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Abstract

In 1965 it was discovered that cosmic ray air showers emit impulsive radio signals at frequencies below 100 MHz.
After a period of intense research in the 1960s and 1970s, however, interest in the detection technique faded almost
completely. With the availability of powerful digital signal processing techniques, new attempts at measuring cosmic
ray air showers via their radio emission were started at the beginning of the new millennium. Starting with modest,
small-scale digital prototype setups, the field has evolved, matured and grown very significantly in the past decade.
Today’s second-generation digital radio detection experiments consist of up to hundreds of radio antennas or cover
areas of up to 17 km?. We understand the physics of the radio emission in extensive air showers in detail and have
developed analysis strategies to accurately derive from radio signals parameters which are related to the astrophysics
of the primary cosmic ray particles, in particular their energy, arrival direction and estimators for their mass. In parallel
to these successes, limitations inherent in the physics of the radio signals have also become increasingly clear. In this
article, we review the progress of the past decade and the current state of the field, discuss the current paradigm of
the radio emission physics and present the experimental evidence supporting it. Finally, we discuss the potential for

future applications of the radio detection technique to advance the field of cosmic ray physics.
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1. Introduction

Even though more than 100 years have passed since
the discovery of cosmic rays, many questions about
their origin, the physics of their acceleration and their
hadronic interactions in the atmosphere are still unan-
swered [[1]. To tackle the complexity of the problem,
two ingredients are very important: First, cosmic rays
have to be measured with sufficient statistics, a diffi-
cult task at the highest energies where the particle flux
becomes as small as one particle per km? per century,
see Fig.[I] Second, the measurement quality has to be
as good as possible to provide enough information, in
particular, to identify the mass of the primary particles,
an essential piece of information in testing hypotheses
for particle acceleration and propagation. Techniques
such as large-scale particle detection with ground-based
arrays and fluorescence detection of air showers with
optical telescopes have been employed with great suc-
cess over many decades [2]. These approaches detect
“extensive air showers”, cascades of secondary parti-
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cles initiated by the primary cosmic ray in the atmo-
sphere [3]]. However, the established detection methods
all have their drawbacks, and the community is con-
stantly looking for ways to improve on the established
techniques. A prime example of such an endeavor is the
proposed AugerPrime [4] upgrade of the Pierre Auger
Observatory, which strives to achieve sensitivity to the
mass composition of cosmic rays at the highest energies
via separate measurements of the electromagnetic and
muonic air shower components using an additional layer
of scintillators deployed on top of the existing water-
Cherenkov detectors.

In the past decade, the field of radio detection of cos-
mic ray air showers has undergone an impressive re-
naissance. Building on the knowledge gathered from
historical radio detection experiments in the 1960s and
1970s, innovative projects were started in the early
2000s, driven by high expectations [5]. The goal of
these projects was to first provide a proof of princi-
ple for the detection of air showers using digital radio
techniques, and then to evolve these approaches into
a new technology for large-scale air shower measure-
ments. Having met with great success, these activities
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Figure 1: The energy spectrum of the highest energy cosmic rays measured by various experiments. The energy range accessible to radio measure-
ments is indicated. At low particle energies, radio signals become weak and are overwhelmed by background. At high energies, concepts to cover
very large effective detection areas have yet to be developed. Diagram updated and adapted from [3]].

steadily gained in momentum, as is illustrated in Fig.
[2] Today’s experiments have matured well beyond the
prototyping phase. They are aimed either at covering
large areas with a minimum number of antennas or at
measuring individual air showers with hundreds of ra-
dio antennas at a time. Radio signals are expected to be
measurable above background at energies < 107 eV,
and probably down to energies as low as > 10! eV
when applying interferometric analysis techniques, see
Fig.[1]

In parallel to the experimental activities, models for
the physics of the radio emission emanating from ex-
tensive air showers have matured to a degree that the
emission mechanisms are now generally assumed to be
well-understood. As it turns out, there is a large overlap
between the physics of radio emission from air showers
and the physics of radio emission from particle showers
in dense media. We will mention these parallels where
appropriate. However, we deliberately focus this review
on the case of air showers and the methods to detect
them with radio techniques.

After a short introduction of the starting point for the
modern-day experiments, including an overview of the
merits warranting the investigation of radio detection of
cosmic rays, we will set the scene with a review of the
current paradigm of air shower radio emission physics

and the most important characteristics of the emission.
Next, we will discuss the evolution of modelling ef-
forts which, in conjunction with results from various
experiments, led to this paradigm. Afterwards, we will
describe the experimental projects which were devel-
oped over the past decade and highlight their goals and
technological choices, before discussing some analysis-
related aspects and then moving on to a detailed descrip-
tion of the important experimental results achieved to
date and how they compare to theoretical predictions.
Finally, we close with an outlook to possible future di-
rections of the field of air shower radio detection.

2. The starting point for digital radio detection of
air showers

Modern radio experiments built on knowledge gained
50 years ago, which provided a valuable starting point.
Here, we quickly discuss the most relevant information
available from the historical works and then outline the
promises of the radio detection technique which led to
renewed interest and sparked the new projects.

2.1. The knowledge from historical experiments

Radio detection of cosmic rays per se is not a new
technique. In fact, the experimental proof that air show-
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Figure 2: Number of contributions related to radio detection of cosmic rays or neutrinos at the bi-yearly International Cosmic Ray Conferences.

Data up to 2007 were taken from [6].

ers emit impulsive radio signals was made as early as
1965 [[7]. As a consequence, several groups engaged in
experimental and theoretical work to study the details
of the radio emission. It is not the goal of this article to
review these historical works, and we kindly refer the
reader to the excellent article of Allan [8] for such a re-
view.

However, let us briefly discuss the most relevant
pieces of information which were available from the his-
torical works at the time that the community rediscov-
ered its interest in radio detection of cosmic rays. These
were:

e Air showers initiated by cosmic rays emit impul-
sive radio emission. The emission was originally
discovered at a frequency of 44 MHz, but suc-
cessful detections from as low as 2 MHz up to
500 MHz followed.

The radio signal, at least at frequencies below
100 MHz, is coherent. In other words, the received
power generally scales quadratically with the num-
ber of emitting particles, and thus with the energy
of the primary cosmic ray (with the exception of
showers being truncated when hitting the ground).

The emission is dominated by a geomagnetic ef-
fect, since a clear correlation of the radio signal
strength is seen with the angle between the air
shower axis (the axis determined by the arrival
direction of the primary cosmic ray particle) and

the geomagnetic field axis. Due to the geomag-
netic nature of the emission, the signal is gener-
ally expected to be strongest in antennas measur-
ing the polarisation component aligned with the
Lorentz force. For detection sites at geographic
mid-latitudes, this corresponds to the east-west po-
larisation component.

The signal strength measured by an antenna de-
pends on the lateral distance from the air shower
axis and can be fitted with an exponential lateral
distribution function (LDF)E]

The gist of this knowledge can be summarized in one
formula, often referred to as the “Allan-formula” (eq.
(84) in Ref. [8]]), as follows:

-1 -1 Ep
€ 20uVm— MHz™ | ———

1017 eV

X

. R
sine cos 6 exp( RO(V,O))’ (D
in which ¢, denotes the peak total amplitude (modulus)
of the electric field vector divided by the effective band-
width of the measurement, E), is the energy of the pri-
mary cosmic ray, « is the so-called “geomagnetic an-
gle”, i.e. the angle between the air shower axis and the

'Keep in mind, however, that the historical experiments only mea-
sured the radio LDF averaged over many different air showers, not the
radio LDF of an individual air shower itself.



geomagnetic field axis, 6 is the “zenith angle”, i.e. the
angle wrt. vertical incidence of the cosmic ray primary,
and R denotes the lateral distance perpendicular from
the air shower axis, often denoted “axis distance”. The
scale factor Ry depends on frequency and zenith angle,
but there were no particularly quantitative results avail-
able at the time.

In spite of this significant knowledge, a number of
important questions were open:

e Several secondary emission mechanisms had been
investigated on a theoretical basis, and there were
some experimental results suggesting that the ge-
omagnetic emission was not the only mechanism.
However, these were indications at best, and they
were far from being accepted in the community.
The relevance of the atmospheric refractive in-
dex gradient had also been studied to some extent
[l 10].

e There were theoretical investigations on the sen-
sitivity of the radio signal, in particular its LDF,
on the longitudinal evolution of the air shower
[9, 10], and thus the mass of the primary parti-
cle, but no experimental tests or quantitative stud-
ies were available.

e The absolute strength of the radio emission was re-
ported very differently, up to factors of 100 in am-
plitude, by different groups [11]]. The assumption
was that this was due to difficulties in providing an
absolute calibration for the measurements.

o It was unclear how important the influence of elec-
tric fields in the atmosphere (say in thunderclouds
[12]) could be and whether an effect on the radio
signal was to be expected even for fair weather. If
the latter were true, it would make the technique
unreliable for any quantitative measurements, as
the atmospheric electric field at altitudes of several
kilometers is hard to monitor.

In the mid-1970s, the activities on radio detection
of cosmic rays ceased almost completely, as is evident
also from Fig.[2] This was due to a number of reasons,
for example there were problems in associating the ra-
dio measurements reliably with the relevant air shower
characteristics, which was sometimes attributed to the
effects of unknown atmospheric electric fields. Also, the
fluorescence imaging technique pioneered in the Fly’s
Eye experiment [13]] seemed more promising and made
good progress, which shifted the interest of the cosmic
ray community. It took 30 years for the interest in radio

detection to renew. We will discuss the reasons for this
renewal in the next subsection.

2.2. The promises of radio detection

As mentioned in the introduction, existing techniques
using particle detector arrays and optical fluorescence
detectors (or optical Cherenkov light detectors) have
been very successful in studying cosmic rays over a very
wide range of energies. However, they do have their
shortcomings.

All detection techniques at energies beyond 2
10'* eV rely on the measurement of the extensive air
shower cascade initiated by a primary cosmic ray in
the atmosphere. This air shower is dominated by the
electromagnetic component (electrons, positrons and
photons) and has a characteristic evolution with atmo-
spheric depth, shown in Fig.[3] The shower first grows,
then reaches a maximum, and afterwards dies out.
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Figure 3: Longitudinal evolution profiles of the electromagnetic com-
ponents of extensive air showers initiated by proton and iron primaries
with an energy of 109 eV, as simulated with CORSIKA [14]. The
depth of the maximum of the air shower evolution, Xnax, provides
valuable information about the mass of the primary particle. More
massive particles on average have a lower depth of shower maximum,
and their distribution of Xp,ax values scatters less than for lighter par-
ticles.

Particle detectors only measure a momentary snap-
shot of the secondary particles in an air shower reach-
ing the ground, and typically only sample a small frac-
tion of these particles due to their limited area cover-
age. This yields very indirect information about the
original primary cosmic ray particle. In particular, un-
certainties in the hadronic interactions at energies well
beyond those accessible in collider experiments intro-
duce significant systematic uncertainties in the recon-
struction of the characteristics of the primary particle
from the ground-based particle detector measurements



[3]. An important problem unsolved to date is the dis-
crepancy in the number of muons predicted by simu-
lations, which at 10'® eV is at least 30% lower than
the one derived from hybrid measurements with fluo-
rescence telescopes and particle detectors at the Pierre
Auger Observatory [15]. The most likely explanation
for this discrepancy is in the extrapolation of hadronic
interaction physics well beyond the scale probed with
measurements at particle accelerators, which also mea-
sure in a very different regime than the extreme forward
interactions in air showers. While particle detectors can
be seen as the “work-horse” of cosmic ray detection,
since in particular they can measure with 100% duty
cycle, information from other detectors is thus needed
to exploit them to their full potential, especially with re-
gard to a reliable reconstruction of the absolute energy
scale of cosmic-rays. The Pierre Auger Observatory in
particular has committed to such a “hybrid approach” by
combining particle detectors with optical fluorescence
telescopes which are used to calibrate the energy scale
of the particle detectors. It remains very difficult, how-
ever, to determine the mass of the primary particle from
ground-based particle detectors. This requires at least
the separate measurement of the electromagnetic and
muonic components of the air shower, as is the goal of
the AugerPrime upgrade [4], and still might suffer from
systematic uncertainties in hadronic interaction models.

The most-used optical detection technique is the
detection of ultraviolet light emitted by excited air
molecules in the air shower. Using pixelated UV cam-
eras, the longitudinal evolution of an air shower as
shown in Fig. [3] can be imaged. The integral of the
longitudinal evolution profile yields a calorimetric en-
ergy measurement of the air shower. As the emission
of fluorescence light is vastly dominated by the electro-
magnetic component of the air shower, it is much less
affected by hadronic interaction uncertainties. Also, the
atmospheric depth at which the air shower reaches its
maximum particle number, the “shower maximum” or
Xmax (in g cm™2) can be read off from the profile and
yields precious information about the mass of the pri-
mary particles, again visible in Fig. [3] Fluorescence
detectors thus yield very high quality data — however,
they do it effectively in less than 10-15% of the time.
Their “duty cycle” is limited to such small numbers be-
cause the technique relies on clear, moon-less nights.
Fiducial volume cuts further limit the fraction of data
usable for analyses. At the very high energies, the loss
in statistics of more than a factor of 10 is an important
drawback. Also, the air quality at the site has to be good
and has to be monitored very closely [[16]].

In light of these limitations, interest in the radio de-

tection technique re-emerged in the early 2000s; for a
review of the field at that time see [5]. Radio detection
was expected to have the following advantages:

e The radio emission is caused by the electromag-
netic component of the air shower. As such it
does not suffer strongly from uncertainties in the
hadronic interaction models.

o The radio signal is integrated over the full shower
evolution. (There is no relevant damping in the at-
mosphere at VHF frequencies.) It thus represents
a calorimetric energy measurement.

e Radio measurements can be performed with essen-
tially 100% duty cycleE]

o The radio signal should be sensitive to the longitu-
dinal shower evolution and thus X.x.

e Radio antennas can be built comparably cheaply.
Possibly, very large areas could be instrumented
economically with radio detectors to detect cosmic
rays at the highest energies.

e In contrast to the 1960s and 1970s, powerful digi-
tal signal processing is available today. (No more
photographing of oscilloscope traces!) While dig-
ital electronics do come with a price tag, radio de-
tections directly profits from Moore’s law. Digital
electronics get exponentially cheaper in time.

In the early 2000s, the idea arose to apply digital ra-
dio detection to the problem of cosmic ray physics [17].
One vision driving these activities was the hope that
a combination of particle detectors and radio antennas
could yield similar information as the combination of
particle and fluorescence detectors — but with 100%
duty cycle instead of 10% duty cycle.

We will discuss in the course of this review which
of these promises can be kept and which cannot. Be-
fore we go into any more detail of the evolution of the
radio emission experiments, let us set the scene with a
summary of what we know about the nature of the radio
emission from air showers today.

3. The physics of radio emission from extensive air
showers

Before reviewing the progress of the last decade on
both the theoretical and the experimental side in detail,

2As we will see, only thunderstorms lower this value, but it typi-
cally remains at a level of more than 95% at most sites.



let us first go through a concise summary of the radio
emission physics as we understand it today. We will
keep the discussion mostly non-technical, readers inter-
ested in the details are encouraged to study the original
publications referenced in the text.

3.1. Geomagnetic emission

The main emission mechanism for radio pulses from
cosmic ray showers is associated with the geomag-
netic field: Secondary electrons and positrons in the
air shower are accelerated in the magnetic field. One
idea that was followed was that this acceleration directly
leads to the radio emission as in synchrotron emission,
hence the term “geosynchrotron emission” was coined
[17]. However, this view does not correctly describe
the emission physics in air showers. The reason is that
electrons and positrons do not propagate unimpeded on
long, let alone periodic orbits. Instead, they interact
continuously with air molecules. The situation is com-
parable to the one of electrons in a conductor to which a
voltage is applied. In the equilibrium of acceleration by
the magnetic field and deceleration in interactions with
air molecules a net drift of the electrons and positrons
arises in opposite directions as governed by the Lorentz
force

F=qvxB. (2)

where g denotes the particle charge, v is its velocity vec-
tor and B is the magnetic field vector. For particles orig-
inally moving along the shower axis, the resulting cur-
rent will be perpendicular to the shower axis, i.e. we can
refer to them as “transverse currents”.

There is one more important ingredient: These trans-
verse currents vary as the air shower evolves and the
number of secondary particles first grows, then reaches
a maximum, and then declines as the shower dies out
(cf. Fig. [3). It is this time-variation of the transverse
currents which leads to electromagnetic radiation. Due
to the relativistic speed of the emitting particles, the
emission is compressed in short pulses in the forward
direction, along the shower axis (Fig. @ top). Cor-
respondingly, the emission has broad-band frequency
spectra (Fig. [ bottom). For geometrical reasons, the
pulses get broader and the frequency spectra cut off at
lower frequencies as the observer moves away from the
shower axis. Interpreted in a microscopic way, the time-
variation of the transverse currents can be associated
with acceleration of individual particles, i.e., it is in fact
acceleration of charged particles that produces the radi-
ation.
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Figure 4: Radio pulses (top) arising from the time-variation of the ge-
omagnetically induced transverse currents in a 10'7 eV air shower as
observed at various observer distances from the shower axis and their
corresponding frequency spectra (bottom). Refractive index effects
are not included. Adapted from [18].

The polarisation of the radiation by the time-varying
transverse currents is linear with the electric field vec-
tor aligned with the Lorentz force, i.e. along the ¥ x B
direction, where the propagation direction of the parti-
cles v can be approximated with the shower axis. This
is illustrated in the left panel of Fig.[5]



In principle, any charged particle undergoes the pro-
cesses described here. However, only electrons and
positrons contribute significantly to the radio signal as
they have by far the highest charge/mass ratio. Already
muons are much too heavy to make a significant contri-
bution.

This emission physics has already been described by
Kahn & Lerche [19]. A modern formulation was devel-
oped by Scholten, Werner and Rusydi [18].

3.2. Charge excess emission (Askaryan effect)

In addition to the dominating geomagnetic contribu-
timﬂ a secondary effect exists. It is well known that
there is a negative charge excess of ¥ 10 — 20% in air
showers, which is caused mostly by the fact that the
ambient medium is ionized by the air shower particles
and the ionization electrons are swept with the cascade,
while the much heavier positive ions stay behind. As the
shower evolves, the absolute negative charge present in
the moving cascade grows, reaches a maximum and fi-
nally decreases when the shower dies out. Hence, again
there is a time-varying charge excess, and this leads to
pulses of electromagnetic radiation.

