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Abstract

The emission of radio waves from air showers 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 induced by this
emission process depends only on the local magnetic field vector and on the incoming direction
of the air shower. 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
the geomagnetic emission process. The data provide strong evidence that the other electric field
component is polarized radially with respect to the shower axis, in agreement with predictions made
by Askaryan who described radio emission from particle showers due to a negative charge-excess
in the front of the shower. Our results are compared to calculations which include the radiation

mechanism induced by this charge-excess process.

*

auger_spokespersons@fnal.gov
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I. INTRODUCTION

When high-energy cosmic rays penetrate the atmosphere of the Earth they induce an air
shower. The detailed registration of this avalanche of secondary particles is an essential tool
to infer properties of the primary cosmic ray, such as its energy, its incoming direction, and
its composition. Radio detection of air showers started in the 1960’s and the achievements in
these days have been presented in reviews by Allan [I] and Fegan [2]. In the last decade, there
has been renewed interest through the publications of the LOPES [3] and CODALEMA [4]
collaborations. We have deployed and are still extending the Auger Engineering Radio Array
(AERA) [5H9] as an additional tool at the Pierre Auger Observatory to study air showers
with an energy larger than 107 eV. In combination with the data retrieved from the surface-
based particle detectors [10] and the fluorescence detectors [11] of this observatory, the data

from radio detectors can provide additional information on the development of air showers.

An important step in the interpretation of the data obtained with radio-detection methods
is the understanding of the emission mechanisms. In the early studies of radio emission from
air showers it was conjectured that two emission mechanisms play an important role: the
geomagnetic emission mechanism as proposed, amongst others, by Kahn and Lerche [12] and
the charge-excess mechanism as proposed by Askaryan [13]. Essential for the geomagnetic
effect is the induction of a transverse electric current in the shower front by the geomagnetic
field of the Earth while the charge excess in the shower front is to a large extent due to
the knock-out of fast electrons from the ambient air molecules by high-energy photons in
the shower. The magnitude of the induced electric current as well as the induced charge
excess is roughly proportional to the number of particles in the shower and thus changing
in time. The latter results in the emission of coherent radio waves at sufficiently large
wavelengths [12, 14]. The shower front, where both the induced transverse current and
the charge excess reside, moves through the air with nearly the velocity of light. Because
air has a refractive index which differs from unity, Cherenkov-like time compression occurs
[15, 16], which affects both the radiation induced by the transverse current as well as by
the charge excess. The polarization of the emitted radiation differs for current-induced and
charge-induced radiation, but its direction for each of these individual components does
not depend on the Cherenkov-like time compression caused by the refractive index of air.

For this reason we will distinguish in this paper only geomagnetic (current induced) and
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charge-excess (charge induced) radiation. The contribution of the geomagnetic emission
mechanism, described as a time-changing transverse current by Kahn and Lerche [12], has
been observed and described in several papers; see e.g. Refs. [3, [[7H20]. Studies on possible
contributions of other emission mechanisms from air showers have also been reported [211-
25].  An observation of the charge-excess effect in air showers has been reported by the
CODALEMA collaboration [26].

We present the analysis of two data sets obtained with two different setups consisting of
radio-detection stations (RDSs) deployed at the Pierre Auger Observatory. The first data
set was obtained with a prototype setup [27] for AERA; the other one with AERA itself
[5HT] during its commissioning phase while it consisted of only 24 stations. In addition,
we will compare these data sets with results from different types of calculations outlined in
Refs. [28H34].

This paper is organized as follows. We discuss in Section |lI| the experimental equipment
used to collect our data. In Section [[T]] we present the data analysis techniques and the cuts
that we applied on the data, whilst in Section [[V] we compare our data with calculations.
In Section [V] we discuss the results and we present our conclusions. For clarity, Sections
[T and [TV] contain only those figures which are based on the analysis for the data obtained
with AERA during the commissioning of its first 24 stations; the results of the prototype are
shown in Appendix C. We mention that analyses of parts of the data have been presented

elsewhere [19] 35H37].

II. DETECTION SYSTEMS
A. Baseline detector system

The detection system used at the Pierre Auger Observatory consists of two baseline
detectors: the surface detector (SD) and the fluorescence detector (FD), described in detail
in Refs. [10] and [I1], respectively. The SD is an array consisting of 1660 water-Cherenkov
detectors arranged in equilateral triangles with sides of 1.5 km. An infill for the SD, called
AMIGA [38], has been deployed with 750 m spacing between the stations. A schematic
diagram of the observatory is shown in Fig. [} In the present study only the SD was used

to determine the parameters of the air showers.
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FIG. 1. The detector systems of the Pierre Auger Observatory; the black dots denote the 1660
detector stations of the surface detector (SD), while the buildings containing the telescopes of the
fluorescence detector (FD) are located at the edge of the array. The prototype of AERA was
located near the Balloon Launching Station (BLS) of the observatory; AERA itself is located in

front of the telescope buildings at Coihueco.

