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Abstract: Radio detectors acting as prototypes of the AERA project at the Pierre Auger Observatory have been used to
observe air showers. We present results from a first radio setup consisting of three detection stations running in a fully-
autonomous mode and with an independent triggering detection technique. Different stations of a second radio setup have
been used to study the emission mechanism. The resulting data sets from both setups confirm the dominant role of the
geomagnetic field in the emission mechanism. We present the results of these analyses and discuss how the polarization
information is used to disentangle the geomagnetic induced emission from the emission caused by the charge excess in
the shower.
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1 Introduction

The secondary particles of extensive air showers (EAS) in-
duced by cosmic rays emit a detectable electric field in the
MHz radio frequency range. The radio-detection technique
is expected to be very promising because it has a duty cycle
close to 100% and could give access to the main charac-
teristics of the primary cosmic ray: following recent sim-
ulations [1, 2], it appears that the signal is highly corre-
lated to the longitudinal development of the shower, which
would be of prime interest to estimate the primary compo-
sition of high energy cosmic rays. The results obtained by
the CODALEMA [3] and the LOPES [4] radio detection
experiments encouraged us to install 2 initial experiments
at the Pierre Auger Observatory [5, 6] in the scope of the
AERA (Auger Engineering Radio Array) experiment, de-
scribed in another contribution at this conference [7]. The
energy threshold of the Auger Surface Detector (SD) is
3× 1017 eV. The event (cosmic rays) rate is of the order of
1.6 km−2.day−1. In order to increase the rate of detected
events at places where the AERA prototypes are installed,
additional surface detectors have been installed at the cen-
ter of two elementary triangular cells, leading to a local
energy threshold below 1017 eV.
We present in this paper the main results obtained with
these two prototypes for AERA. We first present the results
of the upgraded version of the setup described in [8, 9],
which was used to register the first fully autonomous

cosmic-ray radio detection and gave a strong indication on
the geomagnetic origin of the electric-field emission mech-
anism. Then, we present the polarization analysis of the
setup [10] giving evidence for another electric field emis-
sion mechanism due to charge excess in the shower front.

2 Autonomous radio detection of air showers

One of the AERA prototype setups is made of 3 fully au-
tonomous radio detection stations, whose principle is de-
scribed in [8, 9]. The main characteristic of these stations
is that they are independently triggered by the radio signal
itself and do not rely on any external particle detector trig-
ger. In the upgraded version of this system considered here,
the station sensitivity has been greatly improved by using
a butterfly antenna which simultaneously measures the in-
coming electric field in both east-west (EW) and north-
south (NS) polarizations [11]. The 3 stations are located
close to the center of the SD array and form an equilat-
eral triangle. The distance between the three stations is
140 m. The waveform is recorded in the full frequency
band 0.1 − 150 MHz for both polarizations, but the trig-
ger decision is made when the signal exceeds a pre-defined
threshold in the 45−55MHz band, using an analog trigger
board. The choice of the trigger frequency band excludes
the AM and FM radio emissions. The recorded signal is
sampled at a frequency of 1 GHz during 2.56 μs. Each
of the 3 stations sends its own data by WiFi to a central
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data acquisition PC and the search for coincidences with
the SD is done offline by comparing the SD events times-
tamps with those of the registered radio events. These sta-
tions were installed on May 10, 2010 and the first coinci-
dence with the SD has been observed on May 13, 2010.
Up to March 25, 2011, a total of 40 events have been de-
tected in coincidence with the SD array, on the basis of one
event each 4 days, taking into account the effective obser-
vation time of the radio stations. Fig. 1 shows the measured
time difference between the SD and the radio-detection sta-
tions as a function of the expected time difference given
the shower geometry. The correlation is very clear and the
slope is compatible with unity as expected. The arrival di-
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Figure 1: Correlation between the measured time differ-
ence between a coincident radio station and the SD and the
corresponding time difference expected from the shower
geometry.

