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J.R. Hörandel∗1,2, S. Buitink3, A. Corstanje1, J.E. Enriquez1, H. Falcke1,2,4,
T. Karskens1, M. Krause1,5, A. Nelles1,6, J.P. Rachen1, L. Rossetto1, P. Schellart1,
O. Scholten7,8, S. ter Veen1,4, S. Thoudam1, T.N.G. Trinh7

1 Department of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL
Nijmegen, The Netherlands
2 NIKHEF, Science Park Amsterdam, 1098 XG Amsterdam, The Netherlands
3 Astrophysical Institute, Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium
4 Netherlands Institute of Radio Astronomy (ASTRON), Postbus 2, 7990 AA Dwingeloo, The
Netherlands
5 Now at: DESY, Platanenallee 6, 15738 Zeuthen, Germany
6 Now at: Department of Physics and Astronomy, University of California Irvine, Irvine, CA
92697-4575, USA
7 KVI-CART, University Groningen, P.O. Box 72, 9700 AB Groningen, The Netherlands
8 Interuniversity Institute for High-Energy, Vrije Universiteit Brussel, Pleinlaan 2, 1050
Brussels, Belgium
E-mail: j.horandel@astro.ru.nl

When high-energy cosmic rays (ionized atomic nuclei) impinge on the atmosphere of the Earth
they interact with atomic nuclei and initiate cascades of secondary particles — the extensive air
showers. Many of the secondary particles in the air showers are electrons and positrons. They
cause radiation in the frequency range of tens of MHz. The LOFAR radio telescope detects this
radiation in the frequency range 30 to 240 MHz. LOFAR has a high antenna density and good
time resolution. In turn, the properties of the radio emission are measured in detail. The properties
of the shower-inducing cosmic rays are derived from the air shower measurements, namely their
direction, energy, and particle type (atomic mass). The uncertainties achieved are competative
to established techniques. This demonstrates that the radio technique is now a standard tool to
measure extensive air showers and to study the properties of the incoming cosmic rays. The mean
logarithmic mass of cosmic rays as measured with LOFAR is derived as a function of energy. In
an examplary study, these data are used to show that the radio measurements of air showers are
now in a state to discriminate astrophysical models of the origin of cosmic rays.
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thus the amount of observing time in a given frequency band is not
controlled by the cosmic ray project.

In parallel to any observation the tile-beamformed data from all
tiles are filled into ring buffers (Transient Buffer Boards), from
which the last 5 s of data can be recorded when triggered. Triggers
can be generated by inspecting the data with an on-board FPGA1 or
received through the LOFAR control software. In order to record cos-
mic-ray pulses, the dense core of LOFAR is equipped with an array of
particle detectors [20], as also shown in Fig. 2. In routine observa-
tions, coincidences of several particle detectors trigger a read-out
of the ring buffers [18].

The HBAs can be sampled at two different clock frequencies,
which allows for several different observing bands. The one mostly
used in the present data-set is 110–190 MHz with 200 MHz sam-
pling, i.e. second Nyquist zone. Alternatively, observations of
170–230 MHz (160 MHz, third Nyquist zone) or 210–240 MHz
(200 MHz, third Nyquist zone) can be chosen. However, so far no
cosmic-ray observations were conducted in the highest band.

3. Detecting signals from cosmic rays

The detection of cosmic rays in the data from the HBAs is per-
formed mostly identical to that of the LBAs as described in detail
in [18]. Here a brief overview is given, and the differences for
HBA measurements are explained. Cosmic rays are detected in par-
allel to an ongoing astronomical observation, which determines
the direction of analogue beamforming. When a trigger from the
array of particle detectors is received, the tile-beamformed data
is written to disk and stored for processing. The combination of
all radio and particle data corresponding to one trigger is called
an event. During processing, the signals from all tiles in a station
are first coherently beamformed in the cosmic-ray arrival direction
as reconstructed from the particle data. When a significant signal,
with a signal-to-noise ratio exceeding three in amplitude, is
detected in the beamformed signal the station is selected for fur-
ther processing and the event is selected as a cosmic ray candidate.
Using a smaller search window, around the peak in the beam-
formed signal, a pulse search is then performed on the Hilbert
envelope of the up-sampled signals from each tile. Up-sampling,
by a factor 16, is needed such that the pulse maximum search is
not the limiting factor in achieving the required time resolution.
From the arrival times of those pulse maxima for which the sig-
nal-to-noise ratio in amplitude exceeds three, the direction of the
cosmic ray is reconstructed. Additionally the amplitude (in each
instrumental polarization) and integrated pulse power, over
55 ns centered on the pulse maximum, are extracted.

However, due to the different hardware and other dominant
contributions to the background there are some differences in
the reconstruction of the HBA data.

3.1. Removal of radio frequency interference (RFI)

The frequency band of the HBAs is less radio quiet than the LBA
band. Especially an emergency pager signal at around 170 MHz
adds a non-negligible amount of power to the spectrum. Therefore,
before additional RFI removal is applied [18], all power in a band of
3 MHz around the pager frequency is set to zero with the edges con-
volved with a Gaussian to prevent artificial ringing in the signal.

Furthermore, single HBAs have been reported to occasionally
show spikes in the data due to malfunctions. As such spikes will
disturb the initial search for pulses in a beam formed trace, a sim-
ple spike search is performed after the RFI cleaning and antennas
with spikes of outlying high amplitude are removed from the
data-set.

3.2. Non-removable background

The HBAs are no longer fully dominated by the diffuse sky noise.
In addition to the system noise, some astronomical sources intro-
duce measurable signals in every single tile, most evident for
bright sources such as Cas A or Cyg A. This means that the back-
ground noise in HBA observation is neither uniform nor indepen-
dent of the direction of observation.

With dedicated on- and off-source observations it was estab-
lished that the noise-level will vary at most 15% due to different
background sources, which reduces the sensitivity for cosmic ray
observations. However, due to their brightness these sources are
not a common target for HBA observations.