B. Radio-detection systems

The prototype for AERA used in the present study consisted of four RDSs. Each RDS
had a dual-polarized logarithmic periodic dipole antenna (LPDA) optimized for receiving
radio signals in a frequency band centered at 56 MHz and with a bandwidth of about
50 MHz. These antennas were aligned such that one polarization direction was pointing
along the geomagnetic north-south (NS) direction with an accuracy of 0.6°, while the other
polarization direction was pointing to the east-west (EW) direction. For each polarization
direction, NS and EW, we used analog electronics to amplify the signals and to suppress
strong lines in the HF band below 25 MHz and in the FM-broadcast band above 90 MHz.
A 12 bit digitizer running at a sampling frequency of 200 MHz was used for the analog-to-
digital conversion of the signals. This electronic system was completed with a GPS system, a
trigger system, and a data-acquisition system. The trigger for the station readout was made

using a scintillator detector connected to the same digitizer as was used for the digitization
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of the radio signals. The data from all RDSs were stored on disks and afterwards compared
with those from the SD. To ensure that the events, which have been registered with the
RDSs, were indeed induced by air showers, a coincidence between the data from AERA
prototype and from the SD in time and in location was required [27]. An additional SD
station was deployed near the AERA prototype setup to reduce the energy threshold of the
SD; see the left panel of Fig. [2] Further details of the AERA prototype stations can be
found in Ref. [27].

AERA is sited at the AMIGA infill [3§] of the observatory and consists presently of
124 stations [9]. The deployment of AERA began in 2010 and physics data-taking started
in March 2011. In the data-taking period presented in this work, AERA consisted of 24
RDSs arranged on a triangular grid with a station-to-station spacing of 144 m; see the right
panel of Fig. For the present discussion, we will denote this stage as AERA24. The
characteristics of AERA24 are very similar to its prototype. A comparison of their features
is presented in Table [I see also Ref. [39] for further details. One of the main differences
between AERA24 and its prototype is that the AERA stations can trigger on the signals
received from the antennas whereas the prototype used only an external trigger created by
a particle detector. In addition to these event triggers, both systems recorded events which
were triggered every 10 s using the time information from the GPS device of the RDS. These

events are, therefore, called minimum bias events.

III. EVENT SELECTION AND DATA ANALYSIS

The data from the SD and the radio-detection systems were collected and analyzed in-

dependently from each other as will be described in sections [[II B] and [[ITC| respectively.

Using timing information from both detection systems (see section [[I1I D|) an off-line analysis

was performed combining the data from both detectors.

A. Conventions

For the present analysis we use a spherical coordinate system with the polar angle 6 and
the azimuth angle ¢, where we define # = 0° as the zenith direction and where ¢ = 0°

denotes the geographic east direction; ¢ increases while moving in the counter-clockwise
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FIG. 2. An aerial view of the radio-detection systems (open triangles) in the SD. Stations of the
SD are denoted by filled markers, where the SD stations nearest to the radio-detection systems
are denoted with filled squares, for the prototype setup (left panel) and for AERA24 (right panel).

The coordinates are measured with respect to the center of the SD.

direction. We determine the incoming direction (6, and ¢,) of the air shower by analysis
of the SD data. For the relevant period of data taking, which started in May 2010 and
ended in June 2011, the strength and direction of the local magnetic field vector on Earth
at the location of the Pierre Auger Observatory was 24 T and its direction was pointing
to (Oy, dp) = (54.4°,87.3°) [40)].

The contribution to the emitted radio signal caused by the charge-excess effect (denoted
as EA) is not influenced by the geomagnetic field B. The induced electric field vector of this
effect is radial with respect to the shower axis. As explained in Section [[T BJthe dual-polarized
antennas were directed in the NS and EW directions. Therefore, the relative amplitudes of
the registered electric field in each of the two arms of an RDS depend on the position of
the RDS with respect to the shower axis. The geomagnetic-emission mechanism induces an
electric field EC which is pointing along the direction of (—¢' X é) where ¥ is a vector in
the direction of the shower. Thus, for this emission mechanism, the relative contribution of
the registered signals in each of the two arms does not change as a function of the position
of the RDS. For this reason, it is convenient to introduce a rotated coordinate system (&, 7)

in the ground plane such that the ¢ direction is the projection of the vector (—o x B) onto
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TABLE I. Comparison of characteristic features of AERA24 during this data-taking period and

its prototype.

