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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 × 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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Theory predicts additional mechanisms:
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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 1: (left) Distance to Xmax as a function of the zenith angle for an average Xmax of 669 g/cm2 for

two observation altitudes. The dotted line shows the distance to Xmax where the air shower has emitted

all its radiation energy. (right) Distribution of the energy fluence (in the 30-80 MHz band) of an air shower

with 60� zenith angle at an observation altitude of 1564 m a.s.l., which corresponds to the height of the

Engineering Radio Array of the Pierre Auger Observatory. Superimposed is the polarization direction of the

geomagnetic and charge-excess emission processes at di↵erent positions in form of arrows.

In the following, we first present the Monte Carlo data set that we used to develop an analytic description92

of the geomagnetic and charge-excess function. Then, we present the geomagnetic and charge-excess functions93

separately and exploit the correlations of the parameters of the functions with the air-shower parameters.94

Finally, we combine the two functions to model the two-dimensional radio signal distribution. Throughout95

this work we follow the maxim of practical usability of this function, i.e., we demand a precise description of96

the data with a su�ciently small number of parameters so that it can be applied to current radio air-shower97

detectors. Following this maxim, we also o↵er a reference implementation in python that is available on98

github [18].99
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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 km2 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 km2

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 1017 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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Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
di↵erent spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Di↵erent types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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Figure 3: Layout of the radio antennas from AERA at the Pierre Auger Observatory (left) and the core of the LOFAR radio telescope (right), drawn
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

with respect to the geomagnetic field by dividing it
by sin2ðαÞ. This normalization is valid for all incoming
directions of cosmic rays except for a small region around
the geomagnetic-field axis. In particular, it is valid for all
events in the data set presented here.
In Fig. 2, the value of EAuger

30–80 MHz=sin
2ðαÞ for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface
detector. A log-likelihood fit taking into account threshold
effects, measurement uncertainties, and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can be
described well with the power law

EAuger
30–80 MHz=sin

2ðαÞ ¼ A × 107 eVðECR=1018 eVÞB: ð1Þ

The result of the fit yields A ¼ 1.58 $ 0.07 and
B ¼ 1.98 $ 0.04. For a cosmic ray with an energy of
1 EeV arriving perpendicularly to Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8 MeV, a minute fraction of the energy of the
primary particle. The observed quadratic scaling is expected
for coherent radio emission, for which amplitudes scale
linearly and thus the radiated energy scales quadratically.
Taking into account the energy- and zenith-dependent

uncertainty of ECR, the resolution of EAuger
30–80 MHz=sin

2ðαÞ is
determined from the scatter of points in Fig. 2. It amounts
to 22% for the full data set. Performing this analysis for
the high-quality subset of events with a successful radio

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4 × 1017 eV and a zenith angle of 25° as
measured in individual AERA radio detectors (circles filled
with color corresponding to the measured value) and fitted
with the azimuthally asymmetric, two-dimensional signal dis-
tribution function (background color). Both radio detectors with
a detected signal (data) and those below the detection threshold
(subthreshold) participate in the fit. The fit is performed
in the plane perpendicular to the shower axis, with the x axis
oriented along the direction of the Lorentz force for charged
particles propagating along the shower axis ~v in the geo-
magnetic field ~B. The best-fitting impact point of the air shower
is at the origin of the plot, slightly offset from the one
reconstructed with the Auger surface detector [core (SD)].
Bottom: Representation of the same data and fitted two-
dimensional signal distribution as a function of distance from
the shower axis. The colored and black squares denote the
energy fluence measurements, and gray squares represent radio
detectors with signal below threshold. For the three data points
with the highest energy fluence, the one-dimensional projection
of the two-dimensional signal distribution fit onto lines
connecting the best-fitting impact point of the air shower with
the corresponding radio detector positions is illustrated with
colored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution function.
The inset illustrates the polar angles of the three projections.
The distribution of the residuals (data versus fit) is shown
as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR 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.
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Figure 4: Energy fluence of an air shower with an energy of 4.4 ·
1017 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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with respect to the geomagnetic field by dividing it
by sin2ðαÞ. This normalization is valid for all incoming
directions of cosmic rays except for a small region around
the geomagnetic-field axis. In particular, it is valid for all
events in the data set presented here.
In Fig. 2, the value of EAuger

30–80 MHz=sin
2ðαÞ for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface
detector. A log-likelihood fit taking into account threshold
effects, measurement uncertainties, and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can be
described well with the power law

