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Radio detection of extensive air showers
Precision measurements of the properties of cosmic rays
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characterize cosmic rays:
-direction
-energy
-mass
@100% duty cycle
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Announcing the 23rd course: 
 

Purpose: The era of multi-messenger astrophysics is upon us. Data/observations from many 
sources must be combined to gain improved understanding of various astrophysical. 
phenomena, with Supernova 1987A as a historic example. There have been many, 
recent, exciting discoveries, including gravitational waves, neutrino oscillations, 
images of black holes, structure in the high energy spectra of cosmic-rays and 
discovery of 60Fe in cosmic rays.  In addition, we have great new data from a variety. 
of observatories, such as the James Webb Space Telescope, but a full understanding 
is elusive. Exploring how these advances fit together into a better understanding of 
our high-energy Universe, and what are the prospects for new discoveries and better. 
understanding through new technology, are some of the questions that will be explored. 
during this 23rd biennial course of The International School of Cosmic Ray Astrophysics. 
 
Looking at ‘messengers’ of gamma rays, neutrinos, charged particles (i.e. cosmic 
rays), and gravitational waves, lectures by experts in the fields, chosen in the School 
tradition for their science expertise and communication abilities,  will present the history, 
recent results, and the technology employed. The School provides many opportunities. 
for informal discussions between participants with students and experts dining together 
and talking informally, in the relaxed ambiance of Erice. From such interactions, life-long 
friendships are made, new ideas emerge, and collaborations form. Non-scientific 
questions, e.g. how do I obtain a position or a grant, can also be explored. The School 
offers opportunities for the participants to present their own research in order to obtain. 
feedback and to gain experience presenting to an international audience of kindred spirits. 
 
Topics include: Neutrino Astronomy, Gravitational Wave Astronomy, the highest-energy 
particles, acceleration and interactions of high-energy radiation, balloon, satellite, and 
ground based measurements of cosmic rays and gamma rays, propagation of high-energy 
radiation through the galaxy, and space- or ground-based experiments of the future. 
 
Registration:  please use the site  https://agenda.astro.ru.nl/event/24/ 
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Purpose: The era of multi-messenger astrophysics is upon us. Data/observations from many 
sources must be combined to gain improved understanding of various astrophysical. 
phenomena, with Supernova 1987A as a historic example. There have been many, 
recent, exciting discoveries, including gravitational waves, neutrino oscillations, 
images of black holes, structure in the high energy spectra of cosmic-rays and 
discovery of 60Fe in cosmic rays.  In addition, we have great new data from a variety. 
of observatories, such as the James Webb Space Telescope, but a full understanding 
is elusive. Exploring how these advances fit together into a better understanding of 
our high-energy Universe, and what are the prospects for new discoveries and better. 
understanding through new technology, are some of the questions that will be explored. 
during this 23rd biennial course of The International School of Cosmic Ray Astrophysics. 
 
Looking at ‘messengers’ of gamma rays, neutrinos, charged particles (i.e. cosmic 
rays), and gravitational waves, lectures by experts in the fields, chosen in the School 
tradition for their science expertise and communication abilities,  will present the history, 
recent results, and the technology employed. The School provides many opportunities. 
for informal discussions between participants with students and experts dining together 
and talking informally, in the relaxed ambiance of Erice. From such interactions, life-long 
friendships are made, new ideas emerge, and collaborations form. Non-scientific 
questions, e.g. how do I obtain a position or a grant, can also be explored. The School 
offers opportunities for the participants to present their own research in order to obtain. 
feedback and to gain experience presenting to an international audience of kindred spirits. 
 
Topics include: Neutrino Astronomy, Gravitational Wave Astronomy, the highest-energy 
particles, acceleration and interactions of high-energy radiation, balloon, satellite, and 
ground based measurements of cosmic rays and gamma rays, propagation of high-energy 
radiation through the galaxy, and space- or ground-based experiments of the future. 
 
Registration:  please use the site  https://agenda.astro.ru.nl/event/24/ 
 

Radio detection of extensive air showers
Precision measurements of the properties of cosmic rays

http://particle.astro.ru.nlJörg R. Hörandel RU Nijmegen, Nikhef, VU Brussel
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galactic  
cosmic rays

LOPES

LOFAR

AERA

extragalactic  
cosmic rays

Auger RD

characterize cosmic rays:
-direction
-energy
-mass
@100% duty cycle



Jörg R. Hörandel, ISCRA Erice 2024 3

Blackett’s Field ~1967, Porter MSc

First radio detection of air showers 1965

Jelley et al Nature 1965,  R. A. Porter MSc Thesis 1967,

Jelley et al Nature 1965

R. A. Porter MSc Thesis 1967

Blackett’s Field ~1967
Porter MSc
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2005: understanding the 
signal

2014: understanding the
emission processes

2016: radio technique 
mature:
properties of cosmic 
rays

2018: beyond 
capabilities of 
standard 
installations
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Radio Detectors
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0.5 km2
CODALEMA

Design of a low noise, wide band, active dipole Design of a low noise, wide band, active dipole 

antenna for antenna for aa cosmic ray cosmic ray radiodetectionradiodetection

experimentexperiment (CODALEMA)(CODALEMA)

IEEE International Symposium on Antennas and Propagation, June 10-15 2007, Honolulu, Hawai'i, USA 

Didier CHARRIER

Subatech, Nantes, France

Didier.charrier@subatech.in2p3.fr

the CODALEMA collaboration
http://codalema.in2p3.fr

SUBATECH, Nantes

Observatoire de Paris-Meudon

Observatoire de Nançay

LAL, Orsay

ESEO, Angers

LPSC, Grenoble

LPCE, Orleans

LAOB, Besançon

(FRANCE)

0.5 km2

Tunka-Rex
1 km2

ARIANAAuger Engineering Radio Array
AERA

17 km2

~150 antennas

Radio detection of extensive air showers 
around the world

Yakutsk

3000 km2

~1700 antennas
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30 - 80 MHz

M. van Haarlem et al., A&A 556 (2013) A2

core
23 stations ~5 km2

120 - 240 MHz

van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well

2

LORA 
LOFAR Radboud Array 

scintillator detectors

Low Band Antennas (LBA) 
30 - 80 MHz

trigger: 13 of 20 
detectors

buffer 
2 ms read-out

offline analysis 
P. Schellart et al., A&A 560, 98 (2013)

Selection this analysis:  
4+ LBA stations

Superterp:
* diameter ~ 300 m 
* 20 LORA detectors 
* 6 LBA stations  
  (= 6 x 48 antennas) 

* more LBA stations 
around superterp 

2

scintillators

S. Thoudam et al., Nucl. Instr. Meth. A 767 (2014) 339

each (dutch) station: 
  96 low-band antennas                   30-  80 MHz 
  high-band antennas (2x24 tiles) 120-240 MHz
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van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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A measured air shower

A&A 560, A98 (2013)
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Fig. 20. Distribution of radio signals (peak amplitude in arbitrary units)
with respect to the distance from the shower axis as reconstructed from
the scintillator data. Shown are the three components of the recon-
structed electric field.

can be seen as groups), but azimuthal symmetry in the shower
plane is assumed. This rather complicated looking distribution
can be explained using detailed models of the radio emission,
which also include non-rotational symmetrical e↵ects. Further
details of event by event characteristics will be reported in forth-
coming publications.

4. Properties of reconstructed air showers

In order to verify the data quality and the method of recon-
struction a short overview of the first data taken with LOFAR
is given. The data set used here (June 2011 until April 2013)
contains 3341 recorded triggers, of which 1597 pass the strict
quality cut for a good data reconstruction of the particle mea-
surement. Of all triggers, 405 events contain signals of cos-
mic rays as identified by the pipeline, with a threshold energy
of 5 ⇥ 1015 eV.

4.1. Triggers from the array of particle detectors

On the reconstruction of air showers from the particle data
quality cuts are applied. The reconstruction is considered reli-
able, when the reconstructed shower core is contained within
the array, the shower is not too horizontal (✓ < 50�) and the
reconstructed Molière radius8 falls in the range of 20�100 m.
After cuts, the lowest energy of a shower that triggered a read-
out of the LOFAR bu↵ers is 1.8 ⇥ 1015 eV and the highest
is 1.9 ⇥ 1018 eV. The LORA scintillator array becomes fully ef-
ficient above 2 ⇥ 1016 eV.

All triggers sent by the scintillator array follow a nearly uni-
form distribution in azimuth and a sin(✓) cos(✓)-distribution in
zenith angle as it is expected from the geometry for a horizontal
array with flat detectors.

The number of events with a detectable radio signal increases
with the number of triggered particle detectors, as can be seen in
Fig. 21, where the fraction of triggered events, with and without
a detected radio signal, is plotted against the number of particle
detectors per event. The fraction is clearly increasing with the
number of triggered detectors, as shown by a fitted straight line.
According to this fit, at a threshold of 13 detectors about 10% of
the events contain a cosmic-ray signal.

8 Characteristic transverse size of an air shower.
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Fig. 21. Fraction of air showers with a detectable radio signal over the
number of air showers triggered with a scintillator signal is plotted
against the number of particle detectors above threshold in an event.
The red straight line is a fit to the data.
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Fig. 22. Angular di↵erence between the shower axis reconstructed from
the particle data and the direction estimate from the radio signal. To
make the events comparable, the di↵erence is scaled with the uncer-
tainty of the individual reconstruction �LORA.