AERA24 AERA prototype
antenna type LPDA LPDA
number of polarization directions 2 2
-3 dB antenna bandwidth 29 - 83 32 -84 MHz
gain LNA 20 22 dB
-3 dB pass filter bandwidth 30 - 78 25-170 MHz
gain main amplifier 19 31 dB
sampling rate digitizer 200 200 MHz
digitizer conversion 12 12 bits
trigger EW polarization particle
RDS station-to-station spacing 144 216 m
SD infill spacing 750 866 m

the shower plane and 7 is orthonormal to &; see Fig. [3] The angle between the incoming
direction of the shower and the geomagnetic field vector is denoted as «.
For our polarization analysis, we consider a total electric field as the vectorial sum of the

geomagnetic and of the charge-excess emission processes:
E(t) = E9(t) + EA@), (1)

where t describes the time dependence of the radiation received at the location of an RDS.

B. Data pre-processing and event selection for the SD

The incoming directions and core positions of air showers were determined from the
recorded SD data. A detailed description of the trigger conditions for the SD array with its
grid spacing of 1500 m is presented in Ref. [41]. However, as mentioned before, additional
SD stations were installed in the neighborhood of the RDSs as infills of the standard SD
cell. Because of these additional surface detectors, we used slightly different constraints as

compared to the cuts used for the analysis of events registered by the regular SD array only.
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FIG. 3. Direction of the incoming shower, denoted as o, with respect to the position of RDS which
is symbolically indicated by an antenna. The direction of the magnetic field vector is denoted by
B and the direction ¢ is defined by the projection of the vector ¢ x B onto the ground plane. The
direction 7 is perpendicular to £ and is also in the ground plane. The angle between the shower
axis and the geomagnetic field direction is denoted as «, while 1) is the azimuthal angle between

the &-axis and the direction of the RDS measured at the core position.

These additional constraints are a limit on the zenith angle (6 < 40° for the prototype and
0 < 55° for AERA24). Furthermore, in the case of events recorded near the prototype, the
analysis was based on only those events where the infill SD station near this setup yielded
the largest signal strength (i.e., highest particle flux) and where the reconstructed energy
by the SD was larger than 0.20 EeV. For the AERA24 events, we required that the distance
from the reconstructed shower axis to the infill station was less than 2500 m or that the event
contained at least one of the SD stations shown in the right panel of Fig. 2] The estimated
errors on the incoming direction and on the determination of the core position depend on
the energy of the registered air showers. These errors are smaller at higher energies. Typical
directional errors in our studies range from 0.5° at 1 EeV to 1° at 0.1 EeV. The uncertainty
in the determination of the core positions also reduces for higher energies and lies around

60 m at 0.1 EeV and around 20 m at 1.0 EeV.
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C. Event selection and data analysis for the RDSs

The data from the RDSs were used to determine the polarization of the electric field
induced by air showers. Here we take advantage of the fact that the LPDAs were designed
as dual-polarized antennas. The data for each of these two polarization directions were
stored as time traces with 2000 samples (thus with a length of 10 us). We use the Hilbert
transformation, which is a standard technique for bandpass-limited signals [42], to calculate
the envelope of the time trace. An example of such a trace is shown in the upper panel of Fig.
[] which was recorded for an air shower with parameters: 6, = (30.0+0.5)°, ¢, = (21942)°
and E = (0.19 + 0.02) EeV near the AERA24 site.

We took several measures to ensure good data quality for the received signals in the RDSs.
Despite of the bandpass filters (see Table [I) a few narrow-band transmitters contaminated
the registered signals. The effect of the suppression of the frequency regions outside the
passband and the remaining contributions from the narrow-band transmitters within the
passband are displayed in the middle panel of Fig. [l which shows the Fourier transform
of the time trace shown in the upper panel. These narrow-band transmitters were removed
by applying two different digital methods. The first method operates in the time-domain
and involves a linear predictor algorithm based on the time-delayed forecasted behavior of
128 consecutive time samples [43]. The second method involves a Fourier- and inverse-
Fourier-transform algorithm, where in the frequency domain the power of the narrow-band
transmitters was set to zero (see, e.g., Ref. [3]).

To determine the total electric field vector, we used the simulated antenna gain pattern
[44] and the incoming direction of the air showers as determined with the SD analysis. This
technique is described in detail in Refs. [45], 46]. In the analysis of the radio signals we used
the analytic signal, which is a complex representation of the electric field vector 5;-, where j
runs over the sample number in the time trace. This complex vector was constructed from

the electric field itself using the Hilbert transformation H:

& = Ej +iH(E)) (2)
In the lower panel of Fig. 4] the analytic signal of the electric field for this particular event
is displayed after removing the narrow-band transmitters from the signal.

