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H.J. MATHES1 , H.J. MAYER1 , S. MATHYS8 , M. MELISSAS1 , C. MORELLO10 , P. NEUNTEUFEL1 , J. OEHLSCHLÄGER1 ,
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3 Università di Torino and Sezione INFN, Torino, Italy
4 National Institute of Physics and Nuclear Engineering, Bucharest, Romania
5 Fachbereich Physik, Universität Wuppertal, Germany
6 Department of Physics, Siegen University, Germany
7 Dept. of Astrophysics, Radboud University Nijmegen, The Netherlands
8 Bergische Universität Wuppertal, Wuppertal, Germany
9 National Centre for Nuclear Research, Department of Cosmic Ray Physics, Lodz, Poland
10 Osservatorio Astrofisico di Torino, INAF Torino, Italy
11 Institute of Nuclear Physics PAN, Krakow, Poland
12 Department of Physics, University of Bucharest, Bucharest, Romania
13 now at: Max Planck Institute for Physics, Munich, Germany
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Abstract: Microwave radiation from high-energy air showers has been observed in the C band (3.4–4.2 GHz) with
the CROME (Cosmic-Ray Observation via Microwave Emission) setup. The general properties of the detected air
showers and important features of the event distributions are described. The compatibility of the measured GHz
signals with different hypotheses is discussed. It is shown that isotropic, unpolarized radiation is disfavored as the
dominant emission mechanism in forward direction compared with emission due to the geomagnetic effect and
charge excess variation.
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1 Introduction
Ultra-high energy cosmic rays are detected indirectly by
observing air showers with fluorescence telescopes or by
sampling the secondary particle distribution at ground. In
the search for alternative detection methods combining the
advantages of these two detection techniques for a new,
large-scale cosmic ray experiment, the radio detection of
air showers is being investigated by many groups [1–3].

Current radio experiments operate at frequencies below
100 MHz as coherent radiation is expected for wavelengths
larger than the thickness of the shower disc. The radio emis-
sion at this frequency mainly comes from the separation of
the high-energy electrons and positrons in the air showers
due to the geomagnetic field [4].

Following an observation of microwave radiation in ac-
celerator measurements published in 2008 [5], a number of
experiments started to search for radio signals of extensive
air showers above 1 GHz, e.g. [5–8]. These experiments
aim at finding molecular bremsstrahlung, an isotropic radia-
tion produced by the air shower plasma. This, in principle,
would allow for the calorimetric detection of air showers

with similar quality as fluorescence observation but with
nearly 100 % observation time and less systematic uncer-
tainties from atmospheric effects.

Of these microwave experiments, the MIDAS experi-
ment has released an upper limit on the isotropic radia-
tion [9], while EASIER at the Pierre Auger Observatory
and CROME recently reported the first observations of mi-
crowave emission in the C band (3.4–4.2 GHz) [10, 11].

In this article, after a short review of the detector charac-
teristics, the general properties of the air showers detected
with CROME and important features of the event distribu-
tions will be described. These features will then be com-
pared with predictions made by two emission models to
draw conclusions about the dominant emission mechanism.

2 Detector description
CROME consists of three C band reflector antennas embed-
ded in the KASCADE-Grande (KG) air shower array [12].
In the common observation time of almost two years, the
readout was triggered by the detection of high-energy air
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Figure 1: Power traces of a stereo air shower event (uncali-
brated). The thresholds on the signal amplitude applied for
the event search are indicated by dashed lines.

showers with KG. Reconstructions of the shower geometry
and energy are provided by the KG collaboration.

Each of the C band antennas consists of a 3.4 m parabolic
reflector equipped with a 3×3 pixel camera, forming nine
beams with 2° half-power beamwidth. The antennas are
pointed vertically, 15° to the south, and 15° to the north,
respectively, and each views a region of the sky of about
10°×10°. The effective bandwidth of the mounted receivers
is ∼ 600 MHz centered at 3650 MHz. The receivers are
linearly polarized with a cross-polarization rejection of at
least 20 dB. Five of the nine beams are each formed by one
receiver, effectively detecting only one component of the
three-dimensional electric field. The four corner beams are
each formed by two cross-polarized receivers and measure
two components of the electric field.