4.2. Event rates and sensitivity

For a first estimate all reconstructed triggers are considered valid
events which show radio pulses coming from a direction that
agrees to 10� angular distance with the direction that was recon-
structed from the arrival times measured with the particle de-
tectors. This choice is based on the results shown in Fig. 22.
This figure shows the angular di↵erence between the two recon-
structed axes for all events. A steep fall-o↵ in number of events
with an increasing angular di↵erence can be seen. Any event
that deviates more than 10�LORA certainly lies outside the cor-
rect distribution. The shower axis is on average reconstructed
with an uncertainty �LORA ⇠ 1� from the data of the particle
detectors. Thus, a quality cut of 10� is chosen.

Figure 23 shows all 405 cosmic-ray events successfully de-
tected with the LBAs as distributed on the local sky. Visible is
a clear north-south asymmetry, where 276 events arrive from
the northern hemisphere. This corresponds to a probability p =
0.68 ± 0.02 for a detected event to arrive from the north. As the
magnetic field at LOFAR is parallel to the north-south axis this is
expected, if the main contribution to the signal is of geomagnetic
origin (Falcke et al. 2005; Ardouin et al. 2009).
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Auger Engineering Radio Array
AERA

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

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

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

3. Precision measurement of the radio emission in air showers

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

2
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23 stations ~5 km2
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~17 km2

30-80 MHz

Auger Engineering Radio Array
AERA
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each antenna. This yields very detailed information for each measured air shower and the properties
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ABSTRACT

Context. Arrays of radio antennas have proven to be successful in astroparticle physics with the observation of extensive air showers
initiated by high-energy cosmic rays in the Earth’s atmosphere. Accurate determination of the energy scale of the primary particles’
energies requires an absolute calibration of the radio antennas for which, in recent years, the utilization of the Galactic emission as a
reference source has emerged as a potential standard.
Aims. To apply the “Galactic calibration,” a proper estimation of the systematic uncertainties on the prediction of the Galactic emission
from sky models is necessary, which we aim to quantify on a global level and for the specific cases of selected radio arrays. We further
aim to determine the influence of additional natural radio sources on the Galactic calibration.
Methods. We compared seven different sky models that predict the full-sky Galactic emission in the frequency range from 30 to
408 MHz. We made an inventory of the reference maps on which they rely and used the output of the models to determine their global
level of agreement. We subsequently took typical sky exposures and the frequency bands of selected radio arrays into account and
repeated the comparison for each of them. Finally, we studied and discuss the relative influence of the quiet Sun, the ionosphere, and
Jupiter.
Results. We find a systematic uncertainty of 14.3% on the predicted power from the Galactic emission, which scales to approximately
half of that value as the uncertainty on the determination of the energy of cosmic particles. When looking at the selected radio arrays,
the uncertainty on the predicted power varies between 11.7% and 21.5%. The influence of the quiet Sun turns out to be insignificant at
the lowest frequencies but increases to a relative contribution of ⇠30% around 400 MHz.

Key words. astroparticle physics – methods: miscellaneous – radio continuum: general – Sun: radio radiation

1. Introduction

Already in the 1940s, surveys of the sky at radio frequencies were
conducted. Strong emission from the constellation of Sagittarius
was found as well as smaller maxima originating in extragalac-
tic sources (e.g., Cygnus A and Cassiopeia A) and at this point
also a signal coming from the Sun was seen (Reber 1944). In
measurement campaigns, the entire sky was mapped at specific
frequencies. These maps show strong point-like sources as well
as the diffuse radio emission from the Galaxy. The original moti-
vation for this was to get a better understanding of the Galaxy and
also to use the information from the maps in studies in the fields
of astronomy and astrophysics, for example, related to the cosmic
microwave background (CMB). To acquire accurate descriptions
of the Galactic emission not only from a select number of maps
at some specific frequencies but across a broad frequency range
for the whole sky, efforts were made to build models of the radio
sky based on these reference maps.

These sky models recently became relevant in the field
of astroparticle physics for the absolute calibration of radio
detection arrays. Over the past years, the radio detection tech-
nique has gained increasing importance for the observation of
highly energetic cosmic rays and neutrinos detected through the
radio emission from particle cascades (Huege 2016; Schröder
2017). A number of promising radio detection arrays for the
measurement of cosmic particles in the frequency range from
a few tens to hundreds of megahertz are in the phase of
development or under construction – for example, the Auger-
Prime Radio Detector (Pont 2019), the Square Kilometer Array
low-frequency site (SKA-low; Buitink et al. 2021), and the
Giant Radio Array for Neutrino Detection (GRAND; Álvarez-
Muñiz et al. 2020) – while some are already taking data
– for instance, the Auger Engineering Radio Array (AERA;
Huege et al. 2019), and the LOw Frequency ARray (LOFAR;
Schellart et al. 2013). For extracting physics it is very important
to accurately determine the absolute energy scale of the detected
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Fig. 2. Sky maps showing the temperature ratio of each model to the average from all seven models at 50 MHz in Galactic coordinates. The models
are denoted as (a) LFmap, (b) GSM, (c) GSM16, (d) LFSM, (e) GMOSS, (f) SSM, (g) ULSA.

reference maps are superimposed. LFmap relies on only two ref-
erence maps with the approach of spectral scaling. ULSA uses
the most reference maps with a maximum of ten maps covering
the region between �40 � and 65 � of declination. However, there
is a lack of available reference maps for all models around the
south celestial pole.

Corrections to the maps at 45 MHz, 150 MHz, and
408 MHz. The sky surveys at 45 MHz that are used in the
interpolation models considered here were done separately for
the southern (Alvarez et al. 1997) and northern hemisphere
(Maeda et al. 1999). In a later study, the maps were com-
bined into an all-sky survey with a correction of the zero-level
of �544 K (Guzmán et al. 2011) to the combined map. This
corresponds to ⇠6.5% of the average sky temperature at that fre-
quency and is more than three times larger than the originally
quoted error on the zero-level. In the same study, also a zero-
level correction for the original 408 MHz map of �3.46 K was
determined, which corresponds to ⇠10.4% of the average sky
temperature.

Another recalibration was performed for the combined
45 MHz map (although without the mentioned zero-level cor-
rection) and for the 150 MHz map (Monsalve et al. 2021).
There, the maps were corrected for temperature scale and zero-
level to best match data taken with the Experiment to Detect
the Global EoR (epoch of reionization) Signature (EDGES;
Bowman et al. 2018). Scale correction factors are 1.076 ± 0.017
and 1.112 ± 0.012 for the sky temperature of the 45 MHz and
150 MHz maps, respectively. Zero-level corrections for the sur-
veys are �160 ± 78 K and 0.7 ± 6.0 K, which correspond to
1.9 ± 0.9% and 0.2 ± 1.4% of the average sky temperature at the
respective frequencies.

Corrections to the temperature scale and zero-level by match-
ing to other, sometimes newer data can be bigger than originally
quoted uncertainties. This hints towards an underestimation of
the latter and poses a challenge when trying to place trust on
individual surveys.

Further maps at higher frequencies are used in the interpo-
lation models as well. Many of them were generated from data
taken with the space-based instruments Wilkinson Microwave
Anisotropy Probe (WMAP) and Planck (Hinshaw et al. 2009;
Planck Collaboration I 2016). These maps are important for
modeling sky regions where fewer low-frequency surveys were
performed, but they are not discussed in more detail here.

4. Comparison of the sky model predictions

Besides the quoted accuracies of the reference maps, which prop-
agate into the interpolation models, we compared the output of
the models directly. We studied the deviations between them and
determined their level of agreement, which we use as an esti-
mator for the systematic uncertainty in predicting the diffuse
Galactic radio emission on an absolute scale.

The PyGDSM (Price 2016) package was used as an interface to
GSM, GSM16, and LFSM. It employs the healpy (Zonca et al.
2019) package to provide the temperature map output of the mod-
els in the HEALPix (Górski et al. 2005) format. The source codes
of LFmap, GMOSS, SSM, and ULSA are all separately available
at their authors’ respective websites1. After generating the output
maps using these four models, we converted them as well into the
HEALPix format. A software toolkit for the Galactic calibration,
which also includes a unified, simpler access to all considered
models, is under development (Fodran et al., in prep.).

Exemplarily, sky maps are shown in Fig. 2 which display
the temperature ratio between the output of each model and the
average at 50 MHz. The average is calculated pixelwise from all
seven models at the same frequency. At 50 MHz LFmap, GSM,
GMOSS, and SSM predict a hotter Galactic center than the other
three models, while away from the center their predictions are

1 LFmap: https://www.astro.umd.edu/~emilp/LFmap
GMOSS: https://github.com/mayurisrao/GMOSS
SSM: http://tianlai.bao.ac.cn/~huangqizhi
ULSA: https://github.com/Yanping-Cong/ULSA
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Radio Emission in Air Showers
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Table 1: Modern radio experiments for high-energy cosmic rays and neutrinos. Current radio arrays
for neutrino detection are still under construction and the starting year refers to first prototype setups.