3.3. Gain corrections

The HBA antennas are not read out individually but rather in
tile-groups of 16 antennas after analogue beamforming in the
direction of the observation. In order to minimize artefacts in

Fig. 1. Radio antennas at LOFAR. Behind a low-band antenna a cluster of 24 black
tiles of high-band antennas are shown. The inset shows the construction of a high-
band element in which the bow-tie shaped antennas are mounted before they are
packed in weather-proof foil.
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Fig. 2. Central core of LOFAR. The black crosses are the low-band antennas, the blue
open squares indicate the tiles of high-band antennas and the filled squares are the
particle detectors. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

1 Field programmable gate array.
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Figure 1: The center of LOFAR [10, 11]. Left: The six stations to the left form the Superterp. The crosses
indicate the low-band antennas (black). The open squares (blue) show the positions of the high-band antenna
tiles, which are split into two groups per station. The filled squares (pink) indicate the positions of the LORA
particle detectors. Right: Aerial photograph.

1. Introduction

To understand the origin of high-energy cosmic rays is one of the open key questions in as-
troparticle physics [1, 2]. An inspiring article, published in 2003 [3] accompanied the renaissance
of radio detection of extensive air showers with the ultimate goal to measure the properties of cos-
mic rays with this technique and the pioneer experiments LOPES [4] and CODALEMA [5] have
been initiated. The big success of these pathfinders stimulated further investigations of the radio
emission of air showers on larger scales, with installations such as Tunka-Rex [6], AERA at the
Pierre Auger Observatory [7, 8], and the LOFAR radio telescope. Significant progress has been
achieved in the last decade [9] and we now understand the emission processes of the radio waves
in the atmosphere. Most of the emission is due to the interaction of the shower with the magnetic
field of the Earth, which leads to an transverse current in the shower. In addition to this emission,
the overabundance of electrons in the shower that are collected from atmospheric molecules leads
to a current in the direction of the shower.

2. LOFAR Radio Telescope

A modern radio detector for extensive air showers is the LOFAR radio telescope (in particular,
its dense core in the Netherlands). The layout of the LOFAR core is depicted in Fig. 1. The
LOFAR key science project Cosmic Rays represents one of the six scientific key objectives of
LOFAR [10, 11]. LOFAR is a digital radio telescope. Its antennas are spread over several European
countries and are used together for interferometric radio observations in the frequency range of
10− 240 MHz. The density of antennas increases towards the center of LOFAR. Here, about
2400 antennas are clustered on an area of roughly 10 km2. This high density of antennas together
with the excellent time resolution makes LOFAR the perfect tool to study features of the radio
emission created by extensive air showers. Air shower measurements are conducted based on a
trigger received from an array of scintillators (LORA) [12, 13], which results in a read-out of the
ring buffers that store the raw voltage traces per antenna for up to 5 s. LOFAR comprises two types
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Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.

5.1.1 Calibration curve

The frequency-dependent calibration factor X(⇥) signifies the translation between the expected
power Pe(⇥) in physical units and the measured power Pm(⇥) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (⇥)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(⇥), so that
for X(⇥)

X(⇥)2 ⇥ Pe(⇥)

Pm(⇥)
(5.1)

=
1
Z0

|V (⇥)|2
|F (⇥)|2 =

1
Z0

|�E(⇥) · �H(⇥)|2
|F (⇥)|2 (5.2)

In the case of the reference source calibration, �E(⇥ ,⇤ = 0,� = 0) is the electromagnetic field
emitted by the source, the amplitude of which is obtained from the manufacturer [32]. �H(⇥) cor-
responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JX⇤ component of �H(⇥) contributes. Note that X(⇥)2 is proportional to power, so that X(⇥) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ⇤3 kHz in the 1�100 MHz range. The bandwidth is clipped to
30�80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.

– 15 –

Uncertainty (� ) 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 X 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).

60 MHz, and only above this frequency slight deviations are visible. Here, it is interesting to note
that the shape of the two curves also deviate. This can probably be attributed to the fact that the
two methods use different types of signals. While the reference source calibration exploits signals
of several order of magnitude above the noise level, the Galactic calibration relies on the noise
level itself. The LBA is due to its size most 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 coax cables and the several amplification stages becomes relevant. This,

– 23 –
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Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended 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) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30�80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.

– 10 –

with a crane with Galactic emission

Figure 15. Integrated median uncalibrated power, as a function of the Local Sidereal Time, for the 50 - 60
MHz sub-band. Also shown is the predicted received power in both dipoles (dashed red lines), before (left)
and after (right) applying electronic noise corrections.

system is sky noise dominated and did not focus on providing an uncertainty. Thus, our data are
used to directly determine the most probable fraction of sky noise.

Different noise offsets have been applied to the predictions for the alactic emission in order
to find the best overlap between expected and measured powers. The most probable offsets due to
the electronic noise have been found using a least-squares fit. The data was binned in LST-bins of
about 15 minutes. With the current complete data-set every bin then contains the noise background
of an average 34 air showers per antenna. As the electronic noise is frequency-dependent, offsets
need to be determined in frequency sub-bands. Here, sub-bands of 10 MHz (i.e. ranging [30 - 39,
40 - 49, . . . , 70 - 79] MHz) were chosen. The reduced �2 was calculated for every combination
of electronic noise offset per frequency band and the simulations of the Galaxy with respect to
the binned data. The best fitting voltage offset for each frequency sub-band was determined by
minimizing �2 = �2

min. The uncertainties per sub-band correspond to noise corrections at the point
where �2 = �2

min +1.
With these values, a measure for Tsky/Tsys can be constructed per sub-band ⇥0 as

T⇥0, sky

T⇥0, sys
=

T⇥0, sky

(
V 2

⇥0 , noise

J2
30 � 80, mean

)+T⇥0, sky

. (5.11)

Here the temperature T⇥0, sky in a certain sub-band ⇥0 is determined as the average sub-band voltage
divided by the average VEL amplitude in each sub-band. The electronic noise offset per band is
divided by the average value of the VEL in the full 30 - 80 MHz range for normalization. Resulting
values are depicted in Figure 16. Values are comparable to what has been established earlier [10].
The largest discrepancy is near the resonance frequency, which is most easily affected by using a
slightly different antenna model. As the uncertainties on the astronomical method can no longer be
obtained, no significance of this discrepancy can be given.