EAuger
30–80 MHz=sin

2ðαÞ ¼ A × 107 eVðECR=1018 eVÞB: ð1Þ

The result of the fit yields A ¼ 1.58 $ 0.07 and
B ¼ 1.98 $ 0.04. For a cosmic ray with an energy of
1 EeV arriving perpendicularly to Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8 MeV, a minute fraction of the energy of the
primary particle. The observed quadratic scaling is expected
for coherent radio emission, for which amplitudes scale
linearly and thus the radiated energy scales quadratically.
Taking into account the energy- and zenith-dependent

uncertainty of ECR, the resolution of EAuger
30–80 MHz=sin

2ðαÞ is
determined from the scatter of points in Fig. 2. It amounts
to 22% for the full data set. Performing this analysis for
the high-quality subset of events with a successful radio

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4 × 1017 eV and a zenith angle of 25° as
measured in individual AERA radio detectors (circles filled
with color corresponding to the measured value) and fitted
with the azimuthally asymmetric, two-dimensional signal dis-
tribution function (background color). Both radio detectors with
a detected signal (data) and those below the detection threshold
(subthreshold) participate in the fit. The fit is performed
in the plane perpendicular to the shower axis, with the x axis
oriented along the direction of the Lorentz force for charged
particles propagating along the shower axis ~v in the geo-
magnetic field ~B. The best-fitting impact point of the air shower
is at the origin of the plot, slightly offset from the one
reconstructed with the Auger surface detector [core (SD)].
Bottom: Representation of the same data and fitted two-
dimensional signal distribution as a function of distance from
the shower axis. The colored and black squares denote the
energy fluence measurements, and gray squares represent radio
detectors with signal below threshold. For the three data points
with the highest energy fluence, the one-dimensional projection
of the two-dimensional signal distribution fit onto lines
connecting the best-fitting impact point of the air shower with
the corresponding radio detector positions is illustrated with
colored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution function.
The inset illustrates the polar angles of the three projections.
The distribution of the residuals (data versus fit) is shown
as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR 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.
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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 E30−80 MHz can be used to es-
tablish an absolute calibration of the eneryg scale ECR,
using the universal formula

E30−80 MHz =
[
15.8 ± 0.7(stat) ± 6.7(syst)

]
MeV

×
(
sinα ECR

1018 eV
BEarth

0.24 G

)2
, (1)

knowing the magnetic field BEarth at the location of the
detector and the angle α 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 Xmax, being proportional to the
nuclear mass A of the cosmic ray Xmax ∝ ln A. 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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Fig. 8. Mean logarithmic mass, hln Ai, of cosmic rays predicted using the three di↵erent models of the additional Galactic component: WR-CRs
(C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA (Berezhnev et al. 2013), LOFAR (Buitink
et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory (Porcelli et al. 2015), and the di↵erent optical measurements
compiled in Kampert & Unger (2012). The two sets of data points correspond to two di↵erent hadronic interaction models (EPOS-LHC and
QGSJET-II-04) used to convert Xmax values to hln Ai.

volume, and they produce cosmic rays with a spectrum given by
di Matteo et al. (2015),

QEG = K0F j
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where K0 is a normalisation constant, F j is the injection frac-
tion which depends on the type of the nuclei j, E0 = 109 GeV,
� is the source spectral index which is assumed to be the same
for the di↵erent nuclei, and Rc is the rigidity at which the spec-
trum deviates from a power law. The model parameters are deter-
mined by simultaneously fitting the cosmic-ray energy spectrum,
Xmax and variance of Xmax above the ankle observed at the Pierre
Auger Observatory. We adopt the CTG1 model for our calcula-
tion (di Matteo et al. 2015), and consider that the sources inject
protons, helium, nitrogen and iron nuclei. The best-fit model pa-
rameters values are � = 0.73, Rc = 3.8 ⇥ 109 GV, FH = 0%,
FHe = 0%, FN = 98.69% and FFe = 1.31%. In this model,
the EG-CR spectrum below ⇠1010 GeV is dominated by pro-
tons and helium nuclei which are secondary products from the
photo-disintegration of heavier nuclei during the propagation. At
higher energies up to ⇠6 ⇥ 1010 GeV, the spectrum is dominated
by the CNO group. Above ⇠3 ⇥ 1010 GeV, the spectrum exhibits
a steep cut-o↵ which is mostly due to the intrinsic cut-o↵ in the
injection spectrum, and not due to the GZK absorption during
the propagation. This gives an overall best agreement with the
measured data (di Matteo et al. 2015).