Name of Operation aiming at medium of
experiment period cosmic rays neutrinos radio emission
Yakutsk since 1972 x air
RICE 1999 - 2010 x ice
LOPES 2003 - 2013 x air
CODALEMA since 2003 x air
ANITA first flight 2006 x x air + ice
AURA 2006 -2009 x ice
TREND 2009 - 2014 x air
AERA since 2010 x air
ARA since 2010 x ice
LOFAR since 2011 x x air + moon
Tunka-Rex since 2012 x air
ARIANNA since 2012 x x air + ice
TAROGE since 2014 x air
GNO tests since 2015 x ice
SKA-low planned x x air + moon
GRAND planned x x air + mountain

Figure 21: Map of the total geomagnetic field strengths (world magnetic model [205]) and the location
of various radio experiments detecting cosmic-ray air showers (figure from Ref. [148]).
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Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0� and north corre-
sponds to 90�. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
�2/nd.o.f. = 0.9.

The e↵ect is also illustrated in Fig. 24, which shows the frac-
tion of detected air showers as a function of azimuth angle for
the events with radio signal, as well as for all LORA triggers
sent. While the events registered with the LORA detectors are
uniformly distributed in azimuth, the radio events show a clear
deficit from the south. Due to the orientation of the LOFAR an-
tennas and thereby the reduced sensitivity for purely east-west
polarized signals, events arriving directly form the north are not
necessarily preferred, as their signal is expected to be mainly
polarized in the east-west direction (Huege 2013). The detection
e�ciency as a function of direction follows from a deconvolu-
tion of the expected emission strength with the antenna pattern
and will not be discussed in detail here.

The energies of the air showers with a detectable ra-
dio signal are shown in Fig. 25. The depicted energy is the
one reconstructed from the corresponding particle data. This
reconstruction has an overall systematic uncertainty of 27% and
varying event by event uncertainties (Thoudam et al., in prep.).
One clearly sees that below ⇠1017 eV the detection of air show-
ers through their radio signal is not fully e�cient, as the strength

log(Energy*[eV])*
15.5 16 16.5 17 17.5 18 18.5

N
um

be
r*o
f*e
ve
nt
s

1

10

210

Fig. 25. Distribution of the energies of the cosmic rays which had a
measurable radio signal in the LOFAR data. The depicted energy is
the one reconstructed from the corresponding particle data. The quality
cuts, as described in Sect. 4.1, are applied.

of the radio signal scales with the energy of the shower. Higher
energies in this distribution are constrained by the steeply falling
cosmic-ray energy spectrum and limited size of the detector ar-
ray, which leads to limited event statistics at the highest energies.
There are significant hints that showers of higher energies have
been measured with LOFAR (especially when including the sta-
tions outside the Superterp), but these events are not well enough
constrained by the data from the particle detectors in order to
have a reference energy of the necessary accuracy. After a cal-
ibration of the energy of the radio measurements, those events
will be used in a radio-stand-alone reconstruction.

5. Conclusions

At LOFAR cosmic-ray induced air showers are regularly mea-
sured with an array of particle detectors, LORA, and a large ar-
ray of radio antennas. The cosmic-ray pipeline is routinely find-
ing their distinctive radio signatures in the measurements and a
full three-dimensional electric field vector is reconstructed for
every antenna position.

A large dataset has been gathered with hundreds of identified
cosmic-ray events in data from the LBAs. With up to a thousand
antennas per events, these are the first highly detailed measure-
ment of the radio signal of air showers. These measurements will
be used for a detailed characterization of the shower shape and
will be the benchmark data for comparison with models of radio
emission in air showers.

Acknowledgements. The LOFAR cosmic ray key science project very much
acknowledges the scientific and technical support from ASTRON, espe-
cially in constructing the LORA particle detectors. We thank the KASCADE
Collaboration for providing the scintillator detectors. Furthermore, we ac-
knowledge financial support from the Netherlands Research School for
Astronomy (NOVA), the Samenwerkingsverband Noord-Nederland (SNN) and
the Foundation for Fundamental Research on Matter (FOM) as well as sup-
port from the Netherlands Organization for Scientific Research (NWO), VENI
grant 639-041-130. We acknowledge funding from an Advanced Grant of the
European Research Council under the European Union’s Seventh Framework
Program (FP/2007-2013) / ERC Grant Agreement n. 227610. LOFAR, the Low
Frequency Array designed and constructed by ASTRON, has facilities in sev-
eral countries, that are owned by various parties (each with their own fund-
ing sources), and that are collectively operated by the International LOFAR
Telescope (ILT) foundation under a joint scientific policy. The authors would
like to thank both the internal and external referees for carefully reading the
manuscript. Chiara Ferrari and Giulia Macario acknowledge financial support by
the “Agence Nationale de la Recherche” through grant ANR-09-JCJC-0001-01.

A98, page 13 of 14

GP ¼ 10 " log10
Pout

Pin

! "
ð1Þ

is given as a function of the cosmic-ray arrival direction for two HBA
sub-station orientations and two beam directions. The simplest pat-
tern is obtained for a beam pointing towards zenith, where the
delay corrections are zero and the signals from the individual
antennas are simply added (left-hand side in Fig. 3). The gain pat-
tern is in this case solely the result of delays introduced by the arri-
val direction of the cosmic ray. However, for many LOFAR
observations the beam is not pointing towards zenith, but rather
towards some astronomical object. A frequently occurring pointing
is towards the North Celestial Pole, which is given as a second
example (right-hand side). While the beam shapes for tiles in two
sub-stations look similar, there are significant differences as
depicted in the bottom row of Fig. 3. These differences translate into
differences in observed pulse amplitude of up to a factor of % 15
between tiles in two different sub-stations depending on the
shower arrival direction. This means that while the beamforming
always introduces an additional gain for cosmic rays arriving from
the direction of the beam, the effect of the beamforming for off-
beam cosmic rays will not be the same for every tile. While some
signals might still be enhanced, others will be reduced to essentially
noise-level.

The exact differences depend on the shape of the pulse and on
the frequency response of the electronics. Furthermore, the com-
plex direction and frequency dependent response pattern of the
individual elements needs to be taken into account as well. Cross-
talk between antenna elements, due to the close spacing within a
tile, requires a response pattern per element as the patterns will
be slightly different. Such a detailed antenna model currently does
not exist. Therefore, differences between tiles due to beamforming
and the antenna pattern are not corrected for in the present
analysis.

In addition to the beam effect, there are intrinsic differences
between stations and tiles. Gain differences between tiles within
a station are corrected for using standard LOFAR calibration tables.
These tables are generated regularly using the algorithms
described in [21,22]. The effect of possible gain differences
between stations was tested, using data from the HBA part of the
LOFAR MSSS survey [23]. The calibration values obtained form
the pre-processed data of this survey vary between observations,
but differ on average about 5% between stations in any given
observation. As these values are not stable on longer time-scales,
they are not used to correct for gain differences in this analysis.
This introduces a 5% uncertainty on the pulse amplitudes mea-
sured in different stations.

Given the above mentioned lacking knowledge of the precise
characteristics of the system, there is currently no absolute calibra-
tion for the electric field strength of the measurements.

4. Dataset

Cosmic-ray data have been gathered with the HBAs since
October 2011. Until November 2013, 155 events have been
detected in the band of 110–190 MHz. In addition, two events were
detected in the band of 170–230 MHz. The time spent observing
the lower of the two HBA bands was about 20 times longer. There-
fore, this article concentrates on the events measured in the lower
band.

The triggers from the scintillator array were sent according to
the same specifications as for LBA observations [18]. These settings
give a threshold energy of 2 " 1015 eV for the particle detection.
While being recorded with the same trigger settings, the detection
probability for an air shower based on its radio signal is found to be
roughly a factor two lower for HBA than for LBA. This difference

can be attributed either to an intrinsically reduced emission
strength at higher frequencies or instrumental effects such as
higher background levels and hardware differences.

4.1. Information from particle data

Every triggered radio event is complemented with parameters
reconstructed from the particle data. For every event two recon-
structed directions are available, one from the particle data and
one based on the radio signals. The angular resolution of the particle
detectors is on average 1!. Further parameters obtainable from the
particle data are the position of the shower axis and an energy esti-
mate of the primary cosmic ray. Both parameters are only reliably
reconstructed for a certain parameter space [18], and therefore
not available for all events. The high quality events which are
detected with the HBAs span an energy range from 1:7 " 1016 eV
to 1:1 " 1018 eV.

4.2. Arrival directions

The arrival directions of the cosmic rays detected with the radio
antennas are shown in Fig. 4. A clear north–south asymmetry is
visible, which will be discussed in detail in Section 4.4.

The angular resolution achieved with the HBA antennas is not
the same for all directions. Many events are only measured with
one station. As the antennas are clustered in two sub-stations, this
results in a poorer angular resolution for showers arriving perpen-
dicular to the axis connecting the two sub-stations. Also, the tile-
beamforming has a negative effect on the accuracy as it affects
the pulse shape and thereby influences the reconstruction of the
arrival time. Thus, in a similar analysis as presented in [18],
the angular resolution was determined to be 7! with respect to
the particle data. This angular resolution strongly decreases as a
function of number of stations with detected pulses, but is on aver-
age worse than with the LBAs. Thus, a cosmic-ray candidate event
is now accepted as a cosmic-ray event when the directions recon-
structed from particle data and radio agree within 20!, instead of
10!. This relaxed cut excludes two obvious RFI candidates that

Fig. 4. Directions of the detected cosmic rays on sky as reconstructed from the
particle data. 0& corresponds to west and 90& is north. The zenith angle ranges from
0& to 70& . Also indicated (blue circle) is the direction of the magnetic field at the
LOFAR core, which is pointing downwards to north. A clear asymmetry of number of
detected events is visible. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer
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with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a ¼ 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S ¼ 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 5. Probability of detecting an air shower as a function of angular difference
between the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with an
arrival direction in this bin as a fraction of detected events, Ndetected, and received
triggers Ntotal . The gray contour shows a model of the extent of the beam-shape of
an HBA tile. The model is scaled to match the cosmic ray data.
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer
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with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a ¼ 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S ¼ 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 5. Probability of detecting an air shower as a function of angular difference
between the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with an
arrival direction in this bin as a fraction of detected events, Ndetected, and received
triggers Ntotal . The gray contour shows a model of the extent of the beam-shape of
an HBA tile. The model is scaled to match the cosmic ray data.
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0� and north corre-
sponds to 90�. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
�2/nd.o.f. = 0.9.