The data obtained with the minimum bias triggers were analyzed to check the gain for

the different polarization directions. For this comparison we used the nearly daily variation
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of the signal strength in each RDS (for the two polarization directions) caused by the rising
and setting of strong sources in the galactic plane; see e.g. Ref. [27]. In the present
analysis only data from those RDSs were selected where the difference between the relative
gain for their two polarization directions was less than 5%. Furthermore, it is well-known
[47-49] that thunderstorm conditions may cause a substantial change of the radio signal
strength from air showers as compared to the signal strength obtained under fair-weather
conditions. The atmospheric monitoring systems of the observatory, located at the BLS
and at AERA (see Fig. register the vertical electric field strength at a height of about
4 m. Characteristic changes in the static vertical electric field strength are indicative for
thunderstorm conditions and air-shower events collected during such conditions have been

ignored in the present analysis.

D. Coincidences between the SD and the RDSs

The data streams for the SD and RDSs were checked for coincidences in time and in
location. For the SD events we used the reconstructed time at which the shower hits the
ground at the core position. For the timing of an event registered by one or more of the
RDSs we used the earliest time stamp obtained from the triggered stations. We required
that the relative difference in the timing between the SD events and the events registered
by the radio detector is smaller than 10 us. The distribution of the relative time difference
of the coincident events registered with AREA is shown in Fig. 5| The shift of about 8 us
between the SD and RDS timing is caused by the different trigger definitions used for each
of the two different detection systems: SD and RDS. This figure clearly displays the prompt
coincidence peak and some random events. The events selected for further analysis are
within the indicated window in this figure.

Our analysis is based on 37 air-shower events, 17 registered with AERA24, the other
20 registered with the prototype. We note here, that each event can produce several data
points in our analysis. The distance d between the shower axis and the SD station closest to
the center of the radio setup, the angle o between the magnetic field vector and the shower
direction, and the shower energy E are relevant parameters for the RDS triggers discussed
in Section . The upper (lower) panel of Fig. @ displays a scatter plot of these coincident

events in the (F,«) and (F,d) parameter space.
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E. Deviation from geomagnetic polarization as a function of the observation angle

For each shower and each RDS, we used the SD time and the (x,y) coordinates of each
RDS to define a region of interest with a width of 500 ns in the recorded RDS time traces.
In this region, indicated in the bottom panel of Fig. [4] as region 1, we expect radio pulses
from recorded air-shower events. Because of time jitter the precise location of the radio
signal itself was determined using a small sliding window with a width of 125 ns, i.e. 25
time samples. As a first step, we removed the narrow-band noise using the method based on
a linear prediction, described in Section [[IB] Then, within the region of interest, the total
amplitude in the sliding window was computed by averaging the squared sum of the three
electric field components and taking the square root of this summed quadratic strength.
The maximum strength obtained by the sliding window was then chosen to be the signal S.

Thus we have
LB . 1/2
9= (Z Ejik - 5*j+k) , (3)
j=1

where the left edge of this sliding window has sample identifier k. For every measured trace,
k was chosen such that S reaches a maximum value. The noise level N was determined
from region 2 shown in the bottom panel Fig. . This region has a width of 1600 ns (320
samples).

. 1/2
NZ@(i Smf*m> , ¢

m=mg

where mg and m; = my+319 are respectively the start and stop samples of this noise region.
For the AERA24 data shown in the bottom panel of Fig. [4| the value of my = 520 (1600 ns).
To identify the two mechanisms of radio emission under discussion, we take advantage of
the different polarization directions that are expected in each case (see Section where
we introduced the coordinate system (£,n) depicted in Fig. In the rotated coordinate
system the resulting strength of the electric field in the ground plane is given as: & and &,,.
We define the quantity R as:
257 Re(Ejine Efp)
S €kl + 1Ejsnnl®)

where we use the observation angle 1, which is the azimuthal angle at the shower core

R(Y) = (5)

between the position of the RDS and the direction of the {-axis. Since &, has no component

in the case of pure geomagnetic emission it is clear from Eq. that any measured value
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of R # 0 indicates a component different from geomagnetic emission. The measured value
of R incurs a bias in the presence of noise, which was taken care of using the procedure
explained in Appendix [A] To use signals with sufficient quality the following signal-to-noise

cut was used:

S/N > 2 (6)

where S and N are defined by Egs. and , respectively. The uncertainties in R were
obtained by adding noise from the defined noise region to the signal, such that a set of varied

signals was obtained:

k= Eipk+ Eim (7)

for ¢ running from 1 to 25 for each value of m in the noise region from mqg to mgy + 294. We
recall, that the index k was chosen such that S reaches its maximum value (see Eq. (3)).
Similar to the determination of the value R using Eq. , a set of values R’ was generated
using the values 671’ 11 From their probability density function the variance and the spread
or for R were determined. The uncertainty o, in the observation angle was determined
from the SD data and from the location of the RDS relevant for the data point plotted. The
values of R and their uncertainties are displayed in Fig. [7] as a function of the angle ¢ for
the events recorded by AERA24 which passed all the quality cuts. This -dependence of
R reflects predictions made by Refs. [28, BI]. These predictions are based on simulations
which account for geomagnetic emission and emission induced by the excess of charge at
the shower front. Therefore, Fig. [7] gives evidence that the emission measured cannot be

ascribed to the geomagnetic emission mechanism alone.