The variation of both measured spectral power and predicted power before and after noise
corrections are shown in Figure 15, for the 50�60 MHz sub-band, where LOFAR is most sensitive
due to the resonance frequency of the dipole. The figure shows that the predicted curves match
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Figure 2: Left: Integrated median noise power as a function of the Local Sidereal Time, for the 50−60 MHz
sub-band. Also shown is the predicted received power in both dipoles (dashed red lines) after applying
electronic noise corrections. For details see [14]. Right: Calibration factors as function of frequency across
the LOFAR band for the Galactic and the reference-source calibrations. 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 reference source).

of antennas, recording radio emission in low-frequency band from 10 to 90 MHz and also in the
high-frequency band (110−240 MHz).

The LOFAR Radboud Air Shower Array - LORA is comprised of 20 scintillation counters
distributed over the area of the inner core of LOFAR, see Fig. 1. The all-particle energy spectrum
of cosmic rays has been measured with this set-up in the energy range from about 1016 to about
1018 eV. The measurements from the scintillator array are used to establish an absolute energy scale
for the air-shower measurements [13].

Several campaigns have been conducted to calibrate the radio antennas in situ with different
reference sources [14]. In particular, the reference sources used to calibrate LOPES and Tunka-Rex
as well as AERA have been used at LOFAR. Thus, a direct cross calibration has been performed
between these major radio air-shower detectors. Three approaches were used to check and improve
the antenna model of LOFAR and to provide an absolute calibration of the whole system for air
shower measurements. Two methods are based on calibrated reference sources and one on a cali-
bration approach using the diffuse radio emission of the Galaxy, optimized for short data-sets. An
accuracy of 19% in amplitude is reached.

For illustration some results are shown in Fig. 2. The figure (left) shows the variation of the
received power (in the frequency band 50−60 MHz) as a function of the local siderial time. The
recorded galactic emission exhibits the expected siderial modulation. By comparing the recorded
intensity to expectations from a galactic emission model, an absolute calibration is obtained as a
function frequency, as illustreted in the figure (right). The calibration function thus obtained is
in excellent agreement with a calibration using a calibrated reference source located about 12 m
above a LOFAR antenna in the field.
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Figure 2. The air shower shown in figure 1 transformed into the shower plane with a fit of the
signal distribution. The colors in the background represent the fit, while the colors of the circles are
the measurements. Also indicated is the shower axis as cross. Both, the axis reconstructed from the
particle data and the radio data are at the indicated position. Furthermore, a dashed line of equal
signal strength is indicated for the axis position. It emphasizes the asymmetric bean-like shape of the
distribution.

The parameters x0 and y0 are the coordinates in the shower plane, aligned with the ~v ⇥ ~B-
and ~v ⇥ (~v ⇥ ~B)-axis, respectively. Fit parameters are A+, �+, Xc, Yc, C0 and x�.

Here, all parameters that indicate distances and lengths x0, y0, Xc, Xc, x� and �+ are
given in meters. The parameter A+ is a measure of the energy density in the same units
as the measured pulse power. As LOFAR has currently no absolute calibration, the A+

parameter is used for this analysis in instrumental units [a.u.]. The free parameter C0 is
dimensionless. The constants C1 and C2 were fixed according to the simulation study of [11]
to C1 = 2.788 and C2 = 0.0086 m�1. The parameter C3 is set to 1 m.

The fit of equation (3.1) is performed iteratively. First, a single two-dimensional Gaus-
sian (C0 = 0) is fitted to the data to obtain initial values. Consequently, the data are fitted
with the complete model using least-squares fitting. It has proven necessary to check whether
the initial values deliver a stable result, especially with respect to the choice of �+. Thus,
several iterations of this first iteration are performed using di↵erent values of �+. The initial
values that yield the smallest �2 are chosen for the next iteration.

If there is no set of initial values that produces a non-diverging fit result, the fit is further
restricted. The parameter x� is fixed to a range of [�140 m, 0 m] and the parameter C0 is fixed
to the range of [0.1, 0.7]. These restrictions allow for a more stable fit result and are slightly
larger than the most extreme values that are predicted by the study of simulations. For the
fits terminating successfully after the first iteration, C0 is found in the range of [0.14, 0.65]
with a mean of 0.35, which is in good agreement with the boundary values and simulations.
The same holds true for x�, which is found in the range of [�131.1 m,�5.2 m], showing a
weak correlation with the zenith angle, as expected from simulations. More than 50% of
the air showers can be fitted without restriction. This subset shows no bias to preferred
arrival directions or fit parameters. The showers are, however, more likely to have been
measured with antennas covering wider ranges of azimuthal angles and positions around the
shower axis.

– 4 –

4.3. Fitting the wavefront shape

Various wavefront shapes have been proposed; we test a coni-
cal and spherical shape, such as argued for in [12]. We also test a
hyperboloid; this is a natural function with 2 parameters that com-
bines a curved shape for small distances, and a conical shape for
large distances.

The fit functions, for the arrival time differences with respect to
a plane wave as a function of distance to the shower axis, are those
for a line (cone), a circle (sphere) and a hyperbola (hyperboloid)
respectively:

c tconðrÞ ¼ s r; ð7Þ

c tsphðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ r2

q
% R; ð8Þ

c thypðrÞ ¼ %aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 r2

q
; ð9Þ

where s is the cone slope, R the radius of the sphere, and a and b are
the parameters of the hyperboloid. These three functions are fitted
in a standard non-linear least squares approach; the shower core x
and y positions, needed to get the distance r, are used as free param-
eters in the fit, as explained further in the next section. We keep for
each fit type the best fitting parameters as well as the fit quality, as
measured by the unreduced v2 value

v2
type ¼

XNantennas

i¼0

ðttypeðriÞ % tiÞ2

r2
i

; ð10Þ

where ti is the arrival time of the pulse maximum at antenna i cor-
rected for the best fitting plane wave solution and ri the corre-
sponding uncertainty calculated using Eq. (3).