The e↵ect is also illustrated in Fig. 24, which shows the frac-
tion of detected air showers as a function of azimuth angle for
the events with radio signal, as well as for all LORA triggers
sent. While the events registered with the LORA detectors are
uniformly distributed in azimuth, the radio events show a clear
deficit from the south. Due to the orientation of the LOFAR an-
tennas and thereby the reduced sensitivity for purely east-west
polarized signals, events arriving directly form the north are not
necessarily preferred, as their signal is expected to be mainly
polarized in the east-west direction (Huege 2013). The detection
e�ciency as a function of direction follows from a deconvolu-
tion of the expected emission strength with the antenna pattern
and will not be discussed in detail here.

The energies of the air showers with a detectable ra-
dio signal are shown in Fig. 25. The depicted energy is the
one reconstructed from the corresponding particle data. This
reconstruction has an overall systematic uncertainty of 27% and
varying event by event uncertainties (Thoudam et al., in prep.).
One clearly sees that below ⇠1017 eV the detection of air show-
ers through their radio signal is not fully e�cient, as the strength
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Fig. 25. Distribution of the energies of the cosmic rays which had a
measurable radio signal in the LOFAR data. The depicted energy is
the one reconstructed from the corresponding particle data. The quality
cuts, as described in Sect. 4.1, are applied.

of the radio signal scales with the energy of the shower. Higher
energies in this distribution are constrained by the steeply falling
cosmic-ray energy spectrum and limited size of the detector ar-
ray, which leads to limited event statistics at the highest energies.
There are significant hints that showers of higher energies have
been measured with LOFAR (especially when including the sta-
tions outside the Superterp), but these events are not well enough
constrained by the data from the particle detectors in order to
have a reference energy of the necessary accuracy. After a cal-
ibration of the energy of the radio measurements, those events
will be used in a radio-stand-alone reconstruction.

5. Conclusions

At LOFAR cosmic-ray induced air showers are regularly mea-
sured with an array of particle detectors, LORA, and a large ar-
ray of radio antennas. The cosmic-ray pipeline is routinely find-
ing their distinctive radio signatures in the measurements and a
full three-dimensional electric field vector is reconstructed for
every antenna position.

A large dataset has been gathered with hundreds of identified
cosmic-ray events in data from the LBAs. With up to a thousand
antennas per events, these are the first highly detailed measure-
ment of the radio signal of air showers. These measurements will
be used for a detailed characterization of the shower shape and
will be the benchmark data for comparison with models of radio
emission in air showers.

Acknowledgements. The LOFAR cosmic ray key science project very much
acknowledges the scientific and technical support from ASTRON, espe-
cially in constructing the LORA particle detectors. We thank the KASCADE
Collaboration for providing the scintillator detectors. Furthermore, we ac-
knowledge financial support from the Netherlands Research School for
Astronomy (NOVA), the Samenwerkingsverband Noord-Nederland (SNN) and
the Foundation for Fundamental Research on Matter (FOM) as well as sup-
port from the Netherlands Organization for Scientific Research (NWO), VENI
grant 639-041-130. We acknowledge funding from an Advanced Grant of the
European Research Council under the European Union’s Seventh Framework
Program (FP/2007-2013) / ERC Grant Agreement n. 227610. LOFAR, the Low
Frequency Array designed and constructed by ASTRON, has facilities in sev-
eral countries, that are owned by various parties (each with their own fund-
ing sources), and that are collectively operated by the International LOFAR
Telescope (ILT) foundation under a joint scientific policy. The authors would
like to thank both the internal and external referees for carefully reading the
manuscript. Chiara Ferrari and Giulia Macario acknowledge financial support by
the “Agence Nationale de la Recherche” through grant ANR-09-JCJC-0001-01.

A98, page 13 of 14

Arrival direction of showers with strong radio 
signals

30 - 80 MHz

north-south asymmetry
v x B effect

P. Schellart et al., A&A 560 (2013) A98

Auger Engineering Radio Array
AERA



Jörg R. Hörandel, ISCRA Erice 2024

T. Huege / Physics Reports 620 (2016) 1–52 7

Fig. 4. Radio pulses (top) arising from the time-variation of the geomagnetically induced transverse currents in a 1017 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.
Source: Adapted from [18].

Fig. 5. Left: Illustration of the geomagnetic radiation mechanism. The arrows denote the direction of linear polarization in the plane perpendicular to the
air shower axis. Irrespective of the observer position, the emission is linearly polarized along the direction given by the Lorentz force, Ev ⇥ EB (east–west for
vertical air showers). Right: Illustration of the charge excess (Askaryan) emission. The arrows illustrate the linear polarization with electric field vectors
oriented radially with respect to the shower axis.
Source: Diagrams have been adapted from [20,21].

3.2. Charge excess emission (Askaryan effect)

In addition to the dominating geomagnetic contribution3 a secondary effect exists. It iswell 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
finally 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 polarization. However, the electric field vector is oriented radiallywith 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 investigated in considerable depth in the
context of neutrino detection via radio emission in ice and the lunar regolith (see, e.g., [24]). Since the length scales of particle

3 Obviously, the geomagnetic contribution vanishes for air showers arriving parallel to the magnetic field. For air showers with a small geomagnetic
angle thus the charge excess emission can actually become dominant.
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
its length is proportional to the degree of polarization p. The shower axis is located at the origin
(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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Charge excess fraction

Table 1. Charge-excess fraction as a function of the distance from the shower axis for three di�erent
zenith angle bins.

Charge-excess fraction (a)
r⇥ � = [0�, 20�) � = [20�, 40�) � = [40�, 60�)

0� 50m (8.15± 1.59)% (6.87± 0.68)% (3.47± 0.79)%
50� 100m (13.71± 0.47)% (11.15± 0.25)% (5.84± 0.43)%
100� 150m (16.91± 0.66)% (12.80± 0.21)% (9.93± 0.46)%
150� 200m (18.74± 0.57)% (14.89± 0.24)% (10.76± 0.49)%
200� 250m (20.80± 0.98)% (15.66± 0.35)% (10.44± 0.54)%

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three di�erent
zenith angle bins.

obtained, and listed in table ??, still depend on the event set used due to shower-to-shower
fluctuations.

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for

– 14 –

Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band
antennas, projected onto the shower plane. Each arrow represents the electric field measured by one
antenna. The direction of the arrow is defined by the polarization angle  with the ê~v⇥ ~B axis and
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(indicated by the black dot). The median uncertainty on the angle of polarization is 4� and the value
for each antenna is indicated by the grey arrows in the background. Except for a few antennas in
the lower left station they are mostly small, indicating that the pattern is not the result of a random
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location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly
be seen for two measured air showers.
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Figure 1: (left) Distance to Xmax as a function of the zenith angle for an average Xmax of 669 g/cm2 for

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

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

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

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

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

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

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

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

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

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

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

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

github [18].99

4
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Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

to shower maximum increases with decreasing elevation angle (✓), the shape of the radio wavefront is also
expected to depend on the elevation angle. This can be seen in Fig. 2 where the radius of curvature of the
inner part, its extent and the slope of the conical part are all expected to depend on the distance to the last
emission point. This in turn would depend on Xmax.

Similar to [10], we can take e.g. the time lag of the radio wavefront at r = 100m, with respect to the
arrival time of the emission along the shower axis (r = 0). It is not possible to use the hyperbola parameter
b (the slope of the asymptote) directly, as in some cases the asymptotic regime is (far) outside the data
range. Fig. 9 shows the time lag at r = 100m as a function of elevation angle. We find a weak correlation
with a Pearson correlation coe�cient of 0.32. The probability of obtaining this value for uncorrelated data
is 4 · 10�5.

To give an order of magnitude of the angular deviation between the measured wavefront and the shower
plane, we can use t100 to get

↵ =
c t100
100m

, (13)

which is on average 0.11 rad = 0.63 �. As the hyperbola becomes steeper further out, we could also use t250
instead (still inside the data range), which would give on average 0.94 �. These numbers agree qualitatively
with the average deviation angle from a plane of 0.83 � found by [10]. The small angle of less than one degree
explains why accurate timing is required in order to measure the wavefront shapes.

