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Abstract

The radio emission from extensive air showers is measured with the LOFAR radio telescope and the Auger Engi-
neering Radio array AERA at the Pierre Auger observatory. The properties of cosmic rays, such as direction, energy
and particle type are derived from the radio measurements. Recent results and perspectives for the future are discussed.
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1. Introduction

High-energy cosmic rays impinging on the atmo-
sphere of the Earth initiate cascades of secondary parti-
cles, the extensive air showers, schematically illustrated
in Fig. 1. Many secondary particles are electrons and
positrons. They emit electromagnetic radiation with
frequencies of tens of MHz during the shower devel-
opment. The bulk of the radiation originates from the
transverse separation of charges in the shower due to
interactions with the Earth’s magnetic field: the geo-
magnetic effect [1]. One expects the radiation intensity
being proportional to v X B, where v denotes the direc-
tion of the particles in the shower (shower axis) and B
the Earth magnetic field. The geomagnetic radiation is
linearly polarized.

A second, sub-dominant component arrises through
the longitudinal separation of charges in the shower
(Askaryan effect [6]). This component is radially po-
larized. The direction of the electric field within the
shower is measured with high resolution with LOFAR
[7]. This allows a quantitative evaluation of the con-
tribution of the two emission processes to the overall
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Figure 1: Schematic view of an air shower developing in the atmo-
sphere. Electromagnetic radiation with frequencies of tens of MHz is
emitted through the transverse and longitudinal separation of charges
in the shower.
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Figure 2: Left: Distribution of the energy fluence (in the 30 — 80 MHz band) of an air shower with 60° zenith angle [2]. Superimposed is the
polarization direction of the geomagnetic and charge-excess emission processes at different positions in form of arrows. Simulated with COR-
SIKA/CoREAS [3, 4]. Right: Lateral distribution of the radiation power on the ground for bins in azimuthal angle, following a parameterization

described in [5].

shower emission. The results yield a dependence on the
zenith angle and the distance to the shower axis for the
ratio of the two radiation components. Values for the
ratio range from about 5% to 20%, with an average con-
tribution of the Askaryan effect of about 15%. A similar
values has been obtained through polarization measure-
ments with AERA [8].

Interference between the two radiation components
with their different polarization behavior leads to a non-
rotationally symmetric distribution of the radiation in-
tensity on the ground, as illustrated in Fig. 2 (left). This
directly implies a non-trivial behavior of the lateral den-
sity distribution of the radio emission. Using the dense
LOFAR core [5, 9] it became obvious that the lateral
density distribution is not rotationally symmetric and a
simple description as e.g. proposed in [10] is not suf-
ficient. Instead now, more complex, two-dimensional
functions are being used to describe the azimuthal de-
pendence of the radiation strength [5, 2]. As an exam-
ple, a parameterization introduced in [5] is depicted in
Fig. 2 (right). The colors represent different intervals
in azimuthal angles. The non-rotational symmetry is
clearly visible. The big arrows on the left-hand panel
of Fig. 2 indicate two azimuthal angles of 0° and 180°,
respectively.

2. LOFAR and AERA

We focus here on the description of recent results ob-
tained by the LOFAR radio telescope and the Auger En-
gineering Radio Array (AERA) at the Pierre Auger ob-

servatory. The layout of both installations is illustrated
to scale in Fig. 3.

LOFAR [11, 12] is a distributed radio telescope. Its
antennas are distributed over northern Europe with the
densest concentration in the north of the Netherlands.
The antennas of LOFAR are grouped into stations. A
station consist of 96 low-band antennas (10 — 90 MHz)
and 48 high-band antennas (110 — 240 MHz). Both fre-
quency bands are used for the observation of air show-
ers [9, 13]. The 23 stations within the ~ 5 km? core
are distributed in an irregular pattern that maximizes
uv-coverage, or spatial frequencies for standard inter-
ferometric observations. At the center of the LOFAR
core six stations are located in a roughly 320 m diameter
area, called the Superterp, providing both the shortest
baselines for interferometric observations and the dens-
est population of antennas ideal for cosmic-ray observa-
tions. An array of scintillation detectors installed on the
Superterp complements the set-up [14, 15]. The parti-
cle detector array is used to measure the properties of
air showers and to issue a trigger signal to read out the
radio antennas.