4.4. Considerations for fit stability

As the arrival time differences from a plane wave solution, and
thus the shape of the wavefront, are sensitive to the direction and
location of the shower axis, we include these as free parameters in
the fitting procedure. If the core position would be well known, e.g.
from signal amplitudes and/or comparison with simulations, each
fit would have fewer degrees of freedom. Therefore typically, com-
paring the fit qualities of each shape, we find a lower bound to the
differences with respect to the best fit.

To prevent the fit from becoming unstable or finding only local
minima we choose a nested approach. For every trial of the shower
axis location, we optimize the direction; for every trial of the direc-
tion, we calculate the best-fit curve parameters using a nonlinear
least-squares solver. Furthermore, to prevent the shower axis loca-
tion search from getting stuck in a local minimum it is first opti-
mized on a 500 m by 500 m grid in steps of 100 m and only in
later iterations optimized further using a Nelder–Mead simplex
optimization, starting from the optimal grid position.

4.5. Including particle detector information

When optimizing the shower axis location, it might happen that
the position is not well constrained due to the geometric distribu-
tion of the measurements. Furthermore, fitting a non-correct
wavefront may also lead to an unphysical shower axis location.
Typically this takes the form of the shower axis location moving
too far away from the measured barycenter. The data from the par-
ticle detectors provide a further constraint on the shower axis loca-
tion. The lateral distribution of the signal (number of particles as a
function of distance to the shower axis) is well described by a
Nishimura–Kamata–Greisen function (NKG) [21,22] and will
restrict the position of the shower axis. Therefore, in the fit

Fig. 6. The arrival time differences from a plane wave as a function of distance to
the shower axis with the best fitting shape solutions. A hyperbolic (top), conical
(middle) and spherical (bottom) fit has been applied, respectively. Each plot shows
the arrival times as a function of the distance to the shower axis (top panel) and
deviations from the best fit scaled to the uncertainty for each datapoint (bottom
panel). Note that the shower core position is a free parameter in each fit, therefore
the positions of the data points on the x-axis differ between fits, as is in particular
evident for the spherical fit.

A. Corstanje et al. / Astroparticle Physics 61 (2015) 22–31 27

Figure 3: Left: Footprint of an air shower measured with LOFAR The colored background represents
predictions of the radio signal according to simulations [15]. Right: The arrival time of the signals, relative
to a plane as a function to the distance to the shower axis as measured with LOFAR. The lower right graph
illustrates the arrival time differences with respect to a fit (hyperboloid) [16].

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. Important aspects of radio emission
in air showers are reviewed in the following. We focus on radio emission in the frequency range
30−80 MHz, only one result (Fig. 4 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 [15, 17, 18], such as e.g. the particle content of a
shower, see Fig. 3 (left). Radio emission is generated through interactions with the Earth magnetic
field, which yield a bean-shaped footprint on the ground. The correct reference system is in the
shower plane (perpendicular to the shower axis), with one coordinate axis along the~v×~B direction
and the second axis along the ~v× (~v× ~B) direction. Where ~v is the propagation velocity vector
of the shower (parallel to the shower axis) and ~B represents the direction and strength of the Earth
magnetic field. The measured power in the frequency range 30−80 MHz is plotted as a function of
the distance to the shower axis in Fig. 4 (left). For example at a distance of 200 m from the shower
axis, ambiguities are visible in this one-dimensional projection: the recorded signal strength is
a function of the azimuth angle, which results in the visible structure. Historically, the lateral
distribution of the radio signal on the ground has often be parameterized with a simple exponential
function (e.g. [19]). However, the LOFAR measurements suggest that the radio emission should
be parameterized by a more complex expression: a two-dimensional Gaussian function is used to
describe the approximately exponential fall-off at large distances form the shower axis. A second
(smaller) two-dimensional Gaussian function is subtracted from the first one to describe the ring
structure of the signal close to the shower axis. To reproduce the observed bean shape, the centers
of both Gaussian functions are slightly offset. The power at position (x′,y′) in the shower plane
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Figure 4: Total power measured in an air shower as a function of the distance to the shower axis (in the
shower plane) as measured by LOFAR in the frequency range 30−80 MHz (left) [17] and 110−190 MHz
(right) [20].

(perpendicular to the shower axis) is described as

P(x′,y′) = A+ exp
(
−(x′−X+)
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The parameters are the scaling factors A+ and A− (where in general A−> 0), the width of the Gaus-
sian functions σ+ and σ−, and the centers of the two-dimensional Gaussian distributions (X+,Y+)
and (X−,Y−).

First quantitative measurements in the frequency range 120-240 MHz Radio emission from
extensive air showers has also been recorded with the LOFAR high-band antennas in the 200 MHz
frequency domain [20]. The measured power is depicted in Fig. 4 (right) as a function of the
distance to the shower axis. A clear maximum is visible at distances around 120 m in this one-
dimensional projection, indicating a clear (Čerenkov-like) ring structure. Such rings are predicted
from theory [21]: relativistic time compression effects lead to a ring of amplified emission, which
starts to dominate the emission pattern for frequencies above∼ 100 MHz. The LOFAR data clearly
confirm the importance to include the index of refraction of air as a function of height into calcula-
tions of the radio emission.

Shape of the shower front The precise shape of the radio wave front is a long-standing issue. In
the literature different scenarios have been discussed: a spherical, conical, or hyperbolical shape
(e.g. [22]). The LOFAR findings clearly indicate that a hyperboloid is the best way to describe
the shape of the measured wave front [16]. A hyperboloid asymptotically reaches a conical shape
at large distances from the shower axis and can be approximated as a sphere close to the shower
axis. A measured wave front of a shower registered with LOFAR is shown in Fig. 3 (right). The
time difference relative to a plane is plotted as a function of a distance to the shower axis. The line
indicates a fit of a hyperboloid to the measured data. The lower part of the graph shows the time
differences of the individual antennas with respect to the fit function.
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(i.e., nonrandom) over all antennas but no longer in the
expected êv×B direction. In addition, for some of these
showers the intensity of the radio signal at low 10–90 MHz
frequencies is strongest on a ring around the shower axis
with a radius of approximately 100 m (see also Fig. 2). This
“ring structure” in the intensity pattern is not present in
normal fair-weather air showers that all lack rotational
symmetry in the intensity pattern and instead show a single
maximum that is displaced in the êv×B direction from the
shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within ∼150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. The expected polarization direction for
fair-weather air showers is indicated with “normal.” The position
of the shower axis, orthogonal to the shower plane, is indicated by
the intersection of the dashed lines.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.
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Figure 5: Left: Polarization as measured with individual LOFAR antennas (arrows) in the shower plane
during fair weather conditions. The expected polarization direction for fair-weather air showers is indicated
with "normal". The position of the shower axis, orthogonal to the shower plane, is indicated by the intersec-
tion of the dashed lines [23]. Right: The ratio a between contributions due to the Askaryan effect and the
geomagnetic emission is plotted and as a function of the distance to the shower axis (in the shower plane)
for showers with different zenith angles as measured by LOFAR (right) [24].