This radiation also has linear polarisation. However,
the electric field vector is oriented radially with respect
to the shower axis. In other words, the orientation of
the electric field vector depends on the location of an
observer (radio antenna) with respect to the shower axis,
as is illustrated in the right panel of Fig.[5]

The mechanism described here, together with
Cherenkov-like effects that will be described in the next
section, is essentially the Askaryan-effect [22, 23]. It
usually plays a sub-dominant role in air shower physics,
however it is the sole relevant emission mechanism in
particle showers in dense media and has been investi-
gated in considerable depth in the context of neutrino
detection via radio emission in ice and the lunar re-
golith (see, e.g., [24]). Since the length scales of particle
showers in dense media are much smaller, the resulting
radiation is strongest at GHz frequencies. The underly-
ing physics, however, is the same as in air.

3.3. Superposition of the contributions and signal
asymmetries

When the electric field vectors associated with the
two emission mechanisms are superposed, complex

30bviously, the geomagnetic contribution vanishes for air showers
arriving parallel to the magnetic field. For air showers with a small ge-
omagnetic angle thus the charge excess emission can actually become
dominant.

asymmetries in the radio signal arise, as depending on
the observer location, the two contributions can add
constructively or destructively. The arising asymmetry,
specifically along the direction denoted by ¥ x B (east-
west for vertical air showers) is illustrated by the visual-
ization of the “radio footprint” (two-dimensional radio
LDF) depicted in Fig.[6] The degree of asymmetry de-
pends on the relative strength of the geomagnetic and
charge excess contributions, and thus in particular on
the geomagnetic angle of a given air shower as well as
the strength of the local geomagnetic field.
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Figure 6: Simulation of the total electric field amplitude in the 40-
80 MHz band for a vertical cosmic ray air shower at the site of the
LOPES experiment. The asymmetry arises from the superposition of
the geomagnetic and charge-excess emission contributions. Refrac-
tive index effects are included. Adapted from [25].

While the footprint shown in Fig. [f] illustrates the
peak amplitude measured at various observer locations,
a closer look at the time-evolution of the impulsive radio
emission is shown in Fig.[/| The pulses associated with
the two emission mechanisms are not perfectly synchro-
nized, a sign that the time-variation of the transverse
currents induced by geomagnetic effects and the time-
variation of the net charge excess are slightly offset over
the course of the longitudinal evolution of the exten-
sive air shower. Therefore, the electric field vector does
not generally trace a line in the plane perpendicular to
the shower axis; instead, it generally traces an ellipse.
In other words, the radio emission from cosmic ray air
showers is generally of elliptical polarisation, i.e. an ad-
mixture of linear and circular polarisation. This effect
remains to be proven experimentally.

field strength [LUV/m]
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Figure 5: Left: Illustration of the geomagnetic radiation mechanism. The arrows denote the direction of linear polarisation in the plane perpendic-
ular to the air shower axis. Irrespective of the observer position, the emission is linearly polarised along the direction given by the Lorentz force,
#x B (east-west for vertical air showers). Right: Illustration of the charge excess (Askaryan) emission. The arrows illustrate the linear polarisation
with electric field vectors oriented radially with respect to the shower axis. Diagrams have been adapted from [20] and [21].
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Figure 7: Illustration of the time-evolution of the electric field vector in the 40-80 MHz frequency band for antennas at 100 m lateral distance to the
north, north-east, east, south-east, south, south-west, west, and north-west (counting clockwise from the top panel) of the impact point of a vertical
10'7 eV air shower at the LOPES site. The field is decomposed in components along the direction of the Lorentz force and perpendicular to that.
The map in the center illustrates the total amplitude footprint. Refractive index effects are included. Adapted from [23]].

3.4. Forward beaming, coherence and Cherenkov-like

effects

An important factor in the emission physics is coher-
ence. As long as radiation at a given frequency from dif-



ferent particles acquires negligible relative phase shifts
during its propagation to the observer, the vectorial elec-
tric fields add up coherently. This means that the elec-
tric field amplitude scales linearly with particle num-
ber and thus (approximately) with the energy of the pri-
mary particle. The linearity of this dependence is a very
useful feature for energy measurements with radio tech-
niques. Equivalently, the received power scales quadrat-
ically with the energy of the primary particle.

Obviously, coherence is frequency-dependent and
more pronounced at low frequencies. Coherence is in-
fluenced by the spatial particle distribution (mainly the
thickness of the air shower disk, but for observers at
large lateral distances also its lateral extent) as well as
geometrical effects and propagation physics.

Due to the relativistic motion of the radiating parti-
cles along the air shower axis, the radiation is strongly
forward-beamed, requiring antennas placed within a
constrained “illuminated area”. Furthermore, the refrac-
tive index of the atmosphere is not unity. At sea level a
typical value is n = 1.000292, and it scales proportion-
ally with the air density to higher altitudes.

x10°
1 =
n=1.0 _l70
H = === n=1.0002
T\ /N | n=1.0003 | —{60
2 E — — n=n(h)
= r 3 —50
= rofile
£ 102 B
& —|0
s C
5 10° B N {30
» E N\ L. N
o . P =
2 r sON - —_= 20
E 104k W S T
<] E L /
o E I
g / 10
10'55‘H\HH\HH\HH\L:.HH"J‘ PP PN AR I WA 1)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

height [m]

Figure 8: For different models of the atmospheric refractive index
n, emission emanating from certain heights & can be strongly com-
pressed in time, as indicated by the compression factor on the left ver-
tical axis. If the strongly compressed emission region coincides with
those parts of the longitudinal shower evolution profile (black line and
right vertical axis) at which the shower changes rapidly, strong com-
pressed radio pulses occur. Adapted from [26].

This refractive index gradient has important conse-
quences for the resulting radiation pattern. If for a given
emission region along the shower axis an observer is
located at the corresponding Cherenkov angleﬂ radia-
tion emitted from all along this region arrives simul-
taneously at the observer. In other words, pulses are

“Due to the refractive index gradient in the atmosphere, there is of
course strictly speaking no well-defined, unique Cherenkov angle.
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Figure 9: Simulated radio pulses for an air shower with a primary
energy of 5 x 10'7 eV. The observer is located at an axis distance
of 100 m. The refractive index » has been adopted as unity (vacuum),
1.0003 (sea level) and a realistic gradient in the atmosphere n(z), illus-
trating the ensuing time compression of the radio pulses. The particle
distribution is approximated to have no lateral extent. Adapted from
[27].

compressed in time and can thus become very short, as
is shown in Figs. [§] and [9} This can lead to coherent
emission up to GHz frequencies for observers located
on a “Cherenkov ring” with typical ring radii for verti-
cal 10!7 eV air showers of order 100 m, as is shown in
Fig.[10]

At lateral distances which fall inside the Cherenkov
ring, the pulses are stretched by the refractive index ef-
fects and the transition frequency from coherent to in-
coherent emission is decreased. Also, the time-ordering
of signals is reversed: signals emitted in the early stages
of the air shower arrive later than those emitted in late
stages.

At large lateral distances, outside the Cherenkov ring,
the refractive index effects are negligible, as the pulse-
widths are dominated by geometrical effects. The larger
the lateral distance, the broader the received pulses and
the lower is the transition frequency from coherent to
incoherent emission.

We stress here that the refractive index gradient influ-
ences the radiation emitted by the time-varying trans-
verse currents and time-varying charge excess by com-
pressing (or stretching) it in time. It is valid to term this
“Cherenkov-like” effects. However, the reader should
not confuse this with “Cherenkov radiation” in the sense
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Figure 10: Radio-emission footprint of the total field strength of a
vertical 10'7 eV air shower induced by an iron primary at the LOPES
site as seen in the frequency range from 300 to 1,200 MHz. Adapted
from [23].

of a (constant) net charge moving through a medium
with a velocity which is higher than the medium-speed-
of-light [28]]. Such a contribution by “Cherenkov radi-
ation” must certainly be present, but to our knowledge
it is completely negligible for the case of air showers at
radio frequencies.

3.5. Source distance effects

As the radio emission is strongly forward-beamed,
into a cone of a few degrees opening angle, the distance
of the radio source from the observer has a strong in-
fluence on the size of the illuminated area. It should
be noted that for the radio emission, geometrical dis-
tance scales, in particular the distance from source to
observer, matters. This is in contrast to the air shower
evolution which is governed by the amount of matter
traversed (atmospheric depth).

A particularly important effect is the dependence of
the radio emission on the air shower zenith angle. As
the zenith angle increases, the traversed atmospheric
depth grows asE| cos™!(#). The air shower reaches its
maximum at a given atmospheric depth, thus for more
inclined showers this maximum will be at significantly
larger geometrical distances from the observer than for
vertical air showers. As a consequence, the forward-
beamed radio emission illuminates a much larger area,
as is illustrated impressively in Fig. [T} The average

SThis is an approximation for a planar atmosphere which is valid
up to zenith angles of ~ 70°.
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electric field amplitude is lower (the radiated power is
distributed over a larger area), but also the LDF is less
steep. This makes inclined air showers more favourable
for detection with a sparse antenna grid [29].

For a fixed zenith angle, another important factor in-
fluencing the geometrical source distance is the depth
of the maximum of an individual air shower, X.x. This
quantity undergoes statistical fluctuations, but is one of
the most important observables to determine the mass of
the primary particle. Changes in X« are also reflected
in the geometrical distance between radio source and
observer, and thus can be exploited to determine Xi,ax
from radio measurements. The most obvious way to
access this information is the LDF, as discussed above
and illustrated in the comparison between Fig. [6| for an
iron-induced air shower (small X;,,x) and Fig. @ for a
proton-induced air shower (large Xy,,x) (note the differ-
ent scales). For the same geometrical reasons, the geo-
metrical source distance also influences the shape of the
radio wavefront, which can be determined by precise
timing measurements, and the pulse shape (or spectral
index of the frequency spectrum) measured at a given
lateral distance. We will discuss the sensitivity of the
radio signal to the mass of the primary particle in more
depth in the chapter on experimental results.
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Figure 12: Radio-emission footprint of the 40-80 MHz total field
strength of a vertical 10'7 eV air shower induced by a proton primary
at the LOPES site. Adapted from [23].

4. Modern models and simulations of air shower ra-
dio emission

In parallel with the modern experimental efforts,
modelling efforts for the radio emission from extensive
air showers were started. We give an overview here of
approaches that have been tried out, but will focus on
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higher. The white rectangle denotes the size of the 50° inset. The strong increase of the area illuminated by inclined air showers is due to the large
geometrical distance of their emission region from the ground. Adapted from [30].

those that are still being maintained at the time of writ-
ing this review.

4.1. Flawed modern approaches

A number of efforts that were started in the early
2000s later turned out to be flawed. The “geosyn-
chrotron” scheme was followed initially with a semi-
analytic calculation in the frequency domain [31]]. The
explicit assumption of synchrotron radiation of particles
on long orbits dominating the emission, however, later
turned out to be untrue.

Time-domain calculations inspired by the “geosyn-
chrotron” idea were started as well. Approaches by Du-
Vernois et al. [32] and Suprun et al. [33]] were devel-
oped at the same time as the REAS Monte Carlo code,
which was first based on parameterized air showers
(REAST) [34} 35] and later on histogrammed particle
distributions [36] extracted from CORSIKA [14] sim-
ulations (REAS2). Independently, the ReAIRES code
[37], based on the AIRES air shower Monte Carlo code
[38], was implemented. A simplified point-like model
was also formulated [39]. The SELFAS1 code was de-
veloped on the basis of parameterizations of particle dis-
tributions determined from REAS2 histograms [36].
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It turned out later that in all these time-domain ap-
proaches the discretized implementation of the classical
electrodynamics calculation was flawed. For details, we
refer the reader to [40]. The problem was that these
models start from the Liénard-Wiechert description of
the electric field of a single moving charged particle
(411,

Exn = e{ﬁ#]
72(1 _ﬁ : ﬁ))3R2 ret

e | it x {(it = B) x B

c (l_g.ﬁ)sR

with e for the electron charge, ¢ the speed of light, y the
Lorentz factor of the particle, 7 the unit vector along
the line-of-sight between particle and observer, ﬁ the
particle velocity in units of ¢, and R the distance be-
tween particle and observer. The index “ret” specifies
that the equations have to be evaluated at the appropri-
ate retarded time. Using this expression as their building
block, the models took into account the emission from
acceleration of particles in the magnetic field. However,
in an air shower, the radio emission emanates from an
ensemble of N relativistic charged particles. Because
N varies over the air shower evolution, it has a time-

+

3

ret



dependence N(7). The flawed models calculated the ra-
dio emission from the ensemble of particles in an air
shower as

Ew(Z1) = N(t) E(%,1) )

Although this equation seems to take into account the
variation of the number of relativistic charged particles,
radiation associated with this variation of the number of
charges is neglected. This becomes apparent when re-
calling that the electric field equation (3] itself is derived
from the Liénard-Wiechert potentials

O = [;}
(1 _ﬂ : H)R ret
- @E
AX 1) = [—»] %)
(1 _B . ﬁ) ret
via
E@ 1) = -VO(&R, 1) — %A*(f, 0. (6)

The fact that the number of charged particles N() is
changing as a function of time thus must be taken into
account in the calculation of &Ot(f’, ) =N@) AY)?, t) al-
ready. The time-derivative applied to calculate ﬁtot(f, 1)
then leads to additional radiation terms appearing be-
cause of the time-dependence of N().

This problem in the early approaches was only real-
ized around 2009, when comparisons were made with
the modern macroscopic approaches described in the
next subsection.

4.2. Modern macroscopic approaches

Models for the radio emission from extensive air
showers describing the radiation physics with macro-
scopic concepts such as electric currents and elec-
tric charge rather than individual particles are called
“macroscopic approaches”. The advantage of these ap-
proaches is that they provide direct insight into relevant
effects contributing to the radio emission from extensive
air showers. Also, they are mostly analytic and can thus
predict a signal with very small computational effort.

The MGMR [18] approach, a modern representation
of the original Kahn & Lerche approach [19], con-
tributed significantly to our understanding of the radio
emission from extensive air showers. It describes the
transverse drift currents that arise in the interplay be-
tween the acceleration of particles in the geomagnetic
field and their deceleration due to interactions with at-
mospheric molecules. These drift currents vary with
time as the air shower evolves. The time-derivative of
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the transverse currents then leads to the dominating ra-
dio emission component. Secondary mechanisms such
as a radiation from a moving dipole, the contributions
from the time-varying charge-excess [42] and the role
of the positive ions left behind in the atmosphere are
also investigated and accounted for. A similar approach
was presented in ref. [43]].

Macroscopic approaches have the advantages of
speed and transparency, and were essential in arriving at
today’s understanding of the radio emission from cos-
mic ray showers. However, they also have important
drawbacks.

One problem is that they “sum up mechanisms” such
as radiation from transverse currents, a time-varying
charge excess, and other effects. Unfortunately, these
“mechanisms” cannot be always clearly separated un-
der realistic conditions [28]], and thus there is a risk of
double-counting contributions. Likewise, relevant ef-
fects could be forgotten in the description.

Another difficulty is that there are parameters that can
be tuned, such as the drift velocities in the MGMR ap-
proach, which directly scale the predicted electric field
strengths. A related disadvantage is that macroscopic
approaches have to make simplifying approximations.
It is very difficult to reflect the full complexity of the
particle distributions in a macroscopic description, in
particular regarding correlations between particle en-
ergy, particle position and particle momentum direc-
tion. Deviations arising from non-optimal choices for
these free parameters and related parameterizations can
be sizable [44]].

Approaches such as EVA [45] 46], which includes
the treatment of the atmospheric refractive index gra-
dient and couples the macroscopic description of the ra-
dio emission with a Monte Carlo simulation of the air
shower cascade, try to mitigate these problems. How-
ever, the clarity and speed of the analytic calculation
is lost to some extent in this approach without actually
reaching the accurateness of a purely microscopic ap-
proach.

4.3. Modern microscopic approaches

In microscopic approaches, each single electron and
positron in an extensive air shower is considered sepa-
rately. Its radio emission is calculated and superposed
to arrive at the total radio emission from an extensive
air shower. Coherence effects are automatically taken
into account by proper incorporation of the time-delays
(phase shifts) acquired by the emission from individual
particles. This means that a combination of a Monte
Carlo simulation of the electromagnetic cascade in an
air shower coupled with a formalism for the classical



electrodynamics calculation of the radio emission from
single particles fully determines the resultE] There is no
ambiguity in “mechanisms” that need to be summed up,
and there are no free parameters which influence the re-
sult. The radio signal is basically predicted from first
principles, uncertainties only arise from the treatment
of the air shower cascade itself (e.g., due to hadronic
interactions). Four independent simulation codes have
been developed for the microscopic calculation of radio
emission from extensive air showers.

The code of Konstantinov et al. [47, 48]] was based
on EGSnrc [49] and can be considered the earliest that
provided a self-consistent microscopic simulation of
the radio emission from extensive air showers. It did,
however, not take into account refractive index effects
and mostly applied to air showers with energies below
10" eV, i.e., below the typical detection threshold for
air shower radio signals. The code is no longer actively
maintained today.

To provide a self-consistent calculation of the radio
emission in the REAS line of codes, the “endpoint for-
malism” was developed and implemented in REAS3
[50]. This formalism calculates the radio emission from
moving particles arising from instantaneous accelera-
tion of charges at the beginnings and ends of straight
track segments [28]. The follow-up version REAS3.1
included the effects of the refractive index gradient in
the air. Finally, the endpoint formalism was imple-
mented directly in CORSIKA, leading to the COREAS
code [25]].

The long-standing ZHS formalism [51] for the
frequency-domain calculation of radio emission from
moving charges was adapted for application in the time
domain [52] and built into the AIRES code to arrive at
ZHAireS [26]. In contrast to the endpoint formalism,
ZHS describes the radiation as arising from the straight
track segments themselves (not the acceleration at the
ends of the tracks). It has been shown that the two ap-
proaches are mathematically equivalent [48] |53]. How-
ever, there are various advantages and disadvantages be-
tween the two approaches in the practical implemen-
tation. For example, the ZHS algorithm builds on the
Fraunhofer approximation, i.e., tracks have to be sub-
divided such that they are small with respect to both
the wavelength of interest and the distance from radi-
ating particle to observer. Such a sub-division is not
necessary for the endpoint formalism, which leads to a
potential performance advantage. On the other hand,

%In that sense, it is fair to refer to these codes as “simulation codes”
rather than “models”, as the underlying model is well-proven classical
electrodynamics.
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the endpoint formalism becomes numerically unstable
when calculating the emission of a particle for an ob-
server near the Cherenkov angle, and a fall-back to a
ZHS-style calculation becomes necessary. A detailed
comparison of the computing performance of the two
approaches has not yet been conducted. The agreement
on the predicted signals is commented on in the next
subsection.

