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Abstract: The emission of radio waves from air showers induced by cosmic rays has been attributed to the so-
called geomagnetic emission process. At frequencies around 50 MHz this process leads to coherent radiation
which can be observed with rather simple setups. The direction of the electric field vector induced by this
emission process depends only on the local magnetic field vector and on the arrival direction of the cosmic ray.
We report on measurements of the electric field vector where,in addition to this geomagnetic component, another
component has been observed which cannot be described by thegeomagnetic emission process. This other
electric field component has a radial dependence with respect to the shower axis in agreement with predictions
made by Askaryan using a charge-excess model. Our results are compared to calculations based on models that
include the radiation mechanism induced by the charge-excess process.

Keywords: Pierre Auger Observatory, AERA, ultra-high energy cosmic rays, extensive air showers, radio
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1 Introduction
In the last decade, radio detection of cosmic ray air show-
ers has been revived through the use of powerful digital sig-
nal processing techniques. The LOPES [1] and CODALE-
MA [2] experiments in particular have driven these mod-
ern developments. However, these “first-generation” mod-
ern experiments only covered areas of< 0.1 km2 and thus
only had a reach in energy of up to≈ 1018 eV. The Auger
Engineering Radio Array (AERA) [3] situated within the
Pierre Auger Observatory has recently been enlarged to an
area of≈ 6 km2 covered by a total of 124 radio detector sta-
tions (RDSs) [4]. Thereby, AERA strives to pave the way
for the application of radio detection at ultra-high energies.

It has been known since the experiments in the 1960s
[5] and confirmed by modern experiments [1, 2] that radio
emission from air showers is strongly correlated with the
local geomagnetic field. The emission must thus be domi-
nated by a geomagnetic effect, describable by time-varying
transverse currents as originally derived by Kahn & Lerche
[6]. However, even before Kahn & Lerche, Askaryan [7, 8]
predicted that there should be an emission component re-
lated to the time-variation of the negative net charge excess
in air showers, and early experiments found evidence that
there is indeed a sub-dominant non-geomagnetic contribu-
tion to the radio signal [9].

These two predicted emission contributions have dis-
tinct polarization characteristics, which are imprinted on
the radio signal measured at ground. The geomagnetic
emission leads to linearly polarized signals, the electric
field vector always being aligned with the Lorentz force.
More precisely, the electric field vector points in the direc-
tion defined by(−~v×~B), where~v denotes the shower ax-
is and~B refers to the local geomagnetic field. In contrast,
the Askaryan emission is linearly polarized with an elec-
tric field vector aligned radially with respect to the show-
er axis — in other words, the electric field vector orienta-
tion varies with the position of the observer. As we will

show in the following, the well-calibrated dual-polarized
AERA RDSs allow us to exploit polarization characteris-
tics to identify such a radially polarized signal contribution
imprinted on the dominating geomagnetic radiation.

2 Polarization measurements
In this section, we describe our detector setup and detail
two independent methods to quantify the deviation from
pure geomagnetic radiation measured with AERA.

2.1 AERA data
The analysis presented here rests on data which have been
acquired in radio-self-triggered mode with the first 24
AERA RDSs [3] in the period from April to July 2011.
At that time, the local geomagnetic field had a strength of
24µT, an inclination of -36.6◦ and a declination of 2.7◦.
The antennas used were dual-polarized logarithmic period-
ic dipole antennas with an effective bandwidth from 30–
78 MHz. After applying a cut for zenith angles≤ 55◦ and
applying appropriate quality cuts for the Auger surface de-
tector (SD) array, a total of 17 events coincident between
the RDSs and the SD array have been found. We rely on
the SD reconstruction of energy, arrival direction and core
position, which are used as input for the analysis. The quot-
ed 17 events have a detected signal in a varying number of
RDSs; each of the RDSs with a detected signal contributes
a data point to the following analyses.