F. Direction of the electric field vector

To quantify the deviation from the geomagnetic radiation as measured with our equip-
ment, we compared measured polarization angles with predictions based on a simple model.
This model assumes a contribution, in addition to the geomagnetic process, which has a

polarization like the one from the charge-excess emission process. From Eq. we can
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write the azimuthal polarization angle as:
ES¢ + EA
¢, =tan ! [ L——%
ES + E2

T sin(¢%) sin(a) + asin(¢?)
=t (COS(¢G) sin(a) + a cos(qu)) '

(8)

Here ¢% is the azimuthal angle of the geomagnetic contribution with respect to the geo-
graphic east; similarly, ¢* gives the azimuthal angle for the charge-excess emission. The
subscripts  and y denote the geographic east and north directions, respectively; see Fig.
Bl From the incoming direction of the air shower and the direction of the geomagnetic field
(—U x é) we obtained ¢©. Using the zenith angle 6, and the azimuthal angle ¢, of the
shower axis as well as the angle v, we define the azimuthal angle ¢* as:

- (sm%ea) coul —dn)sin) i)

sin?(6,) cos(¥ — ¢q) cos(da) — cos()

while taking into account the signs of the numerator and the denominator in this equation.

(9)

In Eq. the parameter a gives the relative strength of the electric fields induced by the

charge-excess and by the geomagnetic emission processes:

A
a= sin(a):g—G:. (10)
To obtain the azimuthal polarization angle from the observed electric field (see Section
[ITC) we used a formalism based on Stokes parameters, which are often used in radio
astronomy; see e.g. Ref. [50] for more details. Using Eq. , the EW and NS components
are presented in a complex form, &, = E;, +iE;, and §;,, = E;, +iE;,, where we use the

notation: £ = H(E) and where j denotes the sample number (i.e. time sequence). In this

representation the time-dependent intensity of the electric field strength is given by:
L=E,+E +E +E2 (11)

After removing the contributions from narrow-band transmitters using the noise reduction
method based on transformations forth and back to the frequency domain (see Section
, we used the region of interest displayed in the bottom panel of Fig. 4| to find the
signal. Because the recorded pulses induced by air showers were limited in time, the average
polarization properties were calculated in a narrow signal window. The position and width

of this window were defined as the maximum and the full width at half maximum (FWHM)
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of the intensity of the signal. In this signal window the two Stokes parameters that represent
the linear components were calculated as:

n

1 - -
Q= - Z(Efl‘ T EJ290 - Ef’y - EJ2y) (12)
j=1
2 — _
U= E Z(Ej,x Ej7y + Ej,ﬂ? Ej,y)7 (13)
j=1

with n the number of samples for the FWHM window. The uncertainties on () and U, due

to uncorrelated background, are given by:

16 n n
0 = — > (Ej,z Eye Cov(Eje  Erg) + Ejy Ery Cov(Ej, , Ek,y)) (14)

j=1 k=1
0% = 1—(25 Xn: Xn: (Ej,y By Cov(E; . , Epa) + Eju Erw Cov(E,, Ek,y)), (15)

(e
in which Cov(E;, , Ej,) is the covariance between sample Ej;, and Ej ,. The covariance
between samples was estimated in a time window that contains only background. It was
checked that the contribution from a cross correlation between the E,, and Ej, samples
can be neglected. From () and U the polarization angle for each recorded shower and at

each RDS was obtained using:

Op = %tan_l (g) , (16)

Q
in which the relative sign of () and U should be taken into account. The uncertainty on ¢,
is given by
0.2 U2 +0-2 2
oy = (7% 0 ) . (17)
b 4(U2 + Q2)?

To assure good data quality for the registered time traces, only signals were considered that

pass the following signal to noise cut

S | Q%+ U?

For the data obtained with AERA24, we compare in Fig. [8|the measured polarization an-
gle ¢,(me.) to the predicted polarization angle ¢,(pr.) as expected from a pure geomagnetic
emission mechanism (@ = 0). The error bar on the measured value ¢,(me.) was calculated

from Eq. , while the error bar on the predicted value ¢,(pr.) = ¢ was obtained from the
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propagation of the uncertainties on —¢ and B in Eq. . Note that this latter uncertainty
is always smaller than the size of the marker.

