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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? 

2.2. OPEN QUESTIONS AND GOALS OF UPGRADING THE OBSERVATORY 13
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Precision measurements of cosmic rays up to the highest 
energies with a large radio array at the Pierre Auger Observatory
upgrade PAO 
- electronics  
- scintillator layer
- radio detector

• origin of cosmic rays
• type of particle up to highest energies
• isolate protons, photons, neutrinos
• extend e/m-muon separation to high 

zenith angles  
--> horizontal air showers  
(i.e. increase exposure of SSD 
analyses)

• increase the sky coverage/overlap 
with TA

• absolute energy calibration from 1st 
principles

• independent mass scale
• clean e/m measurement   

--> shower physics

objective
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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 
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Precision shower physics (for vertical showers)
in dense region of Pierre Auger observatory
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direct verification of deconvolution matrices 
(SSD/WCD) with measured showers

study hadronic interactions

water Cherenkov detector —> e/m + muons
underground muon detector (AMIGA) —> muons

radio detector—> e/m
scintillator (SSD) —> e/m + muons

clean separation of shower components
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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.

1017 1018 1019

ECR [eV]

105

106

107

108

109

E
A

ug
er

30
�

80
M

H
z/

si
n2

�
[e

V
]

A · 107eV(ECR/1018eV)B, A = 1.58 ± 0.07, B = 1.98 ± 0.04

3 - 4 stations with signal
� 5 stations with signal

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

Auger Engineering Radio Array
AERA
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Radio emission is established as tool to determine 
properties of cosmic rays
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Auger Engineering Radio Array
AERA
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Measurement of particle type
attention:
type of particle determined
for vertical showers:
   size of footprint
   geometrical measurement

for horizontal showers:
   electron/muon ratio 
   important: radio emission not absorbed in atmosphere

atmosphere radio emission

muonic component
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Figure 1: (a) Muon-radio mass estimator versus zenith angle for showers with a primary energy of 1
EeV. The lines show the mean values µi and the shaded areas depict the standard deviations �i. (b)
Mass separation power of di↵erent mass estimators, represented by the figure of merit (FOM). The
indices signify proton (P) and iron nuclei (Fe). No uncertainties from detector e↵ects are included.

Mass separation power
The ratio of the muons and the radio emission, represented by observables as measured in AMIGA
and AERA, is shown in Fig. 1a. The size of the muonic component is proportional to the muon
density ⇢600

µ at a distance of 600 m to the shower axis, which is used here as the observable. The square
root of the radiation energy S ⇢✓RD , which is the energy contained in the radio emission, represents an
observable for the radio emission. Here, the observables are true values without any uncertainties
arising from detector responses, background and reconstruction methods. The error band depicts the
standard deviation due to shower-to-shower fluctuations. The ratio ⇢600

µ /
p

(S⇢✓RD) is clearly separated for
proton and iron nuclei for all zenith angles. It is constant until a zenith angle of 55�, which corresponds
to the measurement range of AMIGA. It decreases for larger zenith angles, at which a fraction of the
muons decay before reaching the ground.

Fig. 1b shows the mass separation power of the novel mass estimator in form of the figure
of merit (FOM). In addition, the figure of merit is shown for the ratio of muons and electrons,
and the shower maximum Xmax, which are classical mass estimators. At large zenith angles, the
electromagnetic component is absorbed in the atmosphere, which diminished the mass separation
power when combining muons and electrons. Xmax is subject to shower-to-shower fluctuations, in
particular for proton showers. On the contrary, the atmosphere is transparent for the radio emission and
hence the emission is approximately constant at the ground for all zenith angles. In addition, it su↵ers
less shower-to-shower fluctuations. Therefore, considering true observables without measurement
uncertainties, the muon-radio combination shows a superior mass separation power compared to some
classical estimators, in particular for large zenith angles.

Application to AMIGA and AERA measurements
We applied the novel mass estimator to coincident measurements of AMIGA and AERA. Therefore,
we first studied the influence of the measurement uncertainties by adding the detector responses and
measured radio background to the simulations. The reconstructed observables including the detectors
are shown in Fig. 2a. The figure of merit is reduced by about 0.5 compared to the pure air-shower
simulations due to measurement and reconstruction uncertainties. However, this is still su�cient for
mass composition studies.

E. Holt et al, ARENA 2018

good separation power up to 
high zenith angles

http://particle.astro.ru.nl
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Srad as estimator of the electromagn. energy

good correlation
scatter bigger 
for showers 
near magfield 
axis (we use 
reconstructed 
SD direction)
as expected, p 
only very slightly 
above Fe
caveat: uses 
MC Xmax info, 
using mean 
Xmax will 
degrade this 
slightly

Malargüe meeting, November 2017
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energy of cosmic ray

Radio detector provides good 
measurement of e/m energy

radiation energy can be used to determine energy 
scale from first-principle calculations  
for vertical and horizontal showers
see also M. Gottowik et al., Astrop. Phys. 103 (2018) 87
C. Glaser, et al., Journal of Cosmology and Astroparticle Physics 1609 (2016) 024
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Horizontal air showers have large 
footprints in radio emission

Figure 6: View of the southern-most event visible in Fig. 4 (with same symbol definition as in Fig. 3).
The radio signal extends over a significantly larger area than the particle distribution. The azimuth
angles reconstructed from the radio signals and particle-detector measurements agree to within better
than 0.5¶. The zenith angle reconstructed with the particle detectors amounts to 83¶, while the zenith
angle determined from the arrival times of the radio signals corresponds to 87¶. The low number
of radio antennas with signal and their approximate alignment along a line perpendicular to the
air-shower axis likely limit the zenith-angle resolution of the radio measurement in this particular case.