In practice however, it appears to be di�cult to use wavefront timing by itself to determine (the distance
to) Xmax. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to Xmax [21]. Combining this technique with
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 8: Angular di�erence between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to � 1 �,
when the shape is in fact hyperbolic (top plot). The di�erences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

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

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

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

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

Measurement of the Radiation Energy in the Radio Signal of Extensive 
Air Showers as a Universal Estimator of Cosmic-Ray Energy6
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ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
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with signal below threshold. For the three data points with
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denote showers with five or more detected radio signals.
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e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
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arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
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FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.
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FIG. 5. (top) The radio-energy estimator Sradio as a function of the
cosmic-ray energy ECR measured with the surface detector. A power
law is fitted to the data using a likelihood approach which takes all
uncertainties and detection efficiencies into account. Green filled cir-
cles denote air showers where the core position has been determined
in the radio LDF fit, i.e., all air showers with at least five stations with
signal. Open circles denote events with less than five stations with
signal and use the SD core position. (bottom) Relative energy reso-
lution: The energy of the radio detector is obtained using the fit in
the left-hand figure. The left histogram contains all air showers, and
the right histogram contains the air showers with at least five stations
with signal (green filled circles). The expected distribution is shown
as a gray shaded area which is computed from the fitted probability
model that describes the fluctuations.

B. Precision and possible improvements of the energy
reconstruction

We have found that the instrumental noise and the envi-
ronmental influences are not the dominant contributions to
our energy resolution. Applying the method described to a
CoREAS Monte Carlo data set [23, 49], including a represen-
tative set of shower geometries as well as shower-to-shower
fluctuations, but no instrumental or environmental uncertain-
ties, a similar energy resolution is obtained for the same de-

tector layout.
The intrinsic limitation in the energy resolution due to

shower-to-shower fluctuations of the electromagnetic part of
the shower is predicted to be smaller than 10% [9, 20] and
we expect that the current energy resolution can be further
improved. Under the condition that the LDF samples the rele-
vant part of the signal distribution on the ground correctly for
all geometries, the energy estimator should only be affected
by the shower-to-shower fluctuations in the electromagnetic
part of the shower. The only additional geometric dependence
is due to the fact that the air shower might not be fully devel-
oped when reaching the ground, i.e., some part of the shower
is clipped away. As the atmospheric depth increases with the
secant of the zenith angle, clipping mostly affects high-energy
vertical showers. Hence, we expect an additional dependence
on the zenith angle. In the future, with larger statistics, this
effect will be parametrized from data and will further improve
the energy resolution. Also, a better understanding of the de-
tector and the environmental effects, such as temperature de-
pendencies, will help to improve the energy reconstruction.

Combined measurements, such as they are possible at the
Pierre Auger Observatory, hold great potential for future im-
provements of the energy resolution due to the anti-correlation
of the energy reconstructed with the radio and surface detec-
tors.

C. The energy content of extensive air showers in the radio
frequency range of 30 to 80 MHz

So far, the energy content of extensive air showers in the ra-
dio frequency range of 30 to 80 MHz has only been measured
at the Pierre Auger Observatory in Argentina. However, our
findings can be generalized by the following consideration.

To obtain a prediction that is independent of the location
of the experiment, i.e., a universal formula to calculate the
radiation energy from the cosmic-ray energy, the calibration
function Eq. (6) can be normalized to the local magnetic field.
We found that it is sufficient to correct only for the dominant
geomagnetic part of the radio emission. This is because the
increase of radiation energy due to the charge-excess emission
is small, as constructive and destructive interference with the
geomagnetic emission mostly cancel out in the integration of
the energy densities over the shower plane, see Eq. (5). For the
average relative charge-excess strength of 14% at AERA [15]
the increase in radiation energy is only 2%. As most locations
on Earth have a stronger magnetic field than the AERA site the
effect of the charge-excess emission on the radiation energy
will be even smaller. Within the statistical accuracy of the
calibration function this effect can be neglected which leads
to the universal prediction of the radiation energy

E30�80MHz =(15.8 ± 0.7(stat) ± 6.7(sys)) MeV

⇥
✓

sin ↵
ECR

1018 eV

BEarth

0.24 G

◆2

,
(7)

where ECR is the cosmic-ray energy, BEarth denotes the lo-
cal magnetic-field strength and 0.24 G is the magnetic-field

� ⇡ 24%

E30-80 MHz = 15.8 MeV @ 1018 eV

A. Aab et al., PRL  116 (2016) no.24, 241101 
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Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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Measurement of particle mass

�Xmax ⇡ 17 g/cm2�E ⇡ 32%

Xmax reconstruction based on radio detection of air showers
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van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, E�elsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well

2

[1] At the LOFAR core, radio emission from air showers is 
detected by hundreds of 30-80 MHz antennas simultaneously
[2] The radio power footprint can be simulated with the 
CoREAS code, but depend on Xmax. For each shower we 
produce a set of 50 proton and 25 iron showers. The best fitting 
shower is shown here.
[3] The pattern is not rotationally symmetric due to interference 
between geomagnetic and charge excess radiation. Therefore, 
the lateral distribution function is not single-valued. A 2D 
approach is needed to achieve high-resolution reconstructions  
[4] The quality-of-fit depends strongly on Xmax and is used to 
reconstruct the shower depth.   

1

2 3 4

[5] The energy resolution of 32% is given by the distribution of 
the ratio between the energy scaling factor of the radio 
reconstruction and the particle reconstruction from the LORA 
array
[6] The uncertainty on Xmax is found with a Monte Carlo study. 
For this sample the mean uncertainty is 17 g/cm2 [7] Composition measurement based on 118 

showers. See 34th ICRC Oral #780

5 6
7

example shower

118 showers

Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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telescope. Showers that occurred within an hour of lightning activity 
or that have a polarization pattern that is indicative of influences from 
atmospheric electric fields are excluded from the sample15.

Radio intensity patterns from air showers are asymmetric, owing to 
the interference between geomagnetic and charge-excess radiation. 
These patterns are reproduced from first principles by summing the 
radio contributions of all electrons and positrons in the shower. We 
use the radio simulation code CoREAS16, a plug-in of CORSIKA17, 
which follows this approach.

It has been shown that Xmax, the atmospheric depth of the shower 
maximum, can be accurately reconstructed from densely sampled 
radio measurements18. (The atmospheric depth is the air density 
integrated over the path that the particle has travelled, starting at the 
top of the atmosphere.) We use a hybrid approach that involves simul-
taneously fitting the radio and particle data. The radio component is 
very sensitive to Xmax, whereas the particle component is used for the 
energy measurement.

The fit contains four free parameters: the shower core position (x, y), 
and scaling factors for the particle density (fp) and the radio power (fr). 
If fp deviates substantially from unity, then the reconstructed energy 
does not match the simulation and a new set of simulations is pro-
duced. This procedure is repeated until the energies agree within the 
chosen uncertainties. The ratio of fr and fp should be the same for all 
showers, and is used to derive the energy resolution of 32% (see Fig. 1).

The radio intensity fits have reduced χ2 values ranging from 0.9 to 
2.9. All features in the data are well reproduced by the simulation (see 
Extended Data Figs 1–5), which demonstrates that the radiation mech-
anism is well understood. The reduced χ2 values that exceed unity 
could indicate uncertainties in the antenna response or the atmos-
pheric properties that were not already accounted for, or limitations 
of the simulation software.

Radio detection becomes more efficient for higher-altitude show-
ers that have larger footprints (that is, larger areas on the ground in 
which the radio pulse can be detected). However, the particle trigger 
becomes less efficient because the number of particles reaching the 
ground decreases. To avoid a bias, we require that all the simulations 
produced for a shower satisfy a trigger criterion (see Methods). Above 
1017 eV, this requirement removes four showers from the sample. At 
lower energies, the number of showers excluded increases rapidly, and 
so we exclude all showers with energies less than 1017 eV from our 
analysis.

Furthermore, we evaluate the reconstructed core positions of all 
simulated showers. Showers with a mean reconstruction error greater 

than 5 m are rejected. This criterion does not introduce a composition 
bias because it is based on the sets of simulated showers, not on the 
data. The final event sample contains 118 showers.

The uncertainty in Xmax is determined independently for all show-
ers18, and has a mean value of 16 g cm−2 (see Extended Data Fig. 6). 
Figure 2 shows our measurements of the average Xmax, 〈Xmax〉, which 
are consistent with earlier experiments using different methods. The 
high resolution for Xmax per shower allows us to derive more informa-
tion about the composition of cosmic rays, by studying the shape of 
the Xmax distribution. For each shower, we calculate a mass-dependent 
parameter:

=
〈 〉−
〈 〉− 〈 〉

( )a
X X
X X

1proton shower

proton iron

in which Xshower is the reconstructed Xmax, and 〈Xproton〉 and 〈Xiron〉 
are mean values of Xmax for proton and iron showers, respectively,  
predicted by the hadronic interaction code QGSJETII.0419.

The cumulative probability density function (CDF) for all showers 
is plotted in Fig. 3. First, we fit a two-component model of protons and 
iron nuclei (p and Fe), with the mixing ratio as the only free parameter.  
To calculate the corresponding CDFs we use a parameterization of the 
Xmax distribution fitted to simulations based on QGSJETII.04. The 
best fit is found for a proton fraction of 62%, but this fit describes  
the data poorly, with p = 1.1 × 10−6. (The test statistic for this fit is 
the maximum deviation between the data and the model CDFs, and p 
represents the probability of observing this deviation, or a larger one, 
assuming the fitted composition model; see Methods.)