The signals of each channel are passed through a loga-
rithmic amplifier for detection. Since frequency and phase
information are lost in the detection process, no direct stud-
ies of the signal polarization are possible. Still, indirect
studies are possible by comparing the amplitudes detected
by the dual-polarized channels.

A detailed description of the detector, its calibration,
and the event selection can be found in the accompanying
contribution [8] to this conference and in [13].

3 Event properties
Microwave signals have been detected for 30 air showers.
In most of the air shower events a significant signal was
detected only in one receiver although the shower axes
typically crossed the fields of view of two or three receivers.
Consistently, the receiver viewing the air shower at its
highest point, typically around 4 km, detected a signal. Only
two air showers were each detected in two independent
receivers. The signal traces of one of these stereo events
are shown in Fig. 1. The absolute timing is well within
the expected time window and the relative delay between
the pulses is in very good agreement with the expected
geometric and electric delays. The detected pulses are about
10 ns long. Due to cuts on the air shower energy, geometry,
and the signal-to-noise ratio (SNR), only 1.2±0.5 of the
32 channels which detected a signal are expected to be
background fluctuations [13].

Ring structure
The core positions of the air showers passing all geometric
cuts are uniformly distributed within the fiducial area of
KG and within ∼ 200 m of the antennas. In contrast, the
core positions of the air showers that were detected in the
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Figure 2: Location of the CROME antennas (black circle)
and core positions of the air showers with microwave signals
(red crosses). The KG detector stations are shown as white
squares, with the fiducial area of the KG reconstruction
being indicated by a dashed box. Most of the core positions
are distributed on a ring around the antennas, indicated by
gray circles.

C band are mainly distributed on a ring around the detector
positions, see Fig. 2. Notably, the core positions of 28 of
the 30 detected air showers lie on a ring of 70 m inner and
150 m outer radius. There is a significant deficit of detected
air showers inside and outside this ring.

East-west asymmetry and geometry dependence
The event distributions also exhibit two asymmetries which
cannot be explained by the underlying distribution of air
showers. First, for the vertically pointing antenna, 13 show-
ers were detected west of the antenna, while only three
showers were detected east of the antenna. At the same
time, no significant east-west asymmetry can be observed
for the showers detected by the antenna pointed north.

Second, the rate of detected air showers differs signifi-
cantly between the three antennas. Specifically, of all show-
ers passing the selection criteria, 0.8%+1.7%

−0.6%, 3.2%+1.0%
−0.8%,

and 4.4%+1.5%
−1.2% were detected in C band with the south,

vertical, and north oriented antenna, respectively. This is
an indication that the detection probability depends on the
shower geometry relative to the local geomagnetic field.

Polarization
Due to the small exposure collected with the dual-polarized
channels, only three of the air shower events were detected
while crossing dual-polarized beams. In these events, the
signals of only one of the polarization directions exceed
the detection threshold. The most significant of these obser-
vations has an SNR of 11 dB, while the signal in the same
time window of the trace of the cross-polarized channel is at
least 6 dB weaker. It is therefore unlikely that the detected
radiation was unpolarized.
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Figure 3: Ground pattern of the maximum total field
strengths between 3.4 GHz and 4.0 GHz predicted by
CoREAS for a 1017 eV iron primary. The air shower hits
ground vertically at (0,0). The color map is overlaid with
squares indicating the positions of the CROME antennas
relative to the cores of the detected showers.

4 Comparison with model predictions
In the following, the observations described above will
be compared with predictions by two emission models:
molecular bremsstrahlung from the low energy electrons
of the air shower plasma, and radio emission of the high-
energy electrons and positrons in the shower front.