The AERA project [16, 17] comprises more than 150
antennas installed on an area covering about 17 km?
inside the Auger observatory in the field of view of
the High Elevation Telescopes (HEAT). HEAT are flu-
orescence light detectors aimed to measure air show-
ers with energies above 10'7 eV. The radio antennas are
installed on sub-grids with different spacings, ranging
from 144 m to 375 m in order to compensate for the
change of the size of the radio footprint as a function of
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Figure 3: Layout of the radio antennas from AERA at the Pierre Auger
to scale.

cosmic-ray energy. Two types of antennas are installed
[18]: 24 stations are equipped with two logarithmic-
periodic dipole antennas, oriented in magnetic North-
South and East-West directions. The signals are ampli-
fied and filtered before they are introduced into a filter-
amplifier and digitization chain. There, they are band
pass filtered between 30 and 80 MHz and digitized. The
remaining antennas are an active bowtie antenna also
called “’butterfly”. This antenna is highly sensitive to-
wards the ground which enhances the antenna gain. All
Radio Detector stations operate autonomously employ-
ing solar power systems.

Both installations are calibrated in situ with high pre-
cision, both for the signal strength [19, 20] and the sig-
nal arrival time [21, 22].

3. Properties of cosmic rays

The ultimate goal of the radio measurements of air
showers is to derive the properties of the incoming cos-
mic rays, namely their arrival direction, energy and par-
ticle type (nuclear mass).

The direction of the cosmic ray is obtained through a
precise measurement of the arrival time of the wavefront
at the individual antennas of an array. LOFAR, with its
high antenna density was valuable to clearly understand
the precise shape of the radio wavefront in air show-
ers [23] and it could be shown that a hyperboloid is an
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Figure 4: Energy fluence of an air shower with an energy of 4.4 -
107 eV and a zenith angle of 25° as measured in individual AERA
radio detectors [25, 26].

appropriate analytical description. This confirms earlier
work by LOPES [24]. From measurements of the arrival
time of the shower front the direction of the cosmic rays
can be determined with a resolution of better than 1°.
The energy of the air shower is derived from the mea-
surement of the radio energy density on the ground. The
energy fluence of a measured air shower is depicted in
Fig. 4 [25, 26]. A function [5] is fitted to the measured
values in order to calculate the integral of the total en-
ergy in the frequency band 30 — 80 MHz transported in
an air shower to the ground. This quantity is propor-
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Figure 5: Correlation between the normalized radio energy and the
cosmic-ray energy as determined by the Auger Surface Detector.
Open circles represent air showers with radio signals detected in three
or four radio detectors. Solid circles denote showers with five or more
detected radio signals [25, 26].

tional to the shower energy as illustrated in Fig. 5 where
the normalized radio energy is plotted as a function of
the cosmic-ray energy as measured with the Auger Sur-
face Detector. For a set of high-quality showers an en-
ergy resolution of better than 25% has been achieved
[26, 25].

At LOFAR, using results from simulations and a
comparison to measurements from a particle detector ar-
ray an energy resolution around 30% is obtained [9, 27].

A cosmic ray with an energy of 1 EeV delivers about
15.8 MeV of energy to the ground in the frequency
range from 30 to 80 MHz [26, 25]. The radio emission
measured on the ground E3p_so My, can be used to es-
tablish an absolute calibration of the eneryg scale Ecg,
using the universal formula

E30_g0 Muz = [158 + (0.7(stat) + 67(syst)] MeV

x (sin oo B )’ (1)
1018 eV 0.24 G) >

knowing the magnetic field Bga, at the location of the
detector and the angle o between the direction of the
Earth magnetic field and the direction of the air shower.

Experimentally, the most challenging subject is the
determination of the particle type or its nuclear mass.
The basic observable in air shower physics is the depth
of the shower maximum X,.x, being proportional to the
nuclear mass A of the cosmic ray Xpn.,x « InA. The
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Figure 6: Size of the air shower footprint as a function of the distance
from the antennas to the shower maximum as obtained with COR-
SIKA/CoREAS simulations [9]. The inset illustrates the underlying
principle for air showers induced by a proton and an iron nucleus.
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Figure 7: Mass composition of cosmic rays. The mean logarithmic
mas is plotted as a function of the energy [28].

radio signals are in principle emitted on the Cerenkov
cone. Thus, the size of the footprint of the radio emis-
sion on the ground scales well with the distance from the
emission region (basically Xpax) to the antennas (on the
ground) [9]. This is depicted in Fig. 6. Knowing the ver-
tical profile of the atmosphere, the depth of the shower
maximum Xp,,x can be derived. For LOFAR a high-
precision method has been developed to measure Xjax
[29, 30]. For each measured cosmic ray dedicated simu-
lations are conducted, taking into account the measured
energy and direction of the cosmic ray. The predicted
signals in the particle and radio detectors are compared
to the measured values on a statistical basis and a best
fit value is obtained for X,x. A resolution fo X;,,x of
better than 20 g/cm? has been obtained.
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Figure 8: Satellite image of the LOFAR dense core, illustrating the ex-
tension of the scintillator array. Blue circles indicate existing stations
with particle detectors. In addition, particle detectors will be installed
at the stations indicated with red circles.