A better fit is achieved with a four-component model of protons and 
helium, nitrogen and iron nuclei (p, He, N and Fe), yielding p = 0.17. 
Although the best fit is found for a helium fraction of 80%, the fit qual-
ity deteriorates slowly when replacing helium nuclei with protons. This 
is demonstrated in Fig. 4, in which p is plotted for four-component 
fits for which the fractions of helium nuclei and protons are fixed, and 
the ratio of nitrogen and iron nuclei is the only free parameter. The 
total fraction of light elements (p and He) is in the range [0.38, 0.98] 
at a 99% confidence level, with a best-fit value of 0.8. The heaviest 
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Figure 2 | Measurements of 〈Xmax〉. Mean depth of the shower maximum 
Xmax as a function of energy E for LOFAR, and for previous experiments 
that used different techniques26–29. Error bars indicate 1σ uncertainties. 
The systematic uncertainties are +

− g14
10  cm−2 on 〈Xmax〉 and 27% on E, as 

indicated by the shaded band. The Pierre Auger Observatory26 measures 
the fluorescent light emitted by atmospheric molecules excited by  
air-shower particles. HiRes/MIA27 used a combination of this fluorescence 
technique and muon detection. The Yakutsk28 and Tunka29 arrays use  
non-imaging Cherenkov detectors. The green (upper) lines indicate 〈Xmax〉 
for proton showers simulated using QGSJETII.04 (solid) and EPOS-LHC 
(dashed); the red (lower) lines are for showers initiated by iron nuclei.
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A large light-mass component of cosmic rays at 
1017–1017.5 electronvolts from radio observations
S. Buitink1,2, A. Corstanje2, H. Falcke2,3,4,5, J. R. Hörandel2,4, T. Huege6, A. Nelles2,7, J. P. Rachen2, L. Rossetto2, P. Schellart2,  
O. Scholten8,9, S. ter Veen3, S. Thoudam2, T. N. G. Trinh8, J. Anderson10, A. Asgekar3,11, I. M. Avruch12,13, M. E. Bell14,  
M. J. Bentum3,15, G. Bernardi16,17, P. Best18, A. Bonafede19, F. Breitling20, J. W. Broderick21, W. N. Brouw3,13, M. Brüggen19,  
H. R. Butcher22, D. Carbone23, B. Ciardi24, J. E. Conway25, F. de Gasperin19, E. de Geus3,26, A. Deller3, R.-J. Dettmar27,  
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Cosmic rays are the highest-energy particles found in nature. 
Measurements of the mass composition of cosmic rays with energies 
of 1017–1018 electronvolts are essential to understanding whether 
they have galactic or extragalactic sources. It has also been proposed 
that the astrophysical neutrino signal1 comes from accelerators 
capable of producing cosmic rays of these energies2. Cosmic 
rays initiate air showers—cascades of secondary particles in the 
atmosphere—and their masses can be inferred from measurements 
of the atmospheric depth of the shower maximum3 (Xmax; the depth 
of the air shower when it contains the most particles) or of the 
composition of shower particles reaching the ground4. Current 
measurements5 have either high uncertainty, or a low duty cycle 
and a high energy threshold. Radio detection of cosmic rays6–8 is 
a rapidly developing technique9 for determining Xmax (refs 10, 11) 
with a duty cycle of, in principle, nearly 100 per cent. The radiation 
is generated by the separation of relativistic electrons and positrons 
in the geomagnetic field and a negative charge excess in the shower 
front6,12. Here we report radio measurements of Xmax with a mean 
uncertainty of 16 grams per square centimetre for air showers 

initiated by cosmic rays with energies of 1017–1017.5 electronvolts. 
This high resolution in Xmax enables us to determine the mass 
spectrum of the cosmic rays: we find a mixed composition, with 
a light-mass fraction (protons and helium nuclei) of about 80 per 
cent. Unless, contrary to current expectations, the extragalactic 
component of cosmic rays contributes substantially to the total flux 
below 1017.5 electronvolts, our measurements indicate the existence 
of an additional galactic component, to account for the light  
composition that we measured in the 1017–1017.5 electronvolt range.

Observations were made with the Low Frequency Array (LOFAR13), 
a radio telescope consisting of thousands of crossed dipoles with 
built-in air-shower-detection capability14. LOFAR continuously 
records the radio signals from air showers, while simultaneously 
running astronomical observations. It comprises a scintillator array 
(LORA) that triggers the read-out of buffers, storing the full wave-
forms received by all antennas.

We selected air showers from the period June 2011 to January 2015 
with radio pulses detected in at least 192 antennas. The total uptime 
was about 150 days, limited by construction and commissioning of the 
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Preliminary

Auger Fluorescence

Auger Radio

Radio Xmax resolution

Results: Resolution of AERA Xmax method

8/13

Low-energy FD extension

<LOFAR>

Resolution improves with energy.

• Up to ‘better than 15 g/cm2 ‘


• Trend driven by low SNR at low energy.


Resolution competitive with e.g.: 

• Auger fluorescence 

[arXiv:1409.4809]

• LOFAR radio (E=1016.8…18.3eV) 

[arXiv:2103.12549v2]

Side note:  
High resolution is crucial for 
mass composition studies.

Δ ≈ 100 g/cm2

Bjarni Pont — b.pont@science.ru.nl — ARENA2022 — June 2022

+

cut

A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002

A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001
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Results: AERA vs other (radio) experiments

• No general radio-bias w.r.t other techniques 
(within uncertainties).


• Highlights that systematic uncertainties are 
key to interpret and compare.


• LOFAR-AERA differences are being 
investigated in a working group 
 
—> come talk to us during coffee and 
lunch!

Preliminary

+ + …

Bjarni Pont — b.pont@science.ru.nl — ARENA2022 — June 2022

A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002

A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001
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Two independent estimates of systematic uncertainties

12/13

Preliminary

• Cross check: two independent estimates for total systematic uncertainties are in agreement.

    —> suggests systematic uncertainties are well-understood and no significant contribution is missing.

FD syst. unc. ~ 10 g/cm2

+

Independent constrained from 
AERA-FD dataset (most lower E)

Bjarni Pont — b.pont@science.ru.nl — ARENA2022 — June 2022

A. Abdul Halim et al., Phys. Rev. D, 109 (2024) 022002

A. Abdul Halim et al., Phys. Rev. Lett., 132 (2024) 021001
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Determine the properties of the 
incoming particle with the radio 
technique
 
- direction     ~ 0.1° - 0.5°
- energy        ~ 15% - 30% 
- type (Xmax)  ~ 20 - 30 g/cm2

(depending on energy, detector spacing, …)  
 
—> radio technique is routinely used to   
       measure properties of cosmic rays
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radio antenna 30-80 MHz
two orthogonal polarizations
250 MHz sampling

plastic scintillator
120 MHz sampling

read-out electronics e/�

µ
µ

e/�

water-Cherenkov detector
120 MHz sampling

atmosphere of Earth is 
transparent in 30-80 MHz band

The Radio Detector of the Pierre 
Auger Observatory

http://particle.astro.ru.nl/pub/epjconf-uhecr18-06005.pdf
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Figure 5: Farthest axis distance at which a radio signal above noise background has been detected as
a function of the air-shower zenith angle. Black dots represent the 50 events that pass the quality cuts
for energy reconstruction, grey diamonds denote the remaining 511 events. The red bars show the
profile of the distribution, i.e., the mean and standard deviation in each 2¶ bin. Please note that, as
the array is significantly smaller than the radio-emission footprints, the mean values might significantly
underestimate the average footprint size.

have been detected above Galactic background noise up to axis distances of 2200 m. Note that the143

signal distribution has not been corrected for asymmetries arising from the charge-excess contribution144

to the radio signal [25]. The illuminated area in the plane perpendicular to the air-shower axis for145

this event amounts to approximately 15 km2. Due to projection e�ects the illuminated area on the146

ground is much larger; a simple projection with a factor of sec(82.8¶) yields an illuminated area of147

approximately 120 km2.148

A look at the total data set of 561 events shows that indeed many events have their impact point149

outside the geometric area of AERA, cf. Fig. 4. This demonstrates that the area illuminated by radio150

signals is typically larger than the instrumented area of 3.5 km2 used in this analysis. The farthest axis151

distance at which a signal above noise has been measured shows a clear increase with increasing zenith152

angle of the air shower, as is shown in Fig. 5. This is in line with the expectations for forward-beamed153

radio emission in the absence of absorption and scattering in the atmosphere as explained above. It154

is also consistent with the observed increase in the number of detected air showers as a function of155

sin2(◊) shown in Fig. 1. A correlation of the farthest distance with the energy of the cosmic ray (not156

shown here) is also observed and can be explained by the expected increase of the detection threshold157

with increasing zenith angle.158

Fig. 6 shows a closer look at another interesting air-shower event, the southernmost one in Fig. 4.159

It has been detected with four antennas at the edge of AERA, the positions of which are in alignment160

with the air-shower axis reconstructed from the surface-detector data. Also, the arrival directions161

reconstructed from the surface-detector and radio data are in agreement, and the signals measured162

in the individual antennas have typical characteristics of air-shower radio signals. The maximum163

axis distance at which the signal has been measured amounts to 2150 m, a value similar to that164

measured in other air showers; i.e., the exceptionally large ground distance arises from projection165

e�ects. Nevertheless, this example illustrates that the ground area illuminated by radio signals can be166

significantly larger than the “particle footprint” on the ground.167
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~21 km2

~87 km2

~8 km2

~114 km2

~46 km2

~17 km2

~60 RDs
~25 RDs

~9 RDs

on standard 1500 m grid

Horizontal air showers have large 
footprints in radio emission

this is MEASURED with the small 17km2 AERA

A. Aab et al., JCAP10(2018)026

Hörandel Part B2 Auger-Horizon 
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 

Surface Detector array: 
Water Cherenkov Detector, 
Surface Scintillator Detector, 
Radio Detector 
1600 stations on 1500 m grid 
    61 stations on   750 m grid

Pierre Auger Observatory

3000 km2
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• close to ideal p-Fe 
separation 

• increase sky coverage and 
overlap with TA  

• RD/WCD has different 
systematic effects as 
compared to SSD/WCD  

• clean measurement of e/m 
shower component 
—> independent energy 
scale

• increasing measurements of 
e/m and µ components for 
inclined showers by an order 
of magnitude

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

30–80 MHz=sin
2ðαÞ for each

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

EAuger
30–80 MHz=sin

2ðαÞ ¼ A × 107 eVðECR=1018 eVÞB: ð1Þ

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

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

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

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

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Solid circles
denote showers with five or more detected radio signals.