The data displayed in Fig. show that there is a correlation between the predicted
and the measured values of the polarization angle ¢,. The Pearson correlation coefficient
for this data set is pp = 0.8270705 at 95% CL. This provides a strong indication that the
dominant contribution to the emission for the recorded events was caused by the geomagnetic
emission process. As a measure of agreement between the measured and predicted values

we calculated the reduced 2 value:

pr pr.) — ¢p(me. ))2
r N Z ) (19)

nd % (pr.) + % (me.)
where the sum runs over all N measurements. For the case where a = 0 the value of
x?/ndf = 27.

The value of a per individual measurement can be determined using Eq. . This
equation was used to predict the value of ¢, by varying the value of a over a wide range. From
this scan we obtained a most probable value for a and its 68% (asymmetric) uncertainty;
for details see Appendix [Bl For computational reasons we limited ourselves to the range
—1 <a <1, where a = —1(+1) corresponds to a radial outwards (inwards) polarized signal
that equals to strength of the geomagnetic contribution.

In Fig. [0 the estimated value of a; and its estimated uncertainty o; per measurement is
shown by the black markers and error bars, respectively. From Fig. [9]it is clear that, given
the uncertainties on the measurements, the values of a; do not arise from a single constant
value of a. The reason might be that the values of a depend on more parameters, such as
on the distance to the shower axis and/or on the zenith angle. From the distribution of a;
values, we estimate the mean value. We do this by taking into account the additional spread

in the sample A by requiring that

(a; —a)?
___Z (02 + A2) =1 (20)

In which the mean value a is calculated using a weighted average, with weights
w; =1/(02, + A?). (21)

We use for o,, the upper uncertainty bound when a is larger than a;, and the lower uncer-

tainty bound when a is smaller the a;. We find that the requirement in Eq. is satisfied

28



at a value A = 0.10, and the rescaled uncertainties /(02 + A?) are indicated by the orange
boxes around the data points in Fig. [0} The mean value is estimated to be @ = 0.14, the

uncertainty on the mean is estimated from the weights

S (22)

Vi wi
and has a value 0.02.

The deduced mean value of a has been used to predict with Eq. the values of ¢, and
its uncertainty based on the uncertainties in the location and the direction of the shower
axis and on the uncertainty in the direction of the geomagnetic field. These predictions are
shown in Fig. and compared to the measured polarization angles. In the case where we
take a = 0.14, the value of the Pearson correlation coefficient is given by pp = 0.9370 03 at
95% CL. If we compare this number with the value obtained under the assumption, that
there is only geomagnetic emission (a = 0 with pp = 0.82700%; see Fig. , we see that
the correlation coefficient increases significantly. In addition, the reduced y?-value decreases
from 27 for a = 0.0 to 2.2 for a = 0.14.

This deduced contribution for a radial component with a strength of (14 +2)% compared
to the component induced by the geomagnetic-emission process is, within the uncertainties,
in perfect agreement with the old data published in Refs. [22] 25]. They quote values of
(15+5)% and (14+6)% for a radio-detection setup located in British Colombia and operated
at 22 MHz.
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FIG. 4. An example of a radio signal in various stages of the analysis. Upper panel: the square
root of the quadratic sum for the signal envelopes of both polarization directions. Middle panel:
the power distribution of this signal in the frequency domain. Lower panel: the analytic signal for
the electric field £ (see Eq. 1) reconstructed from the two time traces and from the incoming
direction of the shower. The signal was cleaned from narrow-band transmissions using the linear
predictor algorithm. The signal (noise) region used for this algorithm is denoted by 1 (2) and has

a width of 125 ns (1600 ns).
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FIG. 6. Scatter plot of shower parameters for coincident events used in the analysis; the filled
circles (open triangles) are data for AERA24 (prototype). Upper panel: the shower energy E
reconstructed from the SD information versus the space angle o between the magnetic field vector
and the shower axis. Lower panel: the reconstructed energy E versus the distance d between the

shower axis and the SD station located closest to the radio-detection systems (see Fig. .
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FIG. 7. The calculated value of R (see Eq. ) and its uncertainty for the AERA24 data set as a

function of the observation angle 1. The dashed line denotes R = 0.

33



(me.) [°]

(pp
—
—a-
@
@ )

-50f

1 | | | | | | | | | |

0.1 [

FIG. 8. The measured polarization angle versus the predicted polarization angle for the AERA24
data set assuming pure geomagnetic emission: a = 0 (see Egs. and ) The dashed line

denotes where ¢,(me.) = ¢,(pr.).
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FIG. 9. Distribution of most probable values of a (see Eq. (10)) and their uncertainties for the
AERA24 data set (see Appendix B for details). The 68% confidence belt around the mean value
of a is shown as the solid blue line; the value a = 0 is indicated with the dotted red line; see text

for further details.