rection of these 40 events are not uniform in azimuth, in
contrast with the arrival direction of all the events detected
by the SD in the same time period. The skymap of these
events in local coordinates is presented Fig. 2: 70% of the
events are coming from south. This strong southern ex-
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Figure 2: Skymap in local coordinates (zenith angle, az-
imuth) of the 40 self triggered events in coincidence with
the SD, smoothed by a 5◦ Gaussian beam. The orange dot
stands for the geomagnetic field in Malargüe. The zenith is
at the center, the north at the top and the east on the right.

cess is in good agreement with what was already observed

by the previous version of this setup [9] and also by the
CODALEMA [3] experiment in the northern hemisphere,
with an excess of events coming from the north. This ob-
servation corresponds to an emission mechanism compat-
ible to first order with �n × �B, where �n is the direction of
the shower axis and �B is the local geomagnetic field vec-
tor. With the reasonable hypothesis that the probability to
detect the electric field is proportional to its amplitude, a
computation based on this simple model gives an expected
excess of 68% of events coming from the south, in very
good agreement with the observation.
Another important milestone in the radio detection tech-
nique has been the observation for the first time (on January
13, 2011) of a shower detected by 3 detection methods: 10
surface detectors, 3 telescopes located in the 3 fluorescence
sites and 1 radio station detected the same event. Analy-
sis is underway to determine the correlation between the
recorded electric field and the longitudinal profile of the
shower.

Figure 3: Detection of an airplane. The detected trajec-
tory is indicated by the dots and the reconstructed trajec-
tory is represented by the solid line. The angular resolution
for this radio setup of three stations separated by 140 m is
around 0.7◦. The bar on the right side indicates the time
elapsed in seconds since the first event when the airplane
was detected (from south to north).

This upgraded setup was also able to detect airplane tran-
sits in the vicinity of the Pierre Auger Observatory. Fig. 3
shows an example of such a trajectory with the correspond-
ing fit, assuming that the airplane altitude and velocity are
constant and that the trajectory is linear. This allows to es-
timate an angular resolution around 0.7◦. Airplane signal
data will be used to inter-calibrate the stations.

3 Polarization studies

The second radio setup [12] for AERA was located in the
western part of the SD array and consisted of 3 antennas po-
sitioned on an equilateral triangle separated by a distance of
100 m. These stations were triggered by an external scin-
tillator as it was found that the radio background in this site
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is larger than at that of the first radio setup. We used the
data from two logarithmic-periodic dipole antennas (LP-
DAs) [13], the third antenna was of a different type and
was used for test purposes. The LPDAs are measuring the
electric field in the two NS and EW polarizations. After a
particle trigger the data is recorded over 10 μs at a sampling
rate fsamp = 400MHz. We registered 494 events in coinci-
dence with the SD between May 2007 and May 2008. The
SD reconstruction provides the geometry of the showers.
Many of these events do not present a clear radio counter-
part so that we select the events having an average total
power1 within a given time window around the expected
position of the maximum (knowing the shower geometry)
larger than five times the average total power computed in a
noise window of the time series. We ignore events detected
during thunderstorms. There are 37 radio signals that pass
these cuts.
The analysis of these signals confirms the conclusion ob-
tained from the data collected with the prototype pre-
viously described: the dominant emission mechanism
for the electric field is the geomagnetic radiation with
a macroscopic electric field of the form �E ∝ �n ×
�B. The polarization is therefore expected to be lin-
ear with an angle φmag = arctan((�n × �B)NS/(�n ×
�B)EW) with the EW axis. The measured polarization an-
gle is given by φ(ti) = arctan(U(ti)/Q(ti))/2 where
U and Q are the linear Stokes parameters of the wave,
given by U(ti) = 2Re(EEW(ti)E

∗
NS(ti)) and Q(ti) =

|EEW(ti)|2 − |ENS(ti)|2. The average polarization angle
φ̄ is estimated as the average of the polarization angles in
the time window in which the signal is present. The un-

certainty on φ̄ is given by Δφ̄ = K
N

√∑N
i=1(φ(ti)− φ̄)2

where K = fsamp/Δf , Δf being the effective bandwidth
of the measurement and N the number of samples in the
signal window. The correlation between the expected φmag

and the measured value is presented in Fig. 4. The cor-
relation is clear and confirms the geomagnetic origin of
the electric field as main contribution. Nevertheless, there
should be another source of the electric field: the varia-
tion of the charge excess during the development of the air
shower in the atmosphere.