2.2 Polarization angle analysis
In the first analysis (see also [10]), we determine the po-
larization angleφp for the radio pulse detected in a given
RDS. Within our offline analysis software [11] we recon-
struct the three-dimensional electric field vector represent-
ed in a cartesian coordinate system defined by(x,y,z) =
(geographic east, geographic north, vertical up). The rel-
ative strength of the electric field componentsEx andEy,
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Fig. 1: Comparison of the polarization angle measured by AERA withthe angle expected for pure geomagnetic radiation
(left) and for a superposition of geomagnetic radiation anda contribution with radially aligned electric field vectorsof
a relative magnitude of 14% (right). The level of agreement is quantified with Pearson correlation coefficients and their
95% confidence levels.

representing the projection of the electric field vector to the
horizontal plane, are quantified in this analysis via the use
of Stokes parametersQ andU . The measured polarization
angle is then given by:

φp = tan−1
(

Ey

Ex

)

=
1
2

tan−1
(

U
Q

)

. (1)

In the left panel of Figure 1, we compare the mea-
sured polarization angleφp(me.) with the polarization an-
gle φp(pr.) predicted for pure geomagnetic emission with
linear polarization and electric field vectors aligned accord-
ing to (−~v×~B). A clear correlation is visible, as expected
for emission dominated by geomagnetic radiation. Howev-
er, there is significant spread resulting in aχ2/ndf.= 27.

In contrast, we can adopt a model for the polarization an-
gles which corresponds to a superposition of the geomag-
netic(−~v×~B) contribution and a secondary linearly pola-
rized contribution with electric field vectors oriented radi-
ally with respect to the shower axis. In this model, the pa-
rametera denotes the relative strength of the radial contri-
bution (Er) with respect to the geomagnetic emission (Eg),
where the latter is normalized by the sine of the angleα
between the geomagnetic field and the shower axis:

a =
|Er|

|Eg|/sinα
(2)

A scan has been performed to find the value ofa which
gives the best agreement with the totality of measured
events, the result of which isa= 0.14±0.02. The resulting
improvement is illustrated in the right panel of Figure 1;
theχ2/ndf. drops to a value of 2. It is noteworthy that this
value ofa is in agreement with the results of [9], reporting
a non-geomagnetic emission component with a strength of
14±6%, although it should be kept in mind that these mea-
surements were made at a frequency of 22 MHz and at a
different altitude. A detailed look at the individual events
(not presented here) reveals that the value ofa determined
for individual events exhibits scatter at a level not compat-
ible with a constant value ofa. This additional spread has
been incorporated in the scan for the meana = 0.14. Fu-
ture studies with a larger data set will test a potential de-
pendence ofa on air shower parameters such as zenith an-
gle or depth of shower maximum.

2.3 R-parameter analysis
In the second analysis (see also [12]), we calculate the so-
calledR-parameter. To determineR, the reconstructed elec-
tric field vector is projected to the horizontal plane, and
is then represented as the components along the axesξ
andη , whereξ is aligned in the direction of(~v×~B) pro-
jected on the horizontal plane, andη is 90◦ ahead of that.
In this choice of coordinate system, any electric field due
to geomagnetic radiation is oriented alongξ , so any con-
tribution alongη is not of geomagnetic origin. To quan-
tify the contributions of the electric field alongξ andη ,
a Hilbert-envelope is performed on the bandwidth-limited
time-trace, and then a sliding window is used to find the
maximum power of an integral over 25 consecutive sam-
ples (10.0µs). TheR-parameter is then defined as

R(ψ)≡
2Re(Eξ E

∗
η )

(|Eξ |
2+ |Eη |2)

, (3)

where theEi denote theη and ξ components of the
complex-valued integrated Hilbert-envelope of the electric
field vector andψ denotes the observer-angle, i.e., the an-
gle in the horizontal plane by which a given antenna is off-
set from the axisξ . (For ψ = 0, the antenna is located in
the direction defined by~v×~B with respect to the shower
axis.)R(ψ) thus quantifies deviations from pure geomag-
netic emission polarization as a function of observer angle.
The resulting distribution ofR-values for the AERA data is
shown in Figure 2. ThisR-distribution is clearly not com-
patible withR ≡ 0, which would correspond to pure geo-
magnetic radiation. A sinusoidal pattern appears to be visi-
ble, indicating that for particular ranges of observer angles,
a significant contribution along theη axis is present.