Finally, the SELFAS2 code [54] was developed using
an independent formalism for the calculation of elec-
tromagnetic radiation from track segments. Unlike the
other three codes, SELFAS2 is not based on a Monte
Carlo simulation of the underlying air shower. Instead,
the particle distributions are regenerated from parame-
terizations that were originally derived from histograms
made for REAS?2 [36]], which does neglect some poten-
tially important correlations.

4.4. Agreement between different approaches

From the point of view of accurateness of the ra-
dio emission calculation, COREAS and ZHAireS can be
considered the current state of the art, and the most di-
rectly comparable. Both couple a formalism for the cal-
culation of the radio emission directly with a full Monte
Carlo simulation of the air shower, without any simpli-
fying approximations made in the process. Compar-
isons of the predictions between the two models show
that they agree within ~ 20% with each other, both
quantitatively and qualitatively (pulse shape, frequency
spectra, shape of the LDF, ...), as is illustrated in Fig.

Cross-checks between the ZHS and endpoints for-
malisms have been made in the context of the SLAC T-
510 experiment [S5], indicating that the formalisms pro-
duce results agreeing within ~ 5% of each other [56].
It is thus likely that deviations between CoREAS and
ZHAireS are related mostly to the underlying air shower
simulation between AIRES and CORSIKA, possibly re-
lated to hadronic interaction models and/or the choice
of energy cuts for the simulation of the particle cascade.
Possibly, a different model for the atmospheric refrac-
tive index could also explain some of the deviation [57]].
These differences need to be studied in further detail.

Semi-analytic models such as EVA as well
as  microscopic  simulations based on his-
togrammed/parameterized particle distributions such as
REAS3.11 and SELFA2S show qualitative agreement
with CoREAS and ZHAireS, but there are significant
deviations, as is again visible in Fig.[I3] This indicates
that simplifications with respect to the full Monte Carlo
simulation of the particle cascade deteriorate the quality
of the prediction.
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Figure 13: Comparison of the west-component of the electric field predicted for a vertical 10'7 eV proton-induced air shower at the site of the
Pierre Auger Observatory by the indicated models. The refractive index of the atmosphere was modelled according to atmospheric density. In the
Monte Carlo models, particle noise is visible. It results from the finite number of particles in the air shower and is amplified by thinning of the
particle cascade to keep computing times reasonable. Adapted from [38].

4.5. Additional aspects and comments keep computation time for high-energy air showers rea-

At the time of writing, modern microscopic simula- sonable, several low-energy particles are approximated
tion approaches, in particular COREAS and ZHAireS, by single particles with a higher weight. This introduces
can explain all experimentally observed features of the artificial coherence and thus leads to artifacts in the re-
radio emission (for details see section [7). There thus sulting predicted radio signals. As long as these artifacts
does not seem to be any pressing need to improve the are at a level below the typlcal level of Galactic noise,
codes at this time. A few ideas have been voiced for they do not pose a problem. When high-energy particles
effects that could be relevant and could be investigated are simulated, however, these artifacts can reach ampli-
in the future. These include the effect of scattering of tudes above the noise floor. The only currently avail-
the radio emission by the plasma of the air shower disk, able way to deal with this is to thin the simulation less,
which propagates in front of the radio emission. An- at the cost of computation time. Similarly, it is neces-
other factor that could be investigated is the influence sary to thin less if high-frequency emission is to be pre-
of water vapor on the propagation of the radio SignaIS' dicted. Parallelized Simulations, especially on GPUS,
For detectors at high altitudes, the reflection of radio could help mitigate problems of computing resources
signals off a reflective surface have been treated within for high-quality simulations in the future. Unthinned
ZHAireS [59]. In the same analysis it was ruled out that simulations have so far only been presented for individ-
ray bending plays a significant role. ual air showers [60], showing some interesting features

A practical limitation arising in full microscopic such as small-scale ripples on the radio emission foot-
Monte Carlo simulations is that of particle thinning. To prints.
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Although the codes discussed here have been devel-
oped for the application at MHz frequencies, they also
predict the radio signal at GHz frequencies. In fact,
the predictions show that the characteristics of the radio
emission at frequencies beyond ~ 2 GHz change: For
a vertical air shower, COREAS simulations predict the
absence of radio signals along the north-south axis from
the shower core (the Cherenkov ring is “broken”), and
the north-south polarisation component of the signal
shows a “clover-leaf” pattern as is indeed expected for
synchrotron radiation, see Fig.[I4] One possible expla-
nation is that the originally proposed “geosynchrotron
radiation” could indeed be relevant at high frequencies
[25].

Predictions of the current codes at low frequencies
(well below a MHz) should be treated with some cau-
tion. At these frequencies the positive ions left behind
in the air shower can play an important role, and they
are neglected in most of the codes.

5. Experiments for radio detection of cosmic rays

In this section, we give a concise overview of the ex-
periments that have been performed in the past decade,
compared to scale in Fig. It is our goal to shortly
discuss the various approaches and highlight the differ-
ences, but not go into any technical details. Results
gathered by the various experiments will be discussed
in section [/| to allow a better discussion of the physics,
detached from the specific experiments.

5.1. First generation digital experiments

The first generation of experiments for digital de-
tection of radio emission from cosmic ray air show-
ers comprised the CODALEMA [61] and LOPES [62]
experiments. Both of them began in 2003, approxi-
mately at the same time. In a sense, the approaches
were complementary to each other. In the case of CO-
DALEMA, an existing astronomical radio array (the de-
cametric array in Nangay, France) was equipped with
a special readout system and a small array of particle
detectors for triggering purposes. Later, dedicated an-
tennas of various types were set up. The advantage of
the CODALEMA approach was that the site was very
well-suited for radio observations, as it was located in
a sparsely populated area underlying special regulations
for radio frequency interference. On the downside, the
particle detector array was fairly simple and not very op-
timized or well-studied. In contrast, the LOPES exper-
iment followed the strategy of complementing an exist-
ing precision particle detector experiment, KASCADE-
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Grande [[63]], with radio antennas and readout electron-
ics that were prototypes developed for the Low Fre-
quency Array (LOFAR). The disadvantage of this ap-
proach was that the site was almost the worst imagin-
able for radio detection activities, as the environment at
former Forschungszentrum Karlsruhe can best be qual-
ified as an industrial one including the regular opera-
tion of heavy machinery, welding, an on-site particle
accelerator and a lot of high-frequency-emitting equip-
ment such as computers, etc. In the end, this meant that
LOPES data analysis had to exploit sophisticated in-
terferometric analysis techniques (see Fig. [I6), without
which the radio signals from cosmic ray showers would
never have been identified among the strong noise. This
required supreme timing resolution of ~ 1 ns, which was
achieved in particular with the development of a “bea-
con timing calibration” approach [64]. In this scheme,
a transmitter emits sine-waves with defined frequen-
cies within the measurement band of the experiment.
The relative phasing of these sine waves can then be
used to correct for clock-drifts from event to event. A
more advanced version of this approach is also used to-
day within the Auger Engineering Radio Array (AERA)
[65]]. A cross-check of the AERA beacon timing correc-
tion using pulses emitted by commercial air planes at
known positions has recently confirmed that the beacon
technique, applied in a distributed detector on the scale
several km?, indeed yields a timing precision of 2 ns or
better [66].
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Figure 17: Minimum world-wide background noise temperatures ac-
cording to CCIR report 670 [68].

Both CODALEMA and LOPES focused on the fre-
quency range between low-frequency atmospheric noise
dominating over Galactic noise at frequencies below
~ 30 MHz, cf. Fig. and the FM band above =
85 MHz. Due to the second-Nyquist sampling scheme
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air shower at the LOPES site in the frequency range from 3.4 to 4.2 GHz. Adapted from [25]].

of LOPESZL its frequency band was strictly limited to
40-80 MHz, whereas CODALEMA recorded also lower
and higher frequencies. Another important technical
difference was that LOPES used deep ring buffers in
which the raw waveform data was continuously sam-
pled digitally, while CODALEMA used an “analogue-
memory” type of approach ever only buffering short
snapshots of data.

CODALEMA underwent several development
stages, from 11 circularly polarised antennas of the
decametric array in Nancay (CODALEMA-1, [69])
to 24 cabled linearly polarised fat dipole antennas
(CODALEMA-2, [70]) with single polarisation only
(either north-south or east-west) to 57 autonomous
stations using dual-polarised bow-tie antennas (“but-
terfly”, later also deployed in AERA) which are
self-triggered on radio signals (CODALEMA-3) [71].
The CODALEMA-3 setup covers an area of roughly
1 km? and measures over a broad frequency band from
20 to 200 MHz. In its context, new concepts continue
to be explored [72]. This includes the search for low
frequency emission in the EXTASIS setup (see section
[B.6) as well as a compact array performing real-time
interferometric analysis to improve the efficiency and
purity of self-triggering on radio signals from extensive
air showers.

7Conventionally, an analog signal has to be sampled at least with
double the frequency of the highest-frequency component in the signal
to avoid aliasing effects in digitization. A measurement in the second
Nyquist zone can be performed with the same frequency as that of
the highest-frequency signal component when ensuring that no signal
components below the sampling frequency are present.
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The LOPES experiment also evolved strongly over
the course of the decade that it was taking data. First,
there were 10 linearly polarised inverted V dipole an-
tennas measuring in the 40-80 MHz band with east-
west polarisation only (LOPES-10, [62]), followed by
an enlarged array with 30 antennas (LOPES-30, [73]).
Afterwards, a setup mixing antennas with either north-
south, either east-west and some dual-polarised anten-
nas (LOPES-30pol, [74]) followed. Finally, LOPES
tested the concept of 3D measurements using tripole an-
tennas (LOPES-3D, [75]). However, this was severely
limited by the ambient noise, especially in its latest
stage when a refinery was going online only dozens of
meters away from the array. Another activity was the
LOPES-STAR [76] setup for the tests of self-triggered
radio detection.

Although both CODALEMA and LOPES had proto-
type character and were not intended at precision mea-
surements, they yielded very important results, which
we will highlight in section [7]

5.2. Second generation digital experiments

Based on the experience gathered with CODALEMA
and LOPES, a second generation of experiments was
designed and deployed. These consisted in particular of
the Auger Engineering Radio Array (AERA) [65], the
cosmic ray detection capabilities of the Low Frequency
Array (LOFAR) [77] and the Tunka Radio Extension
Tunka-Rex [78]].

Activities to set up the Auger Engineering Radio Ar-
ray started in 2007, first with small-scale prototype ex-
periments [[79]], and then later with various deployment
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Figure 16: Left: Radio signals measured in various LOPES antennas during the arrival of an extensive air shower. The most prominent pulses
originate from the high-voltage feeds of the KASCADE particle detectors. The radio pulse from the extensive air shower is smaller in comparison.
It is only discernible from the noise because the signal is coherent in all antennas. Right: Cross-correlation beam of the signal in the LOPES radio
antennas. The radio pulse from the extensive air shower correlates strongly between antennas and can thus be clearly identified in the presence of
much stronger incoherent pulses from the particle detectors. Adapted from [67]].

phases of the actual array. The science goals of AERA
are to do the necessary engineering for a larger-scale
application of the radio detection technique, then de-
termine the capabilities and limitations of the detection
method at energies beyond 10'® eV and finally exploit
radio detection to contribute to actual cosmic ray re-
search in the region of transition from Galactic to ex-
tragalactic sources. The technological challenges that
had to be overcome were in particular the design of a
rugged, autonomous, wirelessly communicating radio
station that can be deployed on areas as large as 20 km?
in the harsh environment of the Argentinian pampa. At
the same time, one of the goals was to investigate the
possibility of self-triggering on the radio detectors. In
a first phase in 2011, 24 radio detection stations using
dual-polarisation logarithmic periodic dipole antennas
based on a design initially developed for LOPES-star
were deployed on a triangular grid of 144 m. The mea-
surement frequency band was 30 to 80 MHz. Two types
of readout electronics were used, one of which provid-
ing the possibility to buffer data for up to 7 seconds.
This provides enough time to wait for a trigger from the
Auger particle detector array in addition to triggering
on the radio signals themselves. In a second stage in
2013, an additional 100 radio detection stations were
deployed on grids of 250 and 375 m distance. The
antennas used here were of the “butterfly” type, origi-
nally developed in the context of CODALEMA. Again,
two different kinds of electronics were used, one with a
deep buffer and one incorporating small scintillators to
provide a local trigger used in conjunction with the ra-
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dio self-trigger. In a third phase in spring 2015, AERA
was extended by an additional 25 radio detection sta-
tions with deep buffering. Those antennas are spaced
on a grid of up to 750 m, so that in total an area of
roughly 17 km? is covered. One of the main advan-
tages of AERA is its co-location with the very sophis-
ticated particle detection and fluorescence detection in-
struments of the Pierre Auger Observatory. The latter
in particular will allow a direct cross-check of the sen-
sitivity of radio detection to mass-sensitive parameters
such as the depth of shower maximum, which is directly
accessible with fluorescence detectors.

While AERA comprises a “sparse array” covering a
large area with a homogeneous array of radio antennas,
LOFAR can be characterised as a “dense array”. LO-
FAR is a general-purpose radio astronomy instrument
for which cosmic ray detection is only one mode of
observation. To facilitate cosmic ray detection, tran-
sient buffer boards have been installed which act as a
ring buffer for the continuously sampled radio signals
of individual LOFAR antenna elements. Upon a trigger
from a dedicated particle detector array, LORA [80], the
buffers are frozen and the buffered data are read out for
analysis. The scheme is similar to the one originally
used at LOPES, yet on a much larger scale. In the dense
core, roughly 300 antennas sensitive to the frequency
band from 10 to 90 MHz are distributed over an area
of ~ 0.1 km?. Further antennas are located outside the
core. Independent sets of high-band antennas sensitive
to the frequency range of 110 to 240 MHz are co-located
with the low-band antennas, but these are only usable



when dedicated high-frequency observations have been
scheduled for astronomical targets, thus statistics are
lower than in the low-band mode. The antenna spac-
ing in LOFAR has been optimized for the needs of in-
terferometric radio-astronomical observations with long
integration times. As a consequence, the antennas are
distributed in stations that consist of very dense rings of
antennas with large distances between the stations (cf.
Fig. [15). If a cosmic ray shower does fall within a fa-
vorable location near the core, however, several hun-
dreds of antennas are illuminated by the radio signal,
giving an extremely detailed measurement of individ-
ual air shower radio footprints. LOFAR is thus the most
powerful tool to date to test the details of the radio emis-
sion physics and compare them with model predictions.
Also, the wealth of information measured for individual
air showers can be used to determine characteristics of
the underlying cosmic ray shower with very high preci-
sion, as is described in section [7}

The Tunka-Rex experiment focuses on the aspect of
determining the capabilities of a radio detection array
built with a dedicatedly economic approach. It com-
prises an extension of the Tunka-133 optical Cherenkov
light detector array with currently 44 radio antennas
measuring in the 30-80 MHz band. The grid size is
~ 200 m. The antennas are short aperiodic loaded loop
antennas (SALLA antennas) [81}82]], which were origi-
nally developed within LOPES for one of the prototype
systems at the Pierre Auger Observatory. These anten-
nas can be built very cheaply (less than 500 USD in-
cluding analog electronics). Also, antennas are cabled
and integrated with the pre-existing infrastructure of the
Tunka array. As the Tunka Cherenkov detectors provide
information on the depth of shower maximum of the
measured air showers, Tunka-Rex can also directly eval-
uate the mass sensitivity of radio measurements. In an
upgrade campaign in September 2014, 19 antennas were
deployed which are triggered by scintillators rather than
optical Cherenkov detectors. This allows duty cycles of
nearly 100% rather than the < 10% achieved with trig-
gers from optical Cherenkov detectors.

5.3. Air shower measurements at higher frequencies
Although the main focus of radio detection of cos-
mic rays has been at frequencies below 100 MHz where
the coherence of the emission is maximized, several
experiments have also been performed to search for
radio emission at higher frequencies, up to several
GHz. The main motivation for GHz measurements was
given by particle accelerator experiments in which mi-
crowave emission at GHz frequencies had been found
after shooting a particle beam into air in an anechoic
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chamber [83]. The presumed source of the measured
radio signal was so-called “molecular bremsstrahlung”
from low-energy electrons in the particle cascade. As
the low-energy particles are non-relativistic, the emis-
sion should be isotropic. Thus, the air shower devel-
opment should be observable “from the side” in an ap-
proach analogous to imaging fluorescence telescopes —
however, with the tremendous advantage that receivers
can be bought cheaply off-the-shelf and the possibility
to observe with 100% duty cycle.

Several projects have been started to search for this
“molecular bremsstrahlung”. The CROME [84]] exper-
iment within the framework of the KASCADE-Grande
array consisted of various antennas covering frequen-
cies up to 12 GHz. Its main focus was on the C-band
from 3.4 to 4.2 GHz which was measured with 3 x 3 re-
ceivers measuring radio emission from near the zenith
after receiving a trigger from the KASCADE-Grande
particle detector array. Other experiments searching for
microwave emission from cosmic ray air showers have
been developed and later deployed within the frame-
work of the Pierre Auger Observatory, namely MIDAS
[85]] as well as EASIER and AMBER [86]. As will be
discussed in more detail in section [/.9] none of these
efforts were able to confirm the original measurement
reported in ref. [83].

Another experiment measuring radio emission at
higher frequencies is the ANITA balloon-borne radio
detector which was flown in so far three flights over
the antarctic ice. Its original purpose was to search
for Askaryan radio emission arising from neutrino-
induced particle showers in the antarctic ice in the 200
to 1200 MHz band. Somewhat unexpectedly, however,
radio pulses from cosmic ray air showers, understood
today as arising from time-compression of geomagnetic
and charge-excess emission, have been detected instead
[87]].

5.4. Laboratory measurements

To verify the approaches developed for simulations
of radio emission from extensive air showers, the SLAC
T-510 experiment [55] was conceived and carried out.
Its goal was to reproduce a particle shower in the lab,
including a tunable magnetic field that mimics the geo-
magnetic field, and measure the arising radio emission
with well-known antennas of the ANITA experiment.