3.2 Comparison with simulations168

For the subset of 50 events with a surface-detector reconstruction of the cosmic-ray energy, we have169

made a direct comparison with the associated CoREAS-simulations. In Fig. 7a, we compare the170

simulated pulse amplitude as predicted for a given antenna station with the measured pulse amplitude171

in that antenna station. Only antenna stations for which both the measured and simulated signals172

have been successfully determined and both signals pass the signal-to-noise cut are used in this173

comparison. There is a clear correlation even though there is significant scatter. Fig. 7b shows a174

histogram of the corresponding relative deviation between simulated and measured amplitudes. On175

average, the simulations underpredicts the measured amplitudes by 2%, which is well inside the176

systematic uncertainty of ≥ 20% arising from the 14% uncertainty in the absolute energy scale of177

the Pierre Auger Observatory [26] and the ≥ 10 ≠ 15% absolute calibration uncertainty of the two178

di�erent types of AERA antennas [12, 13]. (We note that these antenna calibration uncertainties were179

determined for zenith angles up to 60¶ [13] and work is currently ongoing to quantify the uncertainties180

at larger zenith angles.) The scatter of 38% is larger than observed for near-vertical air showers,181

however this is explainable by the increased uncertainty of the core position reconstruction for inclined182

air showers, which is important input to the CoREAS simulations. There is thus still significant room183

for improvement when employing a detailed reconstruction of the radio signals of inclined air showers.184
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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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WCD. The SALLA antennas are already employed on large scale in the Tunka experiment51. The mechanical 
and electrical design (including the low-noise amplifier) has been cost-optimized, based on AERA experi-
ence/electronics. 
We aim to further develop the SALLA antennas and adjust them to our purpose (to be mounted on top of the 
existing WCDs). Key people from Tunka are also part of the AERA group, thus, we will use the Tunka 
experience for our developments. The envisaged design is sketched in Fig. 10. It shows the proposed SALLA 
radio antenna (red) on top of the existing SD station, mounted to the mechanical structure of the scintillator. 
A comparison of an existing AERA station (Fig. 3, right) to the proposed new design (Fig. 10) shows that the 
envisaged RDs are much simpler, they share most of the infrastructure (solar panels, battery, GPS antenna, 
communication system) with the existing SD station and the scintillator module of the upgrade. In particular, 
no protective fence is needed. 
 
*Sub project #2: Signal read-out, electrical interface, filter amplifier - PI, PD 2, engineer. 
A substantial part of the PAO upgrade is the replacement of the read-out electronics boards in the WCDs10. 
The new, so called Upgraded Unified Board (UUB) provides two digital connectors and an USB interface for 
future detectors. We aim to use these interfaces to integrate the read-out electronics for the new radio detec-
tors into the standard data acquisition system of the SD. The UUB provides a trigger and precise GPS timing 
information and it contains an FPGA with two embedded micro processors and local memory. This makes 
the integration of the new RDs into the existing system relatively simple, since the already existing infra-
structure at each SD position (micro processors, memory, communication system, etc.) will be used for the 
RD read-out.  
The envisaged read-out system is depicted schematically in Fig. 11. The SALLA antenna is read out through 
a filter amplifier and the signals will be digitized in a (presumably) 200 MHz digitizer. These components 
need to be developed within the AdG project. The developments will be based on the extensive experience 
we have from the development of the corresponding AERA electronics. Also the electronics used at Tunka 
(where the SALLA antennas are employed on a large scale) is based on AERA experience. Key people from 
Tunka are also part of the AERA group, thus, we will use the Tunka experience for our developments. The 
right-hand side of the figure illustrates the already existing components in each SD station. The read-out of 
the radio antennas will be triggered through the WCD, this helps to overcome a critical point for the radio 
detection of HAS: human-made radio noise sources are often at the horizon21. The existing communication 
system of the SD station will be used to control the hardware parameters of the new RDs and to transmit the 
radio data to the central data acquisition system of the PAO, where the radio data are merged with the data 
from the other PAO components and put to long-term storage for the analysis. The data acquisition system 
will be adapted to accommodate the new RDs in collaboration with the PAO staff. 
We aim for <5 W power required for the additional electronics. If the capacity of the existing SD systems is 
not sufficient, we will add a small solar panel and a battery buffer to the system. They will be mounted as 
well to the mechanical frame of the scintillator module. 
  

 
Figure 11: Block diagram of the electronics of an upgraded SD station of the PAO. The (proposed, new) 

radio antenna (left) is read out via an analogue filter amplifier and ADC into the existing electronics of the 
station (right). An interface to extensions (like the proposed RDs) is already foreseen in the electronics. 

 
*Sub project #3: Deployment of the radio detectors – PI, PD 1+2, PhD students 1+2, engineer.  
The PI has coordinated the deployment of 125 RDs for AERA and is experienced to work in the harsh 
environment of the Pampas. The proposed design of the new RDs is much simpler as compared to the 
existing AERA stations. No fence and concrete pedestals for the antenna mast are needed and the electrical 
cabling is much simpler. Based on the AERA experience and the much simpler design, we expect to deploy 
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Antenna mounting
currently studying different scenarios 

for mechanical mounting
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Prototypes at PAO

prototype since November 2017since March 2017 
R&D stations
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Prototypes at PAO

prototype since November 2017since March 2017 
R&D stations
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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 

AERA 17 km2

--> 3000 km2

Precision measurements of cosmic rays up to the highest 
energies with a large radio array at the Pierre Auger Observatory
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