The mean logarithmic mass of cosmic rays
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has been calculated from the measured X,,,« values and
predictions from simulations for the depth of the shower
maximum for protons X%, and iron nculei X%¢ . The
result is presented in Fig. 7 as a function of cosmic-ray
energy together with the world data [28]. As can be
inferred from the figure, the data derived with the radio
technique are well compatible with the world data in
the energy region between 10'7 and 10'8 eV, where a
transition from a Galactic to an extra-galactic origin of
cosmic rays is expected.

This method is also applied to AERA data. The ob-
tained X,.x values from the radio measurements have
been compared to X,,x observations from the fluores-
cence light telescopes. In first analyses a resolution of
the order of 40 g/cm? has been achieved. The resolu-
tion depends on the number of antennas participating in
a measurement and thus, on the quality selection cuts
applied [31].

Combining the various efforts around the world one
can state that the radio detection technique is now ma-
ture and the properties of cosmic rays are now being
measured on a regular basis with such devices with
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Figure 9: LOFAR signal chain, illustrating the various steps from the
observed signal on the sky to recorded ADC values, stored in ring
buffers (transient buffer board — TBB) [33].

state-of-the-art accuracies of the order of 0.1° to 0.5° for
the arrival direction, 20% to 30% for the energy, and 20
to 40 g/cm? for the depth of the shower maximum (par-
ticle type), with the accuracies mainly depending on the
antenna density of the respective installation.

4. Ongoing work and prospects for the future

4.1. LOFAR

At present the particle detector array at the LOFAR
observatory is being extended. Five LOFAR stations
around the Superterp are being equipped with scintil-
lator stations, as illustrated in Fig. 8. At each station
four scintillator detectors, 1 m? each, identical to the
ones described in [14] will be installed. This will in-
crease the effective area of the LORA particle detector
array. At energies between 10'® and 10'8 eV a ~ 45%
increase of the number of air showers with a radio signal
is expected [32].

At present the calibration procedure for LOFAR is
also being improved [33], further reducing the system-
atic uncertainties with respect to previous work [19].
Radio emission from the Galactic center is used as a ref-
erence source. The complete signal chain, end to end,
from the signal on the sky to the recorded ADC traces is
evaluated, as illustrated in Fig. 9. This method requires
knowing the contributions of electronic noise to the sys-
tem, and the original Galactic calibration is limited by
the systematic uncertainty of the electronic noise. This
is being improved through the ongoing efforts by mod-
eling each step in the signal chain in order to understand
the electronic noise introduced into the system. Using
this method, a new absolute and frequency dependent
calibration has been derived with a maximum of 14%
systematic uncertainty for frequencies below 77 MHz.
A comparison of the logarithmic slopes of calibrated,
measured power spectra and simulated power spectra
shows promising agreement.
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Figure 10: Conceptional illustration of an upgraded station of the
Surface Detector array of the Pierre Auger observatory, comprised
of (from bottom to top) a water-Cerenkov detector, a layer of scin-
tillators, and a radio antenna [34]. The arrows indicate the detection
principles for vertical and horizontal air showers. In practice, the elec-
tromagnetic and muonic components are obtained by unfolding the
signals from the Surface Scintillator Detector and the water-Cerenkov
detector.

4.2. The radio upgrade of the Pierre Auger observatory

At present, the Pierre Auger collaboration is work-
ing on an upgrade of the Observatory [35]. The physics
case of the upgrade is outlined in [36]. The key sci-
ence questions to be addressed are: What are the sources
and acceleration mechanisms of ultra-high-energy cos-
mic rays (UHECRs)? Do we understand particle accel-
eration and physics at energies well beyond the LHC
(Large Hadron Collider) scale? What is the fraction of
protons, photons, and neutrinos in cosmic rays at the
highest energies?

It is planned to install a radio antenna on each of the
1661 stations of the Surface Detector array of the obser-
vatory, forming a 3000 km? radio array, the largest radio
array for cosmic-ray detection in the world [34, 37]. An
artists impression of the planned set-up is given in Fig.
10. It shows (from bottom to top) the water-Cerenkov
detector with a layer of scintillators on top (Surface
Scintillator Detector) and a radio antenna. With the
combination of water-Cerenkov detector and Surface
Scintillator Detector the electron-to-muon ratio (e/u) is
measured for vertical showers. In a similar way the
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Figure 11: Electromagnetic energy in a shower as measured by the
Radio Detector as a function of the muon content in a shower as mea-
sured by the water-Cerenkov detector [34]. PRELIMINARY results from
simulations are shown.

combination of water-Cerenkov detector and Radio De-
tector will be used to measure the e/u ratio for hori-
zontal air showers. In turn, the e/u ratio will be used
to derive the particle type of the incoming cosmic ray
up to the highest energies. This is the main goal of
the Auger upgrade, to measure the particle type of each
incoming cosmic ray. Thus, the radio upgrade will in-
crease the aperture of the observatory for mass-sensitive
investigations, enabling e/u separation for showers with
a broad zenith angle range, from the zenith with the Sur-
face Scintillator Detector to the horizon with the Radio
Detector.

