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Abstract: The Auger Engineering Radio Array (AERA) is one of the low-energy extensions of the detector
systems of the Pierre Auger Observatory. AERA is being used to study the emission of radio waves from extensive
air showers. It operates in the frequency range from 30 to 80MHz. Recently, AERA has been expanded to 124
radio stations over an area of approximately 6km2. In 2014 we will deploy 36 additional stations, and by this
extend the area to at least 10km2. With this AERA160 setup we will be able to determine the measurement
resolution for the arrival direction, the energy, and the mass-composition of primary cosmic rays with energies
larger than 1017.5 eV. In this paper, we describe the setup of AERA. We also present and discuss the first physics
results and techniques that have been developed for AERA24, the first phase of AERA consisting of 24 stations
distributed over an area of 0.5km2. In particular, we show a comparison of a measured event with simulations.

Keywords: Pierre Auger Observatory, AERA, ultra-high energy cosmic rays, extensive air showers, radio
detection

1 Introduction
Radio detectors for extensive air-shower measurements of-
fer several advantages compared to other techniques. On
the one hand, the duty-cycle is close to 100% like it is for
particle detectors, only excluding times of close-by thunder-
storms since strong atmospheric electric fields significantly
affect the radio emission of the air showers [1]. On the
other hand, the radio detectors provide a quasi-calorimetric
measurement of the shower energy, as fluorescence and air-
Cherenkov detectors do. Moreover, they are sensitive to the
shower development [2] and thus to the mass composition
of the primary cosmic rays. However, the radio technique is
not yet as advanced as the other established techniques, and
several key questions are being explored at present:

• Can radio measurements compete in precision for
energy and composition with the air-fluorescence
technique, which offers approximately only a seventh
of the radio duty-cycle?

• Is it possible to operate radio arrays for air-shower de-
tection stand-alone, or are the open physics questions
for ultra-high energy cosmic rays better attacked with
multi-hybrid observatories?

• Can the radio technique be extended to very large
scales. i.e. can it be used for future observatories
studying the end of the energy spectrum with high
statistics?

The Auger Engineering Radio Array (AERA) is dedi-
cated to answering those questions. At the same time it aims
to improve our understanding of the physics processes be-
hind the radio emission. For this purpose, AERA is built in
the enhancement area of the Pierre Auger Observatory [3]
where each air shower can be measured by many different
techniques at the same time. The co-located AMIGA en-
hancement [4] consists of a surface array of particle detec-
tors with 750m spacing (with six additional detectors in the

Figure 1: Radio station of AERA phase 2: a communication
antenna for wireless data transfer, two butterfly antennas
for the radio measurements (one aligned east-west and one
north-south), a metal box for electronics, a solar panel and
a battery for power supply, and a fence protecting against
cattle.

center of AERA), and an array of associated muon counters.
Moreover, the area is overseen by several fluorescence tele-
scopes. This situation enables a cross calibration between
the different techniques, multi-hybrid analyses to improve
the reconstruction precision of individual events, as well as
the triggering of the different detectors by each other. Thus,
the situation offers ideal conditions to ‘engineer’the radio
technique, e.g., by optimizing the data-acquisition system,
the electronics or the antenna design.
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Figure 2: Layout of the Auger Engineering Radio Array (AERA). The results presented in this paper are based on the 24
radio stations with Logarithmic Periodic Dipole Antennas (LPDAs). The new stations deployed this year use butterfly
antennas. The reference beacon in the west is installed at one of the fluorescence-telescope sites of Auger. Also the particle
detectors of the surface array in this area are shown.

2 AERA setup
Because AERA aims at a number of technical and physics
goals, it is a heterogeneous setup combining different types
of hardware for the measurements of the same air showers.
Its first phase, AERA24, started operating in April 2011.
It consists of 24 stations with logarithmic periodic dipole
antennas (LPDAs) distributed on an area of 0.5km2 with a
spacing of 125m. A more detailed description of AERA24
can be found, e.g., in reference [5]. Here, and also in
Ref. [6], we will present an update on recent measurements
and physics results obtained with AERA24.

In 2013, we started to extend AERA using a modified
station design and a different type of antenna (figure 1). Up-
to now we have deployed 100 additional stations covering
an area of approximately 6km2, and plan to deploy an addi-
tional 36 stations to extent the total area to at least 10km2

(figure 2). The new stations use two butterfly antennas for
the measurements, because the butterfly antenna is more
economical than the LPDA and superior in several technical
aspects [7]. Moreover, the new stations only rely on wire-
less communication for data transfer while, in the much
smaller AERA24, data are transmitted via optical fibers. All
AERA stations operate autonomously and communicate
with a central data-acquisition system to exchange data and
trigger information.