35



(me.) []
S

%

-50f

0.1 [

FIG. 10. The predicted polarization angle using the combination of the two emission mechanisms
with ¢ = 0.14 4+ 0.02, versus the measured polarization angle for the AERA24 data set; see also

the caption to Fig.
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G. Summary of experimental results

The results presented in the previous sections show that we can use the direction of the
induced electric field vector as a tool to study the mechanism for the radio emission from
air showers. In addition to the geomagnetic emission process which leads to an electric field
vector pointing in a direction which is fixed by the incoming direction of the cosmic ray
and the magnetic field vector of the Earth, there is another electric field component which
is pointing radially towards the core of the shower. For the present equipment sited at the
Pierre Auger Observatory and for the set of showers observed, this radial component has
on average a relative strength of (14 &+ 2)% with respect to the component induced by the
geomagnetic emission process and it is pointing towards the core of the shower. These results
are supported by the analysis of the data obtained by the prototype, which is presented in
Appendix [C]
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IV. COMPARISON WITH CALCULATIONS

In this section, we compare the results shown in Section with simulations using
different approaches listed in Table [[l The codes CoREAS [34], EVA1.01 [32], REAS3.1
[29, 51], SELFAS [33], and ZHAireS [31] use a multiple-layered structure for the atmosphere,
whereas MGMR [2§] has a single layer. All of these models assume an exponential profile
for the density of the air (denoted as p in this table) per layer. The treatment of the index
of refraction differs from model to model: SELFAS and MGMR have a constant index of
refraction (equal to unity); for the other models, the index of refraction follows the density of
air. Here we note that recently SELFAS has been updated to include an index of refraction
wihich differs from unity. Another difference between the codes is the description of the
shower development; they use either a parameterized model for the development of the
particle density distribution within the shower (EVA1.01, MGMR, and SELFAS) or they
make a realistic Monte Carlo calculation to obtain these density distributions (CoREAS,

REAS3.1, ZHAireS).

TABLE II. Characterization of the simulation codes.

model Ref. layers refractivity interaction model
CoREAS [34] multiple X p Monte-Carlo
EVA1.01 [32] multiple x p (see [32]) parameterized
MGMR [28] single 0 parameterized
REAS3.1 [29] multiple x p Monte-Carlo
SELFAS [33] multiple 0 parameterized
ZHAireS [31] multiple X p Monte-Carlo

The comparison between the measured data and the values predicted by the various
models was done with the analysis package [45], 46], which was introduced in Section .
The data from the SD together with the position and orientation of each RDS were used
to predict the electric field strength in each polarization direction of an RDS. The full
response of the RDS (the response of the analog chain and the antenna gain) was then
used to predict the value of R (see Eq. (), here denoted as R(pr.). We started from the
predicted electric field strength at the position of an RDS. As a next step in this chain,
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these values led to predicted values at the voltage level, very similar to the ones obtained in
the actual measurement. Once these values were obtained, the same scheme was followed
as the one used for the analysis of the experimental data, leading to predicted values for
R. To estimate the uncertainty in this prediction, we performed Monte Carlo simulations
for 25 different showers, all with slightly different shower parameters, where we used the
estimated uncertainties from the SD analysis for each of the shower parameters and their
correlations. The ensemble of these 25 predicted values for R was used to determine the

uncertainty denoted as o(pr.).

Figure [11] shows for the AERA24 data set the comparison between the measured values
of R versus those predicted. For each of the six models, the Pearson correlation coefficient
pp between the data and predictions and its associated asymmetric 95% confidence range
indicated by the lower p;, (higher pp) limit are listed in Table [[T], These coefficients are
typically 0.7. For some of these approaches, it is possible to explicitly switch off the contri-
butions caused by the charge-excess process, which leads to values of R(pr.) which are close
to zero. Examples of such calculations are shown in Fig. [I2] Also in this case the correla-
tion coefficients have been calculated and are listed in Table [ITIl In this case the correlation

coefficients are close to zero.

TABLE III. Pearson correlation coefficients pp and their 95% confidence ranges.

charge excess no charge excess

model oL ppP PH PL PP PH
CoREAS 0.58 0.67 0.75

EVA1.01 0.60 0.70 0.78 -0.16 0.04 0.24
MGMR 0.62 0.71 0.78 -0.20 -0.01 0.20
REAS3.1 0.54 0.63 0.71

SELFAS 0.55 0.64 0.72 -0.22 0.09 0.37
ZHAireS 0.61 0.70 0.78

It is seen from Table [[TI| that the inclusion of the charge-excess emission improves sig-

nificantly the value of the correlation pp. We also calculated the reduced x? values, which
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FIG. 11. Predicted versus measured values of the
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FIG. 12. Measured versus predicted values of the parameter R in two cases where the charge-excess

component has been switched off in the simulations.

are defined as:

— me.) + oZ(pr.)