Polarization of the radio signal The radio emission in extensive air showers originates from
different processes. The dominant mechanism is of geomagnetic origin [4, 25]. Electrons and
positrons in the shower are accelerated in opposite directions by the Lorentz force exerted by the
magnetic field of the Earth. The generated radio emission is linearly polarized in the direction
of the Lorentz force (~v× ~B), where ~v is the propagation velocity vector of the shower (parallel
to the shower axis) and ~B represents the direction and strength of the Earth magnetic field. A
secondary contribution to the radio emission results from the excess of electrons at the front of the
shower (Askaryan effect) [26, 27]. This excess is built up from electrons that are knocked out of
atmospheric molecules by interactions with shower particles and by a net depletion of positrons due
to annihilation. This charge excess contribution is radially polarized, pointing towards the shower
axis. The resulting emission measured at the ground is the sum of both components. Interference
between these components may be constructive or destructive, depending on the position of the
observer/antenna relative to the shower. The emission is strongly beamed in the forward direction
due to the relativistic velocities of the particles. Additionally, the emission propagates through the
atmosphere, which has a non-unity index of refraction that changes with height. This gives rise
to relativistic time-compression effects, most prominently resulting in a ring of amplified emission
around the Čerenkov angle, see Fig. 4. By precisely measuring the polarization direction of the
electric field at each antenna position (see Fig. 5 left), the ratio a = εAskaryan/εgeom between the
contributions from the Askaryan effect and the geomagnetic emission is measured. At LOFAR the
ratio a has been measured as a function of the distance to the shower axis for showers with different
zenith angles, as depicted in Fig. 5 (right) [24]. The figure illustrates that the contribution through
the Askaryan effect increases with increasing distance to the shower axis and it is more pronounced
for vertical showers (with small zenith angle). The values range from a contribution of less than a
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(i.e., nonrandom) over all antennas but no longer in the
expected êv×B direction. In addition, for some of these
showers the intensity of the radio signal at low 10–90 MHz
frequencies is strongest on a ring around the shower axis
with a radius of approximately 100 m (see also Fig. 2). This
“ring structure” in the intensity pattern is not present in
normal fair-weather air showers that all lack rotational
symmetry in the intensity pattern and instead show a single
maximum that is displaced in the êv×B direction from the
shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within ∼150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. The expected polarization direction for
fair-weather air showers is indicated with “normal.” The position
of the shower axis, orthogonal to the shower plane, is indicated by
the intersection of the dashed lines.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.

PRL 114, 165001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

24 APRIL 2015

165001-3

2

trons and positrons in the extensive air shower [5]. We
note that this proportionality of the radio emission to the
number of electrons and positrons does no longer hold in
the presence of strong atmospheric electric fields which is
the main subject of this work. The frequency content of
the pulse is solely dependent on the geometry of the elec-
tric currents in the shower [15]. As shown in the present
work, the presence of strong atmospheric electric fields
not only a↵ects the magnitudes of the induced currents
but, equally important, their spatial extent and thus the
frequencies at which coherent radio waves are emitted.

There are several models proposed to describe ra-
dio emission from air showers: the macroscopic models
MGMR [11], EVA [16] calculating the emission of the
bulk of electrons and positrons described as currents; the
microscopic models ZHAires [17], CoREAS [18] based on
full Monte-Carlo simulation codes; and SELFAS2 [19],
a mix of macroscopic and microscopic approaches. All
approaches agree in describing the radio emission [20].

FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and

the top layer. An air shower (in red) is passing through
the thundercloud. The LOFAR core is seen as a circular
structure on the ground where a few LOFAR antenna
stations can be distinguished. The structure of the

induced electric field is given schematically on the right
hand side.

First measurements of the radio footprint of extensive
air showers, made during periods where there were thun-
derstorms in the area, so-called thunderstorm conditions,
have been reported by the LOPES [21, 22] collabora-
tion. It was seen that the amplitude of the radiation was
strongly a↵ected by the atmospheric electric fields [23].
More recently detailed measurements of the radio foot-
print, including its polarization were reported by the LO-
FAR [24] collaboration. The latter observations make use
of the dense array of radio antennas near the core of the
LOFAR radio telescope [25], a modern radio observatory
designed for both astronomical and cosmic ray observa-
tions (see Fig. 1). At LOFAR two types of radio antennas
are deployed where most cosmic ray observations have

been made using the low-band antennas (LBA) operat-
ing in the 30 MHz to 80 MHz frequency window which
is why we concentrate on this frequency interval in this
work. In the observations with LOFAR, made during
thunderstorm conditions, strong distortions of the polar-
ization direction as well as the intensity and the structure
of the radio footprint were observed [24]. These events
are called ’thunderstorm events’ in this work. The dif-
ferences from fair-weather radio footprints of these thun-
derstorm events can be explained as the result of atmo-
spheric electric fields and, in turn, can be used to probe
the atmospheric electric fields [24].