Molecular bremsstrahlung is emitted during the cooling
of low energy electrons in a weakly ionized plasma. Gorham
et al. [5] pointed out that this radiation is also expected
for air shower plasmas at GHz frequencies. The emission
should be isotropic and unpolarized. The mechanism and
properties of molecular bremsstrahlung are discussed in
detail in a separate contribution [14] to this conference.

The dominant part of the radiation emitted by the high-
energy charged particles of the shower front arises from
the separation of the particles of opposite charge in the
geomagnetic field and the resulting induction of a transverse
current [15]. The emission due to the variation of the net
charge excess, the Askaryan effect, provides an additional
component [16]. The resulting radio emission due to these
processes was found to be coherent, polarized and forward
beamed in the ∼ 100 MHz range. Recently, simulation
codes which had been developed to calculate the radio
emission in this frequency range have been used to study
the emission properties also at microwave frequencies. The
CoREAS simulation code [17], based on the CORSIKA air
shower simulation and the endpoint formalism [18], will
be used for qualitative comparisons with the observations.
In the following, the radiation of the high-energy charged
particles will be referred to as conventional radio emission.

Ring structure
Since the experiment operates at the detection threshold,
the distribution of the core positions of detected air show-
ers can be interpreted as an indirect observation of the flux
distribution produced by the dominant emission mecha-
nism at ground. While varying primary energies, primary
masses, shower-to-shower fluctuations, and shower geome-
tries along with geometry dependent detector efficiencies

complicate the interpretation, broad features like the ob-
served ring structure can still be used to draw conclusions.

The isotropic emission of molecular bremsstrahlung
results in a flux distribution at ground that monotonically
decreases with increasing distance to the shower axis [14].
Although a boost in signal strength is expected near the
Cherenkov angle due to the observation of larger parts of
the shower in a small time interval (time compression), the
inverse-square law effectively suppresses this effect. The
deficit of events with core positions close to the antennas
cannot be explained with the current understanding of the
molecular bremsstrahlung process.

To study the ground pattern of conventional radio emis-
sion at GHz frequencies, air showers were simulated us-
ing CoREAS with a dense antenna array at ground level.
The time traces of the electric fields at each antenna posi-
tion were filtered to 3.4 GHz to 4.0 GHz to calculate the
peak electric field strength in this band. In Fig. 3, the re-
sults are shown as a color map for a vertical 1017 eV shower.
The lateral distribution produced by the shower exhibits a
clear ring structure with gaps north and south of the shower
core. The size of the ring is directly related to the geomet-
ric height of the shower maximum above ground and the
Cherenkov angle at this altitude [19, 20].1 Antennas located
on this ring observe a large part of the shower in a small
time interval which shortens the pulse and therefore extends
the coherency of the shower emission to higher frequencies.
Note that only the recent inclusion of a realistic refractive
index of air in the radio simulations allowed studies of these
time compression effects [21].

For a qualitative comparison, the positions of the
CROME antennas relative to the core positions of the de-
tected showers are shown as squares in Fig. 3. The positions
strongly correlate with the regions of large field strengths
in the broken ring pattern. The distribution of the detected
air showers and the deficit of detected air showers close
to the antennas are well reproduced by the predictions of
conventional radio emission.

Geometry dependent detection rate
A difference in the event rate between antennas observing
different parts of the sky can be linked to an emission mech-
anism which depends on the shower geometry. The max-
imum zenith angle of the detected showers is 20°. There-
fore, the variations of the emission strength of molecular
bremsstrahlung are expected to be small. Moreover, the
variations would be symmetric with respect to the vertical
axis and therefore could not explain the difference in the
detection rate of the south and north pointed antennas.

The intensity of geomagnetic radio emission is propor-
tional to sin2 (α), with α being the angle between the
shower propagation direction and the geomagnetic field, of-
ten called geomagnetic angle in this context. At the location
of CROME, the magnetic inclination is 65°. The central
axes of the south, vertical, and north pointing antennas are
aligned with an angle of 10°, 25°, and 40° to the geomag-
netic field, resulting in sin2 (α) factors of 0.03, 0.18, and
0.42, respectively. Therefore, the observed differences of
the detection rates can be explained naturally within the
geomagnetic emission model.