The SLAC T-510 experiment builds on the expe-
rience gathered with previous accelerator experiments
that successfully measured Askaryan radiation from
particle showers in dense media [88} [89]], which is di-
rectly relevant for radio detection of showers in ice or



the lunar regolith. As the exact configuration of the par-
ticle shower can be controlled, such a laboratory exper-
iment allows a precise cross-check with the simulation
codes.

The activities for radio detection of air showers in the
GHz range were complemented by the AMY [90] and
MAYBE [91] projects, the goal of which was to verify
the “molecular bremsstrahlung” measurement with in-
dependent experiments using particle accelerators. With
the Telescope Array Electron Light Source [92] mi-
crowave radiation was also searched for in artificially
generated air showers.

5.5. Related activities and projects

A number of related activities have been performed,
which we will not discuss in detail, but want to mention
here shortly. The RASTA [93] project intended to com-
plement the IceCube neutrino detector with a cosmic ray
radio detector, in particular for veto purposes. While
the project could not be realized, it yielded the result
that the rate of transient noise is very low in Antarctica.
This is a result to be kept in mind as it is an impor-
tant prerequisite for successful self-triggered radio de-
tector setups. The Yakutsk array has set up a handful of
modern radio antennas and measured radio signals from
air showers [94], but the results are only very sparsely
documented in the literature. The TREND project [95]
was initiated with the long-term aim to detect radio
signals from air showers induced by tau particles aris-
ing from neutrino interactions in the Earth or moun-
tain ridges [96]. TREND itself reported the success-
ful self-triggering on radio emission from air showers.
Based on the experience gathered with TREND, plans
have recently emerged to build a very large detector for
air showers initiated by taus from neutrino interactions,
called GRAND [97]. Finally, a number of projects have
continued to investigate the oldest proposed technique
for the detection of air showers with radio waves: radar
detection of the ionization trails left behind by the pas-
sage of air showers, originally proposed 1940 by Black-
ett and Lovell [98]]. No successful detection has been
reported to date. Recent results from the TARA exper-
iment [99] put very stringent upper limits on the radar
cross-section of extensive air shower ionization trails,
far below levels exploitable for practical detection. This
pessimistic view is also confirmed by recent theoretical
calculations [[100]].

6. Analysis aspects

Here, we discuss some important aspects related to
analysis of radio detector data. The goal is to explicitly
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state some pitfalls and subtleties that can make inter-
pretation and comparison of results difficult and should
hence be kept in mind.

6.1. Considerations on signal and signal-to-noise defi-
nitions

An important aspect to keep in mind is that there is a
variety of signal definitions, noise definitions and conse-
quently signal-to-noise definitions used throughout the
field. In fact, often signal and noise are defined in dif-
ferent ways, leading to somewhat arbitrary “signal-to-
noise” ratios. One thus has to be very careful when in-
terpreting and comparing results. It is important to real-
ize that radio signals, unlike other measurements such
as the energy deposited in particle detectors, possess
phase information and can thus not only sum up but also
interfere destructively. While this might seem a trivial
statement, it has important non-trivial consequences.

One important question is how to define “the radio
signal” in the first place. Options include

e voltages measured at antenna foot-points or some
other point in the electronics chain

o clectric field vectors (or components thereof) at the
location of the antenna

e power quantities derived from peak amplitudes of
electric fields or voltages

e energy quantities derived from time-integrals of
power quantities

Voltages measured at antenna foot-points or later in
the signal chain have not been deconvolved for antenna
responses and thus are not comparable between differ-
ent experiments. However, experiments that only mea-
sure with one antenna polarisation per location (as was
the case for a long time for LOPES and CODALEMA)
have to rely on analysis of voltage traces, as a recon-
struction of the electric field vector is not possible with-
out the measurement of a second polarisation compo-
nent. (Possibly, a detailed model for the signal polarisa-
tion could be used to replace the missing information of
a second polarisation component, but this has not been
demonstrated in practice.)

Going from voltages to the electric field vector (V/m)
in air at the location of the antenna requires measure-
ments in at least two polarisations. As electromagnetic
waves in air are transverse waves, the third piece of in-
formation needed to reconstruct the three-dimensional
electric field vector is then provided by the arrival di-
rection of the electromagnetic wave, which is accessi-
ble from the arrival time distribution of the pulses in



the array of antennas. Ideally, the electric field vector
reconstructed from the measurements has been decon-
volved from all experimental effects (antenna charac-
teristics, electronic gain and dispersion) except for the
limited frequency window measured by the experiment.
Therefore, electric field vectors are much more suitable
than voltages for comparison between different experi-
ments. They can also be directly compared with emis-
sion simulations.

From the squared electric field vector, the Poynting
flux in units of power per area can be calculated. Power
quantities are easier to handle because they can only
sum up and not interfere destructively. An immediate
consequence is that one can subtract noise from a mea-
surement that contains signal and noise to estimate the
pure signal. However, phase information is lost when
analysing only signal powers.

In comparison with power quantities, the influence
of noise on voltages and electric field vectors is much
more difficult to describe, as depending on the (random)
phase of the noise, signal and noise can add construc-
tively or destructively. The fact that signals are usu-
ally identified when they exceed some signal-to-noise
threshold leads to a bias at low signal-to-noise levels:
pulses amplified by constructive interference of signal
and noise are selected, while pulses diminished by de-
structive interference of signal and noise are deselected.
A careful treatment of the influence of noise at low
signal-to-noise ratios is thus required to estimate the un-
certainties on reconstructed signals correctly [101].

Often, analyses refer to the maximum amplitude
(in voltage or electric field strength) of a radio pulse
only. Maximum amplitude was in particular the quan-
tity of choice for the CODALEMA and LOPES exper-
iments. As the spatial extension of these experiments
was rather small, the width of the pulses measured in
different antennas was fairly constant, usually domi-
nated by the impulse response (due to bandwidth lim-
itation) of the filters used in the experiment. When data
from larger experiments are analyzed, this assumption
is no longer valid and in addition to the maximum am-
plitude, the width of the varying pulses should be taken
into account. One way to do this is to integrate over
the time of the pulses (determined by some criterion
such as FWHM), which in case of the Poynting flux
leads to quantities of energy deposited per area. An-
other integration over area, which needs an interpola-
tion/extrapolation of the radiation pattern illuminating
the ground between the sampled locations, can then
yield the energy deposited in the radio signal on the
ground [102]. This quantity has the benefit of an intu-
itive physical interpretation, and it should be largely in-
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sensitive on the distance between source and antennas,
provided that the measurement allows the determination
of the complete radiation pattern.

In summary, readers should pay particular attention
when signal, noise and signal-to-noise quantities are re-
ferred to in the literature, as they can have very different
underlying definitions.

6.2. Determination of pulse arrival times

Special care has to be taken when determining arrival
times of radio pulses from extensive air showers. Dif-
ferent choices can be made for the time of arrival: The
time of the maximum amplitude of a pulse. The middle
of some fit to the radio pulse. The rise time of the signal
to a certain fraction of its maximum amplitude. These
choices can all be made, but they are influenced dif-
ferently by instrumental effects (dispersion broadening
pulses) and by the intrinsic pulse characteristics chang-
ing as a function of observer position.

It was in particular realized that wavefront analyses
trying to determine cosmic ray characteristics from the
arrival time distribution of radio signals at individual an-
tennas are strongly influenced by these choices [103]].
It is therefore imperative to clearly define the way in
which arrival times are determined when publishing re-
sults.

6.3. Time domain versus frequency domain data

Particular confusion can arise in comparisons of data
in the frequency domain. While time-domain quanti-
ties such as the instantaneous electric field as a func-
tion of time are well-determined, there are ambiguities
in the definition of frequency-domain quantities. One
particular example are spectral amplitudes with units of
uV/m/MHz. First, an ambiguity arises from the freedom
in normalizing Fourier transformations where a factor
of 1/(27) can be introduced in the forward transforma-
tion only, the backward transformation only or sym-
metrically in each of the two directions with a factor
of 1/ V2x. The last option seems to be the most natu-
ral definition as it ensures equality of the integral over
the squared entries in both time-domain and frequency-
domain data. However, it is far from safe to assume that
everybody consistently uses this convention. Addition-
ally, there is an ambiguity of a factor of two involved
because one can describe the frequency spectrum with
frequencies from —oo to oo or just from O to co as the val-
ues for negative frequencies are just the complex conju-
gate of those at positive frequencies for real time series
data. To make things even worse, in many occasions
authors use quantities that also have units of spectral



amplitudes such as ¢V/m/MHz, but have not been de-
termined from frequency-domain quantities but rather
represent a maximum amplitude (4«V/m) normalized by
the effective bandwidth of an experiment (MHz). The
resulting quantity is of course related to spectral am-
plitudes, but it implies a flat spectrum and a particular
distribution of phases for the spectral components (the
pulse shape is mostly dominated by the phases). The
exact relation of bandwidth-normalized amplitudes to
spectral amplitudes thus depends on all of the aspects
described above.

In summary, frequency-domain data should be
treated with great care. If possible, comparison of time-
domain quantities is strongly preferred.

6.4. Interferometry versus single pulse analysis

Typically, today’s analysis approaches are based on
the detection of radio pulses in individual radio detector
stations. Once the pulse is identified, its characteristics
can be determined. From the relative arrival times at
different radio detectors, the arrival direction can be de-
duced. This approach is analogous to the analysis of
particle detector data. It does, however, not exploit the
full information content of the radio signal, as it does
not take into account the phase information.

The full information content can be exploited when
an interferometric analysis technique is employed. For
ground-based arrays, this has so far only been applied
by the LOPES experiment [[104], and as mentioned be-
fore (cf. Fig.[16)), interferometry has been a key element
in making radio measurements in the noisy environment
of the LOPES experiment feasible. The ANITA ex-
periment has also been using interferometric techniques
[105)] in analysing their data, and for the fourth flight
a real-time interferometric trigger is being developed.
In the LOPES interferometric approach, the time traces
s(¢) of the radio signals measured with N different an-
tennas are correlated with each other, multiplying the
data from each pair of antennas time-bin by time-bin
and then averaging while keeping the sign of the term
under the square-root (positive means correlated, nega-
tive means anti-correlated):

N-1 N
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1

“O==\|w-oan
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This approach allows the calculation of a sky map
(cf. Fig. [I8) that allows the identification of the radio
source. There has been some discussion on whether the
signal-to-noise ratio of bandwidth-limited pulses ideally
achievable with this analysis approach scales as VN
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Figure 18: Interferometric sky-map of the radio emission from an ex-
tensive air shower measured with LOPES. The main source is clearly
identifiable and its direction is consistent with the direction recon-
structed by the KASCADE particle detectors. Secondary emission
regions are an artifact of the antenna array layout (“grating lobes”).
Adapted from [62].

(see, e.g., [103]) or as V(N — 1)N/2 ~ +/1/2N,i.e., lin-
early with the number of antennas for a large number of
antennas [31]]. Another caveat for application to ground-
based arrays is that this analysis approach is based on a
classical far-field assumption, pretending that the radio
emission observed at all locations is identical (except
arriving with a different time-delay). Only for the cal-
culation of the delays, a wavefront model different than
a plane wave (source at infinity) has been used [106].
We know, however, that the radio pulses at different axis
distances vary not only in amplitude but also in width.
For LOPES, this effect was fairly small due to the lim-
ited size of the array. For larger arrays, however, it will
play a central role, and the far-field approach will have
limited use (except probably for inclined air showers,
see section[3.2).

Advanced analysis techniques for “near-field inter-
ferometry” have yet to be developed, but there is high
potential. Ideally, one could not only make a two-
dimensional sky map of the signal distribution, but go to
a three-dimensional tomography of the signal distribu-
tion and thus the radiating electromagnetic component
of the air shower.

6.5. Polarisation characteristics

In radio astronomy, signal polarisation typically
refers to signals received (and usually integrated) over



significant time-scales, in particular over many oscilla-
tion periods of the frequency components contained in
the signal. The electric field vector of polarised signals
performs a defined motion within the plane perpendic-
ular to the transverse electromagnetic wave, a line for
pure linear polarisation, a circle for pure circular po-
larisation (cf. Fig. . In contrast, unpolarised radia-
tion would follow a random path in this plane. But this
raises interesting question: Can an impulsive radio sig-
nal (present only for one oscillation of the contained
frequency components) be unpolarised? And what is
the polarisation of the maximum amplitude of a de-
tected radio pulse? In fact, it is not possible to define
the polarisation of a radio signal at a certain point in
time (e.g., the maximum), as polarisation is related to
the time-evolution of the electric field, the path that the
electric field vector follows in the plane perpendicular
to the propagation direction. Statements about polari-
sation thus always have to be made for the evolution of
impulsive signals over a certain time-scale. This can be
an explicit-time scale defined in an analysis, or it can
be an implicit time scale introduced for example by the
bandwidth-limitation of an experimental measurement
(which broadens the pulses to a minimum width) or an
enveloping procedure such as a Hilbert-Envelope. If the
time scale over which the signal evolution is observed
is short enough, the signal will always have a high de-
gree of polarisation. Therefore, it can be questioned
whether a quantification of the degree of polarisation
as presented in ref. [107] is actually meaningful for im-
pulsive emission. Characterizing the fraction of circular
versus linear polarisation, however, can extract useful
information.

In astronomy, it is usual to express polarisation us-
ing Stokes parameters (for an excellent review of polar-
isation and various ways to represent it see the review
by Radhakrishnan [108]]). Adoption of this approach is
also possible for impulsive radio emission, but has the
disadvantage of being somewhat obscure.

7. Results of digital radio detection

In this chapter, we review important experimental re-
sults that have been achieved over the past decade. We
will not report these along the lines of specific experi-
ments, but rather structure this section with respect to
the relevance for the understanding of the radio emis-
sion physics and how it can be used for cosmic ray re-
search. Where appropriate, we directly compare the ex-
perimental results with the predictions from the emis-
sion modelling and simulations.
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7.1. Self-triggering vs. external triggering, noise back-
ground and detection threshold

Encouraged by the successes of the externally trig-
gered first-generation digital radio experiments for air
shower detection, the community strove to develop the
radio detection technique towards a full-fledged ap-
proach which could be used completely independently
of other detectors, ideally in large-scale radio detection
arrays that could potentially be built at much lower cost
than comparable particle detector arrays. One necessary
prerequisite for this is the ability to self-trigger on cos-
mic ray air showers from radio signals alone.

In particular in the context of AERA, the goal for
self-triggered detection was followed with significant
efforts. Original site-surveys had indicated that the con-
tinuous background noise in the Pampa Amarilla is very
low, dominated by Galactic noise. When the first ra-
dio detector prototype stations had been deployed, it be-
came evident, however, that transient noise (short bursts
of radio emission) was prominent. This is not a contra-
diction, as transient RFI contributes little power to the
continuous noise, i.e., a survey with a spectrum analyzer
or any other approach integrating over time-scales larger
than a few hundreds of nanoseconds will not reveal its
presence. The sources at the site of AERA were investi-
gated and seemed to include a mixture of faulty power-
lines a few kilometres away, transformers in a nearby
village and other, unidentifiable origins [109].

Transient noise, however, makes it very hard to de-
velop a self-trigger on radio pulses which is both ef-
ficient and pure. Data rates that can be handled are
limited by several factors. For detectors communicat-
ing wirelessly such as those in AERA, bandwidth poses
significant limitations on the number of individual-
detector-level triggers that can be communicated to a
central data acquisition for coincidence search. In the
presence of frequent noise pulses, this means that the
trigger threshold has to be raised to lower the trigger
rates. In turn, this means that the detection threshold
rises to high cosmic-ray energies. Even if one can han-
dle the high rates, another problem appears: the trig-
ger becomes strongly contaminated by noise pulses, and
cosmic ray pulses only constitute a vanishing fraction of
the data set. This could in principle be accepted if one
could reliably identify cosmic ray signals in the huge
data set of noise pulses. The only reliable way to do
so, however, so far has been to check for coincident de-
tection with particle detectors. This approach has been
demonstrated to work in principle at a prototype detec-
tor of AERA [79]. However, it is not entirely convincing
for two reasons: First, this is not the independent radio



detection that was the original goal. Second, the effi-
ciency reached with this approach is much worse than
can be reached with a direct external trigger by particle
detectors.

Significant efforts were made to overcome the prob-
lems involved in self-triggering. Much effort has been
made to reduce the trigger rate on the level of individ-
ual detectors. These included on-the-fly cleaning of the
measurement spectrum of narrow-band transmitters as
well as approaches to identify pulses and compare them
to the expectation of cosmic ray signals [109]. However,
the rate reduction achievable with these approaches is
not sufficient. Many transient signals of anthropic ori-
gin constitute bandwidth-limited pulses, just like cos-
mic ray pulses, and cannot be suppressed without ad-
ditional information. The rise-time of pulses has been
investigated as an additional means to differentiate cos-
mic ray pulses from RFI, as is currently being investi-
gated with CODALEMA-3 [110]. It has not yet been
shown, however, that this will bring the rates of false
triggers down far enough. The situation is better when
information from several detectors is combined in the
coincidence search. All signals that repeatedly arrive
from similar directions over the course of a few min-
utes are clearly of anthropic and can be rejected. This
can lower the false trigger rate significantly. An inter-
ferometric real-time trigger as currently investigated in
the compact array of CODALEMA-3 [72] could lower
the detection threshold and suppress anthropic sources
from the horizon. Again, however, the practical use
of this approach still needs to be demonstrated. Addi-
tional characteristics of air-shower radio signals such as
the lateral amplitude distribution, the signal polarisation
and the signal wavefront could be used in self-triggering
to identify cosmic rays reliably. However, this would
require a very sophisticated online (real-time) analysis
of large amounts of radio data. If a (simple) particle
detector, which has virtually no false positive coinci-
dences, is available to generate the trigger, this seems
to be the much easier and more promising approach,
yielding both a much more efficient and purer trigger.
Therefore, this author is convinced that the true power
of the radio detection technique lies in combining it with
other detection methods so that systematic uncertainties
can be controlled better.

Using an external trigger, radio detection has been
demonstrated to be able to reliably detect radio pulses
as of cosmic ray energies > 10! eV, where the ra-
dio pulses become clearly visible above the Galactic
noise background in the signals recorded by individ-
ual radio detectors. This threshold, of course, depends
on the strength of the local geomagnetic field, the air
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shower arrival direction (geomagnetic angle) and also
the altitude of the detector. There is potential to lower
this threshold significantly using interferometric analy-
sis techniques which do not rely on the identification of
pulses within the data of individual detectors (cf. section
[6-4).