In AERA, as an engineering array, we test different tech-
nical solutions to optimize the radio technique for future
large scale observatories. In particular, we test different sys-
tems for the communication and different electronics for the
local data acquisition. All stations have the ability to self-
trigger on the radio signal. Although we have demonstrated
that this is possible, we have not yet achieved a 100% trig-
ger efficiency. Therefore, we simultaneously use an external
trigger. A part of AERA is triggered by the surface detector
array, which also allows the read-out of sub-threshold sta-
tions. In another part of AERA, we test triggering by the
use of a small scintillator integrated directly in the radio
stations.

All stations feature two antennas, one aligned in the
geomagnetic north-south direction and one in the east-west
direction. The signals of both antennas are suppressed in

the frequency range below 30MHz and above 80MHz by
an analog bandpass filter. After amplification, the signals
of both antennas are sampled with ADCs, digitally stored
and transfered to the central data-acquisition system. The
ADC sampling frequency varies between 180MHz and
200MHz in different stations. In any case, it is larger than
the Nyquist frequency so that a full reconstruction of the
time-dependent field strength in our measurement band is
possible. Each station features its own GPS clock which
is used to tag the recorded data with a time stamp. In this
way the measurements from the individual stations can be
combined for one single event independent of the trigger
sources.

AERA has been calibrated using several methods. In
particular we have measured the phase and amplitude
behavior of each individual component and correct for
it during data analysis. To monitor the relative timing of
AERA, we study the phasing of sine waves continuously
emitted by a reference beacon [8]. In principle, the beacon
can also be used to improve the timing precision of AERA.
Our challenging goal is to achieve a relative timing accuracy
of 1ns, i.e., significantly better than the timing precision
of the GPS clocks in use. By this we will be able to use
AERA with digital radio interferometry, a technique which
has already been used by LOPES to lower the detection
threshold [9].

For data analysis we use the proprietary software package
of the Pierre Auger Collaboration, named Offline [10]. With
the radio extension of Offline [11], it features the correction
of the measured signals for all hardware properties, the
reconstruction of the time-dependent electric-field-strength
vector at each station from the measurements of the two
individual antennas, and several software modules for high-
level physics analysis.

3 Results
Since man-made radio background of different types
(pulses, constant waves) is present in practically all AERA
measurements, the number of triggered events is a poor in-
dicator for the performance of AERA. Although we can
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Figure 4: Comparison of the radio lateral distribution of the event shown in figure 3 with simulations of two different codes.
CoREAS [12] (left) and ZHAires [13] (right) simulations for a proton and an iron nucleus as primary particle, where the
bands indicate systematic uncertainties due to the uncertainties of the input parameters for the simulations and due to
shower-to-shower fluctuations (strength of geomagnetic field used in simulations: B = 23µT).
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Figure 3: Footprint of measured AERA event triggered by
the Auger surface detector; each colored cross represents
an AERA station with data. The size of the bars represents
the amplitude of the radio signal in the north-south and
east-west polarization and the color code the arrival time;
the circles are the Auger surface detectors in the area of
AERA24 where the line indicates the arrival direction and
the core of the shower determined with the surface array.

effectively filter the background during our data analysis, at
the moment we still rely on the coincident surface detector
measurements to distinguish real air-shower events from
background. Thus, the number of detected events depends
strongly on the quality criteria in use, e.g., if one requires a
strong radio signal in just one antenna, the event rate is an
order of magnitude higher than for high-quality events with
a significant signal in at least three antennas and a direction
reconstruction which coincides within 20◦ of the direction
measured by the surface detector array.

By 27 February 2013, AERA had measured 356 of these
high quality events and, for a few of these events, we also

have measurements from the fluorescence detector or the
muon counters. 229 events have been triggered by the sur-
face detector. 98 events have been self-triggered, and later
assigned to the associated surface detector measurement,
and 29 events have at least three self-triggered and three
externally triggered stations. However, it is difficult to com-
pare the event rates and efficiencies for both triggers from
these data, because the exact configuration of AERA24
changed several times. Thus, there are different periods in
the data sets for the self-trigger and the external trigger,
and also the number of stations equipped with either trigger
changed during time. Nevertheless, the number of events
indicates the statistics currently available for physics analy-
ses, and gives a lower limit to the event rate which can be
expected for the future.

The mean angular deviation between the direction re-
constructed with AERA and the surface detector array is
approximately 4◦. We expect that this number will decrease
in future by improving the reconstruction algorithms and
the time calibration. The mean energy as reconstructed by
the surface detector is in the order of 1EeV, where some
events have an energy below 0.1EeV. Figure 3 shows one
example event with an energy of 4.3EeV, and a zenith angle
of 58.4◦.