The first assumption we consider for an additional compo-
nent of light particles below the ankle is based on the same

1 CRPropa with the default TALYS photo-disintegration cross sections
and the EBL model of Gilmore et al. (2012).

physics, that is photo-disintegration of energetic nuclei in photon
backgrounds, but considering this e↵ect already in potentially
densely photon loaded sources during acceleration. The physical
motivation for this scenario is the acceleration of heavy nuclei
at external/internal shocks in gamma ray bursts (Murase et al.
2008; Globus et al. 2015b), or in tidal disruption events (Farrar
& Gruzinov 2009). Two variants of this assumptions have been
recently suggested: the first, by Globus et al. (2015a), assumes
that di↵usion losses in the source are faster than the photo-
disintegration time scale over a large range of energies, leading
to a significantly steeper spectrum of the secondary protons than
for the escaping residual nuclei, while in the second model by
Unger et al. (2015) only the highest energy particles have an es-
cape time which is smaller than the photo-disintegration time.
While the predictions of the former model for secondary pro-
tons below the ankle are phenomenologically quite similar to the
extra-galactic component of Rachen et al. (1993) at these ener-
gies, that is an approximate E�2 source spectrum with a cosmo-
logical evolution /(1+z)3.5, the second model Unger et al. (2015,
hereafter the “UFA model”) predicts a strong pure-proton com-
ponent concentrated only about one order of magnitude in en-
ergy below the ankle. Within their fiducial model, they consider
a mix with a pure iron Galactic cosmic-ray component in Unger
et al. (2015). For our study, we use results which are optimised
for a pure nitrogen Galactic composition2, which is closer to
our predicted composition for the WR-CR model (C/He = 0.4)
around the second knee.

A second assumption for an additional extra-galactic com-
ponent is based on a universal scaling argument, which links
the energetics of extra-galactic cosmic-ray sources on various
scales and predicts that a dominant contribution to extra-galactic
cosmic rays is expected from clusters of galaxies, accelerating
a primordial proton-helium mix at their accretion shocks during

2 Michael Unger (priv. comm.).

A33, page 12 of 24

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 Čerenkov
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 Xmax) 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 Xmax can be derived. For LOFAR a high-
precision method has been developed to measure Xmax
[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 Xmax. A resolution fo Xmax of
better than 20 g/cm2 has been obtained.
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detector systems yield comparable densities and
prove that muon detection below the absorber
shielding works as well by track as by hit
detection. The discrepancies at high densities for
the largest muon numbers are currently under
investigation.

4.3. Trigger layer

The layer of scintillation detectors in the third
gap is used for fast trigger purposes and for
reconstruction of arrival time distributions [15]. A
description of the system can be found in Ref. [16].
The 456 scintillators cover 2

3 of the calorimeter
area. The absorber thickness above corresponds to
30X0 and efficiently shields the scintillators against
the electromagnetic component. For vertical
muons the absorber corresponds to a threshold
of 490 MeV: Each detector consists of two slabs of
a 3 cm thick scintillators of type NE 114, for a
sketch see Fig. 23. The light is coupled out by a
central wavelength shifter bar (type NE 174 A)
and measured by a single photomultiplier type
EMI 9902. The area of one module is 0:45 m2: The
most probable energy deposit of passing muons is
taken for energy calibration, and calculated to

amount to 6:4 MeV: Local variations of light
transfer have been determined to be maximal
74:5%: They are small with respect to the Landau
fluctuations and sufficient for trigger purposes.
The signal threshold is set to 1

3 of the most
probable energy deposit, i.e. to 2:1 MeV: Two
kinds of trigger are generated: A multiplicity
trigger, if at least eight detectors out of the 456
have a signal above threshold. Fig. 24 shows the
homogeneity of response for a series of such
triggers. A hadron trigger is generated, if in at least
one detector a signal of 50 equivalent muons is
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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

ln A =
Xmeas

max − XFe
max

Xp
max − XFe

max
(2)

has been calculated from the measured Xmax values and
predictions from simulations for the depth of the shower
maximum for protons Xp

max and iron nculei XFe
max. 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 1017 and 1018 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 Xmax values from the radio measurements have
been compared to Xmax observations from the fluores-
cence light telescopes. In first analyses a resolution of
the order of 40 g/cm2 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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Improved calibration

Energy calibration
• Crane calibration with reference source VSQ 1000


• Calibration on galactic background LFmap

Uncertainty (s ) Value [%]

Antenna-by-antenna Variations between antennas 1
Total 1

Event-by-event Environmental 5
Total 5

Calibration Choice of sky model 2
Absolute scaling of model 9
Relative scaling of model 5
Electronic noise 37
Total 38

Table 2. Summary of the uncertainties on the calibration curve in amplitude that have to be considered for
the calibration on the diffuse emission from the Galaxy.