Radio self-triggering might be feasible in environ-
ments where the rate of transient RFI is very low. One
site that could be suitable is in Antarctica, as indicated
by RASTA [93] measurements. The successful self-
triggering of cosmic ray events at high frequencies with
ANITA [87] over Antarctica lends further support to
this. Also the TREND project in rural China reported
successful identification of cosmic ray pulses on the ba-
sis of radio data [95]]. Nevertheless, combining radio
detectors with particle detectors should be considered
where possible, as the combination ensures a robust, ef-
ficient and pure trigger.

7.2. Absolute amplitude calibration

One particularly important, and particularly challeng-
ing, experimental aspect is an accurate absolute cali-
bration of the radio measurements. In the early days
of radio detection, comparisons between cosmic ray ra-
dio measurements made with different experiments re-
vealed apparent discrepancies by orders of magnitude
in amplitude [11]. The authors speculated at the time
that these problems were related to the amplitude cali-
brations of the different experiments.

In the modern experiments, tremendous efforts have
been made to get the calibration under control. Two
approaches, and combinations thereof, have been fol-
lowed. First, the single components comprising a radio
detector can be characterized individually to estimate
the overall response. This includes antennas with their
frequency-dependent directivity patterns, cables, filters
and amplifiers. Dispersion plays a significant role in
many of these elements and needs to be taken into ac-
count properly. Care also has to be taken in adequately
modelling the impedance matching of individual com-
ponents. While cables, filters and amplifiers can eas-
ily be characterized individually in the lab using vector
network analyzers, antenna characteristics are usually
modelled with simulation codes such as NEC-2 [111]],
which are then cross-checked with measurements in the
field. These cross-checks are difficult for antennas in
the frequency range of 30-80 MHz, as the antennas are
large and far-field measurements require significant dis-
tances from the antennas (the wavelength at 30 MHz
corresponds to 10 m). They are, however, very impor-
tant, as previous experience has shown that simulations
do not always accurately predict the antenna response



in the field (probably due to environmental affects not
properly accounted for in the simulations). The second
approach in characterizing a radio detector consists of
end-to-end measurements in the field using an exter-
nal reference source placed appropriately in the field-
of-view of the antenna, or relying on the universal cali-
bration source available to radio detectors, the Galactic
noise.

The LOPES experiment has been calibrated early-
on using a commercial external reference source that
emits a frequency-comb with a defined power at steps
of 1 MHz [112]]. In involved calibration campaigns this
source was placed ~ 10 m above LOPES antennas for
an end-to-end calibration of the analogue chain of the
experiment. Recently, a re-calibration of the reference
source revealed that amplitudes published by LOPES
before 2015 were on average a factor of 2.6 too high
[113]] — calibration data for free-field conditions had
been used while air shower measurements actually cor-
respond to free-space conditions. The absolute scale of
the amplitudes in LOPES has a systematic uncertainty
of 16%, as specified by the manufacturer of the cali-
bration source. The calibration source has since been
provided also to the Tunka-Rex and LOFAR experi-
ments, which means that these three experiments share
the same amplitude scale and can thus be directly com-
pared, unaffected by the 16% systematic scale uncer-
tainty. In a recent publication, a cross-check of this cal-
ibration scale has also been performed with the Galactic
noise, yielding agreement within the systematic uncer-
tainties [114]].

The most accurate absolute calibration quoted so far
is the one of the Logarithmic Periodic Dipole Antennas
(LPDA) of AERA, which has been quantified at 14%
[[82]. This value has been determined with a combina-
tion of measurements of the analog signal chain, simu-
lations of the antenna and cross-checks of the antenna
with a reference transmitter on a balloon. The LPDAs
have the advantage that they are fairly insensitive to
ground conditions (wet/dry/snowy/...). The butterfly an-
tennas deployed in later phases of AERA use the ground
as a reflector for improved sensitivity at high zenith an-
gles. This comes at the cost of increased sensitivity
to ground conditions, which yet need to be quantified.
The SALLA antennas used within Tunka-Rex [[78] are
mostly insensitive to the ground and should thus yield a
well-calibrated measurement without the need for mon-
itoring environmental conditions closely [115]].

7.3. Validation of emission models and simulations
To efficiently exploit the information encoded in the
measured radio signals from cosmic ray air showers, a
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detailed understanding of the underlying radio emission
physics is imperative. In section |3| we have discussed
the current paradigm of the emission physics. Here, we
present experimental results that validate the radio emis-
sion models and simulations.

Radio emission from air showers can be interpreted
as a superposition of geomagnetic and charge-excess ra-
diation. The geomagnetic effect was already known to
dominate the emission in the historical experiments, and
was also immediately confirmed by both the LOPES
[62] and CODALEMA [69, [70] results. The charge-
excess emission, however, took much longer to confirm
explicitly.

Already in the 1970s, there were some results point-
ing to emission in addition to the geomagnetic effects.
One of them [116] demonstrated that the radio emis-
sion does not vanish completely for air showers propa-
gating parallel to the geomagnetic field, for which the
geomagnetic emission should vanish. It was presumed
that this could be related to charge excess (Askaryan)
emission. However, no additional characteristics of the
signal were known. Other results at the time seemed to
be compatible with pure geomagnetic emission.

A first modern result showing the presence of a sec-
ondary mechanism in addition to the geomagnetic radi-
ation was shown at the ICRC 2011 by the CODALEMA
experiment [117, 118] (see Fig. [I9). An analysis on
CODALEMA data showed that the core position deter-
mined from a one-dimensional lateral distribution fit to
the radio data was systematically offset to the east from
the position determined with an analysis of the particle
detector data. This is expected for a secondary contribu-
tion on top of the geomagnetic component in case that
this secondary contribution is linearly polarised with
electric field vectors oriented radially with respect to
the shower axis, as is expected for charge excess emis-
sion. A comparison with SELFAS2 simulations con-
firmed that the charge excess emission can explain the
observed core shift.

The first result demonstrating directly the presence
of a contribution with the polarisation characteristics
expected for charge excess radiation was given by the
Auger Engineering Radio Array [119] (see Fig. [20).
The analysis showed that the orientations of the elec-
tric field vectors measured in individual antennas de-
pend on the relative locations of the given antennas to
the shower axis, and that they behave as expected for
the superposition of geomagnetic and charge excess ra-
diation with their corresponding polarisation character-
istics. Furthermore, the relative strength of this contri-
bution could be quantified, yielding an average value of
14%. There were already indications that the scatter in
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Figure 19: CODALEMA measurements revealed a systematic offset
to the east in the core positions reconstructed from the lateral dis-
tributions of air shower radio signals (white crosses and contours de-
rived from the distribution of these) with respect to the cores measured
with particle detectors (origin of the diagram). This was an indication
of the asymmetry in the radio emission footprint introduced by the
charge-excess mechanism. The observed offset to the south is not ex-
plained by the asymmetry in the radio signal. Adapted from [117].

the relative strength for different measurements is larger
than expected from statistical fluctuations for a constant
strength.

In fact, LOFAR later demonstrated [107] that the rel-
ative strength of the charge excess contribution is not
a constant but depends on the lateral distance from the
shower axis and the shower zenith angle, as is shown
in Fig. 2] A dependence on lateral distance had previ-
ously been predicted by simulations [120]. Of course,
the relative strength also depends on the strength of the
local magnetic field, the observing frequency window
also plays a significant role, and the altitude of observa-
tion can have an effect, too.

Measurements thus have clearly confirmed the pre-
dictions of macroscopic models and microscopic sim-
ulation codes that the emission can be described with
a superposition of a dominant geomagnetic and a sub-
dominant charge-excess contribution, which leads to a
characteristic asymmetry in the lateral distribution with
peculiar polarisation features. The presence of a rising
part of the lateral distribution function arising from the
Cherenkov-like compression effects has also been ob-
served early on in LOPES data, which found a small but
significant fraction of events with a “rising lateral distri-
bution function” [[73]], before being shown much more
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Figure 21: Analyses of LOFAR data revealed that the relative charge-
excess contribution depends on the air shower zenith angle and ob-
server lateral distance from the shower axis. Adapted from [107].

explicitly by higher-frequency experiments (see below).

Given that the qualitative description of the radio
emission features observed in data agrees with our cur-
rent paradigm for the emission physics, the question
arises, however, how good the quantitative agreement



with today’s state-of-the-art simulations is. We fo-
cus on predictions of the microscopic simulation codes
CoREAS and ZHAiireS for such a comparison, as these
provide the most precise description of the emission
physics in an extensive air shower.

The LOPES experiment was the first to publish
a quantitative, high-statistics comparison between its
measurements and CoREAS simulations. The data were
in good agreement in all characteristics except the ab-
solute amplitudes, which were approximately a factor
of two higher in the LOPES data than predicted by
CoREAS simulations [[67]. With the aforementioned re-
calibration of the absolute amplitude scale of LOPES,
the comparison has recently been repeated [121) [113].
For a set of ~ 500 cosmic ray events, simulations for
proton- and iron-induced showers were performed with
CoREAS. The measured and simulated radio signals
were fitted with a simple 1-dimensional exponential lat-
eral distribution function

€(d) = €190 exp[—n(d — 100 m)] (8)

with two free parameters: the amplitude at a lateral dis-
tance of 100 m and a slope parameter characterising
the steepness of the lateral distribution. The result ob-
tained after the LOPES re-calibration is shown in Fig.
[22] LOPES data and simulations are in very good agree-
ment. The mean offset is only 2% for proton simulations
and 9% for iron simulations, well within the systematic
amplitude scale uncertainty of the LOPES experiment
of 16% (at 68% confidence level). The observed scat-
ter is in good agreement with the one expected from
the measurement uncertainties [121]. Also the slope
parameters of the measured and simulated events were
confirmed to be in good agreement. The only hint at
a discrepancy visible in LOPES data is a slight devi-
ation in the scaling of the mean €9y values between
simulations and data with zenith angle, shown in Fig.
[23] The deviations are at the level of the uncertainty in
the LOPES antenna directivity pattern, and should thus
not be over-interpreted. Nevertheless, it is important to
check this effect with additional measurements of other
experiments.

An example for a quantitative comparison between
simulations and data with AERA is given in Fig. 24]
which shows direct comparison of an individual cosmic
ray radio event with dedicated CoREAS and ZHAireS
simulations. As simulation input, the arrival direction,
core location, and particle energy as reconstructed from
Auger particle detector measurements have been var-
ied 50 times within their uncertainties, taking into ac-
count the covariances between these parameters appro-
priately. Then, CoREAS and ZHAireS have been run
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Figure 23: Offset factor for the comparison of the amplitude at 100 m
lateral distance between LOPES data and CoREAS simulations as a
function of air shower zenith angle 6. A complete simulation of the
LOPES detector has been performed for the comparison. Adapted
from [103].

for these 50 parameter sets for both proton and iron pri-
maries. The resulting predicted electric field traces have
been fed through a complete detector simulation of the
Auger Engineering Radio Array [[122] and then recon-
structed in the same way as have the measured radio
data, finally reading off the maximum of the total elec-
tric field. The comparison shows that there is a good
agreement between the measured and simulated signals,
within the uncertainties given by the variation of the in-
put parameters. The absolute scale of the emission is
well-reproduced within ~ 20%. (The previously men-
tioned deviations between the absolute amplitudes pre-
dicted by CoREAS and ZHAireS are, however, appar-
ent once more.) The error bars on the data points only
denote the statistical uncertainty, and not the system-
atic uncertainty on the absolute calibration of the exper-
iment. Nevertheless, also for AERA, there seems to be
good agreement between data and state-of-the-art simu-
lations.

A third quantitative comparison of simulated and
measured signal amplitudes has been published recently
by Tunka-Rex [78] and is shown in Fig. 25] Here,
the signals measured in individual antenna stations are
compared with the corresponding CoREAS simulation.
Again, the quantitative agreement is very convincing.

Three different experiments have thus confirmed that
the absolute amplitudes predicted with state-of-the-art
simulation codes (in particular COREAS) are in agree-
ment with the measurements. This is a very important
achievement, first because this implicitly indicates that
the absolute calibrations of the experiments are in agree-
ment, unlike the orders-of-magnitude discrepancies in
the 1970s. (Please note that Tunka-Rex and LOPES
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Figure 24: Predictions of cosmic ray radio signals as a function of lateral distance from the shower axis with COREAS and ZHAireS compared to
data for a particular air shower event recorded with AERA. Different hadronic interaction models (as indicated) have been used in the two codes,
which can explain at least part of the differences in the simulation predictions. Adapted from [123].

share the same absolute calibration scale, still the agree-
ment illustrates that the two independent data analyses
yield consistent amplitudes.) Second, and more impor-
tantly, this also means that simulations based on first-
principle calculations, without any free parameters that
can be tuned, are indeed able to correctly predict the
radio emission amplitudes. This has important conse-
quences for using radio detection as a technique to de-
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termine the energy scale of cosmic ray detectors, cf. sec-

tion 811

Another question is how well the simulations de-
scribe the complex asymmetric lateral distribution of the
radio emission, shaped by the superposition of the dif-
ferent emission mechanisms as well as the Cherenkov-
like compression in the refractive index gradient of the
atmosphere. This has been probed in a very power-
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Figure 25: Comparison of electric field amplitudes measured in in-
dividual Tunka-Rex antennas for several events with corresponding
CoREAS simulations. Adapted from [[78].

ful way with the detailed per-event measurements per-
formed with LOFAR. Here, not the maximum ampli-
tude of the electric field is used as the quantity of com-
parison, but rather the time-integral over the power in
the pulses measured at individual antennas. A number
of simulations with various input energies has been run
and the core position has been varied to find the best
possible agreement between simulated and measured ra-
dio signals, a procedure that profits from the high num-
ber of antennas available per shower in LOFAR. Exam-
ples are shown in Fig. 26] the left and middle panels
of Fig. 40| (both 30 to 80 MHz) and Fig. 3] (110 to
190 MHz). The agreement is impressive, and it is on
a very similar level of quality for almost all events mea-
sured with LOFAR. While one has to keep in mind that
this comparison does not test the absolute scale of the
emission (the LOFAR calibration scale has been estab-
lished recently, quantitative comparisons have yet to be
published), it becomes clear that the radio emission sim-
ulations can correctly reproduce the measured data with
impressive detail.

The evidence for the agreement between simulations
and measured data discussed so far has been provided
by air shower experiments. Important complementary
information, unaffected by systematic uncertainties in
hadronic interactions and the mass-composition of the
primary cosmic rays, can be gathered with laboratory
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Figure 26: Comparison of the lateral distribution of the radio sig-
nal measured by LOFAR and simulated with CoOREAS. The data do
not lie on a line as there are significant asymmetries in the two-
dimensional lateral distribution function which is here projected to
a one-dimensional representation. Adapted from [[124].

experiments. In particular, the SLAC T-510 experiment
has recently demonstrated on the basis of a well-defined
electromagnetic particle shower in a well-known tar-
get encompassed by a strong magnetic field that mi-
croscopic simulations describe all aspects of the mea-
sured radio signals both qualitatively and quantitatively
[55]. This includes the signal polarisation, confirming
the superposition of magnetic and charge-excess emis-
sion, the linear scaling of the magnetic emission compo-
nent with the strength of the magnetic field, the presence
of a Cherenkov cone, and even the absolute strength of
the emission, within the systematic uncertainties of the
measurement of ~ 40% in absolute amplitude. An ex-
ample result is is shown in Fig. The systematic un-
certainty of SLAC T-510 is currently dominated by un-
certainties in the reflection of radio emission at the bot-
tom of the target, and can likely be reduced with further
measurements.

In summary, it can be stated that the radio emission
physics has been understood well within the systematic
uncertainties of the experimental data available today.
This quantitative understanding of the radio emission is
a major achievement of the modern studies, and can be
considered a true breakthrough. Today’s state-of-the-art
radio emission simulations can thus be used with con-
fidence for the development of analysis strategies and
reconstruction algorithms, as well as an independent
cross-check of the energy scale of cosmic ray detectors.

7.4. Detection of inclined air showers

Very inclined extensive air showers were detected
early on with the LOPES experiment [[125], up to zenith
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Figure 27: Pulses arising from magnetically induced radio emission
(Voltage at oscilloscope) measured in the SLAC T-510 experiment for
various applied magnetic field configurations, in comparison with pre-
dictions from microscopic simulations of the radio emission emitted
by the electromangetic particle shower. The simulations slightly un-
derpredict the measured radiation strength, but the deviation is within
systematic uncertainties of the measurement. Adapted from [55].

angles of 77° and later 82°. Already in this early analy-
sis, it could be shown that the detection efficiency for in-
clined air showers is higher than for near-vertical show-
ers. Unfortunately, LOPES was too small to determine
the extent of the illuminated area and verify if indeed it
becomes as large as expected from the source-distance
effects described in section Recent results from
AERA [635], however, show very convincingly that the
radio emission footprint becomes very large, with ra-
dio pulses at axis distances of 1000 m clearly observed.
This confirms the predictions by event simulations and
illustrates the potential for the measurement of highly
inclined extensive air showers with the radio technique.

7.5. Direction reconstruction and radio wavefront

Reconstruction of the arrival direction of a cosmic
ray air shower from radio measurements is usually per-
formed on the basis of the arrival times of radio pulses
in the individual detector stations (but note the caveat
described in section @) Alternatively, interferomet-
ric techniques can be used to find the sky position from
which the measured radio signal exhibits the strongest
correlation between antennas (cf. section [6.4). In both
approaches, an assumption has to be made on the shape
of the radio emission wavefront.
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The simplest approach is to use a plane wave front,
as is expected for a source at infinity. This gives a ro-
bust reconstruction on scales of ~ 1 to 2°. As the ra-
dio source, however, is not at infinity, the wavefront is
not planar. This was seen very early in the analyses of
LOPES data, which showed that a spherical wavefront
works much better in the interferometric reconstruction,
in the sense that both the fraction of reconstructable
events and the achievable direction resolution improves.
A spherical wavefront corresponds to a (static) point
source at a finite distance, which obviously is not an
adequate description for the case of air showers, either.
With LOPES data it could be shown that a conical wave-
front, as can be expected for a source extended along a
line, provides a better reconstruction [126]. Finally, it
was realized that a hyperbolic wavefront, which con-
stitutes a mixture between a spherical (near the shower
axis) and conical (far from the shower axis) wavefront,
can describe the data best, both in CoREAS simula-
tions and in a statistical analysis of LOPES data [[106].
The achieved direction resolution using the interfero-
metric reconstruction on the basis of the various wave-
front models is shown in Fig. [28]
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Figure 28: Combined LOPES-KASCADE direction resolution

achieved with interferometric reconstruction of the radio source on
the basis of various models for the radio wavefront. Adapted from
[106].