We analyzed AERA measurements in different ways,
and compared them to recent simulation codes for the radio
emission from air-showers (figure 4). For this purpose, we
chose AERA events containing a large number of antennas
with significant signals. For these events we performed air-
shower simulations based on the reconstruction parameters
of the surface detector, and calculated the radio emission
with different codes, e.g., CoREAS [12], ZHAires [13],
EVA [15], and SELFAS [14].

So far we have found no contradiction to the following
general picture of the origin of the radio emission. The
dominant emission process is the geomagnetic deflection
of the electrons and positrons in the air shower [18, 19].
The radio emission by the Askaryan effect [20, 6], i.e. the
variation of the net charge excess, is for air showers an
order of magnitude weaker than the geomagnetic effect, but
not negligible. Both processes are affected by the refractive
index of the air which changes the coherence conditions
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of the radio emission. Although the normal Cherenkov
radiation due to the excitation of air molecules seems to
be negligible for the overall radio signal, the refractive
index leads to a Cherenkov-like beaming of the emission
generated by the geomagnetic and the Askaryan effect. This
explains the lateral distribution of the radio amplitude which
first rises until an axis distance of about 100m is reached
and then decreases, as first predicted [21] and indicated by
measurements [22] more than 40 years ago.

Moreover, we confirmed that the amplitude of the AERA
measurements depends on the energy of the primary particle
[16], and we are currently optimizing the reconstruction
techniques to maximize the energy precision. To reconstruct
the cosmic-ray composition we study three parameters of
the radio measurements which are sensitive to the shower
development: the slope of the lateral distribution, the shape
of the radio wavefront, and the slope of the frequency
spectrum. The latter method has the advantage that it needs
only a single station as long as the shower geometry is
known (e.g., from the surface detector). We have already
confirmed that a measurement of the spectral slope is
possible in practice [17]. However, the precision for the
composition of all three methods is still under study. For
this we still need more statistics of AERA measurements in
coincidence with the fluorescence detector.

4 Conclusion and Outlook
With its extended area AERA will collect the necessary
statistics to study radio emission from air showers in
the energy range between 1017.5 to 1019 eV. By a cross-
calibration and comparison with the other detectors in the
Auger enhancement area we will be able to determine the
precision of AERA for the arrival direction, energy and com-
position. This is a crucial input for the decision in which
way the radio technique can contribute to future cosmic-
ray observatories for energies beyond 1017 eV. If we can
confirm that the radio precision is comparable to the preci-
sion of the fluorescence techniques, radio detectors could
provide an order of magnitude larger statistics for composi-
tion studies with the same observatory area. With the high
quality measurements of AERA, we can also test the results
of other radio observatories for air-showers, e.g., LOPES
[9], CODALEMA [23], LOFAR [24], and Tunka-Rex [25].

Moreover, multi-hybrid measurements with different de-
tectors in the enhancement area allow two kind of interest-
ing analyses. First, the combination of complementary mea-
surements can increase the reconstruction accuracy for the
primary mass, e.g., the muon number measured by AMIGA
and the radio signal measured by AERA depend in different
ways on the shower development. Second, with such multi-
hybrid measurements we can test the paradigm of shower
universality: twin showers with an almost identical mea-
surement in two complementary detectors ought to show
also an almost identical signal in a third complementary
detector.

Finally, the improved description of the radio measure-
ments by recent simulation codes is promising, and reflects
an improved understanding of the underlying physics. In
particular, it enables better predictions for the performance
of future radio observatories. Moreover, reconstruction tech-
niques of the air shower parameters can be studied using
realistic simulations as input. Possibly the AERA measure-
ments can also be used to test hadronic interaction models.
The deviations between simulations and measurements of

the radio signal are now in the same order of magnitude as
the deviations between the simulations and measurements
for air-shower particles, especially with respect to the muon
content. Thus, any slight mismatch between the simulated
and measured radio signal does not necessarily indicate a
lack of understanding of the radio emission, but it might be
as well caused by a lack of understanding of the particle
interactions in the air shower.

References
[1] W. D. Apel, et al. (LOPES Collaboration), Adv. Space

Res. 48 (2011) 1295.
[2] W. D. Apel, et al. (LOPES Collaboration), Phys. Rev.

D 85 (2012) 071101(R).
[3] H. Klages, for the Pierre Auger Collaboration, Proc.

TAUP 2011, Jour. of Phys. Conf. Ser. 375 (2012)
052006.

[4] F. Suarez, for the Pierre Auger Collaboration, paper
0712, these proceedings.

[5] M. Melissas, for the Pierre Auger Collaboration, Proc.
5th ARENA, Erlangen, Germany, AIP Conf. Proc. 1535
(2013) 63.

[6] T. Huege, for the Pierre Auger Collaboration, paper
0661, these proceedings.

[7] The Pierre Auger Collaboration, JINST 7 (2012)
P10011.
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