The e↵ect of the atmospheric electric field on each of
the two driving mechanisms of radio emission, transverse
current and charge excess, depends on its orientation
with respect to the shower axis. As we will show, the
component parallel to the shower axis, Ek, increases the
number of either electrons or positrons, depending on its
polarity, and decreases the other. However, there is no
evidence that this expected change in the charge excess
is reflected in a change in the radio emission as can be
measured with the LOFAR LBAs. The component per-
pendicular to the shower axis, E?, does not a↵ect the
number of particles but changes the net transverse force
acting on the particles. As a result the magnitude and the
direction of the transverse current changes and thus the
intensity and the polarization of the emitted radiation.
However, simulations show that when increasing the at-
mospheric electric field strength up to E? = 50 kV/m,
the intensity increases, as expected naively, after which
the intensity starts to saturate.

In this work, we show that the influence of atmospheric
electric fields can be understood from the dynamics of the
electrons and positrons in the shower front as determined
from Monte Carlo simulations using CORSIKA [26]. The
electron dynamics is interpreted in a simplified model to
sharpen the physical understanding of these findings.

II. RADIO-EMISSION SIMULATIONS

The central aim of this work is to develop a qualita-
tive understanding of the dependence of the emitted ra-
dio intensity on the strength of the atmospheric electric
field. For the simulation we use the code CoREAS [18]
which performs a microscopic calculation of the radio sig-
nal based on a Monte Carlo simulation of the air shower
generated by CORSIKA [26]. The input parameters can
be found in the Appendix. The particles in the shower
are stored at an atmospheric depth of 500 g/cm2, cor-
responding to a height of 5.7 km, near Xmax, the atmo-
spheric depth where the number of shower particles is
largest, for later investigation of the shower properties.
The radio signal is calculated at sea level as is appropri-
ate for LOFAR. The pulses are filtered by a 30 MHz to
80 MHz block band-pass filter corresponding to the LO-
FAR LBA frequency range. The total power is the sum
of the amplitude squared over all time bins. The radia-

Figure 6: Left: Polarization as measured with individual LOFAR antennas (arrows) in the shower plane
during thunderstorm conditions. The expected polarization direction for fair-weather air showers is indi-
cated with "normal". The position of the shower axis, orthogonal to the shower plane, is indicated by the
intersection of the dashed lines [23]. See also Fig. 5 (left) for comparison. Right: A schematic structure of a
thundercloud is given where charge is accumulated at the bottom and the top layer. An air shower (in red)
is passing through the thundercloud. The LOFAR core is seen as a circular structure on the ground. The
structure of the induced electric field is given schematically on the right hand side [30].

few % for horizontal showers, close to the shower axis to values above 20% for vertical showers
at a distance of 250 m from the shower axis. The obtained values are in good agreement with an
average value a = 14%±2% as obtained at the Pierre Auger Observatory [28].

Confirmation of simulation codes The detailed investigations of the properties of the radio
emission and the comparison between measurements and predictions from simulations demonstrate
that the simulation code CoREAS [29] fully describes all relevant features of the radio emission in
air showers and the predictions can be used to interpret the measured air shower data.

Probing atmospheric electric fields during thunderstorms Radio detection of air showers is
also used for auxiliary science, such as the measurements of electric fields in the atmosphere during
thunderstorms [31, 32, 23]. The footprint of the radio emission from an air shower, which devel-
oped during a thunderstorm is shown in Fig. 6 (left) [23]. The intensity and polarization patterns
of such air showers are radically different from those measured during fair-weather conditions, as
shown in Fig. 5 (left). The figures illustrate the polarization as measured with individual LOFAR
antennas (arrows) in the shower plane. LOFAR antennas are grouped into circular stations, of
which seven are depicted. An arrow labeled "normal" indicates the expected polarization direction
for fair weather conditions. The position of the shower axis, orthogonal to the shower plane, is
indicated by the intersection of the dashed lines. A simple two-layer model for the atmospheric
electric field is used as illustrated in Fig. 6 (right). Parameters of the model are the heights of the
boundaries of the electric fields hl and hu and the electric field strengths El and Eu in the lower
and upper layer, respectively. For the shower shown in the figure the parameters obtained are
hl = 2.9 km, hu = 8 km, |Eu| = 50 kV/m, and |El|/|Eu| = 0.53. With this model the measured
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The wavefront shape of this air shower is best fitted by a hyper-
bola due to significant curvature near the shower axis. The shower
core position, left as free parameters in the fitting procedure, is sig-
nificantly different for the three fits, as shown in Fig. 7. Fig. 8 shows
the v2=ndf values obtained for all showers. From these distribu-
tions it is not immediately evident which wavefront shape (if
any) is favored. However, these distributions do not reflect the
often significant differences in fit quality for a single shower.
Furthermore, even if the wavefront shape were always hyperbolic
one would still expect to see shapes that appear conical or spherical

for individual showers depending on the shower geometry and the
part of the shower front that is sampled by the detector.

In order to check which wavefront shape is favored by the over-
all dataset we perform a likelihood ratio test. The test statistic for
the conical case is:

D ¼ "2
lnðlikelihood hyperbolicÞ
lnðlikelihood conicalÞ

ð11Þ

¼
XN

k

v2
con " v2

hyp ð12Þ

Fig. 9. Angular difference between reconstructed shower axis direction for three wavefront shape assumptions. Assuming a planar wavefront shape typically introduces an
error in the direction of up to %1!, when the shape is in fact hyperbolic (top plot). The differences in reconstructed direction between a conical and hyperbolic wavefront
shape are approximately a factor of ten smaller (bottom plot).

A. Corstanje et al. / Astroparticle Physics 61 (2015) 22–31 29

Figure 7: Resolution to measure the shower parameters with the radio technique. Left: Angular difference
between the reconstructed shower axais direction, describing the wavefront with a conical and a hyperbolic
wave front, typical values are below 0.1◦ [16]. Center: Energy resolution with an average of about 32%.
Right: Resolution for the depth of the shower maximum Xmax with an average of about 17 g/cm2 [37, 38].

patterns are well reproduced by state-of-the-art simulation codes. This in turn provides a novel
way to study atmospheric electric fields.

4. Measuring properties of cosmic rays with the radio technique

Ultimate objective is to fully characterize the incoming cosmic ray with the radio measure-
ments, i.e. to determine its arrival direction, its energy, and the particle type/mass (see e.g. [33, 18,
34, 35, 36]).