PRL 116, 241101 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
17 JUNE 2016

241101-6

PRL 116 (2016) 241101

• based on 15 years of experience 
with AERA
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Figure 5: Farthest axis distance at which a radio signal above noise background has been detected as
a function of the air-shower zenith angle. Black dots represent the 50 events that pass the quality cuts
for energy reconstruction, grey diamonds denote the remaining 511 events. The red bars show the
profile of the distribution, i.e., the mean and standard deviation in each 2¶ bin. Please note that, as
the array is significantly smaller than the radio-emission footprints, the mean values might significantly
underestimate the average footprint size.

have been detected above Galactic background noise up to axis distances of 2200 m. Note that the143

signal distribution has not been corrected for asymmetries arising from the charge-excess contribution144

to the radio signal [25]. The illuminated area in the plane perpendicular to the air-shower axis for145

this event amounts to approximately 15 km2. Due to projection e�ects the illuminated area on the146

ground is much larger; a simple projection with a factor of sec(82.8¶) yields an illuminated area of147

approximately 120 km2.148

A look at the total data set of 561 events shows that indeed many events have their impact point149

outside the geometric area of AERA, cf. Fig. 4. This demonstrates that the area illuminated by radio150

signals is typically larger than the instrumented area of 3.5 km2 used in this analysis. The farthest axis151

distance at which a signal above noise has been measured shows a clear increase with increasing zenith152

angle of the air shower, as is shown in Fig. 5. This is in line with the expectations for forward-beamed153

radio emission in the absence of absorption and scattering in the atmosphere as explained above. It154

is also consistent with the observed increase in the number of detected air showers as a function of155

sin2(◊) shown in Fig. 1. A correlation of the farthest distance with the energy of the cosmic ray (not156

shown here) is also observed and can be explained by the expected increase of the detection threshold157

with increasing zenith angle.158

Fig. 6 shows a closer look at another interesting air-shower event, the southernmost one in Fig. 4.159

It has been detected with four antennas at the edge of AERA, the positions of which are in alignment160

with the air-shower axis reconstructed from the surface-detector data. Also, the arrival directions161

reconstructed from the surface-detector and radio data are in agreement, and the signals measured162

in the individual antennas have typical characteristics of air-shower radio signals. The maximum163

axis distance at which the signal has been measured amounts to 2150 m, a value similar to that164

measured in other air showers; i.e., the exceptionally large ground distance arises from projection165

e�ects. Nevertheless, this example illustrates that the ground area illuminated by radio signals can be166

significantly larger than the “particle footprint” on the ground.167

– 6 –

JCAP 10 (2018) 026

extend mass sensitivity to inclined showers  ✓ > 60�

J.R. Hörandel et al, EPJC Web of Conf. 210 (2019) 06005

https://www.google.com/search?client=safari&rls=en&q=PRL+116+(2016)+241101&ie=UTF-8&oe=UTF-8
https://iopscience.iop.org/article/10.1088/1475-7516/2018/10/026
https://www.epj-conferences.org/articles/epjconf/pdf/2019/15/epjconf_uhecr18_06005.pdf
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XLF
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~500 stations Nov 2023 ~1000 stations Mar 2024

~1360 stations July 2024
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installation of digitizers ~7/day
installation of antennas up to 
~7/day

number of 
positions with 
signals in EAS

positions in DAQ

nice horizontal 
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long-term testing with prototype stations engineering array
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thermal cycling 
(aging)
LNA & digitizer

Temperaturetests RD-FE

J. Rautenberg, BU Wuppertal PRR - 24.01.2022 2

Setup for temperature-tests at BUW
● 2x Climate-chamber (Binder MK53)

● Tower of 12 FakeUUB (MachXO2-7000HE), 
USB controlled, 
power-distribu-on switchable

● Lab-Power-supply (QJ3305P, USB)

● Signal-generator (Agilent 33250A, USB)

● Small PC for DAQ

● Spli6er / DC-blocker board 1→24 (custom)

● Readout with USB-hubs

● Addi-onal Temperature (DS18B20 on Arduino) 

end-to-end calibration 
in lab
LNA & digitizer

Pierre Auger Observatory – Radio Detector

PRR electrical components

Figure 2: Test and verification of the digitizers at Radboud University. A dedicated calibration
and test fixture as been developed to test the functionality and calibrate the digitizers. The
left-hand plot shows more details.

A dedicated device has been developed to test and calibrate the digitizers. The digitizer beards
are inserted in the device. Test points are automatically connected via spring-loaded pins. Thus,
no cables need to be connected. The digitizers are powered up and a basic functionality test is
conducted. A scanner reads the bar code with an unique serial number on each PCB. For the
mass production, the test device will be given to GE in order to conduct an acceptance test at
GE.

The device also contains functionality to calibrate the analogue chain of the digitizers. The pre-
production units have been calibrated at RU after the temperature cycling at Wuppertal, see
below. For the mass production the calibration will be conducted at RU after the temperature
cycling.

4 Temperature cycling

A dedicated set-up has been developed at Wuppertal for the temperature cycling of the RD
electronics. We use MachXO2-7000HE boards as UUB emulators to read out 12 digitizers in
parallel. The emulators are connected via USB to a computer. The power distribution is
switchable. Power is provided by a lab power supply QJ3305P, also USB controlled. An Agilent
33250 A signal generator is used, controlled via USB.

The performance of the voltage regulators has been verified for one board in particular. During
a temperature variation of �T = 100 K a small variation of the currents has been observed, see
figure. All voltages on the board have been stable, as illustrated in Fig. 4.

The procedure of temperature cycling is very similar to the procedure for the UUBs. The
procedure is illustrated in Fig. 5. First, the boards are undergoing a 24 h burn-in phase during

v0.1 – January 21, 2022 3

Improvements with respect
actual model

1. New antenna model (32-sided polygon) increase the VEL  

2. New ferrite model |Z| varies with frequency reduce cables influence on antenna sensitivity                               

3. Cable radius changed 0.7cm -> 0.2cm reduce cables influence on antenna sensitivity 

4. New frame  for the antenna  Less re-radiated radiation of the plate add with the radiation of the loop itself 

5. WCD modelled as an octagon  Shape of the WCD (with the Surface model) does not influence antenna sensitivity

Conclusions 

14

Thanks to Tomás for the S-parser 
and the Nec output reader! 

simulation of antenna 
pattern
NEC

45 
 

 
Figure x.10,  Patterns, YZ antenna, 50 MHz. 

 
  

in-situ calibration with 
reference antenna

Galactic emission

Figure 26: Sidereal modulation of the power of the radio-signal background in measurements (left)
and in simulations (right) as a function of local sidereal time (LST) and frequency over a period of 12
days. The simulated data are obtained using a model of the radio sky which is propagated through
our detector model. Ambient (non-galactic) noise extracted from measurements has been added
to the simulated signal for a one-to-one comparison to the measured values. The increased power
between 12 h and 24 h arises from the Galactic center in the field of view of the antennas. The increased
power at 20 h and below 40 MHz in the measured data is caused by intermittent anthropogenic signals
present during the data-taking period.

• Measurements of the directional response of the full signal chain using a radio-
calibration source mounted on a drone. This is also used to evaluate the accuracy
of the simulation studies.

• Measurements of the radio emission from the Milky Way as a calibration source to
provide an absolute calibration. This is also used to evaluate the accuracy of laboratory
measurements of the hardware response to radio signals.

The latter two will together form a complete calibration of the RD. Further details are given
below on the current and planned implementation of the calibration:

• The directional calibration of our full signal chain by drone-mounted radio sources will
provide us with a quantitative estimation of the reconstruction uncertainties. The cali-
bration procedure will borrow from similar measurements for the AERA detector [109],
but it now includes higher accuracy in drone positioning and the ability to aim the ref-
erence antenna for a stable operation. Some early data have been obtained with drone
flights at a deployed RD station to test the reconstruction pipeline and improve the
efficiency of the procedures. The first full measurements are planned for later in 2023,
to coincide with the deployment timeline of the RD. The measurements at multiple
stations will allow us to quantify variations in the hardware from manufacturing and
deployment. The measurements nearly horizontal to the antenna mast will allow us
to validate our antenna simulations in the regime where reflections off the ground
become important. These are generally more difficult to model. Measurements at
multiple points in time will allow us to evaluate our modeling of the effect of changing
ground conditions (permittivity and reflectivity effects).