3 Model comparison
Having shown that the cosmic ray radio emission mea-
sured with AERA cannot be explained by pure geomagnet-
ic radiation, we compare the measuredR-parameters with
those derived from simulations performed with various
available models. The input parameters for the event simu-
lations are derived from the Auger SD reconstruction and
comprise the particle energy, the core position, and the ar-
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Fig. 2: R-parameter measured by AERA as a function of
antenna observer angleψ (see text). A horizontal line with
R ≡ 0 is expected for pure geomagnetic radiation.

rival direction. To take into account the SD reconstruction
uncertainties, each of the 17 air showers was simulated 25
times, varying all input parameters within their respective
uncertainties and properly taking parameter correlationsin-
to account. The simulated electric field vectors were propa-
gated through a detailed detector simulation taking into ac-
count the effects of the logarithmic-periodic dipole anten-
nas, the analog electronics and the digitization. Those sim-
ulations were then reconstructed in the same way as the
measured data.

In Figure 3, a direct comparison of theR-values predic-
ted by the simulations and the measuredR-values is shown.
The measured and simulatedR-values are clearly correlat-
ed, as indicated by the respective Pearson correlation coef-
ficients (a value of 1 signifies full correlation, 0 means un-
correlated data, and -1 signifies full anti-correlation). All
of these calculations include the Askaryan charge-excess
contribution either explicitly (macroscopic approaches)or
implicitly (microscopic approaches). A realistic refractive
index of the atmosphere is incorporated for CoREAS [13],
REAS [14], EVA [15] and ZHAireS [16], whereas SELF-
AS [17] and MGMR [18] used a refractive index of unity.
In some calculations, the charge-excess contribution can
be switched off. This should result in a value ofR ≡ 0
irrespective of observer angleψ and is confirmed by the
simulation results shown in Figure 4. Without the charge-
excess contribution, there is a clear disagreement between
the measurements and simulations as indicated by Pearson
correlation coefficients compatible with 0. This indicates
that the charge-excess contribution is necessary for a prop-
er description of the AERA data.

None of the calculations, however, can describe the mea-
surements completely consistently, and the differences be-
tween calculations with respect to the agreement of mea-
sured and simulatedR-parameters are relatively small.

4 Conclusion
We have shown with two different analyses that the AERA
data, while dominated by linearly polarized geomagnetic
emission with electric field vectors oriented along(−~v×
B), exhibit a systematic deviation in the polarization of the
measured signal. This deviation is consistent with a linear-
ly polarized emission contribution with a radially aligned

electric field vector. Previously, a systematic shift of the
core position reconstructed on the basis of CODALEMA
radio data had also indicated the presence of such a con-
tribution with radially oriented electric field vectors [19].
The Askaryan charge-excess emission exhibits this partic-
ular polarization pattern, and a comparison of AERA da-
ta with simulations demonstrates that calculations includ-
ing the Askaryan effect can reasonably describe the AERA
measurements, while calculations without the Askaryan ef-
fect can clearly not. Remaining discrepancies between the
modeled and measured polarization characteristics are not
yet fully understood and need to be studied in further de-
tail. Such polarization measurements can be used as a tool
to test models, ideally in conjunction with other methods
such as the comparison of absolute predicted amplitudes
and lateral distribution functions.
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Fig. 3: Comparison of theR-parameters measured by AERA with six models for radio emission from extensive air showers.
These calculations include the Askaryan charge-excess emission mechanism. The Pearson correlation coefficients and
their 95% confidence levels quantify the level of agreement between simulation and data.
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Fig. 4: Comparison of theR-parameters measured by AERA with two models in which the Askaryan charge-excess
emission mechanism has been deactivated.
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