The hyperbolic wavefront is characterized by two pa-
rameters, the opening angle of the asymptotic cone p
and an offset at the shower axis b. Using the geomet-
rical quantities defined in Fig. 29)and c as the speed of
light, the hyperbolic wavefront is described by [[106]

CTgeo(d, 25) = \/(d sinp)? + (c - b)>+z; cos p+c-b.(9)

The result that the radio wavefront has hyperbolic
shape was confirmed by LOFAR [106], which could
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Figure 29: Geometrical delays 7ge0(d, z5) as a function of the antenna
position in shower coordinates (d, z5) for a hyperbolic wavefront. 6
denotes the zenith angle of the air shower, and Tpj(d) is the geomet-
ric delay after projecting the antenna position to the shower plane.
Adapted from [106].

measure the shape of the wavefront with very high pre-
cision in individual measured events with signals de-
tected in hundreds of antennas (Fig.[30). Using the hy-
perbolic wavefront, the precision of the reconstructed
direction of LOFAR events becomes as small as 0.1°
(versus 1° when using a planar wavefront). However,
a possible bias cannot be ruled out with the current
data. Another feature that remains yet to be investigated
experimentally is a slight azimuthal asymmetry in the
wavefront predicted from CoREAS simulations [[127]].
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Figure 30: hyperbolic wavefront measured in an individual air shower
event measured by LOFAR. Adapted from [128].

The LOFAR authors have also provided a simple geo-
metrical model explaining why the radio wavefront, de-
pending on the length and distance of the air shower
cascade, generally has hyperbolic shape but can also be
nearly spherical or conical for individual air showers.
The governing factor is the length of the emission re-
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gion in relation to the closest distance between emission
region and observer, as is illustrated in Fig. @

The sensitivity of the wavefront parameters on the
distance between radio source and observer can be ex-
ploited to measure the depth of shower maximum of ex-
tensive air showers. We will review this approach in

section [Z.8]

7.6. Lateral distribution function and core reconstruc-
tion

In addition to the arrival direction, the location of
the shower core on the ground needs to be known for
quantitative analyses of the measurements. There are
in principle three ways to determine this core position:
from the amplitude distribution of the radio signal, from
the wavefront timing information (cf. ref. [129]), or
from the signal polarisation. Naturally, a combination
of these approaches would be the most powerful, but
has not been used in any analyses to date. In fact, the
only approach that has been studied in some detail is the
one based on the amplitude distribution, as it is closely
linked with the important question of how to correctly
describe the lateral distribution of the radio signal.

Due to the asymmetry of the radio emission footprint
(cf. Fig.[6), any approach assuming a rotationally sym-
metric lateral distribution function will lead to a biased
result, as was demonstrated in the CODALEMA anal-
ysis that revealed the charge-excess contribution [[117]].
This added complexity might seem like a disadvantage
at first. If, however, the functional form of the complex
lateral distribution function is understood well enough,
the complexity of the lateral distribution function is in
fact an advantage: there is a wealth of information en-
coded in the radio footprint, which can be exploited for
an accurate reconstruction of the core position and even
the depth of shower maximum, as we will discuss be-
low.

Several approaches have been made at describing the
radio emission LDF. The first and easiest approxima-
tion is that of rotationally symmetric one-dimensional
exponential LDF. This has been used for many analyses,
in the historical experiments and also in CODALEMA
and LOPES, cf. section [7.3] The advantage of an expo-
nential LDF is that it only needs two free parameters,
namely an absolute scale (e.g. the amplitude at the axis
or at a fixed distance such as 100 m) and a scale radius
or, equivalently, slope parameter. The one-dimensional
exponential LDF can neither describe the asymmetries
nor the Cherenkov bump observed in the radio foot-
print. For some limited analyses of small-scale arrays,
it can however be useful because it is robust and, if ap-
plied consistently to simulations and measured data, al-



Figure 31: Empirical model for the expected radio wavefront shape. Depending on the length of the emission region in relation to the closest
distance between emission region and observer, the wavefront can have a dominantly conical shape (left), a dominantly spherical shape (middle) or

the intermediate hyperbolic shape (right). Adapted from [128].

lows direct comparison of the two. Another approach
has been to use rotationally symmetric Gaussian LDFs
[130]. While adding one free parameter, these can ac-
commodate the rising part of the LDF near the shower
axis, introduced by the Cherenkov-like compression ef-
fects. The disadvantage of the implied rotational sym-
metry is that biases occur, the asymmetries in the radio
LDF only average out if the radio emission footprint is
sampled sufficiently homogeneously, which is not nec-
essarily the case. For high-quality studies, it is therefore
necessary to take the asymmetry in the radio LDF into
account.

One approach is to correct for the charge-excess ef-
fects, thereby removing the asymmetry and allowing the
use of a rotationally symmetric LDF. This approach was
followed in some analyses of AERA [131]. A more
evolved version of this approach has also recently been
published by members of the Tunka-Rex collaboration
[132]], it is the approach that will be used for the anal-
ysis of the Tunka-Rex data. Both approaches rely on
information on the relative strength of the charge ex-
cess to perform the correction. The former approach
was based on an estimate from polarisation measure-
ments, while the latter approach relies on the predictions
from CoREAS simulations. As the agreement between
data and measurements is excellent (see above), how-
ever, this seems well-justified.

Another possibility is to use a non-rotationally sym-
metric two-dimensional LDF. This approach has been
developed in the frame of LOFAR. First, a simula-
tion study based on CoREAS simulations was used to
develop a two-dimensional parameterization which is
based on the empirical result that the two-dimensional
LDF (in this case of time-integrated power pulses) can
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be described well as the superposition of a large posi-
tive and a smaller negative Gaussian with some offset
and scaling parameters [133]E] One important aspect of
this approach is the choice of a well-suited coordinate
system for the shower plane (the plane perpendicular to
the shower axis) using one unit vector along the ¥ x B
direction (the direction of the Lorentz force and thus of
the polarisation arising from the dominant geomagnetic
emission) and one unit vector along the ¥ X V" x B direc-
tion which does not contain any emission contribution
from the geomagnetic effect. Many of the parameters
in the parameterization exhibit strong correlations and
can thus be expressed as functions of each other, reduc-
ing the number of free parameters. The version used
to fit LOFAR events [[134] has been reduced to six free
parameters, two for the core position, two for the ar-
rival direction and two related to the energy and depth
of shower maximum, which can be well-constrained in
measurements of LOFAR events with hundreds of data
points. Recently, the same empirical two-dimensional
function with parameters adapted to the appropriate al-
titude and local geomagnetic field of the site of the
Auger Engineering Radio Array has also been success-
fully employed in AERA analyses [102]. If the core po-
sition has been established with another approach (such
as the Auger surface detector information), the two-
dimensional LDF can be applied to AERA events with
only three signal detections. If at least five signal detec-
tions are available, the core position can be estimated

8This two-dimensional parameterization in fact contains the
essence of hundreds of CoREAS simulations and can thus be used
as a powerful tool whenever the received power as a function of ob-
server position needs to be estimated quickly, e.g., in array simulation
studies.



from radio data using the two-dimensional LDF.

A related work, motivated by the peculiar polarisa-
tion characteristics of the geomagnetic and charge ex-
cess contributions, was presented in [135]. It does
not describe the lateral distribution function of the ra-
dio emission per se, but can interpolate the asymmet-
ric radio-emission footprint from simulations performed
only along two major axes of the radio footprint (such
that information on both emission contributions is ob-
tained). This approach could in principle be devel-
oped further to give a more physically motivated two-
dimensional lateral distribution function than the empir-
ical two-dimensional LDF based on two summed Gaus-
sians.

7.7. Energy reconstruction

One of the primary interests in cosmic ray mea-
surements is to precisely and accurately determine the
energy of cosmic ray particles. It has by now been
successfully demonstrated that radio measurements can
give a very direct and precise access to this energy.

The main reason for this is the coherent nature of
the radio emission. The amplitude of the radiated radio
pulses is proportional to the number of electrons and
positrons in the cascade, which in turn is proportional
to the energy of the primary particle. As essentially
only electrons and positrons contribute to the radio sig-
nal (all other particles have a much lower charge/mass
ratio, their radio emission is thus very strongly sup-
pressed), radio detection directly probes the electro-
magnetic component of air showers. This is the best-
understood air shower component, and it also harbors
the vast majority of the energy of the cascade, more than
80% up to almost 100% depending on the primary en-
ergy, primary mass and the hadronic interaction model
adopted to interpret the data [136]. Furthermore, the
radio emission from all along the shower evolution is
integrated when it arrives at the ground, as the radio
emission undergoes no relevant absorption or scattering
in the atmosphere. In other words, radio detection pro-
vides a calorimetric measurement of the energy in the
electromagnetic cascade of an air shower.

The important question is how precisely the energy
can be determined and how strongly the determina-
tion suffers from intrinsic shower-to-shower fluctua-
tions, which — unlike instrumental uncertainties, are
not addressable. According to a simulation study, the
intrinsic energy resolution of air shower radio measure-
ments was expected to be very good, with intrinsic res-
olutions below 10% [[137], illustrated in Fig. (This
study was based on the flawed REAS2 approach, but as
these effects are purely geometry, the main results are
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independent of the emission model. Consequently they
have later been confirmed also by other simulation ap-
proaches [48] [138].) By now, several experiments have
published analyses regarding the reconstruction of the
primary particle energy from radio measurements. We
shortly review the different approaches here and state
the achieved resolutions.
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Figure 32: There is a lateral distance at which the energy-normalized
radio amplitude is influenced little by shower-to-shower fluctuations.
Measurements at this distance can thus be used for a precise energy
estimation. Adapted from [137].

The first quantitative analysis on the reconstruction
of the cosmic ray energy from radio data was pub-
lished by the LOPES experiment [130]. This analysis
exploits the result of the above-mentioned simulation
study [137]: A characteristic lateral distance from the
shower axis exists at which the influence of shower-
to-shower-fluctuations on the radio amplitude is mini-
mized. This is a geometrical effect directly related to the
forward-beaming of the radio emission. In ref. [130], an
updated simulation study with CoREAS, tailored to the
specific situation of the LOPES experiment and based
on a rotationally symmetric Gaussian LDF, confirmed
the expectation for the presence of such a characteristic
distance (pivot-point) in the LDF. The intrinsic resolu-
tion of an energy measurement with a radio array the
size and density of LOPES was predicted to be better
than 10% (Fig.[33] left). Part of the scatter in this dis-
tribution is due to the systematic difference of energy
in the electromagnetic cascade for proton- and iron-
induced air showers. If the energy in the electromag-
netic cascade of the shower (rather than the total energy
of the primary particle) needs to be determined, then in-
trinsic fluctuations are expected to be even as low as 5%.
Hence, radio detection should be a very precise tech-
nique for energy determination with small intrinsic fluc-
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tuations. The predicted correlation between the radio
amplitude at the pivot-point, normalized for the scaling
of geomagnetic emission with geomagnetic angle, and
the primary particle energy determined by KASCADE-
Grande has then been verified in LOPES data (Fig. [33]
right). There is a clear correlation, and the combined
uncertainty on the energy determined with LOPES and
KASCADE-Grande is ~ 20-25%. As the energy resolu-
tion of KASCADE-Grande alone is =~ 20%, the intrin-
sic resolution of the radio-based energy determination
is probably indeed much smaller than 20%, even for a
non-ideal prototype experiment such as LOPES and an
analysis procedure which does not take the asymmetries
of the radio footprint into account explicitly.

A conceptually similar approach as in LOPES, ex-
ploiting the minimum intrinsic fluctuations in the radio
amplitude of the LDF, but this time using an approach
that correctly compensates for the effects of the charge-
excess contribution [[132]], has been applied to Tunka-
Rex data. The main result is depicted in Fig.[34] Again,
a very good correlation of the energy determined from
the radio signal with the energy determined from an-
other detector, in this case an optical Cherenkov detec-
tor, is observed. The combined resolution of the two
energy estimators amounts to 20%, which as in the case
of LOPES is only slightly larger than the energy resolu-
tion of the reference detector alone (amounting to 15%).
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Figure 34: Correlation of the radio energy estimator of Tunka-Rex,
determined from a Gaussian LDF after correction of charge-excess
asymmetries, in comparison with the energy reconstructed with the
Tunka-133 optical Cherenkov detectors. Adapted from [[139].

LOFAR has applied the two-dimensional lateral dis-
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tribution function [133] discussed in section[7.6]to mea-
sured events. One of the LDF fit parameters, A,, the
amplitude of the dominant Gaussian in their fit to the
measured signal powers, is expected to correlate with
the energy of the primary cosmic ray. Indeed, a good
correlation between this LDF fit parameter and the en-
ergy reconstructed with the LOFAR particle detector ar-
ray LORA [140] is observed. However, this result so
far lacks an absolute calibration of the radio amplitude
scale.
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Figure 35: Correlation of the normalized A, parameter in the two-
dimensional LDF [133] applied to LOFAR data in comparison with
the cosmic ray energy reconstructed with LORA. Adapted from [[134].

While the approaches discussed above used quanti-
ties such as the maximum amplitude at a characteris-
tic distance or a fit parameter of a two-dimensional lat-
eral distribution function as estimators for the energy
of the primary cosmic ray, AERA has recently pub-
lished a result that has the major benefit of using an
intuitive, well-defined, and universal quantity as an en-
ergy estimator: the total energy contained in the radio
signal in the frequency band from 30 to 80 MHz [102].
To determine this radiation energy, the time-dependent
electric field (in units of V/m) reconstructed from the
AERA measurements at individual detector locations is
squared to calculate the local Poynting flux. A time-
integration over the detected pulse yields the energy flu-
ence (in units of eV/m?) measured at each individual
radio detector. Using an adapted version of the two-
dimensional LDF [133], an LDF fit (see Fig. and
an integration over the shower plane is performed. This
yields the total energy in the radio signal (in units of
eV) in the 30 to 80 MHz range. All known detector
effects have been deconvolved from this radiation en-
ergy. Since the contribution of the charge-excess effect
to the radiation energy is minimal, the radiation energy
can be normalized with sin’ of the geomagnetic angle,
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yielding the radiation energy for air showers with per-
pendicular incidence to the geomagnetic field. This nor-
malized radiation energy E?&l oM,/ Sin*(@) shows the
expected quadratic correlation with the cosmic ray en-
ergy determined with the surface detector of the Pierre
Auger Observatory, as is shown in Fig.[37] (Due to the
radio signal coherence, amplitudes scale linearly with
the cosmic ray energy, and the radiated energy scales
quadratically.) From the power-law fit, the radiation en-
ergy for a cosmic ray shower with perpendicular inci-
dence to the geomagnetic field at the Auger site can be
read off. After a normalization with the strength of the
geomagnetic field, this yields the following result:

E30_soMuz (158 + 0.7 (stat) + 6.7 (sys)) MeV
Ecr  Bgarn

2
1018 eV 0.24G) '

In other words, an extensive air shower with an energy
of 10'® eV arriving perpendicular to a geomagnetic field
with a strength of 0.24 G radiates a total of 15.8 MeV
in the form of radio signals in the frequency range from
30 to 80 MHz. This result should be directly compa-
rable between different radio detectors (provided the air
shower can evolve and radiate the bulk of its radio emis-
sion before it reaches the ground) and can thus be used
for cross-calibration of detectors. The systematic uncer-
tainty of the result is currently dominated by the uncer-
tainty of the absolute energy scale of the Pierre Auger
Observatory, which has been propagated from the fluo-
rescence detector to the surface detector.

From the scatter of the energy reconstructed with the
Auger surface detector and the radiation energy deter-
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Figure 36: Illustration of the energy fluence in the radio signals
measured with individual AERA detectors and their fit with a two-
dimensional lateral distribution function. Radio detectors with a de-
tected signal (data) as well as detectors with a signal below detection
threshold (sub-threshold) participate in the fit. Measurements exhibit-
ing deviating polarisation characteristics are excluded (flagged) to
suppress transient radio-frequency interference. The fit is performed
in the shower plane, the x-axis being oriented along the direction of
the Lorentz force for charged particles propagating along the shower
axis ¥ in the geomagnetic field B. The best-fitting core position of
the air shower is at the origin of the plot, slightly offset from the
one reconstructed with the Auger surface detector (core (SD)). The
background-color illustrates the two-dimensional lateral distribution
fit. Adapted from [102].

mined with AERA (Fig. |3;7|), the resolution of the en-
ergy reconstructed from radio data has been determined.
(The degree of correlation between the two quantities
was estimated with a Monte Carlo simulation study.)



_
e
[
T

/sinafeV]

107}

Auger
30—80 MHz

E

100k

5L
10 1077

10'8
E Auger Surface Detector [eV]

Figure 37: Correlation between the radiation energy, normalized for
incidence perpendicular to the geomagnetic field, and the cosmic ray
energy determined by the Auger surface detector. Open circles rep-
resent air showers with radio signals detected in three or four AERA
detectors. Filled circles correspond to showers with five or more de-
tected radio signals. Adapted from [[102].

For the high-quality subset of events measured in at
least five AERA detectors, the radio energy resolution
has been determined to 17% [102]. This again illus-
trates the high resolution of radio energy measurements
that has already been achieved today.

7.8. Depth of shower maximum reconstruction

In addition to the energy of the primary particle, the
depth of shower maximum (Xp,x) is a key quantity for
the study of cosmic ray air showers. It is the parameter
sensitive to the mass of the primary cosmic ray parti-
cle which is used in particular by fluorescence detector
telescopes. Radio emission is sensitive to the depth of
shower maximum, because the geometrical distance be-
tween the source and antenna directly shapes the radio
emission arriving at the antenna, as discussed in some
detail in section3.3]

Sensitivity to X« in the radio signal was already
presumed in the 1970s [9} [10] and has also been pre-
dicted by modern simulation studies [137] (later con-
firmed on the basis of other calculations [48] [138]]). In
particular, the slope of the lateral distribution function
provides information on the distance of the radio source:
a far-away source (low X.x value) produces a flatter
LDF than a close-by source (high X,,x value).
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A first experimental proof that indeed the slope of the
radio LDF probes the longitudinal air shower evolution
was published by the LOPES experiment [[141]. It could
be shown that the mean muon pseudorapidity, a param-
eter related to the height of muon production and thus to
the longitudinal air shower evolution, is correlated with
the slope of the radio LDF (Fig. [38).
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Figure 38: Correlation of the mean muon pseudorapidity as measured
with KASCADE-Grande and the slope of the lateral distribution func-
tion as determined with LOPES. Higher muon pseudorapidities (cor-
responding to larger production heights and thus showers develop-
ing earlier in the atmosphere) are clearly associated with flatter radio
LDFs. Addapted from [141].

The next step in exploiting the radio LDF for X,ax
determination has then been presented in [130]. In this
analysis, the authors first studied the relation between
Xmax and the radio LDF slope on the basis of COREAS
simulations of LOPES events. This confirmed the pre-
vious predictions [137]] that the slope can be used to
determine X,.x. The relation found on the basis of
CoREAS simulations was then used to determine X,ax
values from measured slope parameters (Fig.[39). The
analysis method achieved an uncertainty of ~ 50 g/cm?
and the overall systematic uncertainty of the result was
~ 90 g/cm?, which is not competitive with fluorescence
and Cherenkov light detectors which provide a resolu-
tion of ~ 20 g/cm?. Also, no independent measurement
was available within LOPES to cross-check the validity
of the determined X,x values. Nevertheless, this analy-
sis can be seen as a proof of principle that such analyses
are possible with radio detectors.

LOFAR has taken the approach of using the radio
LDF for X,,.x reconstruction to the next level. In their
analysis [[124], the complete complex two-dimensional
distribution of the radio emission on the ground is used
to identify the best-fitting out of a large number of
CoREAS simulations for each given event. In addition
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to the LDF slope this approach also takes advantage of
the asymmetries and the Cherenkov bump in the LDF. It
turns out that the one parameter which governs the level
of agreement between simulations and the LOFAR data
1S Xmax, Which can be determined with a resolution of
on average 17 g/cm? (Fig. . Again, an indepen-
dent cross-check with X,,,x information from an inde-
pendent detector is not available in LOFAR, but the re-
markable agreement between the simulations and data
inspire confidence that the analysis is reliable and that
radio detection can achieve an Xp,,x resolution compet-
itive with other techniques.

Finally, Tunka-Rex recently reported the first experi-
mental comparison of an Xy« reconstruction using the
slope of the radio LDF and the reconstruction with an
independent detector, in this case the Cherenkov-light
detectors of Tunka-133 [139]. There is a very good cor-
relation between the two reconstructions, as is shown in
Fig. B1] The combined uncertainty of the two recon-
structions currently amounts to ~ 50 g/cm?, while the
uncertainty of the Tunka-133 X,,x reconstruction alone
is specified as 28 g/cm?. This first direct experimental
proof of the X, sensitivity of radio measurements is
another important milestone.

The approaches discussed so far only used the radio
LDF and thus the spatial distribution of signal amplitude
or power, respectively. However, there are additional
sensitivities of the radio signal to the source distance.
As discussed in section [73] the radio wavefront is also
sensitive to the distance of the radio source. A simu-
lation study by the LOPES experiment [106] showed
on the basis of COREAS simulations of LOPES events
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Figure 41: Atmospheric depth between observer location and the
depth of shower maximum as determined with the Tunka-Rex radio
measurement and the Tunka-133 Cherenkov detectors. Adapted from
[139].

that a clear correlation exists between the zenith-angle-
corrected opening angle of the asymptotic cone of the
hyperbolic wavefront and Xpmax (Fig. @2). The method
resolution in the absence of measurement uncertainties
has been determined to be ~ 30 g/cmz, but the overall
uncertainty in LOPES data was found to be 140 g/cm?,
probably limited by uncertainties in the determination
of the pulse arrival times due to noise influence in the
LOPES data. The method requires a high-quality timing
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the quality of the fit is obvious. All diagrams adapted from [[124].

calibration of the individual detector stations. The core
position has significant impact in the analysis, which
means that in principle it can also be determined in the
course of a wavefront analysis (see section [7.6). As
mentioned before, derived quantities such as the value
of the opening angle depend on the exact definition of
the signal arrival time (values determined with inter-
ferometric techniques are systematically different from
those determined on the basis of the time of the pulse
maximum, also remaining experimental characteristics
in the deconvolved data can change the exact result).
Therefore, comparisons between published results need
to be performed with great care. The true potential
lies in a combination of the LDF-based methods with
a wavefront timing analysis (and polarisation informa-
tion) to increase the accuracy of the radio-based X«
measurement even further. The mean X, values as
a function of energy determined with this approach are
shown and compared with the values determined from
the LDF analysis in Fig. 39 right. Both methods agree
within their (fairly large) systematic uncertainties.

A third possibility to access information on the source
distance and thus X, is to study the radio pulse shape
measured in individual antennas. Due to the geometri-
cal time delays arising from the propagation of the radi-
ating particles on the one hand and the radio emission on
the other hand, the radio pulses become wider as the ob-
server position moves away from the shower axis (with
the exception of positions inside and near the Cherenkov
ring where pulses are stretched and compressed, respec-
tively). If this first-order effect can be corrected for, a
second-order effect on the pulse width is given by the
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distance of the emission region from the ground.

Instead of measuring the pulse width, also the slope
of the frequency spectrum can be used [[143]]. (This re-
lies only on the amplitude information, not the phases
of the different frequency components.) Measurements
of the frequency spectrum of air shower radio emission
have proven to be difficult, though, with the only pub-
lished result from a ground-based array so far from the
LOPES experiment [144]]. One reason for this is that the
air shower radio signal is localized in time, but spread
in the frequency domain, leading to a lower signal-to-
noise ratio in the determination of frequency compo-
nents. Another reason is the required very good under-
standing of the frequency-dependent gain of the antenna



used to measure the radio pulses. When trying to use
frequency spectra in the determination of X,,x another
complication is that the core position needs to be known
rather precisely. On the other hand, the advantage of this
method could be the use of single radio stations not nec-
essarily requiring coincident detection in multiple radio
detectors. Also, a combination with LDF and wavefront
methods could be beneficial.

For the determination of X,,x from high-frequency
emission please see the next subsection.

7.9. High-frequency emission

Both EASIER [86] and CROME [84] have reported
successful detections of GHz radiation associated with
air showers, and CROME has been able to study
the characteristics of the radio emission in the 3.4 to
4.2 GHz band in detail. There are clear indications that
the radio emission is forward-beamed and polarised,
which is not expected for “molecular bremsstrahlung”.
In fact, the CROME observations are compatible with
the high-frequency radio emission expected from the in-
terplay of geomagnetic and Askaryan radiation under-
going Cherenkov-like time-compression effects as de-
scribed in section B.4]and simulated here with COREAS
(Fig. @3). Even the changes in the emission pattern
above 2 GHz as predicted by CoREAS simulations, cf.
section [4.3] seem to be observed in the measurements
(the lack of detected air showers along the north-south
axis in Fig. 3] left).

Further support to the validity of the simulations
at high frequencies is given by the results from the
ANITA-I experiment [87] which has observed 16 im-
pulsive radio signals in the frequency band from 200
to 1200 MHz. These pulses can be explained by ge-
omagnetic and charge-excess radio emission along the
Cherenkov angle, received either directly or reflected
off the antarctic ice [145]. The fact that the radio pulses
are very similar once normalized by amplitude (see Fig.
[@4) illustrates that this high-frequency emission is in-
deed observed very near the Cherenkov angle. From
the spectral index of the frequency spectrum, the off-
axis angle (which must be close to the Cherenkov angle)
can be determined, and once this is known the energy
can be estimated on the basis of simulations [57]. The
mean energy of the reflected ANITA events corresponds
to 2.9 EeV, a value significantly lower than the previ-
ously published energy estimate of 15 EeV [87] based
on assumptions for the radio emission not including re-
fractive index effects and thus estimating a significantly
wider radiation pattern. Note that such an energy anal-
ysis would not be possible at lower frequencies, as it
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would be essentially unknown at which off-axis angle a
detected signal was recorded.

normalized field strength

Figure 44: Radio signals from 16 extensive air showers detected in the
ANITA-I flight. 14 signals have been reflected off the antarctic ice,
while 2 signals have been measured from Earth-skimming air show-
ers. Adapted from [87].

Finally, LOFAR has observed air showers in the fre-
quency range from 110 to 190 MHz with their high-
band mode. Again, these are in excellent agreement
with CoREAS simulations, and clearly confirm the
presence of a Cherenkov ring at higher frequencies (Fig.

@3).
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Figure 45: A clear Cherenkov ring is visible in the measurements of
extensive air showers with the LOFAR high-band antennas in the fre-
quency range from 110 to 190 MHz. CoREAS simulations reproduce
the measurements very precisely. Adapted from [146].

An important fact to keep in mind is that high-
frequency geomagnetic and charge-excess emission is
only detectable at locations near the Cherenkov ring,
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Figure 43: Left: Core positions of air showers measured in the 3.4-4.2 GHz band with CROME. All measured showers have their cores at distances
of ~ 70 — 100 m from the antenna. Their distribution follows the prediction from CoREAS simulations, the total field-strength of which is shown
in the background-color. Right: Signal polarisation measured with CROME in comparison to the one predicted with COREAS. Adapted from [84].

where the radio emission from a large fraction of the
shower evolution arrives simultaneously. To first order,
this ring can be seen as the projection of a cone with
an opening angle given by the Cherenkov angle starting
from the shower maximum. Thus, the diameter of the
Cherenkov ring is directly related to X;,.x (and the at-
mospheric density at X,.x) and could also be used to de-
termine the depth of shower maximum (see, e.g., [120]).
However, successful detection requires a dense antenna
spacing as only a very limited ring-like area is illumi-
nated by the higher-frequency emission.

While there was great success in detecting and verify-
ing high-frequency emission from the geomagnetic and
charge-excess effects, time-compressed by the refrac-
tive index in the atmosphere, many searches for “molec-
ular bremsstrahlung” (see section[5.3) were without suc-
cess. Neither the air shower detectors CROME [84],
EASIER, MIDAS and AMBER [86] nor the accelerator-
based experiments AMY [90], MAYBE [91]] nor the
Telescope Array Electron Light Source experiment [92]
could find the emission at the level that was previously
reported [83]. Modern calculations also showed the
emission to be much weaker than originally presumed
(see ref. [147] and references therein). The prospects
to use this isotropic radio emission from air showers
for a “radio-fluorescence”-like detection approach thus
seem very pessimistic today. Interestingly, one exper-
iment reported somewhat forward-beamed microwave
radiation at 11 GHz from a 95 keV electron beam
in air [148]. The measured emission power scales
linearly with the number of particles in the shower,
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and the authors interpret the radiation as arising from
bremsstrahlung processes. It is not entirely clear how
this measurement relates to the negative searches for
molecular bremsstrahlung reported above. It might not
be at tension because of the more forward-beamed na-
ture of the observed emission, in contrast to the pre-
sumed isotropy of molecular bremsstrahlung radiation.

7.10. Influence of thunderstorms

It has been known since the 1970s that the radio emis-
sion from extensive air showers can be strongly influ-
enced by atmospheric electric fields [12]. (In fact, the
fear that radio measurements of extensive air showers
could be unpredictable because they heavily rely on the
state of unknown atmospheric electric fields was one
of the reasons why activities in the field ceased in the
1970s.) Modern measurements with LOPES confirmed
this influence [149], finding amplified radio emission
from air showers measured in thunderstorm conditions.
They also showed, however, that in fair weather and
even rainy conditions the radio signal is unaffected. This
means that, depending on the rate of thunderstorms at
the location of a given experiment, reliable radio mea-
surements are possible with duty cycles of more than
90 - 95%.

A simulation on the basis of (outdated) REAS2 sim-
ulations [[150] confirmed that air showers can be influ-
enced significantly by strong electric fields and that also
the radio emission can be strongly changed. This means
that radio emission from air showers in thunderstorms



carries information on the electric fields that they prop-
agated through. LOPES, however, had too few antennas
and was too imprecise to actually exploit this informa-
tion practically.

This has changed very recently with a study per-
formed by LOFAR [151]. LOFAR had measured sev-
eral air showers which could not be reproduced with
CoREAS simulations, in strong contrast to the majority
of events that can be described very well. It turned out
that many of these events were recorded during thun-
derstorm activity within 150 km of LOFAR. In partic-
ular, the polarisation (Fig. #6) and amplitude distribu-
tion of these radio measurements were significantly dif-
ferent from those of air showers during fair weather.
The authors used CoREAS, which is able to simulate
the influence of electric fields on extensive air show-
ers (Fig.[&7) to probe possible atmospheric electric field
configurations (Fig.[48) that rotate the electric field vec-
tor towards the direction observed in the measurements.
A good agreement with both the measured polarisation
and amplitude distribution could be achieved with two
oppositely oriented atmospheric electric field layers of
different amplitudes at heights from ground to 2.9 km
and from 2.9 km to 8 km. While it remains to be seen
how reliable the atmospheric electric field information
is that can be extracted from air shower measurements,
the prospect of measuring atmospheric electric fields in
situ using radio detection of cosmic ray showers is very
promising and has received a lot of media attention.

In addition to probing electric fields in thunderclouds,
radio detectors also have the potential to study possible
connections between lightning initiation and extensive
air showers, as they can record both the air shower ra-
dio pulse and the process of lightning initiation, which
produces characteristic radio signals. Such connections
have been long presumed [[152]]. In particular, the sce-
nario of a “runaway breakdown” [[153]] has received sig-
nificant attention. Recent results indicating that indeed
a combination of macroscopic ice particles in thunder-
clouds in combination with seed electrons from exten-
sive air showers can initiate lightning at atmospheric
electric field strengths observed in nature [[154] provide
strong motivation to intensify research in this direction.

7.11. Determination of an energy spectrum of cosmic
rays

At this stage, the attentive reader might have won-
dered why no cosmic ray energy spectrum from radio
measurements of extensive air showers has yet been dis-
cussed. The reason is that for the determination of an
energy spectrum, the acceptance of the detector has to
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Figure 46: LOFAR has measured air shower radio emission during
thunderstorms which exhibit polarisation characteristics vastly differ-
ent from the expectation of the geomagnetic emission mechanism (in-
dicated by the arrow marked “normal”) and its small modifications
due to the charge-excess emission. Adapted from [151].
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Figure 47: CoREAS simulation of the north-south electric field com-
ponent for an observer 250 m north of the core of a 30° inclined 10'°
eV air shower in the presence of various vertical atmospheric elec-
tric fields. Fair-weather electric fields have values < 3 V/cm. Elec-
tric field components perpendicular to the air shower axis influence
the geomagnetic emission, while electric field components along the
shower axis influence the charge-excess radiation. Adapted from [58].

be known very accurately, and in radio detection, an ac-
curate determination of the detector acceptance is rather
challenging. First, the complication arises that the de-
tection threshold and thus the detector acceptance is
strongly dependent on the air shower arrival direction,
as the geomagnetic angle influences the radio emission
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Figure 48: Agreement between CoOREAS simulations including atmospheric electric fields and a LOFAR air shower measurement recorded during
thunderstorm conditions when varying various parameters of the simulations. Left: Variation of Xp.x. Middle: Variation of the relative strength of
the atmospheric electric field in the lower and upper layers. Right: Height at which the lower layer ends and upper layer starts. A specific set of
these simulation parameters provided the best description of the measurement. Adapted from [151].

strength. However, as we have discussed in great depth,
the physics of the radio emission has by now been well-
understood, so that the direction dependence can be
modelled with confidence. Another problem arises from
the time-variation of the radio background. The Galac-
tic noise is well-known, including its time-variation, and
its impact on the detection threshold can thus be taken
into account reliably. If other sources of noise are sig-
nificant, however, they have to be monitored in detail
(continuous noise with a periodic trigger, transient noise
with a pass-through trigger) so that their influence can
be quantified.

This discussion illustrates the difficulties in the de-
termination of a cosmic ray energy spectrum from ra-
dio measurements. We stress, though, that while the
determination of an energy spectrum requires signifi-
cant effort, no principle problems are known to exist.
Threshold-effects and the resulting detector acceptance
can be determined precisely by Monte Carlo studies,
which in fact very recently has been achieved by the
ANITA collaboration for their first flight [57]. The
determined flux at the mean event energy of 2.9 EeV
is in good agreement with the one measured by the
Pierre Auger Observatory and the Telescope Array, as
is shown in Fig. B9] This demonstrates that flux mea-
surements with radio detectors are feasible, and should
encourage other collaborations to perform similar anal-
yses on their radio data.

7.12. Measurements of the three-dimensional electric
field vector

When radio detection of extensive air showers with
digital techniques began in the early 2000s, the detec-
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Figure 49: The cosmic ray flux determined from the 14 events mea-
sured with the ANITA-I balloon flight. Adapted from [57].

tors only sampled the electric field with single-polarised
antennas at any given location (typically linearly po-
larised, except for CODALEMA-1 which used circu-
larly polarised antennas). While the information gath-
ered with this approach is of course valuable, it is never-
theless incomplete — it is not possible to reconstruct the
electric field at the measurement locations from this in-
formation. To do so, at least a second component of the
electric field vector needs to be measured, which is why
the experiments soon moved towards dual-polarised an-
tennas. The typical scheme was to measure the north-
south and east-west linear polarisations, i.e., the projec-
tion of the three-dimensional electric field vector onto
the ground plane. As electromagnetic waves in the at-
mosphere are transverse waves and thus their electric
field is polarised perpendicular to the propagation di-



rection, this projection in combination with the arrival
direction could be used to reconstruct the electric field
vector.

This works well when the electric field vector is ori-
ented such that the projected electric field is sizable,
which is in particular fulfilled when the zenith angle of
the air shower is small. For inclined air showers with
zenith angles larger than 60°, however, the electric field
can have a sizable component in the vertical polarisa-
tion. This component would thus not be accessible by
the horizontally aligned antennas, increasing the detec-
tion threshold significantly.

This reasoning prompted the LOPES-3D experiment
with its tripole measurements of the electric field [75].
The results of the experiment, unfortunately, were
somewhat inconclusive [155]. In general, anthropic
noise was much more present in the vertical compo-
nent of the electric field. This was expected, but in the
end made it very difficult to exploit the additional verti-
cal measurement with a clear benefit. One lesson learnt
from LOPES-3D is that the added cost of instrumenting
a vertical detection channel should only be undertaken
after a survey of the transient noise environment in the
vertical component at the designated detection site. If
the noise is much stronger than in the horizontal com-
ponents, instrumentation of a third channel might not be
justified.

8. Future directions

Here, we discuss possible and proposed applications
of the radio detection technique in future applications
and try to assess their potential.

8.1. Determination of the energy scale of cosmic rays

As discussed in section radio emission allows a
calorimetric determination of the energy in the electro-
magnetic cascade of extensive air showers, comparable
to fluorescence detection. To derive the energy of the
primary cosmic particle, the fraction of energy not go-
ing into the electromagnetic cascade (and thus not lead-
ing to radio or fluorescence light emission) needs to be
estimated for both techniques. While this fraction does
depend on models of hadronic interactions, data-driven
techniques have been developed [136] wich reduce the
systematic uncertainty arising from this correction to
well below 5% [[156]]. In contrast to fluorescence detec-
tion, however, radio signals do not undergo any signif-
icant scattering or absorption in the atmosphere. Also,
they can be observed with relatively simple detection
setups. Hence, there is high potential for using radio
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detectors as an excellent tool to cross-calibrate cosmic-
ray experiments. In particular, the determination of the
energy in the radio signal by the Pierre Auger Collab-
oration [[102] provides a transparent way to compare
measurements at different detectors. It seems reason-
able to deploy a small radio detector at every future cos-
mic ray detector for the sole reason of a precise cross-
calibration.

In addition, as discussed in section4.3] the radio sig-
nal from extensive air showers can be calculated with
first-principle calculations. The accurate description of
the electromagnetic cascade of an air shower plus a for-
malism implementing a discretized calculation of classi-
cal electrodynamics suffice to calculate the radio emis-
sion on an absolute scale. This is markedly different
from the complex situation of fluorescence detection,
in which the “fluorescence yield” has been a limiting
source of systematic uncertainty for a long time (today,
the fluorescence yield plays only a minor role [[157]]; sig-
nal propagation in the atmosphere, on the other hand,
remains a challenging complication requiring very de-
tailed atmospheric monitoring). The accurate absolute
calibration of radio detectors will be the biggest chal-
lenge to overcome in this context, but there are many
approaches that can be used to improve on the already
good absolute calibration of today’s experiments. For
example, antennas can be optimized for independence
from ground conditions, by design or by providing an
appropriate ground shield (wire mesh, ...). External cal-
ibration sources can be improved further, and the cross-
calibration with the Galactic noise, a well-understood,
always-available calibration source, can be refined fur-
ther. Galactic noise can even be used to monitor pos-
sible drifts of the absolute calibration effortlessly, al-
though those are not expected to be important as radio
detectors do not rely on hardware prone to aging effects
such as photo-multiplier-tubes in the first place. First-
principle calculations can thus be used in combination
with a well-calibrated radio detector to independently
check the absolute energy scale of cosmic ray detectors.

Both the cross-calibration and independent energy
scale determination can be realized in the near future,
and they will have a significant impact on cosmic ray
physics beyond the field of radio detection.

8.2. Large-scale measurements of inclined air showers

From the beginning the hope was that radio detec-
tion could be applied on the largest experimental scales.
This seemed particularly attractive as radio antennas
can be built fairly cheaply (the SALLA antenna used
in Tunka-Rex can be built for 500 USD including all
analog electronics [[158]) and electronics get cheaper



with each new generation. Also, the near-100% duty
cycle of radio detectors marks a major advantage with
respect to optical techniques such as fluorescence and
Cherenkov-light detection with their typical duty cycles
of ~ 10%. However, it has become increasingly clear
in recent years that the footprint of the radio emission
is generally small, and stays small even as the energy of
the primary particle is increased. The reason for this is
of geometric nature, the forward-beamed emission is ra-
diated in a narrow cone and thus typically subtends only
regions with a few hundred metres in diameter. Radio
detection arrays thus have to be fairly dense, with an-
tenna spacings of order 300 metres or less to ensure co-
incident radio detection in several antennas. Instrument-
ing very large areas thus requires a very high number of
radio detectors to be deployed. Even with cheap radio
detectors, there is the problem of the cost of deployment
and supporting infrastructure, in particular for power
harvesting and communications. The current concepts
can thus not easily be scaled to areas of hundreds of
km?. A radical rethinking of the design might still pro-
vide a solution, though (think pouring smartphone-like
detectors out of an airplane for deployment ...).

The situation changes markably for inclined air show-
ers, as was already illustrated in Fig. Showers with
zenith angles larger than 70° illuminate areas of sev-
eral km>. The main reason is that the radio source
is geometrically much further away, so that the same
amount of energy is distributed over a much larger area
on the ground. As long as the signal is still detectable
above the Galactic noise level, air showers can thus be
detected in coincidence with antennas on very sparse
grids of more than a kilometre. The threshold for de-
tecting pulses in the presence of Galactic noise is pre-
dicted from simulations to be around ~ 5 - 107 eV
[6Q]. Interferometric analysis approaches could lower
this threshold considerably, since the radio pulses for
very inclined air showers should in fact be very similar
over many antennas (unlike for near-vertical air show-
ers). The “classical” far-field interferometry as already
exploited by LOPES is thus expected to work well for
inclined air showers.

The intrinsic sensitivity for determination of X«
will likely be weak for very inclined air showers: the
geometrically further away the source, the smaller the
relative changes in geometry. However, coincident de-
tection of radio emission and particles can yield compo-
sition information on the basis of the ratio between the
electromagnetic and muonic cascade (particle detectors
will register mostly muons for very inclined showers,
the electromagnetic cascade has virtually died out when
the shower reaches the ground). In fact, radio detec-
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tion is the only technique allowing a measurement of
the electromagnetic component of very inclined exten-
sive air showers with a favourable acceptance. There
is thus strong potential in using radio detection specifi-
cally for the detection of inclined air showers, a prospect
that was actually already realized early on [29]].

The long-standing idea to detect near-horizontal
neutrino-induced air showers with radio detection, un-
fortunately, does not seem very promising. The radio
source will be close to the ground (this is the criterion
with which a cosmic ray is excluded), but that means
that the radio emission footprint will again be small and
thus difficult to detect. The situation may be more fa-
vorable if tau-lepton-induced air showers from Earth-
skimming (upgoing) neutrinos or from neutrinos inter-
acting in mountains are targeted, as is the goal of the
proposed GRAND project [97].

In summary: While it currently seems unlikely that
very-large-scale radio detectors focused on showers
with zenith angles below 60° will be built in the near- to
mid-term future, it seems a very realistic option to com-
plement particle detectors such as those of the Pierre
Auger Observatory with radio antennas focused on the
detection of very inclined air showers for cosmic ray
composition studies.

8.3. Super-hybrid measurements with integrated detec-
tors

Radio detection has its strongest potential in combi-
nation with other detection techniques. This hybrid ap-
proach naturally solves the problem of triggering, and
provides valuable additional information to reconstruct
each individual air shower as well as possible. In partic-
ular, radio detection offers an excellent way to study the
electromagnetic component of air showers (see previous
subsection).

A large fraction of the cost involved in cosmic ray
detection is in deployment, maintenance and “infras-
tructure”. This is particularly true for radio detectors.
Antennas can be built cheaply, also the cost for digital
electronics is dropping continuously. The main cost of
radio detectors is in fact incurred by power harvesting
(solar panels are expensive, batteries age quickly and
require regular replacement). High-bandwidth commu-
nications can also be problematic, although oft-the-shelf
components have recently become rather powerful.

The natural choice to decrease cost thus lies in in-
tegrating detectors. A “one-does-all” detector mea-
suring particle content (preferably electromagnetic and
muonic component separately), possibly fluorescence
or Cherenkov light, and radio emission, seems like a
very promising approach. First steps in such a direction



have been followed in the framework of the AugerNext
project [[159] and with the TAXI prototype [160]. It
seems very natural to proceed in this direction with in-
creased efforts.

8.4. Ultimate precision: the Square Kilometre Array

As of 2020, the Square Kilometre Array will go into
operation in western Australia. It will constitute the
largest radio telescope ever built, with a rich programme
in astrophysics and radio-astronomy, and its potential
for cosmic ray detection was already considered over a
decade ago [5]].

If equipped with a suitable particle detector array
for triggering purposes and adequate buffering capabil-
ities at individual antennas, the dense core of the low-
frequency part (50-350 MHz) of SKA can be used for
detection of extensive air showers in the energy range
of > 10'% eV to > 10'8 eV. An overwhelming number
of 60,000 antennas will be deployed in a circular region
with 750 m diameter, with a very homogeneous spacing.
The results of LOFAR, in particular with respect to the
reconstruction of the depth of shower maximum, were
already impressive, but the level of detail measured with
SKA-low will beat the one of LOFAR by far, as is obvi-
ous from Fig.[50] The current expectation is that the av-
erage resolution of SKA-low on measurements of Xy«
will be below 10 g/cm? and thus significantly better than
that of any other detector existing today. SKA-low can
therefore be used for precision studies of the mass com-
position in the transition from Galactic to extragalactic
cosmic rays, for the study of interaction and air shower
physics at very high energies and in the extreme forward
regime, and for studies of thunderstorm and lightning
physics, including possible connections to cosmic rays
[161].

Furthermore, with the detailed sampling of each in-
dividual air shower achieved by SKA-low, also “tomo-
graphic imaging” with near-field interferometry seems
a very promising prospect. In principle, it should be
possible to do a three-dimensional “tomography” of the
extended source region of air shower radio emission.
In other words, one should be able to make a three-
dimensional image of the electromagnetic component
of the air shower. It will be a major challenge to devise
this analysis technique. However, there is very high po-
tential to extract much more information from the radio
signals than just X,,,x and energy.

A complementary observation mode of the SKA for
cosmic particles of the highest energies exists in detect-
ing cosmic-ray showers (and also neutrino showers) via
radio emission generated in the lunar regolith as op-
posed to the Earth’s atmosphere [[163}[164].

45

8.5. Balloon-borne and satellite-based detection

When the ANITA balloon-borne experiment, con-
ceived to measure radio pulses from neutrinos interact-
ing in the antarctic ice, measured more than a dozen
radio pulses, it was quickly realized that these were
caused by radio emission from cosmic rays, reflected
off the ice (or transmitted directly in an Earth-skimming
geometry). It was unclear for some time what the en-
ergy of the measured cosmic rays was. If the 16 de-
tected events were of very high energy, then balloon-
borne cosmic ray detection could be a way to achieve
very large exposures and hence collect statistics of cos-
mic rays at the very highest energies. Projects like EVA
[165] and SWORD [166] have consequently been pro-
posed.

A recent study by Motloch et al. [167], however,
showed on the basis of CoREAS simulations that the
radio emission is beamed in such a narrow cone around
the air shower axis, that the effective acceptance reached
by radio detectors on balloons or even satellites (let
alone mountains [168]) in the end is not as large as
one had hoped, see Fig.[51] This is not even remedied
by measuring at frequencies below 100 MHz where the
emission is not as focused on a Cherenkov ring as it is
at higher frequencies.

10%¢

104F

1000 ¢

Yearly exposure [km? sr yr]

100"~

19.6 198 200 202 204
Cosmic ray energy [Log,(E/eV)]

19.4

Figure 51: Yearly exposure (acceptance) as a function of energy for
a radio detector on a mountain (dotted line), a balloon (dashed line)
and a satellite (solid line). The angular distributions of radio signals
underlying these predictions are based on a SWORD model (black
lines) and on CoREAS simulations (blue lines). For comparison, the
exposure collected by the Surface Detector array of the Pierre Auger
Observatory for air showers up to 55 degrees zenith angle in the pe-
riod from Jan 2004 to Dec 2014 amounts to 42,500 km? sr y [169].
Adapted from [167].

This pessimistic view is confirmed by a recent pub-
lication of the ANITA collaboration [57] in which the
average energy of the ANITA cosmic ray events has
been determined at 2.9 EeV, significantly lower than the
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Figure 50: CoREAS simulation of the radio emission footprint of an air shower with 30° zenith angle and an energy of 10'8 ¢V sampled with
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15 EeV [87] estimated originally on the basis of an in-
complete understanding of the radio emission proper-
ties.

Based on today’s knowledge of the physics of ra-
dio emission from extensive air showers, balloon- or
satellite-based observations thus do not seem as promis-
ing as originally thought.

8.6. Low-frequency radio emission

Current experiments for air shower radio detection
focus on the frequency range between the short-wave
band and the FM band (typically 30-80 MHz). At lower
frequencies, atmospheric noise quickly rises, as signals
(e.g., lightning radio pulses) from very far-away are still
measurable due to their reflection between the Earth’s
surface and the ionosphere. Radio emission from air
showers at low MHz (and even kHz) frequencies have
been performed before the renaissance of air shower ra-
dio detection, see ref. [[170] and references therein. Suc-
cessful detections were reported and attributed mostly to
transition radiation of the air shower cascade entering
the ground, but these activities did not gather signifi-
cant momentum and were not independently confirmed.
Today, two ideas, however might make low-frequency
measurements an interesting topic to investigate once
more.

First, there is a frequency window from ~ 1 —5 MHz
where, during day, the atmospheric noise is low, cf. Fig.
The reason is that the “D-layer” in the ionosphere
absorbs radio emission at these frequencies during day-
time. Simulations predict that radio signals from exten-
sive air showers should be measurable over large areas
at these frequencies, i.e., relatively sparse antenna ar-
rays could be used for such measurements. However,
timing information would be very coarse at such low
frequencies, and the duty cycle would be limited to less
than 50%.

Second, it has been discussed [171]] that the near-
instantaneous stopping of the charged particles in an air
shower when hitting the ground should lead to strong
low-frequency radio emission that can be measured
kilometres away from the impact point. While it is
clear that this radio emission must occur (a large number
of charged particles is decelerated very quickly), cal-
culations presented so far have been somewhat incom-
plete. They described the emission from the fast decel-
eration of particles (“sudden death”), yet did not take
into account the fact that the deceleration actually takes
place in the Earth, that the signal has to be propagated
through the Earth/air boundary and that the transmis-
sion of the signals along the Earth will quickly dampen
at least those components of the electromagnetic waves
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polarised parallel to the Earth’s surface. A consistent
treatment of all these effects is imperative to judge the
potential of this technique. By now, also experimental
activities trying to measure this effect have been started
in the EXTASIS project [[72]].

9. Conclusions

Radio detection of cosmic ray air showers has un-
dergone an impressive decade of progress. The major
breakthrough of the past years has been achieved with
a detailed understanding of the radio emission physics,
culminating in Monte Carlo simulations on the basis of
first principles such as CoREAS and ZHAireS which
can successfully explain every measurement made so
far. Unlike ten years ago, this means that new experi-
ments and analysis procedures can now be developed in
a targeted fashion on a solid theoretical foundation. The
field has clearly left the pioneering phase where many
basic questions were unanswered. While the previous
decade was focused on unerstanding the physics and de-
tection techniques for air shower radio emission them-
selves, the next decade will clearly focus on studying
cosmic rays using radio techniques.

Many of the promises initially made by radio enthusi-
asts could be fulfilled. Indeed, radio detection can mea-
sure the energy of cosmic ray particles with excellent
resolution (17% having been achieved experimentally,
with potential to go below 10%). The hoped-for sensi-
tivity on Xpax and hence the mass of cosmic rays has
been demonstrated convincingly with simulations, and
measurements with dense antenna arrays such as LO-
FAR have already achieved a resolution of ~ 17 g/cm?
or better, i.e., at a level competitive with today’s fluo-
rescence and Cherenkov-light detectors. Furthermore,
Tunka-Rex measurements have brought the experimen-
tal proof that X,,,x values derived with radio measure-
ments are indeed in good agreement with those mea-
sured by other detectors, and similar endeavors are cur-
rently being followed within AERA.

Difficulties arose in the use of radio detectors as an
autonomous detection technique not using any input
from other detectors. Self-triggering of radio signals re-
mains very challenging. Real-time interferometric trig-
gering strategies could help. Yet self-triggering does not
seem a goal of high priority, as the strength of radio de-
tection does not lie in its isolated application but in its
combination with other detection techniques, in partic-
ular particle detectors. The combination of these two
techniques, both with near-100% duty cycle, can deliver
very detailed information on individual air showers.
This is especially true if the particle detectors provide



a dedicated measurement of the muonic component of
air showers, while the radio detectors provide accurate
information on the electromagnetic component, includ-
ing its longitudinal evolution with atmospheric depth.
Such “radio-hybrid” measurements can thus contribute
significantly to our understanding of air shower physics,
for example in testing hadronic interaction models.

As the footprint of the radio emission for non-
inclined air showers is fairly limited, instrumentation of
areas larger than a few dozen of km? still requires the
development of concepts that can scale to thousands of
individual detectors at moderate cost. The main chal-
lenge here lies in deployment and “infrastructure”, in
particular in power harvesting. But technology is pro-
gressing fast, and this potential should be borne in mind.
For inclined air showers, on the other hand, already to-
day’s concepts could be used to instrument hundreds of
km? and thus measure cosmic rays at energies well be-
yond 10'® eV up to the highest energies, as the radio
detector spacing can be of order a km or larger. As
no other detection technique can measure the electro-
magnetic component of air showers for very inclined air
showers with a reasonable acceptance, this seems like
a very promising area of application for large-scale ra-
dio detection, especially if detectors are integrated to
share infrastructure. First activities in this direction
are being followed in the frame of AERA at the Pierre
Auger Observatory; in fact, a combination of radio de-
tectors and the Auger surface detector array could at
some point possibly extend the precision measurements
targeted with the AugerPrime upgrade to zenith angles
> 65°.

Dense radio detectors such as LOFAR and the up-
coming SKA can access the energy range from 2>
10'% eV to > 10'® eV. This is the region where tran-
sitions from Galactic to extragalactic cosmic rays al-
ready seem to take place. With the high duty cycle
and good X,.x resolution achievable with radio detec-
tors, the mass composition in this energy range could
be probed with high precision. With sufficient statis-
tics, composition-sensitive anisotropy studies could be
performed, and with those dense radio detectors could
make a major contribution in studying the physics of
cosmic rays in the transition region. Very significant
potential also still lies in an improved analysis of the ra-
dio data, in particular in “imaging” approaches such as
near-field interferometry applied to dense radio detec-
tors. We are only using a fraction of the information in
the radio signal so far, and imaging analyses could al-
low detailed insights in the physics of air showers that
we have not even thought of today.

The biggest impact that radio detection is likely to

have already in the near future, however, lies in the ac-
curate cross-calibration of the energy scale of cosmic
ray detectors worldwide, as well as in the independent
determination of the absolute energy scale of cosmic
rays on the basis of first-principle calculations. Radio
detection is uniquely well-suited for this goal, as the
emission is well-predictable, the signal is not absorbed
or scattered in the atmosphere, and the techniques have
been developed to precisely calibrate radio detectors. It
might well be that every cosmic ray detector will soon
be equipped with a small radio antenna array, for the
sole purpose of an accurate absolute energy calibration.
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