1.5%
 For more details see this proceeding: https://pos.sissa.it/395/

Results

Simulated galactic signal in the EW loop

Measured noise & galactic signal in the EW loop
9/12 Tomáš Fodran

9/12 

1)Simulate galactic signal seen by the radio station using 

the galactic map, antenna model and measured HW 

response

2)Fit the simulated galactic signal with the measured noise 

to derive the calibration constant

(for details on the fitting methods see Rogerio Menezes de Almeida’s 

slides: https://indico.cern.ch/event/826366/contributions/4877946/  )

 We used 5 different maps, 17 different antenna models 

and 4 different fitting methods; this gives in total 340 

constants which we then smeared by the underlying 

uncertainty of the map

Absolute galactic calibration – method & results

Method        

 EW calibration constant: 1.03 ± 9.6% ± 2%

 NS calibration constant:  0.96 ± 9.7% ± 2% 

 Uncertainty caused by the Antenna model: max 1.5%
 For more details see this proceeding: https://pos.sissa.it/395/

Results

Simulated galactic signal in the EW loop

Measured noise & galactic signal in the EW loop

siderial modulation of Galactic signal

9/12 Tomáš Fodran

9/12 

1)Simulate galactic signal seen by the radio station using 

the galactic map, antenna model and measured HW 

response

2)Fit the simulated galactic signal with the measured noise 

to derive the calibration constant

(for details on the fitting methods see Rogerio Menezes de Almeida’s 

slides: https://indico.cern.ch/event/826366/contributions/4877946/  )

 We used 5 different maps, 17 different antenna models 

and 4 different fitting methods; this gives in total 340 

constants which we then smeared by the underlying 

uncertainty of the map

Absolute galactic calibration – method & results

Method        

 EW calibration constant: 1.03 ± 9.6% ± 2%

 NS calibration constant:  0.96 ± 9.7% ± 2% 

 Uncertainty caused by the Antenna model: max 1.5%
 For more details see this proceeding: https://pos.sissa.it/395/

Results

Simulated galactic signal in the EW loop

Measured noise & galactic signal in the EW loop

https://indico.cern.ch/event/826366/contributions/4886475/attachments/2458090/4214515/ARENA2022-T-Fodran.pdf
https://pos.sissa.it/395/270/pdf
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Air showers measured with engineering array
Nice 3-fold event above lg(18.4/eV)

Le Qui Don Nuria Peru
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Mass production of RD started at Observatory
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Radio Detector will enhance the Pierre Auger Observatory 
with unique features

End-to-end simulation yields excellent performance

Calibration with Galactic emission verified with 
engineering array

Air showers detected with engineering array match 
expectations

Expect to complete installation in 2023

Status and prospects of the Radio Detector of 
the Pierre Auger Observatory

http://particle.astro.ru.nl
http://particle.astro.ru.nl/pub/jrh-rd-arena18.pdf
http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf

