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Prof. Dr. Ralph Engel 
KIT 
 

Nijmegen, 21 January 2026 
 
Sponsoring International School of Cosmic Ray Astrophysics 
 
Dear Professor Engel, lieber Ralph, 
 
The International School of Cosmic Ray Astrophysics is looking back on a long tradition, educating students 
and young scientists in the field of astroparticle physics from many countries around the world since 1978. 
Astroparticle physics is an interdisciplinary field at the interface between astronomy, astrophysics, particle 
physics, and cosmology. The School is held biannual at the Ettore Majorana Center in Erice, Sicily. The 24th 
Course “Particles and the Cosmos – Bridging the infinitesimal and the infinite” will take place 29 July – 6 
August 2026 and is jointly organized by Professors Jörg R. Hörandel (Radboud University, The Netherlands), 
Roberta Sparvoli (University of Rome Tor Vergata, Italy), and Todor Stanev (Bartol Research Institute, USA). 
 
One of the main objectives of the School is to bring together students and high-profile scientists from many 
countries around the world. The organizers of the School give out scholarships to cover the local costs to stay 
in Erice during the School. This allows students from less developed countries to attend the School. The fee for 
the next course is expected to be around 1485.- EUR. To attract the best scientists in the field as lecturers the 
organizers also need to support some of the lecturers. Sponsoring makes this support possible. 
 
On behalf of the organizers and the students attending the School I take the liberty to kindly ask you to 
financially support the 24th Course of the International School of Cosmic Ray Astrophysics. Your support will 
be mentioned on the School web site.  
 
We would again like to thank you for your generous support of the last course in 2024, to which you 
contributed 3000.- EUR. Below we look back at the 2024 course. 
 
We would be very pleased by a positive decision. Please feel free to contact me for remaining questions. Thank 
you very much in advance. 
 
Sincerely yours 

 
Prof. Dr. Jörg R. Hörandel 
 

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

http://hoerandel.eu
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Prof. Dr. Ralph Engel 
KIT 
 

Nijmegen, 21 January 2026 
 
Sponsoring International School of Cosmic Ray Astrophysics 
 
Dear Professor Engel, lieber Ralph, 
 
The International School of Cosmic Ray Astrophysics is looking back on a long tradition, educating students 
and young scientists in the field of astroparticle physics from many countries around the world since 1978. 
Astroparticle physics is an interdisciplinary field at the interface between astronomy, astrophysics, particle 
physics, and cosmology. The School is held biannual at the Ettore Majorana Center in Erice, Sicily. The 24th 
Course “Particles and the Cosmos – Bridging the infinitesimal and the infinite” will take place 29 July – 6 
August 2026 and is jointly organized by Professors Jörg R. Hörandel (Radboud University, The Netherlands), 
Roberta Sparvoli (University of Rome Tor Vergata, Italy), and Todor Stanev (Bartol Research Institute, USA). 
 
One of the main objectives of the School is to bring together students and high-profile scientists from many 
countries around the world. The organizers of the School give out scholarships to cover the local costs to stay 
in Erice during the School. This allows students from less developed countries to attend the School. The fee for 
the next course is expected to be around 1485.- EUR. To attract the best scientists in the field as lecturers the 
organizers also need to support some of the lecturers. Sponsoring makes this support possible. 
 
On behalf of the organizers and the students attending the School I take the liberty to kindly ask you to 
financially support the 24th Course of the International School of Cosmic Ray Astrophysics. Your support will 
be mentioned on the School web site.  
 
We would again like to thank you for your generous support of the last course in 2024, to which you 
contributed 3000.- EUR. Below we look back at the 2024 course. 
 
We would be very pleased by a positive decision. Please feel free to contact me for remaining questions. Thank 
you very much in advance. 
 
Sincerely yours 

 
Prof. Dr. Jörg R. Hörandel 
 

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

http://hoerandel.eu


Xmax

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

Jörg R. Hörandel  
Radboud University, Nijmegen, The Netherlands  -  Vrije Universiteit Brussel, Belgium  -  http://hoerandel.eu
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and young scientists in the field of astroparticle physics from many countries around the world since 1978. 
Astroparticle physics is an interdisciplinary field at the interface between astronomy, astrophysics, particle 
physics, and cosmology. The School is held biannual at the Ettore Majorana Center in Erice, Sicily. The 24th 
Course “Particles and the Cosmos – Bridging the infinitesimal and the infinite” will take place 29 July – 6 
August 2026 and is jointly organized by Professors Jörg R. Hörandel (Radboud University, The Netherlands), 
Roberta Sparvoli (University of Rome Tor Vergata, Italy), and Todor Stanev (Bartol Research Institute, USA). 
 
One of the main objectives of the School is to bring together students and high-profile scientists from many 
countries around the world. The organizers of the School give out scholarships to cover the local costs to stay 
in Erice during the School. This allows students from less developed countries to attend the School. The fee for 
the next course is expected to be around 1485.- EUR. To attract the best scientists in the field as lecturers the 
organizers also need to support some of the lecturers. Sponsoring makes this support possible. 
 
On behalf of the organizers and the students attending the School I take the liberty to kindly ask you to 
financially support the 24th Course of the International School of Cosmic Ray Astrophysics. Your support will 
be mentioned on the School web site.  
 
We would again like to thank you for your generous support of the last course in 2024, to which you 
contributed 3000.- EUR. Below we look back at the 2024 course. 
 
We would be very pleased by a positive decision. Please feel free to contact me for remaining questions. Thank 
you very much in advance. 
 
Sincerely yours 
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Radio detection of extensive air showers  
Precision measurements of the properties of cosmic rays
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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 Emission in Air Showers
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in energy threshold
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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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• Mainly: Charge separation in  
geomagnetic field 
 
 
Theory predicts additional mechanisms:

• excess of electrons in shower: 
charge excess

• superposition of emission due to 
Cherenkov effects in atmosphere

6
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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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Table 1. Charge-excess fraction as a function of the distance from the shower axis for three different
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Figure 12. Charge-excess fraction as a function of distance from the shower axis for three different
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
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we estimate the mean value. We do this by taking into
account the additional spread in the sample Δ by requiring
that

χ2

ndf
¼ 1

n

XN

i

ðai − āÞ2

ðσ2ai þ Δ2Þ
¼ 1: (20)

In which the mean value ā is calculated using a weighted
average, with weights

wi ¼ 1=ðσ2ai þ Δ2Þ: (21)

We use for σai the upper uncertainty bound when ā is larger
than ai, and the lower uncertainty bound when ā is smaller
the ai. We find that the requirement in Eq. (20) is satisfied
at a value Δ ¼ 0.10, and the rescaled uncertaintiesffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ2ai þ Δ2Þ

q
are indicated by the orange boxes around

the data points in Fig. 9. The mean value is estimated to be
ā ¼ 0.14, the uncertainty on the mean is estimated from the
weights

σā ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i wi

p (22)

and has a value 0.02.

The deduced mean value of a has been used to predict
with Eq. (8) the values of ϕp and its uncertainty based on
the uncertainties in the location and the direction of the
shower axis and on the uncertainty in the direction of the
geomagnetic field. These predictions are shown in Fig. 10
and compared to the measured polarization angles. In the
case where we take a ¼ 0.14, the value of the Pearson
correlation coefficient is given by ρP ¼ 0.93þ0.04

−0.03 at 95%
C.L. If we compare this number with the value obtained
under the assumption, that there is only geomagnetic
emission (a ¼ 0 with ρP ¼ 0.82þ0.06

−0.04; see Fig. 8), we see
that the correlation coefficient increases significantly.
In addition, the reduced χ2 value decreases from 27 for
a ¼ 0.0 to 2.2 for a ¼ 0.14.
This deduced contribution for a radial component with a

strength of ð14% 2Þ% compared to the component induced
by the geomagnetic-emission process is, within the uncer-
tainties, in perfect agreement with the old data published
in Refs. [22,25]. They quote values of ð15% 5Þ% and
ð14% 6Þ% for a radio-detection setup located in British
Colombia and operated at 22 MHz.

G. Summary of experimental results

The results presented in the previous sections show that
we can use the direction of the induced electric field vector
as a tool to study the mechanism for the radio emission
from air showers. In addition to the geomagnetic emission
process which leads to an electric field vector pointing in a
direction which is fixed by the incoming direction of the
cosmic ray and the magnetic field vector of the Earth, there
is another electric field component which is pointing
radially towards the core of the shower. For the present
equipment sited at the Pierre Auger Observatory and for the
set of showers observed, this radial component has on
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FIG. 9 (color online). Distribution of most probable values of a
[see Eq. (10)] and their uncertainties for the AERA24 data set
(see Appendix B for details). The 68% confidence belt around the
mean value of a is shown as the solid blue line; the value a ¼ 0 is
indicated with the dotted red line; see text for further details.
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FIG. 10 (color online). The predicted polarization angle using
the combination of the two emission mechanisms with a ¼
0.14% 0.02 versus the measured polarization angle for the
AERA24 data set; see also the caption to Fig. 8.
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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

C. Glaser A. Nelles

Footprint of radio emission on the ground
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3000 km2

LOPES
Detection and imaging of atmospheric radio flashes
from cosmic ray air showers
H. Falcke1,4,9, W. D. Apel6, A. F. Badea6, L. Bähren4, K. Bekk6, A. Bercuci3, M. Bertaina11, P. L. Biermann1,
J. Blümer5,6, H. Bozdog6, I. M. Brancus3, S. Buitink9, M. Brüggemann10, P. Buchholz10, H. Butcher4, A. Chiavassa11,
K. Daumiller6, A. G. de Bruyn4, C. M. de Vos4, F. Di Pierro11, P. Doll6, R. Engel6, H. Gemmeke7, P. L. Ghia12,
R. Glasstetter13, C. Grupen10, A. Haungs6, D. Heck6, J. R. Hörandel5, A. Horneffer1, T. Huege1, K.-H. Kampert13,
G. W. Kant4, U. Klein2, Y. Kolotaev10, Y. Koopman3, O. Krömer7, J. Kuijpers9, S. Lafebre9, G. Maier6†,
H. J. Mathes6, H. J. Mayer6, J. Milke6, B. Mitrica3, C. Morello12, G. Navarra11, S. Nehls6, A. Nigl9, R. Obenland6,
J. Oehlschläger6, S. Ostapchenko6, S. Over10, H. J. Pepping4, M. Petcu3, J. Petrovic9, S. Plewnia6, H. Rebel6,
A. Risse8, M. Roth5, H. Schieler6, G. Schoonderbeek4, O. Sima3, M. Stümpert5, G. Toma3, G. C. Trinchero12,
H. Ulrich6, S. Valchierotti11, J. van Buren6, W. van Cappellen4, W. Walkowiak10, A. Weindl6, S. Wijnholds4,
J. Wochele6, J. Zabierowski8, J. A. Zensus1 & D. Zimmermann10

The nature of ultrahigh-energy cosmic rays (UHECRs) at energies
>1020 eV remains a mystery1. They are likely to be of extragalactic
origin, but should be absorbed within ,50Mpc through inter-
actions with the cosmic microwave background. As there are no
sufficiently powerful accelerators within this distance from the
Galaxy, explanations for UHECRs range from unusual astrophy-
sical sources to exotic string physics2. Also unclear is whether
UHECRs consist of protons, heavy nuclei, neutrinos or g-rays. To
resolve these questions, larger detectors with higher duty cycles
and which combine multiple detection techniques3 are needed.
Radio emission fromUHECRs, on the other hand, is unaffected by
attenuation, has a high duty cycle, gives calorimetric measure-
ments and provides high directional accuracy. Here we report the
detection of radio flashes from cosmic-ray air showers using low-
cost digital radio receivers. We show that the radiation can be
understood in terms of the geosynchrotron effect4–8. Our results
show that it should be possible to determine the nature and
composition of UHECRs with combined radio and particle detec-
tors, and to detect the ultrahigh-energy neutrinos expected from
flavour mixing9,10.
When UHECRs interact with particles in the Earth’s atmosphere,

they produce a shower of elementary particles propagating towards
the ground with almost the speed of light. The first suggestion that
these air showers also could produce radio emission was made11 on
the basis of a charge-excess mechanism, which is very strong for
showers developing in solid media12,13. In a couple of experimental
activities in the 1960s and 1970s, coincidences between radio pulses
and cosmic ray events were indeed reported14,15. Owing to the
limitations of electronics in those days, the measurements were
cumbersome and did not lead to useful relations between radio
emission and air shower parameters. As a consequence, the method
was not pursued for a long time and the historic results came
into question. However, the mechanism for the radio emission of
air showers was recently revisited and proposed to be coherent
geosynchrotron emission4: Secondary electrons and positrons

produced in the particle cascade rush with velocities close to the
speed of light through the Earth’s magnetic field and are deflected. As
in synchrotron radiation, this produces dipole radiation that is
relativistically beamed into the forward direction. The shower front
emitting the radiation has a thickness that is comparable to (or less
than) a wavelength for radio emission below ,100MHz. Hence the
emission is expected to be coherent to a large extent, which greatly
amplifies the signal.
To see whether radio emission from cosmic rays is indeed

detectable and useful in a modern cosmic ray experiment, we have
built the LOPES (LOFAR Prototype Station) experiment. LOPES is a
phased array of dipole antennas with digital electronics developed
to test aspects of the LOFAR (Low-Frequency Array) concept.
Compared to historical experiments, it provides an order of magni-
tude increase in bandwidth and time resolution, effective digital
filtering methods, and for the first time true interferometric imaging
capabilities. The radio array is co-located with the KASCADE16

(Karlsruhe Shower Core and Array Detector) experiment that is
now part of KASCADE-Grande at the research centre in Karlsruhe,
Germany (see Supplementary Fig. 1). KASCADE provides coinci-
dence triggers for LOPES and well-calibrated information about air
shower properties. Experimental procedure and data reduction have
been described by Horneffer et al.17, and we give here only a brief
summary in the Methods section. A related experiment is currently
under way at the Nançay radio observatory18.
Using LOPES, we have detected the radio emission from cosmic

ray air showers at 43–73MHz on a regular basis with unsurpassed
spatial and temporal resolution (see Supplementary Fig. 2). After
digital filtering of radio interference we still have almost the full
bandwidth of Dn ¼ 33MHz available, giving us a time resolution of
Dt < 1/Dn ¼ 30 ns compared to,1ms resolution in historic experi-
ments. Using radio interferometric techniques we can also image the
radio flash for the first time. An example is shown in Fig. 1, where the
air shower is the brightest radio point source on the sky for some tens
of nanoseconds (see also Supplementary Video 1). The nominal
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resolution in our maps is ,28 in azimuth and elevation towards the
zenith. Within these limits the emission appears point-like. To put
this in perspective, we note that previous radio experiments used
fixed analogue beams with a width of ,208 and no possibilities for
imaging. Current detectors for UHECRs (for example, AUGER) are
limited to about ,18 accuracy. Positional accuracies for LOPES can
be a fraction of a degree for bright sources. This will improve further
with interferometer baselines longer than used here.
To make an initial and reliable statistical assessment of the radio

properties of air showers, we have investigated a rather restrictive
set of events with relatively high signal-to-noise ratio and simple
selection criteria. The criteria are purely based on shower parameters
reconstructed fromKASCADE.Using events from the first half year of
operation, starting January 2004, we selected all events with a shower

core within 70m of the centre of LOPES, a zenith angle ,458, and a
reconstructed ‘truncated muon number’ of Nm . 105.6 < 4 £ 105.
The truncated muon number is the reconstructed number of muons
within 40–200m of the shower core. For KASCADE, this quantity is a
good tracer of primary particle energy19, Ep / Nm

0.9. The selection
corresponds approximately to Ep . 1017 eV. This is the upper end of
the energies that KASCADE was built for. Using these selection
criteria (‘cuts’) leaves us with 15 events and a 100% detection
efficiency of the radio signal. This avoids any bias due to non-
detections. The rather restrictive cut on the shower core location
allows us to ignore radial dependencies. Also, the antenna gain
reduces significantly at zenith angles .458. Even though neither
KASCADE nor LOPES are optimized for large zenith angles, we have
also checked for highly inclined events. Selecting all events with a
much lower truncated muon number of Nm . 105 and zenith angle
.508 we still detect .50% of all events—in many cases with very
high field strengths. However, given the current uncertainties of
KASCADE in shower parameters for inclined showers, we ignore
those events for our analysis below.
The strength of the detected radio pulses in our sample is some mV

per m per MHz at present, but we still lack an accurate absolute gain
calibration. The position of the radio flashes are coincident with the
direction of the shower axis derived from KASCADE data within the
errors. The average offset is (0.8 ^ 0.4)8 as determined from our
radio maps.
We find the strongest correlations between the absolute value of

the electric field strength height of the pulse, 1 andNm, and between 1
and the geomagnetic angle, aB. The latter is defined as the angle
between the shower axis and the geomagnetic field. No obvious
correlation is found with the zenith angle. Theory4 predicts that
owing to coherence the electric field strength should scale linearly
with the number of particles in the shower, which—for KASCADE—
is approximately proportional to the number of muons. Hence, to
first order we can separate the two effects by dividing the electric field
of the radio pulse by the truncated muon number. We find that
1m ¼ 1/Nm / (1 2 cosaB), where the lowest geomagnetic angle in
the sample was aB ¼ 88 (see Supplementary Fig. 3). It is also possible
to use a 1m / sinaB behaviour, which for our data gives only
marginally worse results. Simulations6,7 indicate that this strong
dependence on aB is largely a polarization effect, as LOPES antennas
currently measure only a single polarization in the east–west
direction.
We can use this dependence to correct for the geomagnetic angle.

Figure 2a shows the measured radio signal 1 plotted against muon
number, while Fig. 2b shows the same plot where we use a normalized
field strength height, 1a, corrected for the (1 2 cosaB) dependence.

Figure 1 | Radio map of an air shower. For each pixel in the map, we formed
a beam in this direction integrated over 12.5 ns and show the resulting
electric field intensity. Longitude and latitude give the azimuth and elevation
(AZEL) direction (north is to the top, east to the right). The map is focused
towards a distance of 2,000m (fixed curvature radius for each pixel). The
cosmic ray event is seen as a bright blob of 2.48 £ 1.88 size. Most of the noise
in this map is due to interferometer sidelobes caused by the sparse radio
array. No image deconvolution has been performed.

Figure 2 | Radio emission as a function of muon number. a, The logarithm
of the radio pulse height, 1, versus the logarithmofmuon number, which has
not been corrected for the geomagnetic angle dependence. b, As a but now
the geomagnetic angle dependence is corrected for (1a). The correlation

improves significantly. Solid lines indicate power-law fits. Errors were
calculated from the noise in the time series before the pulse plus a nominal
5% error on gain stability. Both errors were added in quadrature. The radio
pulse height units are arbitrary. Errors are one-sigma standard deviations.
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a b s t r a c t

The new setup of the CODALEMA experiment installed at the Radio Observatory in Nançay, France, is
described. It includes broadband active dipole antennas and an extended and upgraded particle detector
array. The latter gives access to the air shower energy, allowing us to compute the efficiency of the radio
array as a function of energy. We also observe a large asymmetry in counting rates between showers
coming from the North and the South in spite of the symmetry of the detector. The observed asymmetry
can be interpreted as a signature of the geomagnetic origin of the air shower radio emission. A simple
linear dependence of the electric field with respect to v ^ B is used which reproduces the angular depen-
dencies of the number of radio events and their electric polarity.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Cosmic ray induced extensive air showers (EAS) generate radio
electric fields that become measurable beyond 1016 eV. Recent
observations of this phenomenon were made by CODALEMA [1]
and LOPES [2]. Preliminary results were also obtained in Argentina
[3,4]. These developments aim at gauging the interest of the radio
detection technique of air showers for the field of ultra high energy
cosmic ray research. An important milestone resides in the under-
standing of the signal and its main characteristics, notably the elec-
tric field generation mechanism.

Concerning the latter topic, an electron excess in the shower
core was first put forward as the source of radio emission by As-
kar’yan [5]. Later Kahn and Lerche argued that the geomagnetic
separation of electrons and positrons provides a more efficient
source [6]. This was supported by Allan using a different frame-

work [7]. More recently, several comprehensive frameworks have
been proposed [8–10]. The most advanced approach by Huege
and collaborators [8] puts an emphasis on the geosynchrotron
emission and gives a wealth of details on the associated radio
emission pattern. Lasty, Scholten and collaborators [10] recently
proposed a different approach where the electric transverse cur-
rent resulting from the electron and positron drift in the geomag-
netic field is the driving phenomenon for the radio emission.

The observation of an anisotropy in the number of radio events
is presented in this paper. It is shown that it can be reproduced
with an emission mechanism where the amplitude of the electric
field is proportional to v ^ B, v being the direction of the shower
axis and B the Earth magnetic field at the location of the experi-
ment. Earlier claims of such an observation were drawn out from
observed counting rates [11,12] though with a much lower confi-
dence level. All these observations may have a large impact on a fu-
ture radio array design since a pure polarization proportional to
v ^ B rules out the significance of an electric field measurement
along the B direction.

0927-6505/$ - see front matter ! 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.astropartphys.2009.01.001
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sensitive to showers arriving from East and West directions. Preli-
minary results of radio detected showers observed with a new sub-

array of three NS oriented dipoles seems to confirm this v ^ B
electric field dependence. Indeed, with the limited set of data
collected so far with the NS antenna (45 events), one observes
mainly showers arriving from eastern and western directions.

3.4. Field polarity

The observed v ^ B polarization dependence also implies a sign
dependence of the field components to the arrival direction of the
air shower. The normalized EW component of v ^ B multiplied by
the trigger coverage map is represented in the Fig. 14 (the same
as the Fig. 9 besides the sign). This sky map should be interpreted
as the event density for each polarity and can be directly compared
to the observed events. Positive signals are arbitrarily associated to
showers coming from Northern directions while events in the
South hemisphere are characterised by negative pulses.

The pass-band filter used in the data analysis transforms tran-
sient signals associated to EAS into multipolar oscillating signals.
The sign of the filtered signal extrema is used as the electric field
polarity estimate. In order to limit the effect of the noise which
sometimes changes the sign of the extremum, we have defined
the sign for one event as the majority sign among all the signals
associated with tagged antennas. In addition, only events with a
clear sign majority (at least a majority of 2 units) are considered.
About 2/3 of the events fulfil this condition. The resulting experi-
mental sky map is shown on the Fig. 15.

Fig. 10. Zenith (top) and azimuthal (bottom) angular distributions (dots) observed
for the radio events. The solid line represents the predicted distribution obtained
from simulated events according to the coverage map presented in Fig. 9. The
dashed lines define the ±1r band around the prediction.

Fig. 11. Number of radio events relative to the number of scintillator events
(E > 1017 eV) with respect to j(v ^ B)EWj/(vB).

Fig. 12. Mean energy of showers seen by the radio method versus j(v ^ B)EWj/(vB).

Fig. 13. Radio detection efficiency versus E0 defined as the energy multiplied by
j(v ^ B)EWj/(vB). The dashed line corresponds to a Fermi function fit.
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Abstract: The systematic shift between the shower core estimation using the particle array data and the shower core
estimation using the radio array data of the CODALEMA experiment is discussed. Using the simulation code SELFAS2
we show that the consideration of the charge excess contribution in the total radio emission of air showers generates a shift
of the apparent ground radio core along the east-west axis. This radio core shift is then characterized for the CODALEMA
statistic and compared with the experimental data. The good agreement between data and simulation suggests that this
behavior can be considered as an experimental signature of the charge excess contribution.
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1 Introduction

In 1965, Jelley et al. [1] experimentally demonstrated that
air showers initiated by high-energy cosmic rays produce
strong radio pulses that can be detected between 0 and 300
MHz. Differentmechanismswere proposed to interpret this
phenomena. In 1966, Kahn and Lerche [2] suggest two
different main processes responsible for air shower radio
emission : the radiation from the net charge excess of elec-
trons in the shower (initially predicted by Askaryan [3])
and a geomagnetically induced transverse current in the
pancake. Askaryan also pointed out in his paper [3] that the
extensive air shower (EAS) radio emission is favored by the
coherence of the signal for wavelength larger than the cha-
racteristic dimensions of the emissive area. This coherent
condition is verified below 100 MHz which correspond to
wavelengths larger than few meters, typically the longitudi-
nal dispersion of the pancake.With some toy shower model
Kahn and Lerche predicted that the dominantmechanism is
the transverse current flow due to the geomagnetic field.
These last years, important efforts made on EAS radio
emission modeling permitted to converge toward a consen-
sus about the expected EAS radio signal in the MHz range
[4, 5]. As it was recently confirmed by the recent expe-
rimentations CODALEMA [6, 7] and LOPES [8, 9], the
dominant mechanism is due to the geomagnetic field, im-
plying a strong asymmetry in the counting rates as a func-
tion of the arrival direction. However, recent models predict
also an additive contribution due to the EAS charge excess
variation which should be detectable [4, 10, 11]. A first hint

of this charge excess contribution in experimental data has
been done recently in [12].
In this work, we use a new observable due to the contri-
bution of the charge excess in the total EAS radio signal.
In section 2, we present the behavior of this observable for
1017 eV vertical air showers simulated with SELFAS2 at
the CODALEMA site. In a section 3, we characterize with
SELFAS2 the new observable introduced in section 2 for
CODALEMA, predicting its behavior for the global expe-
rimental statistics. Finally, we directly compare this result
to experimental data giving for the first time the interpre-
tation of the systematic shift between the positions of the
ground particles shower core and the corresponding ground
radio core observed in the CODALEMA data.

2 SELFAS2 : 1017 eV EAS at CODALEMA

SELFAS2 [4, 13] is a code which computes the radio emis-
sion of extensive air showers using a microscopic descrip-
tion. SELFAS2 shows [4] that the total radio emission is
mainly due to two phenomena : the transverse current and
the charge excess variation (see also [10, 11])
As a first example, we simulated a 1017 eV vertical air sho-
wer for the CODALEMA configuration site. The ground
altitude is fixed to 140 m. The geomagnetic field charac-
teristics at the Nancay site are |B| = 50 µT, ✓B = 27�

and �B = 270� where ✓B and �B are the zenith angle and
the azimuthal angle of the earth magnetic field (� = 0� =
east, � = 90� = North). The magnetic field comes from
the south and is oriented toward the ground. All EAS si-
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mulated with SELFAS2 used for this paper are performed
with this site configuration.

FIGURE 1 – Ground footprint of the signal deposited (absolute
value) by a 1017 eV vertical EAS in the east-west polarization
simulated with SELFAS2. The origin of the frame corresponds to
the simulated ground particles shower core. The contour lines are
in µV.m�1, a 23-83 MHz numerical passband filter is applied on
signal. The ground radio core is toward the east.

In Fig.1, we show the amplitude on the ground of the
electric field in the east-west polarization. The simulated
ground particles shower core is located in (0, 0). As it is
done experimentally, a 23-83 MHz numerical passband fil-
ter is applied on the signal of each of the 145 simulated
antennas used to obtained this picture. The result reveals
an east-west asymmetry of the observed signal, suggesting
a shift of the apparent radio core (ground location where
the signal is maximum) toward the east with respect to the
simulated ground particles shower core. This behavior pre-
dicted by modern simulations (see [4, 10, 11]) is a direct
consequence of the mixture of two different contributions
in the total EAS radio signal : the charge excess mechanism
and the geomagnetic mechanism. The combination of their
different polarization patterns (see Fig.2) generates a loss
of the cylindrical symmetry around the EAS axis. In this
configuration, the signal amplitudes in the east-west pola-
rization observed by antennas located on the east side of
the plane containing the ground particles shower core and
the geomagnetic field appear higher than the signal ampli-
tudes of antennas located on the other side. This shifted
radio core could be then considered as a signature of the
charge excess contribution in the total radio signal emitted
by EAS.
In Fig.3 we show different ground footprints for different
EAS arrival directions in the plane containing the geoma-
gnetic field and the south-north axis. With this picture, we
see the evolution of the apparent radio core position as a
function of the angular distance to the geomagnetic field
(see the picture caption for more informations). The geo-
magnetic mechanism is arrival-direction dependent while

FIGURE 2 – Polarization vectors of the charge excess and trans-
verse current contributions in the plane perpendicular to the sho-
wer axis. Due to the fact that the polarization vectors of these two
contributions are not always oriented in the same direction, their
combination can be constructive or destructive following the an-
tenna position.

FIGURE 3 – Evolution of the ground footprint for different EAS
arrival directions in the plane containing the geomagnetic field
and the south-north axis. The axis scales are the same as in Fig.1
and the origin of the frame corresponds to the particles ground
shower core. Top left : the event is coming from the north. In this
configuration the geomagnetic mechanism is large in comparison
to the charge excess component, the shift of the radio core appears
less evident as in Fig.1. For an event coming from the south (top
right), the radio core is strongly shifted due to the fact that the
relative intensity of the geomagnetic mechanism decreases. In the
case of an EAS parallel to the geomagnetic field (bottom left),
only the charge excess contributes to the radio emission. For air
showers coming from the south with zenith angle larger than the
geomagnetic field in CODALEMA (bottom right), the radio core
is shifted toward the west.

the charge excess is not. This characteristics implies that
the distance �c between the reconstructed ground radio
core and ground particles shower core, depends also on
EAS arrival direction as it is qualitatively showed in Fig.3.
In the next section we suggest a method to predict the be-
havior of �c for the global statistics observed in CODA-
LEMA.
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Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

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

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

3. Precision measurement of the radio emission in air showers

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

14

Measurement of the Radiation Energy in the Radio Signal of Extensive 
Air Showers as a Universal Estimator of Cosmic-Ray Energy
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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
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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
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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
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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.
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In Fig. 2, the value of EAuger
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/ 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
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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
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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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all events in the data set presented here.
In Fig. 2, the value of EAuger
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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
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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

Auger Engineering Radio Array
AERA

E30-80 MHz = (15.8± 0.7(stat)± 6.7(syst) MeV)⇥
✓
sin↵

ECR

1018 eV

BEarth

0.24 G

◆2

E30-80 MHz = 15.8 MeV @ 1018 eV

A. Aab et al., PRL  116 (2016) no.24, 241101 

6

0

20

40

60

80

en
er

gy
flu

en
ce

f
[e

V
/m

2 ] fit (� = 130�)
fit (� = 332�)
fit (� = 256�)
data
sub-threshold

0 50 100 150 200 250 300 350 400
distance to RD shower axis [m]

�1
0
1

f�
fit

�
f

�v ⇥ �B

� v
⇥

(� v
⇥

� B
)

� = 130�

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
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/ 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
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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
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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. 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
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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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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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thus be used to probe the cosmic-ray mass composition.
A heavier primary nucleus (which acts roughly as a
superposition of multiple lower-energy nucleons) will,
on average, interact higher up in the atmosphere and hence
produce a wider footprint on the ground than a lighter
primary particle. This is illustrated in Fig. 2. The particle
type itself is not a direct observable, but the atmospheric
depth where the shower is maximally developed, the depth
of the shower maximum Xmax, which depends on the
particle type, can be related to the shower footprint shape,
making Xmax a probe for the primary particle type.
Several methods have been used over the past years to

reconstruct the particle type from radio signals, most of
those relying on determining either the slope, width, or full
shape of the lateral distribution function (LDF) of the radio
footprint to determine Xmax [11–15]. In addition, also other
methods using for example the slope of the frequency
spectrum [16,17] and shape of the shower wavefront have
been attempted [18]. Out of all these methods, the highest
resolution in Xmax has been thus far achieved by using the
LDF of the radio footprint by fitting of simulated air
showers to measured air showers [19,20].
In this work, the simulation-fitting method has been

further developed for the Auger Engineering Radio Array
(AERA), by accounting for the effects of the sparse
(compared to other radio experiments) and irregular array
of radio stations. Also, a thorough investigation of sys-
tematic uncertainties has been made. We present the details
of the Xmax reconstruction method and quantify the

resolution as a function of cosmic-ray energy. Next, we
apply the method to the set of air showers measured
by AERA to determine the distributions of Xmax and
interpret this in terms of the cosmic-ray mass composition.
We then compare the composition to the results of the
fluorescence detector (FD) at the Pierre Auger Observatory.
Furthermore, we use a subset of air showers, simultane-
ously measured and independently reconstructed with both
AERA and FD to directly evaluate our method and place
bounds on the total systematic uncertainty between the
two Xmax detection techniques.
This paper will start with a description of the AERA air-

shower reconstruction and the selection of showers in
Sec. II. Then, the Xmax reconstruction method will be
described in Sec. III. In Sec. IV, we make an inventory of
systematic uncertainties on the reconstruction of the Xmax
distribution of the selected air showers. The resolution
with which Xmax is reconstructed is then shown in Sec. V.
Finally, the resulting Xmax distribution as measured by
AERA will be presented in Sec. VI.
In an accompanying publication [21], these results

are discussed in the context of the larger field of other
measurement techniques and experiments.

II. AERA DATA RECONSTRUCTION

The Pierre Auger Observatory [22] is located near
the town of Malargüe in Argentina. It aims at detecting
UHECRs up to the highest energies. The observatory
covers an area of 3000 km2, making it the largest of its

FIG. 1. Example of a footprint of the radio emission on the
ground for a simulated air shower with an energy of
8.2 × 1017 eV, a zenith angle of 50.2°, and a depth of the shower
maximum of 749 g cm−2. The strength of the emission is
evaluated at simulated antenna positions (markers) and interpo-
lated in between for visibility (background). The footprint has
been projected into the shower plane, i.e., tilted into the plane
perpendicular to the shower axis v⃗ and rotated to project the
magnetic field B⃗ along the x axis.

FIG. 2. Schematic view of three air showers that started at
different heights in the atmosphere and their radio emission
footprints on the ground. It illustrates that the depth of the shower
maximum affects the radio emission footprint in both width and
general shape. The asymmetry is a consequence of how the
geomagnetic and charge excess radio emission mechanisms
interfere during the shower development. This figure has been
previously published in [11].
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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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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 1 | Energy resolution. The distribution of fr/fp (blue bars) is fitted 
with a Gaussian (red dashed curve), yielding a standard deviation of 
σ = 0.12 on a logarithmic scale, which corresponds to an energy resolution 
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and particle resolutions. In this analysis, there was no absolute calibration 
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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,  
G. van Diepen3, S. Duscha3, J. Eislöffel28, D. Engels29, J. E. Enriquez3, R. A. Fallows3, R. Fender30, C. Ferrari31, W. Frieswijk3,  
M. A. Garrett3,32, J. M. Grießmeier33,34, A. W. Gunst3, M. P. van Haarlem3, T. E. Hassall21, G. Heald3,13, J. W. T. Hessels3,23,  
M. Hoeft28, A. Horneffer5, M. Iacobelli3, H. Intema32,35, E. Juette27, A. Karastergiou30, V. I. Kondratiev3,36, M. Kramer5,37,  
M. Kuniyoshi38, G. Kuper3, J. van Leeuwen3,23, G. M. Loose3, P. Maat3, G. Mann20, S. Markoff23, R. McFadden3,  
D. McKay-Bukowski39,40, J. P. McKean3,13, M. Mevius3,13, D. D. Mulcahy21, H. Munk3, M. J. Norden3, E. Orru3, H. Paas41,  
M. Pandey-Pommier42, V. N. Pandey3, M. Pietka30, R. Pizzo3, A. G. Polatidis3, W. Reich5, H. J. A. Röttgering32, A. M. M. Scaife21,  
D. J. Schwarz43, M. Serylak30, J. Sluman3, O. Smirnov17,44, B. W. Stappers37, M. Steinmetz20, A. Stewart30, J. Swinbank23,45,  
M. Tagger33, Y. Tang3, C. Tasse44,46, M. C. Toribio3,32, R. Vermeulen3, C. Vocks20, C. Vogt3, R. J. van Weeren16, R. A. M. J. Wijers23, 
S. J. Wijnholds3, M. W. Wise3,23, O. Wucknitz5, S. Yatawatta3, P. Zarka47 & J. A. Zensus5

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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We have conservatively taken the most pessimistic mass
composition scenario for our method. If we were to
assume a (mixed) light composition, as the FD reports,
then the composition-dependent AERA systematic uncer-
tainty from the reconstruction method and the acceptance
calculation, combined, would be reduced to only a small
contribution (σlowstat ¼ 0 g cm−2 at all energies, roughly
σupstat ¼ 5 g cm−2 for all but the highest energy bin and
roughly σupstat ¼ 7 g cm−2 for the highest bin). This hap-
pens because the AERA systematic uncertainties originate
primarily from systematic uncertainties on the
reconstruction of the very deepest or very shallowest
Xmax values, which would not significantly impact the
average Xmax for a (mixed) light composition. In that case,
the total systematic uncertainty on hXmaxi would be just
below "10 g cm−2 for all energies.
The AERA results of the second moment of Xmax, shown

on the right side of Fig. 15, also show compatibility with
the FD results but have limited resolving power because of
the smaller number of showers in comparison to the FD
measurements. In the highest AERA energy bin, σðXmaxÞ is
somewhat higher than for the FD. Note that this bin
contains just 33 showers, so a single extreme event in
the tail of the Xmax distribution could result in the observed
upward fluctuation (consequently, the same effect is seen in
the first moment for this energy bin). Hence, this single
fluctuation is not considered a particularly significant
deviation from the FD values within the shown statistical
uncertainties.

In Fig. 16, we show the full distributions of the AERA-
reconstructed Xmax values for the bias-free set of 594
showers (Table I), split again into six energy bins. For
comparison, we superimpose the Xmax distributions for the
mixed-mass composition as determined by the Auger FD
measurements (black) [40] which has been convolved with
the acceptance, biases, and uncertainties of the AERA Xmax
values and the uncertainty on the FD composition. In this
way, a direct comparisons between the FD and AERA Xmax
distribution can be made.
We quantify the compatibility between the FD and

AERA Xmax distributions by calculating the probability
we would draw the AERA event sample from the FD
distribution, including the known acceptance, uncertainties,
and biases from AERA; the uncertainties from the FD
composition measurement; and the systematic uncertainties
on Xmax between the FD and AERA. The FD Xmax
distribution is here represented by Gumbel distributions
[41,42] fitted to the FD Xmax distributions, accounting for
detector resolution and acceptance [40]. This allows us to
easily sample from the distribution and add AERA meas-
urement effects, such that we can compare quantities
between FD and AERA on the same level.
For each AERA energy bin, we repeatedly (N ¼ 1000)

generate FD Xmax distribution instances from the Gumbel
parametrization of the FD composition, evaluated at the
energies of the AERA events in that bin. For each instance,
we vary the composition within its statistical uncertainties
(using many instances of the composition fit to the FD

FIG. 15. Mean (left) and (resolution-subtracted) width (right) of the Xmax distribution as measured by AERA in this work (black). The
results are compared to predictions from CONEX air-shower simulations for three hadronic interaction models (lines) for proton (red) and
iron (blue) mass compositions [31,49–51] and compared to measurements by the FD (gray) [51]. The statistical uncertainties on the
mean and width of the experimental results are plotted as error bars, and the systematic uncertainties are shown with caps.
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final bias-free selection of 594 showers (see Sec. IV). We
find that the median resolution in Xmax shows a clear
relation with shower energy, reaching a resolution of better
than 15 g cm−2 in the highest energy bin. We parametrize
the resolution as

δXmax
¼ a ·

!!!!!!!!!!!!!!!!
1018 eV

E

r
⊕ b ·

1018 eV
E

⊕ c; ð8Þ

inspired by the energy resolution of electromagnetic
calorimeters [47], but also functioning as a generic expan-
sion in terms of energy. Here, a ¼ 14.0$ 6.8 g cm−2,
b ¼ 12.7$ 2.5 g cm−2, and c ¼ 11.2$ 4.7 g cm−2 are
fitted free parameters, and ⊕ indicates the quadratic
sum. The constant term c provides an indication of the
resolution that might potentially be obtained for AERA
with this method at the highest energies (given this para-
metrization). The change in resolution of Xmax is dominated
by the uncertainty on the measured radio signals and
hence becomes less accurate at lower energy. Comparing
our resolution to the resolution achieved by FD, we
achieve similar values at the highest energies where the
FD reaches 15 g cm−2 [40]. Furthermore, our method
remains competitive down to lower energies where, for
example, at E ¼ 1017.8 eV, the FD achieves the same

resolution of 25 g cm−2. The most recent results by the
LOFAR radio array, where a similar simulation-fitting
method is used to determine Xmax, report an average
resolution of 19 g cm−2 between 1016.8 and 1018.3 eV [48].
Despite the much denser antenna spacing of LOFAR,
AERA achieves similar resolutions considering the respec-
tive energy regimes to which the two experiments are
sensitive.
We note that up till now it has been common to quote a

single resolution value for Xmax reconstruction methods for
radio experiments, mainly because of a limited number of
measured showers being available. Here, we show the
resolution in Xmax depends strongly on the shower energy,
driven primarily by the strength of radio signals measured
in the antennas. Hence, the resolution is a function of
detector sensitivity and shower energy and thus heavily
depends on the shower selection criteria. As such, any
direct comparison of methods is less straightforward if
obtained at sufficiently dissimilar detectors.

VI. Xmax MOMENTS AND THE DISTRIBUTION
OF Xmax

From the Xmax distribution, for each of our six energy
bins, we now also calculate the first two moments of the
distribution, the mean hXmaxi and the width σðXmaxÞ. To
obtain the latter, we first subtract in quadrature the width
caused by the method uncertainty, such that only the width
caused by shower-to-shower fluctuations σðXmaxÞ remains.
The method uncertainty cannot simply be characterized
by a single value since the uncertainties on Xmax for our air
showers do not necessarily follow a Gaussian distribution.
A bootstrap resampling procedure is applied for this
reason, and with this, we then also calculate the uncertainty
on σðXmaxÞ. This procedure is further described in
Appendix C. The resulting mean and width of the true
Xmax distribution are shown in Fig. 15, where we also
compare this to the results from the FD (gray) and theoretical
predictions of three different hadronic interaction models
for a mass composition of just protons (red) or just iron
nuclei (blue) [31,49–51]. The systematic uncertainties
determined in the previous section are shown with capped
markers. Table IV in Appendix D lists the values for the two
moments of the distributions for the six energy bins, together
with their statistical and systematic uncertainties.
With these AERA results, we show good agreement

between the Auger radio and fluorescence measurements of
hXmaxi, both pointing toward a (mixed)-light composition
of cosmic rays at around E ¼ 1017.5 eV. Note that the
two measurements share the systematic uncertainty on the
energy scale, which is constructed from calibration of
the SD energy to the FD energy scale [44]. Taking this
contribution out reduces both systematic uncertainty bands
by about 3 g cm−2. Second, the determination of the
systematic uncertainties due to the reconstruction method
for AERA Xmax data depends on the assumed composition.

FIG. 14. Resolution of the Xmax reconstruction method, δXmax
,

as a function of energy in units of column density. Shown per
energy bin are the median values of the uncertainties on Xmax
(circles with uncertainties σb from bootstrap resampling) for all
showers in the bias-free sample (Table I) and a parametrized fit
[Eq. (8)] of the resolution in Xmax (solid line with 1σ-confidence
bands). Also shown are the resolutions achieved by the Auger
fluorescence telescopes [40]. The black hatched region at low
energy indicates the cut on energy applied earlier. The extent of
each energy bin, including the number of showers per bin, is inset
at the bottom of the figure.
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⊕ indicates the quadratic sum. The c parameter provides a
prediction of the potential resolution that our method might
be able to reach for AERA data. For radio experiments
with a denser antenna spacing or experiments with lower
ambient noise conditions one might reasonably expect
this resolution to be even better. For example, LOFAR
reported an average resolution of 19 g cm−2 using a similar
method [31] and simulation studies for the upcoming
Square Kilometer Array suggest an average resolution of
6–8 g cm−2 could be reached [32]. In all likelihood their
respective resolutions will improve with energy similar to
the trend shown for AERA, making the radio technique
very competitive for precision Xmax measurements.
Comparison to other experiments.—In Fig. 4 we show

our hXmaxi results together with various results from
previous works. Measurements by other experiments that
use the radio technique to measure Xmax are highlighted in
color. In the past, Tunka-Rex [33], Yakutsk-Radio [34], and
LOFAR [31] (and its prototype LOPES [35]) have shown
Xmax measurements, but it has been challenging to make
significant statements on the compatibility of the radio
technique with fluorescence and air-Cherenkov light mea-
surements. This is because these experiments either didn’t
have a second technique to directly compare to or due to a

combination of large statistical uncertainties and limited
investigation of detector-specific systematic uncertainties.
It is difficult to make statements on the compatibility of
AERA and Tunka-Rex or Yakutsk-Radio without a full
picture of those systematic uncertainties, but there do not
seem to be significant discrepancies within their statistical
uncertainties (note that the highest energy bin of Tunka-
Rex only contains ten showers, hence its deviation with
AERA is arguably not significant). However, the LOFAR
measurements include a detailed estimation of systematic
uncertainties, have much smaller statistical uncertainties
than Tunka-Rex or Yakutsk-Radio, and share many simi-
larities with AERA in the method to reconstruct Xmax, so
we can compare these results to the FD and AERA results.
We note that the difference between the Auger FD and

LOFAR measurements, as can be seen in Fig. 4, previously
left open the possibility of a systematic shift in Xmax due to
an inherent difference between radio and fluorescence
techniques. However, the AERA Xmax results now show
no significant bias with respect to the fluorescence results,
not when comparing their full datasets nor on an event-to-
event level. Additionally, a study of the compatibility of the
full shape of the Xmax distribution as measured by AERA
and the Auger FD, available in [26], also finds no
significant discrepancies within uncertainties. This strongly
suggests that the differences between Auger and LOFAR
must be either physical (e.g., due to differences in the
magnetic field or atmospheric conditions, their altitudes, or
their southern versus northern exposure) or systematic (e.g.,
due to the event selection or reconstruction), but not
inherent to either the radio or fluorescence techniques.
At higher energies, a seemingly similar difference in

hXmaxi (both in magnitude and direction) can be observed
between the fluorescence results of Auger (gray squares)
and TA (gray plus markers). However, a detailed compari-
son by an Auger-TA working group has found that, given
the known selection bias in the TA data, this difference is
compatible within uncertainties [36]. This comparison only
covers energies above 1018.2 eV, so does not overlap with
the LOFAR data. An AERA-LOFAR working group has
started looking into their apparent differences, investigat-
ing, for example, differences in event selection, Xmax
reconstruction method, and energy scale. Regardless, a
deeper comparison of AERA and LOFAR data opens a new
way to try to understand and reduce systematic uncertain-
ties on air-shower and cosmic-ray parameters. Furthermore,
the combination of fluorescence and radio measurements,
linked by hybrid detectors such as at Auger, might resolve
or constrain differences even more.
Conclusions.—In this work, we have used seven years of

AERA data to investigate the depth of maximum of
extensive air showers at energies where the cosmic-ray
origin is expected to transition from Galactic to extraga-
lactic sources. We show our Xmax results to be in agreement
with the results of the fluorescence telescopes at the Pierre

FIG. 4. Mean of the Xmax distribution as measured by AERA
in this work (black). The results are compared to predictions
from air-shower simulations for multiple hadronic interaction
models (lines) for proton (red) and iron (blue) mass compositions
[15–18] and compared to measurements by LOFAR [31], Tunka-
Rex [33], Yakutsk-Radio [34], and Auger FD [18]. Note that the
Yakutsk-Radio results do not account for aperture effects on the
same level as the other experiments. Colors have been used to
highlight the measurements with the radio technique. The
statistical uncertainties on the measurements are shown as
vertical bars and for radio the systematic uncertainties, if
available, are shown with caps.
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−6.8 and þ6.6 g cm−2, varying slightly depending on
energy (see the green bars in Fig. 9 and tabulated values
in Table III). It should be noted that the constraints on these
uncertainties are governed by the statistical uncertainty
given by the number of showers we have available in this
check. The possible systematic biases are well within the
statistical uncertainties of hXmaxi, so there is no hint that
this is a significant bias, and thus it should be considered an
upper limit on the possible geometry-dependent bias.
It is possible we overestimate our total systematic

uncertainty when adding the possible residual bias in
quadrature due to correlation with the previously deter-
mined uncertainties. Hence, we use the independent Xmax
reconstruction of the fluorescence telescopes, that is avail-
able for 53 air showers in our dataset, to obtain an
additional and independent estimation on the total system-
atic uncertainty. The FD data have been prepared as in [40]
and are shown against the radio reconstruction of Xmax in
Fig. 12. Figure 13 shows the distribution of the difference
between the two reconstructions to be compatible with
zero within −3.9" 11.2 g cm−2 for the 53 showers with
energies predominately between 1017.5 and 1018 eV.
Taking into account the systematic uncertainty on the
FD Xmax reconstruction itself for these energies (roughly
"10 g cm−2) [40] and summing the lower and upper limit
in quadrature with the FD uncertainty results in systematic
uncertainty limits of −18.1 to þ12.4 g cm−2 on Xmax for
these events, respectively. This estimate for the upper limit
of the total systematic uncertainty matches closely to the
values for the total systematic uncertainty on hXmaxi of
Fig. 9 (on average −15.6 and þ11.2 g cm−2, as calculated

for the energies of those 53 events). The combination of
these two independent estimations of systematic uncertain-
ties provides further support that our systematic uncertain-
ties are well understood and that all significant effects have
been accounted for.
Furthermore, the compatibility of the direct event-to-

event comparison of the two independent methods hints at
the robustness of our understanding of EM cascades in air
showers and its implementation in simulations. This is
especially important in the context of Xmax measurements
using other aspects of the shower, such as the muonic
component [45], which is arguably less well understood as
suggested by the measurements of a significant muon
deficit in simulations [46]. Our new constraints between
the radio and fluorescence Xmax scales might provide new
hints in future studies.

V. RESOLUTION

In Fig. 14, we show the uncertainty on Xmax as a function
of shower energy, as determined with our method, for the

FIG. 12. Comparison of Xmax for 53 showers measured with
both FD and AERA. A diagonal (dashed gray line) is plotted to
guide the eye. Also shown is the Pearson correlation coefficient r
of these data and the corresponding p value (the probability of
obtaining an r from uncorrelated data that is at least as high).

FIG. 13. Results of the comparison of Xmax for 53 showers
measured with both FD and AERA. Plotted is the weighted
KDE (black dashed curve) of the event-to-event differences in
Xmax [sum of 53 Gaussian distributions with the individual
differences as means and combined AERA and FD uncertainty
δ ¼ ðδ2XAERA

max
þ δ2XFD

max
Þ0.5 as widths]. The black markers show the

spread on the KDE, evaluated at intervals of 40 g cm−2, obtained
by repeatedly taking N ¼ 53 samples from the KDE. The
calculated weighted mean μb and width σb of the differences
are annotated in the figure (uncertainties are calculated by
bootstrap resampling where we repeatedly sample 75% of
events). For comparison, the Gaussian distribution corresponding
to μb and σb is plotted as solid green curve. Note that the
combined resolution of FD and AERA (53.3" 5.7 g cm−2, as
calculated from the Xmax uncertainties of the 53 events) can
account for the spread of the difference.
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energy (see the green bars in Fig. 9 and tabulated values
in Table III). It should be noted that the constraints on these
uncertainties are governed by the statistical uncertainty
given by the number of showers we have available in this
check. The possible systematic biases are well within the
statistical uncertainties of hXmaxi, so there is no hint that
this is a significant bias, and thus it should be considered an
upper limit on the possible geometry-dependent bias.
It is possible we overestimate our total systematic

uncertainty when adding the possible residual bias in
quadrature due to correlation with the previously deter-
mined uncertainties. Hence, we use the independent Xmax
reconstruction of the fluorescence telescopes, that is avail-
able for 53 air showers in our dataset, to obtain an
additional and independent estimation on the total system-
atic uncertainty. The FD data have been prepared as in [40]
and are shown against the radio reconstruction of Xmax in
Fig. 12. Figure 13 shows the distribution of the difference
between the two reconstructions to be compatible with
zero within −3.9" 11.2 g cm−2 for the 53 showers with
energies predominately between 1017.5 and 1018 eV.
Taking into account the systematic uncertainty on the
FD Xmax reconstruction itself for these energies (roughly
"10 g cm−2) [40] and summing the lower and upper limit
in quadrature with the FD uncertainty results in systematic
uncertainty limits of −18.1 to þ12.4 g cm−2 on Xmax for
these events, respectively. This estimate for the upper limit
of the total systematic uncertainty matches closely to the
values for the total systematic uncertainty on hXmaxi of
Fig. 9 (on average −15.6 and þ11.2 g cm−2, as calculated

for the energies of those 53 events). The combination of
these two independent estimations of systematic uncertain-
ties provides further support that our systematic uncertain-
ties are well understood and that all significant effects have
been accounted for.
Furthermore, the compatibility of the direct event-to-

event comparison of the two independent methods hints at
the robustness of our understanding of EM cascades in air
showers and its implementation in simulations. This is
especially important in the context of Xmax measurements
using other aspects of the shower, such as the muonic
component [45], which is arguably less well understood as
suggested by the measurements of a significant muon
deficit in simulations [46]. Our new constraints between
the radio and fluorescence Xmax scales might provide new
hints in future studies.
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In Fig. 14, we show the uncertainty on Xmax as a function
of shower energy, as determined with our method, for the

FIG. 12. Comparison of Xmax for 53 showers measured with
both FD and AERA. A diagonal (dashed gray line) is plotted to
guide the eye. Also shown is the Pearson correlation coefficient r
of these data and the corresponding p value (the probability of
obtaining an r from uncorrelated data that is at least as high).