Figure 18. Calibration factors as function of frequency across the LOFAR band for Galactic and reference
source calibration. Both calibration curves contain statistical uncertainties of the method in the dark region,
with systematic uncertainties illustrated by the lighter region (dashed for Galactic, filled for terrestrial).

methods use different types of signals. While the reference source calibration exploits signals of
several orders of magnitude above the noise level, the Galactic calibration relies on the noise level
itself. Being essentially a simple dipole, the LBAs are mostly sensitive to the resonance frequency,
meaning that for higher frequencies the antenna becomes too long (inductive) and its impedance is
no longer small with respect to the LNA. Thus, the gain of the LNA decreases and the contributions
of the noise budget accumulated in the coaxial cables and the several amplification stages becomes
relevant. This, however, does not affect the strong signals of several orders above the noise level.
Consequently, the two curves show a slightly different shape with respect to the antenna model that
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Reference source
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LBAs + LNAs
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q
12m

RCUs TBBs

Figure 7. Schematic illustration of the experimental set-up using the reference source. The source is sus-
pended from a crane at about 12 m above the chosen antenna. The signal is received with the LOFAR LBA
antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a LOFAR station
are read out via the LOFAR system using the transient buffer boards (TBB) as it is done for cosmic ray
measurements.

Figure 8. Experimental set-up of the measurement with the reference source attached to a crane. Left:
Crane with the wooden construction and an LBA underneath. Right: Transmitting antenna as mounted on
the wooden construction in front of several LBAs.

For data-acquisition the LOFAR system has been used. The TBB ring-buffers of the supert-
erp stations were read out at least 5 times per position. The final data sample, after quality cuts,
consists of four read-outs, containing 10 ms of data for each of the 48 antennas at a distance of
r = 12.65±0.25 m vertically above the central antenna. In the measured LOFAR station the same
configuration is used as during air shower measurements, which ensures that the calibration in-
cludes the full signal chain.
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Crane with the wooden construction and an LBA underneath. Right: Transmitting antenna as mounted on
the wooden construction in front of several LBAs.

For data-acquisition the LOFAR system has been used. The TBB ring-buffers of the supert-
erp stations were read out at least 5 times per position. The final data sample, after quality cuts,
consists of four read-outs, containing 10 ms of data for each of the 48 antennas at a distance of
r = 12.65±0.25 m vertically above the central antenna. In the measured LOFAR station the same
configuration is used as during air shower measurements, which ensures that the calibration in-
cludes the full signal chain.
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- complete signal chain calibration 
- systematic uncertainty of Galactic calibration  
    <14% (<77 MHz) 
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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/cm2 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 m2 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 1016 and 1018 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-Čerenkov 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-Čerenkov
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 km2 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-Čerenkov
detector with a layer of scintillators on top (Surface
Scintillator Detector) and a radio antenna. With the
combination of water-Čerenkov detector and Surface
Scintillator Detector the electron-to-muon ratio (e/µ) 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-Čerenkov detector [34]. Preliminary results from
simulations are shown.

combination of water-Čerenkov detector and Radio De-
tector will be used to measure the e/µ ratio for hori-
zontal air showers. In turn, the e/µ 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/µ 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 Xmax is derived, which in turn is dependent on
the logarithm of the number of nucleons (nuclear mass)
A of the incoming cosmic ray Xmax ∝ ln A [16]. For
horizontal showers we aim to apply a different method:
We will use a combination of radio antennas and the
water-Čerenkov detectors to measure the e/µ ratio in air
showers to determine ln 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-Čerenkov detector detector simulation and re-
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Figure 6: View of the southern-most event visible in Fig. 4. The blue to green circles indicate the
measurement with the surface dector, size indicating 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.

simulations. There is thus still room for improvement when employing a detailed reconstruction of
the radio signals of inclined air showers, which is currently under investigation.

3.3 Presence of Cherenkov signature

The example event shown in Fig. 3 exhibits a clear maximum in the lateral signal distribution at an
axis distance of approximately 1000 m. Assuming that the emission arises predominantly from the
shower maximum, we can estimate the o�-axis angle under which this feature is seen. At the event
energy of 2◊1019 eV, the average depth of shower maximum measured with the Auger fluorescence
detector [30, 31] amounts to ≥780 g/cm2. Using an average density profile for the atmosphere above
the observatory [32], we relate this depth of shower maximum Xmax to a geometrical source distance
d by solving the equation

X0 ≠ Xmax =
⁄ d

0
fl(l) dl (3.1)

for d. Here, X0 denotes the atmospheric depth of the observatory level, and fl(l) denotes the atmo-
spheric density at the distance l measured along the shower axis from the impact point to the shower
maximum. For inclined air showers, the atmospheric curvature needs to be taken into account, there-
fore the above equation can in general not be solved analytically and d is determined numerically. For
a depth of shower maximum of 780 g/cm2 and the event zenith angle of 82.8¶, the geometric source
distance d amounts to 116 km. From this geometrical distance and the axis distances of the antennas,
an o�-axis angle for each antenna is then calculated using trigonometric relations, the result of which
is shown in Fig. 8. The maximum in the lateral signal distribution corresponds to an o�-axis angle

– 8 –

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-Čerenkov 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 km2 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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