The calculated reduced y? values are about equal to 3 if the charge-excess effect is in-
cluded and roughly equal to 20 in case the contributions of charge-excess emission have been
switched off. Therefore, although the inclusion of the charge-excess contribution clearly im-
proves the correlation coefficients as well as the reduced y? values, the present data set
can not be fully described by these calculations. Furthermore, the various models produce
slightly different results, which, in itself, is very interesting and could lead to further insights
into the modeling of emission processes by air showers. However, such a discussion goes be-
yond the scope of the present paper. For completeness we present in Appendix [C] the results

of the comparison between model calculations and the data obtained with the prototype.
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V. CONCLUSION

We have studied with two different radio-detection setups deployed at the Pierre Auger
Observatory the emission around 50 MHz of radio waves from air showers. For a sample
of 37 air showers the electric field strength has been analyzed as a tool to disentangle the
emission mechanism caused by the geomagnetic and the charge-excess processes. For the
present data sets, the emission is dominated by the geomagnetic emission process while, in
addition, a significant fraction of on average (14 + 2)% is attributed to a radial component
which is consistent with the charge-excess emission mechanism. Detailed simulations have
been performed where both emission processes were included. The comparison of these sim-
ulations with the data underlines the importance of including the charge-excess mechanism
in the description of the measured data. However, further refinements of the models might
be required to fully describe the present data set. A possible reason for the incomplete
description of the data by the models might be an underestimate of (systematic) errors in

the data sets or the effect of strong electric fields in the atmosphere.
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Appendix A: Bias on the determination of R

We introduced in section Eq. to determine the value of R. In case the signals
are of low amplitude this calculation will be affected by the magnitude of noise. In order to
remove this systematic effect, one needs to subtract this noise. The equation for the deter-
mination of the observable R in the presence of noise involves yet another transformation,

leading to a slightly more complex formula as compared to Eq. :

25 320

Zj:1(|gj+k,>\|2 - |gj+k,p|2)/25 - Zj:1(|€j+m1,>\
%5 320

D Uil + [Ejn017) /25 = 32521 (1€ +ma

The indices A and p are due to a coordinate transformation on the data such that &£, =

(& + &)/V2 and &, = (& — &,)/V/2. For the present data sets, the correction to the

? = |Ejmipl*)/320

Riv) = 1oy )/320

denominator was most significant, whereas the correction to the numerator was smaller and
took care of possible differences in the noise levels in the coordinate system defined by the

variables A and p.

Appendix B: Extraction of the error on «

In Section [[ITF|] we have presented the definition of the parameter a. Here we explain
how to estimate the error on the value of a for each individual data point. First we estimate
the p-value of measuring ¢, for a given value of a, p(¢,|a), where a ranges from —1.0 to
+1.0. This probability was obtained by generating a probability density function f(¢!|a)
of polarization angles using Eq. . This probability density function f was obtained by
varying the location and direction of the shower axis according to their uncertainties, varying
the orientation of the geomagnetic field according to its uncertainty, and adding a random
angle that is distributed according to the measurement uncertainty on the polarization angle.
From the function f we calculated the most probable value for a and the 68% uncertainty,

as this is indicated with the black error bars in Fig. [0

Appendix C: Polarization data from the prototype

In this Appendix we show the results obtained with the prototype. The analysis per-
formed for this data set was essentially the same as the one made for AERA24. In Fig.
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FIG. 13. The calculated value of R and its uncertainty as a function of the observation angle .

See also the caption to Fig. [7}

we display the parameter R as function of the observation angle ¢. In the left panel of
Fig. we display the predicted polarization angle for pure geomagnetic emission (a = 0).
For the case where a radial component was added to this geomagnetic emission process,
following the procedures outlined in Section [[ITF] the data are displayed in the right panel
of Fig. . In this case, the minimum in the reduced y? value is obtained for a = 0.11£0.07.
Finally, following the analysis in Section [[V] we show in Fig. [15] the comparison of predicted
and measured values for the parameter R and in Table [[V] we list the Pearson correlation

coeflicients for these data sets.
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to Figs. [§ and

TABLE IV. Pearson correlation coefficients pp and their 95% confidence ranges.

charge excess no charge excess

model PL pp PH PL pp PH
CoREAS 0.41 0.68 0.86

EVA1.01 0.42 0.68 0.86 -0.33 0.00 0.34
MGMR 0.49 0.71 0.87 -0.29 0.05 0.39
REAS3.1 0.40 0.65 0.82

SELFAS 0.45 0.66 0.83 -0.32 0.03 0.30
ZHAireS 0.43 0.69 0.87
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