Arrival direction A precise description of the shape of the shower front is essential to correctly
reconstruct the direction of the incoming cosmic ray. Different shapes have been investigated
at LOFAR as discussed above [16]. Reconstructing the arrival directions of the same measured
showers with different wavefront shapes results in differences in the reconstructed arrival directions
of typically less than 1◦ between a plane and a hyperboloid and typically less than 0.1◦ between a
cone and a hyperboloid, see Fig. 7 (left). The figure shows the anglular difference, typical values
are below 0.1◦. Based on these investigations it is expected that the angular resolution for the arrival
direction of the shower is better than 1◦.

Energy The parameters of the function to model the intensity pattern of the radiation on the
ground (as described above) are sensitive to the properties of the shower-inducing cosmic rays
[17]. The integral of the measured power density is proportional to the shower energy. This is
illustrated in Fig. 8 (left). The shower energy is plotted as a function of a parameter, being pro-
portional to the integrated power. The measured signal strength is corrected for a factor, which
depends on the angle between the shower axis and the direction of the geomagnetic field. This is
necessary, since the dominating geomagnetic emission strongly depends on this angle. The shower
energy is determined in two ways in the figure: it is derived from Monte Carlo simulations (using
CORSIKA [39] and CoREAS [29]) and it has been measured with the particle detector array at
LOFAR (LORA). A clear correlation is seen between the shower energy and the measured radio
intensity on the ground.
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Figure 8: Determining the properties of cosmic rays with radio measurements [17]. Left: Energy of the
cosmic ray (determined from simulations and measured with the LORA air shower array) as a function of
a quantity, being in principle proportional to the integrated measured radio power. Right: Width of the
footprint of the radio emission as a function of the distance to the shower maximum.

Depth of the shower maximum The most challenging task is to derive the type of the incoming
cosmic ray or its atomic mass A from the radio measurements. Key is to measure the depth of the
shower maximum Xmax in the atmosphere, which is proportional to lnA. The width of the measured
footprint is proportional to the geometrical distance from the antennas to the position of the shower
maximum. This correlation is shown in Fig. 8 (right). This method is used at LOFAR [17] (and has
been adapted to the Auger Observatory [18]) to estimate the cosmic-ray mass.

To obtain a precise value of the depth of the shower maximum for each shower, we apply the
following procedure [40, 37]. The shower direction and energy are obtained from the measured
signals in the particle detectors and the radio antennas. With these parameters simulations are
initiated, simulating the development of air showers and the accompanied radio emission, using the
CORSIKA and the CoREAS codes, for primary protons and iron nuclei. Due to fluctuations in the
individual particle interactions in an air shower this results in showers with a wide distribution for
the depth of the shower maximum (all showers having the same energy and direction of incidence
as the measured shower). The predicted signals in the particle detectors and the radio antennas
are then compared to the measurements. A χ2 method is used to determine the simulated shower,
which best matches the measured values. This yields a value for the depth of the shower maximum.
The method is illustrated in Fig. 9 (left). The χ2 values are depicted as a function of the depth of the
shower maximum Xmax. A parabola is fit to the χ2 values and the minimum of this function gives
the estimated Xmax value for the measured shower. With this method Xmax is determined with an
accuracy of about 17 g/cm2 at LOFAR, see Fig. 7 (right), where the uncertainty in Xmax is shown
for individual showers. During this procedure the energies of the showers are slightly scaled in
order to best match the measured signals in the radio antennas and the particle detectors. For the
same shower, the energies obviously should be identical. The difference between these scaling
factors is taken as the energy resolution. An average value of about 32% is obtained, as depicted in
Fig. 7 (center).

With this method the average depth of the shower maximum has been measured for three
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plotted in Fig. 6 as a function of the slanted atmospheric
depth of the shower maximum Xmax. While Xmax is not the
only shower parameter that is different between simulations
because of shower-to-shower fluctuations, it is clearly the
parameter that most strongly determines the quality of
the fit. However, smaller effects due to other variations in
the shower development introduce a “jitter.” It is therefore
not expected that the data points in Fig. 6 lie on a
completely smooth curve.
The blue circles represent proton simulations, and the

magenta squares stand for iron simulations. Proton showers
on average penetrate deeper into the atmosphere than iron
showers and have larger shower-to-shower fluctuations.
Indeed, the proton showers cover a larger range of higher
Xmax values than the iron showers. Interestingly, in the
region of overlap, the data points of the different primaries
follow the same curve, at least within the uncertainty of the
above-mentioned jitter. We therefore conclude that showers
with the same Xmax produce a very similar radiation pattern
regardless of the mass of the cosmic-ray primary.
We fit a parabola to the data points within a 200 g=cm2

range centered around the best-fitting simulation and regard
its extremum as the reconstructed value for Xmax. The
uncertainty on this reconstructed value is determined with a
Monte Carlo study (see the next section) and is different
for each shower. It is tempting to derive the uncertainty
from the width of the fitted parabola. However, this is only
possible if the data points really follow a smooth curve.
The jitter on the χ2 values introduced by shower-to-shower
fluctuations affects the shape of the parabola and therefore
renders it impossible to use the width of the parabola to find
the uncertainty.

C. Uncertainty on Xmax

For each measured shower, the uncertainty on the
reconstructed value for Xmax is found by applying the
following procedure to the set of simulated showers. First,
one simulation is singled out, and “fake” data are produced
by evaluating the radio map at the position of each LOFAR
antenna and adding Gaussian noise of the same level as
found in the original data. For the position of each LORA
particle detector, the total deposited energy as simulated
with GEANT4 is determined, and again appropriate noise
is added to the signal. Then, the remaining 39 simulated
showers are fitted to the fake data set using the same fitting
procedure as described in Sec. IV. This yields a value Xreco
that can be compared to the actual Xreal of the simulated
shower. Finally, the procedure is repeated for all 40
simulated showers (each time taking care that the simu-
lation that is used to produce the fake data set is excluded
from the set of simulations that is used for reconstruction).
Figure 7 shows the distribution of the jXreco − Xrealj for

the 40 simulations corresponding to one particular shower.
We define the 1σ uncertainty as the value of jXreco − Xrealj
that contains 68% of the histogram. The uncertainty that is

FIG. 6 (color online). Reduced χ2 as a function of Xmax for the
same three showers as Fig. 5. The proton simulations (blue
circles) and iron simulations (magenta squares) lie on the same
curve, at least within the scatter. A parabola (red line) is fitted to
the data points near the minimum to reconstruct Xmax. The insets
zoom in on this region.