1. The depth of the maximum for the shower shown in Fig. 3,
658 g cm−2, lies between the average depths of proton and iron
induced showers at this energy.
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Figure 4: Fraction of power lost due to the linear polariza-
tion of the receivers when simulating the detection of radio
pulses predicted by CoREAS for the air showers detected
with CROME. The histogram of the polarization loss is
shown for the receivers that measured a signal (red line)
and those without a signal (black dashed line). The mean
values of the distributions are indicated by arrows.

East-west asymmetry
An important feature predicted for the lateral distribution of
conventional radio emission is the higher field strength east
of the shower axis, cf. Fig. 3. It arises from the superposi-
tion of the geomagnetic and charge excess components of
the radiation. Since the strength of only the geomagnetic
emission depends on the geomagnetic angle, the size of the
east-west asymmetry also depends on this angle. It is max-
imal when the two contributions have similar amplitudes
and cancel west of the shower axis. This fits well to the ob-
servation that the core positions of the air showers detected
with the vertically oriented antenna show a significant east-
west asymmetry, while those of the air showers detected
with the north pointed antenna do not.

For molecular bremsstrahlung, a symmetric ground pat-
tern would be expected.

Polarization
As noted above, the observation of three air showers in only
one polarization of dual-polarized beams indicates an (at
least partially) polarized source signal.

The CoREAS simulation code was used to quantify
the correlation of the polarization axes of the receivers
with microwave signals and the prediction for conventional
radio emission. Each of the detected air showers was
simulated using the geometry and energy reconstructed by
KG assuming iron primary particles. The simulated time
traces of the electric fields were filtered to the effective
detector band and the polarization losses—the fraction of
power lost due to the linear polarization of the receivers—
were calculated for all receivers passing the geometric cuts.
Note that the polarization predicted by CoREAS is not
purely linear and has a significant circular component for
showers north or south of the antennas.

In Fig. 4, a histogram of the polarization loss is shown
for the air showers that were detected in the C band for the
receivers with a signal (red line) and those without (black
dashed line). Note that the geometric selection criteria were
also applied to the receivers without a signal. The average
polarization loss is 38 % for the channels with a signal and
60 % for the channels without a signal. The separation of the
two distributions indicates a correlation of the polarization
of the receivers with the predictions of CoREAS. This is
also confirmed by the three observations in dual-polarized

beams: the polarization loss is < 10 % for the receivers with
and > 90 % for the receivers without a significant signal.

We can now calculate the probability of this observation
for an unpolarized radio emission. In this case, an average
polarization loss of 50 % would be expected with a statisti-
cal deviation due to the finite sample. The expected size of
the statistical fluctuation was calculated by simulating the
detection of the same number of pulses with similar ampli-
tude and length as predicted by CoREAS, but comprised
of white noise with random polarization for each time sam-
ple. The average polarization loss is then approximately
normal-distributed around 50 % with a standard deviation
of ∼ 2.5 %. Therefore, we exclude that the observed radio
emission is unpolarized with a significance of 5σ .

Molecular bremsstrahlung is assumed to be unpolarized
and is therefore disfavored as dominant emission process.

5 Conclusions
Thirty extensive air showers have been detected with the
C band detectors of the CROME experiment. The features of
the event distributions are consistent with the geomagnetic
and charge excess effects being the dominant emission
mechanisms when taking into account the time compression
due to the refractive index of air. An isotropic, unpolarized
radiation process like molecular bremsstrahlung cannot
explain the features and is therefore disfavored as the
dominant emission mechanism. However, a sub-leading
contribution from an isotropic emission process cannot be
excluded. Once the end-to-end calibration of the detectors is
completed, the measured amplitudes will be compared with
existing simulations for different emission mechanisms.
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