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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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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 km?. 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



Radio Detection of Cosmic Rays with LOFAR J.R. Horandel

1.5 ; ; ; 6ie=6 ‘
—_ === Simulations X ¢ DataX — —— Reference source
% 1007 Simulations Y 4 DataY o - +- Galaxy
) W st
= -
g -
g 24
? =
E X
(] s 3
: g
e
w“ &
g c 2t
s 2
= ©
© s .
= 50 - 60 MHz | 21
> S
=2.0 L n L L n " n n
0 5 10 15 20 %0 40 50 60 70 80
Local Sidereal Time [h] Frequency [MHz]

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 10'® to about
10'8 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 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 ¥ x B direction
and the second axis along the v x (V x E) 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].
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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 o and o_, 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 (Cerenkov-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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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 (¥ x B), where 7 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 Cerenkov 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 = Easkaryan/Egeom 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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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% 4 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 /; and £, and the electric field strengths E; and E, in the lower
and upper layer, respectively. For the shower shown in the figure the parameters obtained are
hy = 2.9 km, h, = 8 km, |E,| = 50 kV/m, and |E;|/|E,| = 0.53. With this model the measured
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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 Xj,,,, 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 X,,,,, in the atmosphere, which is proportional to InA. 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 CoOREAS 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 x> 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 (leff). The x? values are depicted as a function of the depth of the
shower maximum Xj,,,,. A parabola is fit to the xz values and the minimum of this function gives
the estimated X, value for the measured shower. With this method X, is determined with an
accuracy of about 17 g/cm? at LOFAR, see Fig. 7 (right), where the uncertainty in X,y 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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Figure 9: Left: Determining the depth of the shower maximum from the radio measurements. The x? 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 10'7 to 10'7-% 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)
X m;;z §— Xn@ax

(InA) =Y rilnA; = 2422 InAp,.
i

p
Xinéx — Ximax

r; are the relative fractions of elements with mass A; in cosmic rays. X, are the measured

values and X, and X'¢ are predictions for protons and iron nuclei at a given energy, respectively.
Converting the LOFAR measurements yields values around InA ~ 1.9 to 2.4 at energies above

107 eV.

5. Potential of the radio technique

The mass measurements of LOFAR are in an astrophysically very interesting energy range
between 10'7 and 10'® 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 AlnA ~ 0.4 and illustrates the
systematic uncertainty introduced by the limited understanding of inelastic hadronic interactions at
these energies.

10
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Figure 10: Mean logarithmic mass (InA) 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 10" and almost 10!7 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 InA decreases as a function of energy in the energy range be-
tween roughly 10'7 and 10'® 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 > 10'8 eV) again an icnrease of (InA) 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 10'® 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 ~ 10'® 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 10'® 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 QGSIJET 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 X,
better than 20 g/cm?.

LOFAR (and also Tunka-Rex and AERA at the Pierre Auger Observatory) measure in the very
interesting energy range from 10'7 to 10'® 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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