4 The charge-excess contribution

Both electric field contributions differ by their specific
polarization patterns. The geomagnetic contribution is
aligned along φmag. The electric field from the charge ex-
cess is radial in the plane transverse to the shower axis so
that the polarization pattern depends on the angle φobs be-
tween the EW axis and the axis defined by the shower core
and the antenna position. We can construct an observable
characterizing the deviation from a pure geomagnetic elec-
tric field by first applying a rotation to the x=EW and y=NS
axis to make the new x′ axis aligned along the φmag direc-
tion and y′ perpendicular to x′. Then we can define in this
rotated coordinate system a new angle φ′obs = φobs−φmag.

Figure 4: Measured polarization angle for the 37 signals
from events in coincidence with the SD as a function of the
expected polarization angle in case of a pure geomagnetic
origin of the electric field. The dotted line represents full
correlation.

We define R by:

R =
N∑

i=1

Ex′(ti)Ey′(ti)/
N∑

i=1

(E2
x′(ti) + E2

y′(ti)). (1)

For a pure geomagnetic electric field, the value of R will
be equal to 0 by construction. In this expression, the sum-
mation is done as before on all the samples in the signal
window. To calculate R from the data, we take into ac-
count the noise levels with a contribution nEx′ and nEy′

computed in the same way but outside of the signal win-
dow and using a larger number of samples to get a better
estimation. For the data, the denominator in Eq. 1 takes the
form

∑N
i=1(E

2
x′(ti) − n2

Ex′ + E2
y′(ti) − n2

Ey′
). We com-

pare the values of R for the 494 measurements of the elec-
tric field of coincident events with the SD to the values ob-
tained for axis distance below 300 m with simulated events
with REAS3 [14] and MGMR [15] having the same ge-
ometry than the observed events. From the charge-excess
component, we expect a modulation in the value of R with
a period of 360◦. This modulation appears clearly for both
simulations as shown in Fig. 5. The values ofRdata are cal-
culated for the 37 signals; their uncertainties are obtained
from the noise level determined on event-by-event basis.
Concerning Rsim, for each of the 37 signals, we generated
a set of simulated showers to account for uncertainties on
its reconstructed characteristics (axis direction, core posi-
tion, energy). The central value and error bar of Rsim for
each event is taken as the average and rms of Rsim of the
set of corresponding simulated events. The set of simulated
events contains 25 showers for REAS3 and 100 showers for
MGMR. The correlation between Rdata and Rsim is pre-
sented in Fig. 6. The correlation can be quantified using

1. Defined as the sum of the squares of the time series measure-
ments envelope for both polarizations.
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Figure 5: Values of R as a function of φ′obs. Red trian-
gles and black circles correspond toR values obtained with
MGMR and REAS3 respectively, for axis distance below
300 m.

Figure 6: Correlation between Rdata and Rsim for the 37
selected signals. The dotted lines represent full correlation.

χ2 =
∑n

i=1(Rdata,i − Rsim,i)
2/(σ2

data,i + σ2
sim,i) where

n = 37 is the number of points and σ are the uncertainties
on the corresponding axes. To compare the data with simu-
lations without the charge-excess component, we run mod-
ified REAS3 and MGMR simulations leading to the corre-
sponding χ2

0 =
∑n

i=1 R
2
data,i/(σ

2
data,i + σ2

sim,i) because
in this case Rsim = 0. Accounting for the charge excess
component reduces the χ2 for both REAS3 and MGMR:

the χ2/n goes from 6.28 to 2.64 and from 6.08 to 3.53 re-
spectively.

5 Conclusion

The data from 2 prototypes of radio setups have been used
to observe the dominant role of the geomagnetic field in
the emission of the electric field by the secondary parti-
cles in air showers. The possibility of detecting air show-
ers in a fully autonomous way has been demonstrated. In
the analysis of the polarization data of events detected in
coincidence with the SD, the inclusion of the contribution
of the electric field component due to the charge excess in
the showers leads to a better agreement with the data than
considering only a purely geomagnetic contribution. These
first very encouraging results will be checked in more de-
tails with AERA at the Pierre Auger Observatory.
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