• We use sky models (constructed from multiple radio-sky surveys [110]) of the galactic
emission in the 30 to 80 MHz frequency band to provide an absolute calibration. Fig. 26

46

absolutely calibrated 
signals

atmospheric electric field

max.buesken@kit.edu

1.5 years in E-Field data

● Thunderstorm-heavy periods in austral summer clearly visible

window is optionally available to allow for the reduc-
tion of spectral distortion in the presence of stronger sig-
nals. To reduce the resource requirements on the FPGA,
the FFT unit is used to capture a power spectrum from
one channel at a time, alternating the channel between
successful captures. Once captured, the FFT results are
accumulated to build up sensitivity for the calibration.
The number of accumulations is configurable, by de-
fault 8192 spectra are accumulated for each channel. If
there are no noise peaks in the environment this should
take 2 seconds. The processed spectral data is available
for each ⇡0.24 MHz over the full 0 MHz to 125 MHz
range. Only part of this data will be required for cali-
bration so individual bins of the spectral data are avail-
able for download to the UUB. At the UUB selected
frequency bins of this background noise information are
then added into the global Auger housekeeping infor-
mation data stream.

6.4.2. Trigger

Do we want to mention the radio trigger already???!?!

6.5. Thermal cycling

Julian: thermal cycling of digitizer!?!

6.6. Hardware calibration

7. Monitoring

Julian/Sjoerd: parameters provided to the data base!?!

8. Calibration

Bjarni: calibration description!?!

8.1. Galactic emission

describe procedure, Tomas et al, based on Katie

8.2. Reference antenna

9. Expected performance

Tim: compact version of Felix Schlüter key results!?!

10. First data

10.1. background spectra

10.2. implementation in analysis software

10.3. air showers

11. Outlook

trigger

Figure 12: The filter amplifier characteristics with their uncertainty
bounds. Shown after calibration of the first 989 front-end boards of
the Radio Detector.

9

the 
„muon 
peak“ 
for radio

agreem
ent 

on ~5%
 level

Calibration procedure
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RD SD
Azimuth (deg) 156.99±0.01 157±0.1
Zenith (deg) 84.7±0.01 84.7±0.1
Energy (EeV) 36.23 	± 	3.34 38.55 	± 	2.92
Core X (km) -19.8 -17.40±0.88
Core Y (km) -8.73 -9.78±0.45
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Signal model and event reconstruction

for the radio detection of inclined air

showers
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Abstract. The detection of inclined air showers (zenith angles ◊ & 65¶) with kilometer-spaced
radio-antenna arrays allows measuring cosmic rays at ultra-high energies (E . 1020 eV).
Radio and particle detector arrays provide independent measurements of the electromagnetic
and muonic shower components of inclined air showers, respectively. Combined, these
measurements have a large sensitivity to discriminate between air showers initiated by lighter
and heavier cosmic rays.

We have developed a precise model of the two-dimensional, highly complex and asym-
metric lateral radio-signal distributions of inclined air shower at ground — the “radio-emission
footprints”. Our model explicitly describes the dominant geomagnetic emission with a rota-
tionally symmetric lateral distribution function, on top of which additional e�ects disturb the
symmetry. The asymmetries are associated with the interference between the geomagnetic and
sub-dominant charge-excess emission as well as with geometrical projection e�ects, so-called
“early-late” e�ects. Our fully analytic model describes the entire footprint with only two
observables: the geometrical distance between the shower impact point at the ground and the
shower maximum dmax, and the geomagnetic radiation energy Egeo. We demonstrate that
with this model, the electromagnetic shower energy can be reconstructed by kilometer-spaced
antenna arrays with an intrinsic resolution of 5% and a negligible bias.
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Figure 42: Left: Measurement of the radio emission from an extensive air shower at a zenith angle of
75� with the Radio Detector. The reconstructed energy agrees within 10% with the one reconstructed
with the surface detector. Right: First data set of air showers measured with the Radio Detector (N8
referring to the first hexagon of 8 detector stations, N38 referring to the super-hexagon of 38 detector
stations) and comparison of the energy reconstructed from radio and surface detector data.

as compared to hadronic ones becomes evident.

Radio measurements. The Auger Radio Detector, with its 1660 antennas on an area of
3000 km2 builds on a decade of experience gathered with the Auger Engineering Radio
Array (AERA), an array of autonomous radio detector stations covering an area of 17 km2.

With AERA, radio detection has been demonstrated to provide an accurate measurement
of the electromagnetic energy of air showers [126, 127] as well as, with a dense-enough grid
of antennas, allowing an accurate measurement of the depth of shower maximum of air
showers [128]. As such, radio detection is an interesting alternative to fluorescence detection,
being inherently less dependent on atmospheric conditions, operating continuously during
the day and at night, and not suffering from any relevant detector aging [112].

Figure 41 displays a preliminary measurement of the number of muons #19 in inclined
showers (determined by applying the standard reconstruction of inclined air showers for
 > 60� in the SD-1500 array on data measured with the SD-750 array) as a function of the
energy of the electromagnetic component determined by AERA. The probed energy range fills
the gap between measurements performed with the UMD [52] and inclined showers [51, 53],
and reaches down to 1017.5 eV. The RD will allow us to extend this analysis to energies well
beyond 1019 eV (shadowed region in Fig. 41).

Since May 2023, a total of 38 radio detectors have been running stably and taking air-
shower data in a super-hexagon configuration covering approximately 70 km2. The Radio
Detector has been fully characterized and integrated seamlessly within the Offline analysis
framework. Tailor-made reconstruction algorithms have been implemented [129] as well,
i.e., we are fully ready to perform calibrated analyses of RD data as they become available.
Indeed, first cosmic-ray events have been measured successfully and are showcased in Fig. 42.

With the recently developed radio-interferometric technique [130, 131], exploiting the
coherence of the radio signals after propagation through the refractive index gradient of

59

measurement of e/m energy by RD

—> full end-to-end verification of complete chain

pr
eli
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9Felix Schlüter  -  felix.schlueter@kit.edu 

Event statistics for 10-year exposure
Using Auger-measured flux

Independent of exact 
simulation settings

Expected number of cosmic rays after 
10 years
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Particle physics in air showers 

—> investigation 
of muon deficit

15Felix Schlüter  -  felix.schlueter@kit.edu 

Muons in inclined air showers

■ Higher energies 
and larger statistics

■ Muon deficit

■ Discrimination 
potential with 
fluctuation Muons in 

inclined air 
showers
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Particle type for each cosmic ray

14Felix Schlüter  -  felix.schlueter@kit.edu 
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50/50 p-Fe composition 
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1 Introduction

The Pierre Auger Observatory, located in western
Argentina, is the world’s largest cosmic-ray obser-
vatory [1]. The objectives of the Observatory are
to probe the origin and characteristics of cosmic
rays above 1017 eV and to study the interactions
of these most energetic particles observed in Na-
ture. The Auger design features an array of 1600
water-Cherenkov Detector stations on a 1 500 m
grid, spread over 3 000 km2, and overlooked by
24 air fluorescence telescopes. In addition, three
high-elevation fluorescence telescopes overlook a
23.5 km2, 61-detector infilled array with 750 m spac-
ing. Radio emission from extensive air showers is
measured with the Auger Engineering Radio Array
(AERA), comprising more than 150 radio detector
stations on an area of about 17 km2, co-located with
the infill array [2, 3].

At present, the Pierre Auger Collaboration is im-
plementing an upgrade of the Observatory, Auger-
Prime [4]. The physics case of the upgrade is out-
lined in [5]. The key science questions to be addressed
are: What are the sources and acceleration mecha-
nisms of ultra-high-energy cosmic rays (UHECRs)?
Do we understand particle acceleration and physics
at energies well beyond the LHC (Large Hadron
Collider) scale? What is the fraction of protons,
photons, and neutrinos in cosmic rays at the high-
est energies?

A key to understanding the origin of the highest-
energy cosmic rays is a precise estimation of the
mass composition of cosmic rays up to the high-
est energies (1020 eV and above). To achieve this,
a layer of scintillators is being installed above the
water-Cherenkov Detectors (the Surface Scintilla-
tor Detector, SSD), the observation time of the flu-
orescence detectors is planned to be increased, and
underground muon detectors are being installed
in a part of the Surface Detector array. In addition,
we plan to install a radio antenna at each Surface
Detector station. The science case of this Radio
Upgrade is described in this document.

The Radio Upgrade will consist of radio antennas
installed at all 1660 stations of the Surface Detector

Figure 1: 3D rendering of an upgraded station
of the Surface Detector array of the Pierre Auger
Observatory, comprised of (from bottom to top) a
water-Cherenkov Detector station, a layer of scin-
tillators, and a radio antenna.

array of the Observatory, forming a 3 000 km2 radio
array. The instrumented area of the radio detector
will be more than a factor of 100 larger than that
of any other existing radio detector for air showers
in the world [6, 7]. A 3D rendering of the planned
set-up is given in figure 1. It shows (from bottom
to top) the water-Cherenkov Detector with a layer
of scintillators on top (Surface Scintillator Detec-
tor) and a radio antenna (Radio Detector) mounted
above. The concept of radio antennas on top of the
Surface Detector stations has been studied earlier
at the Auger Observatory on smaller scales [8, 9],
and provides strong benefits in terms of shared in-
frastructure for power supply, triggering, and com-
munications.

From the combination of water-Cherenkov De-
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