There is an important difference related to the mass
measurement of cosmic rays with AERA (for vertical
showers) and the radio upgrade (for horizontal air show-
ers). For vertical showers we use a geometrical method,
correlating the size of the footprint on the ground to
the distance from the observer to the shower maximum
[16, 38, 27]. From this quantity, the depth of the shower
maximum Xy, is derived, which in turn is dependent on
the logarithm of the number of nucleons (nuclear mass)
A of the incoming cosmic ray Xpy.x o« InA [16]. For
horizontal showers we aim to apply a different method:
We will use a combination of radio antennas and the
water-Cerenkov detectors to measure the e/ ratio in air
showers to determine In A.

In a first analysis the physics potential of the radio up-
grade has been studied using CORSIKA[3]/CoREAS[4]
simulations. 192 showers have been simulated, induced
by half protons, have iron nuclei, with energies from
4 to 40 EeV and zenith angles between 60° to 80°. A
full water-Cerenkov detector detector simulation and re-
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Figure 12: A measured horizontal air shower. The blue to green cir-
cles indicate the measurement with the Surface Detector, size indicat-
ing energy deposit and color encoding arrival time. Dark-grey circles
indicate isolated particle detections rejected in the reconstruction. The
radio signal extends over a significantly larger area than the particle
distribution [40].

construction has been included in the analysis, but only
a simplified treatment of the radio signals was avail-
able. The normalized radiation energy has been calcu-
lated as described in [39]. The radiation energy has been
”smeared out” in order to mimic reconstruction uncer-
tainties. PRELIMINARY results are illustrated in Fig. 11.
The size of the e/m component (as measured with the
Radio Detector) is plotted as a function of the muon
number (as obtained with the water-Cerenkov detector).
A clear separation between showers induced by protons
and iron nuclei is visible. Please note: the flattening at
the top-right is due to a technical flaw in the simulations,
only showers up to a certain (too low) energy have been
simulated.

The concept to measure horizontal air showers with
an antenna array with km-scale spacing has been veri-
fied with the existing AERA at the Auger observatory
[40, 41]. An interesting air shower is shown in Fig. 12.
The air shower has been detected with four antennas at
the edge of AERA. Its readout was triggered because an
isolated Surface Detector station with significant energy
deposit (dark-grey circles in Fig. 12) was closer than the
5 km maximum readout distance, presently set in the
AERA data acquisition. The locations of the antennas
with a signal are in alignment with the ground projec-
tion of the air-shower axis reconstructed from the Sur-
face Detector data. The azimuth angles reconstructed
from the radio signals and particle-detector measure-
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Figure 13: Furthest axis distance at which a radio signal above noise
background has been detected with AERA as a function of the air-
shower zenith angle [40].

ments agree to within better than 0.5°. The zenith an-
gle reconstructed with the particle detectors amounts
to 83°, while the zenith angle determined from the ar-
rival times of the radio signals corresponds to 87°. The
low number of radio antennas with signal and their ap-
proximate alignment along a line perpendicular to the
air-shower axis limit the zenith-angle resolution of the
radio measurement in this particular case. The maxi-
mum axial distance at which a signal has been measured
amounts to 2150 m and the exceptionally large ground
distance of the measured radio signals, more than 15 km
away from the shower axis arises from projection ef-
fects. Nevertheless, this example illustrates that the
ground area illuminated by radio signals can be signifi-
cantly larger than the particle footprint on the ground.

The size of the radio footprint of an air shower has
been measured. The distance from the shower axis to
the furthest away radio detector (in the shower plane,
perpendicular to the shower axis) is depicted in Fig. 13
as a function of the zenith angle of the air shower. In the
figure also the expected number of radio stations (on
the standard Auger 1500 m grid) with a signal above
threshold are indicated together with an estimate of the
size of the footprint on the ground. As can be seen,
for horizontal air showers (i.e. large zenith angles) the
footprints reach sizes exceeding tens of km? and dozens
of stations will have a signal above threshold. This is
a very important result since it confirms experimentally
that the radio emission from horizontal air showers can
bee measured with radio antennas on the standard Auger
1500 m grid.
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