METHOD FOR HIGH PRECISION RECONSTRUCTION OF … PHYSICAL REVIEW D 90, 082003 (2014)

082003-7

Figure 9: Left: Determining the depth of the shower maximum from the radio measurements. The χ2 values
of simulated showers are shown as a function of the depth of the shower maximum [40]. Right: Average
depth of the shower maximum as measured with LOFAR [40, 37, 38]. The results are compared to other
measurements from the literature, for details and references, see [37, 38]. Also shown are predictions for
protons (green) and iron nuclei (blue), according to the hadronic interaction models EPOS-LHC (solid line)
and QGSJET-II-4 (dashed line).

energy bins around energies of 1017 to 1017.6 eV as shown in Fig. 9 (right) [37, 38]. The LOFAR
measurements are compared to results from the literature. The lines indicate predictions according
to the hadronic interaction models EPOS [41] and QGSJET [42, 43] for protons and iron nuclei.

The relative distance between the data points and the predictions for protons and iron nuclei is
a measure for the mean logarithmic mass of the cosmic rays (see e.g. [44] for a detailed discussion)

〈lnA〉 ≡∑
i

ri lnAi =
Xmeas

max −X p
max

XFe
max−X p

max
· lnAFe.

ri are the relative fractions of elements with mass Ai in cosmic rays. Xmeas
max are the measured

values and X p
max and XFe

max are predictions for protons and iron nuclei at a given energy, respectively.
Converting the LOFAR measurements yields values around lnA ≈ 1.9 to 2.4 at energies above
1017 eV.

5. Potential of the radio technique

The mass measurements of LOFAR are in an astrophysically very interesting energy range
between 1017 and 1018 eV, where a transition is expected from a galactic to an extragalactic origin
of cosmic rays (e.g. [1, 46]). The values obtained are depicted in Fig. 10 as a function of energy.
The LOFAR values (interpreted with two hadronic interaction models) are compared to values
from the literature (for details and references, see [45]). The difference between the interpretations
with the different hadronic interaction models is of the order of ∆ lnA ≈ 0.4 and illustrates the
systematic uncertainty introduced by the limited understanding of inelastic hadronic interactions at
these energies.
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Figure 10: Mean logarithmic mass 〈lnA〉 of cosmic rays as a function of energy [45]. Results from LOFAR
as shown in Fig. 9 are compared to data from the literature. The lines illustrate predictions of two models to
describe the origin of cosmic rays. For details and references, see [45].

A general trend can be seen in the figure: a rise of the mean logarithmic mass as a function of
energy between 1015 and almost 1017 eV as expected due to the subsequent fall-off of individual
elements in Galactic cosmic rays as a function of rigidity (E/Z) towards the end of the Galactic
component (e.g. [47, 48]). The mean lnA decreases as a function of energy in the energy range be-
tween roughly 1017 and 1018 eV, in this region the extragalactic cosmic-ray component contributes
more and more to the observed measured cosmic-ray (all-particle) flux. At the highest energies
(E > 1018 eV) again an icnrease of 〈lnA〉 is observed as a function of energy.

The lines represent predictions of two recent models to describe the origin of cosmic rays
[45]. Motivated by the recent high-precision measurements of the cosmic-ray energy spectrum and
mass composition by several new-generation experiments, a detailed study has been conducted to
understand the observed properties of (Galactic) cosmic rays up to about 1018 eV. The study in-
volves building a propagation model for cosmic rays, originating from supernova explosions in the
interstellar medium. Although these cosmic rays can satisfactorily explain the observed spectra
of different elements at low energies, provided by balloon and satellite-borne experiments, it has
been found that they cannot account completely for the cosmic rays above ≈ 1016 eV observed by
air shower experiments. An additional component of Galactic cosmic rays is required in order to
explain the observed cosmic rays beyond this energy up to about 1018 eV. Two cases have been
studied: cosmic rays being re-accelerated in the galactic wind ("GW-CRs", green curve in the fig-
ure) and a special class of supernovae, originating from Wolf-Rayet stars, being able to effectively
accelerate cosmic rays at high energies ("WR-CRs", black line in the figure). As can be inferred
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from the figure, both models describe the mass composition quite well. In this two-component
model, the knee and the second knee in the all-particle energy spectrum of cosmic rays are caused
by the cut-offs in the energy spectra of the first and the second component, respectively. The first
component also explains the spectral breaks observed in the proton and helium spectra at about
200 GeV/nucleon.
Taking the LOFAR QGSJET values literally would clearly prefer the "Galactic Wind" model. This
illustrates that the radio measurements of air showers are now competitive and start to discriminate
astrophysical models of the origin of cosmic rays.

6. Conclusion and outlook

Radio emission from extensive air showers in the frequency range from 30 to 80 MHz is
now routinely observed with several experimental set-ups. The results of CODALEMA, LOPES,
Tunka-Rex, AERA and, in particular, the very detailed results of LOFAR, with its high density of
antennas and the excellent time resolution, have provided a wealth of information to understand
the emission processes. They are now well understood and well described by latest air shower
simulation codes such as e.g. CORSIKA together with CoReas.

With LOFAR it has been demonstrated that the relevant inmformation about the shower-
inducing primary cosmic ray can be measured with the radio technique: namely its direction, its
energy and its particle type (mass A of nucleus). Uncertainties are competative to established tech-
niques, i.e. better than 1◦ for the direction, about 30% energy resolution, and a resolution for Xmax

better than 20 g/cm2.
LOFAR (and also Tunka-Rex and AERA at the Pierre Auger Observatory) measure in the very

interesting energy range from 1017 to 1018 eV. In the next years, precise measurements of the mass
composition of cosmic rays are expected from these facilities. They will significantly contribute to
our understanding of the origin of cosmic rays in this energy range.
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