FIG. 13. Results of the comparison of Xmax for 53 showers
measured with both FD and AERA. Plotted is the weighted
KDE (black dashed curve) of the event-to-event differences in
Xmax [sum of 53 Gaussian distributions with the individual
differences as means and combined AERA and FD uncertainty
δ ¼ ðδ2XAERA

max
þ δ2XFD

max
Þ0.5 as widths]. The black markers show the

spread on the KDE, evaluated at intervals of 40 g cm−2, obtained
by repeatedly taking N ¼ 53 samples from the KDE. The
calculated weighted mean μb and width σb of the differences
are annotated in the figure (uncertainties are calculated by
bootstrap resampling where we repeatedly sample 75% of
events). For comparison, the Gaussian distribution corresponding
to μb and σb is plotted as solid green curve. Note that the
combined resolution of FD and AERA (53.3" 5.7 g cm−2, as
calculated from the Xmax uncertainties of the 53 events) can
account for the spread of the difference.
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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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Figure 6: View of the southern-most event visible in Fig. 4. The blue to green circles indicate the
measurement with the surface dector, size indicating energy deposit and color encoding arrival time.
Dark-grey circles indicate isolated particle detections rejected in the reconstruction. The radio signal
extends over a significantly larger area than the particle distribution.

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

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

X0 ≠ Xmax =
⁄ d

0
fl(l) dl (3.1)

for d. Here, X0 denotes the atmospheric depth of the observatory level, and fl(l) denotes the atmo-
spheric density at the distance l measured along the shower axis from the impact point to the shower
maximum. For inclined air showers, the atmospheric curvature needs to be taken into account, there-
fore the above equation can in general not be solved analytically and d is determined numerically. For
a depth of shower maximum of 780 g/cm2 and the event zenith angle of 82.8¶, the geometric source
distance d amounts to 116 km. From this geometrical distance and the axis distances of the antennas,
an o�-axis angle for each antenna is then calculated using trigonometric relations, the result of which
is shown in Fig. 8. The maximum in the lateral signal distribution corresponds to an o�-axis angle
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Figure 55: Integrated number of cosmic-ray shower events expected to be detected with the Radio
Detector (RD) for a measurement period of 10 years. Blue points denote all detected events, red points
only those in bins of energy and zenith angle for which the detection efficiency is at least 97%. For
comparison, the number of inclined air showers measured within Phase I simultaneously with the
WCDs and FDs is shown with a green square [53], and the total statistics of air showers measured
with FDs worldwide at energies of 1019.4 eV and higher is shown in with a yellow arrow [62].

Observatory. Unprecedented sensitivities to UHE photons and neutrinos were thus an
important design goal. Still, the observation of photons or neutrinos above ⇠100 EeV would
imply the existence of either completely new physical phenomena, or particle acceleration
mechanisms heretofore never seen or imagined. However, there are also good arguments for
dark matter (DM) to be superheavy, such as the value of the instability energy scale in the
SM that ranges between 1010 and 1012 GeV [159, 160]. The SM can therefore be extrapolated
without encountering inconsistencies that would make the electroweak vacuum unstable
up to such energy scales where new physics could arise, giving rise to a mass spectrum
of superheavy particles. As final decay byproducts of such particles, UHE photons and
neutrinos could therefore provide evidence for superheavy DM.

In the next decade, the upgraded Observatory will be uniquely powerful in searching
for UHE photons and neutrinos that could lead to a serendipitous discovery of DM. The
current flux upper limits can be converted into lower limits on the particle lifetime �X as a
function of its mass "X. In this way, the filled gray region in Fig. 56 corresponding to the
exclusion region in the plane (�X ,"X) is obtained. The hatched blue area is a projection
of the region of the parameter space that will be explored with the cumulative sensitivity
by 2035. The large gain for "X . 1011 GeV is expected from the completion of the UMD
array that will enhance significantly the sensitivity to photons between 1016 to 1017 eV. Also
shown in Fig. 56 as the hatched red region is the “ceiling” due to UHE photons produced
from cosmic ray interactions in the galactic disk that may mask photons from DM decay [33].
The ceiling corresponds to values of �X beyond which the scotogenic photon fluxes would be
overwhelmed by cosmogenic ones.

The search for photons at the highest energies also makes it possible to test different
models of Lorentz-invariance breaking. Processes that are classically forbidden might instead
be allowed in the case of Lorentz symmetry breaking, e.g. vacuum Cherenkov radiation,
spontaneous photon emission, or electron-positron pair production. The last process is
particularly interesting for Auger since the distances traveled by high-energy photons in
extragalactic space can change in the case of LIV. In the subluminal scenario the mean free path
would increase, and consequently the expected cosmogenic flux at the top of the atmosphere
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Figure 55: Integrated number of cosmic-ray shower events expected to be detected with the Radio
Detector (RD) for a measurement period of 10 years. Blue points denote all detected events, red points
only those in bins of energy and zenith angle for which the detection efficiency is at least 97%. For
comparison, the number of inclined air showers measured within Phase I simultaneously with the
WCDs and FDs is shown with a green square [53], and the total statistics of air showers measured
with FDs worldwide at energies of 1019.4 eV and higher is shown in with a yellow arrow [62].

Observatory. Unprecedented sensitivities to UHE photons and neutrinos were thus an
important design goal. Still, the observation of photons or neutrinos above ⇠100 EeV would
imply the existence of either completely new physical phenomena, or particle acceleration
mechanisms heretofore never seen or imagined. However, there are also good arguments for
dark matter (DM) to be superheavy, such as the value of the instability energy scale in the
SM that ranges between 1010 and 1012 GeV [159, 160]. The SM can therefore be extrapolated
without encountering inconsistencies that would make the electroweak vacuum unstable
up to such energy scales where new physics could arise, giving rise to a mass spectrum
of superheavy particles. As final decay byproducts of such particles, UHE photons and
neutrinos could therefore provide evidence for superheavy DM.

In the next decade, the upgraded Observatory will be uniquely powerful in searching
for UHE photons and neutrinos that could lead to a serendipitous discovery of DM. The
current flux upper limits can be converted into lower limits on the particle lifetime �X as a
function of its mass "X. In this way, the filled gray region in Fig. 56 corresponding to the
exclusion region in the plane (�X ,"X) is obtained. The hatched blue area is a projection
of the region of the parameter space that will be explored with the cumulative sensitivity
by 2035. The large gain for "X . 1011 GeV is expected from the completion of the UMD
array that will enhance significantly the sensitivity to photons between 1016 to 1017 eV. Also
shown in Fig. 56 as the hatched red region is the “ceiling” due to UHE photons produced
from cosmic ray interactions in the galactic disk that may mask photons from DM decay [33].
The ceiling corresponds to values of �X beyond which the scotogenic photon fluxes would be
overwhelmed by cosmogenic ones.

The search for photons at the highest energies also makes it possible to test different
models of Lorentz-invariance breaking. Processes that are classically forbidden might instead
be allowed in the case of Lorentz symmetry breaking, e.g. vacuum Cherenkov radiation,
spontaneous photon emission, or electron-positron pair production. The last process is
particularly interesting for Auger since the distances traveled by high-energy photons in
extragalactic space can change in the case of LIV. In the subluminal scenario the mean free path
would increase, and consequently the expected cosmogenic flux at the top of the atmosphere
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integrated # of cosmic rays

Figure 45: Expectation for the measurement quality when combining data from the RD and WCDs
over 10 years assuming the mass composition scenario in Ref. [19]. Expectations for the mean number
of muons (upper panel) and their fluctuations (lower panel) are represented with open markers and are
based on Monte Carlo simulations (error bars are statistical uncertainties only). The simulated result
for the mean number of muons is also shown with an ad-hoc scaling factor to match the muon excess
as measured by Auger in [51] and Supplemental material, and not reproduced by the simulations.
For comparison, the green solid markers represent measurements from Phase I with the FD and the
WCDs. Statistical (systematic) uncertainties of the FD+WCD measurements are represented by the
error bars (square brackets).

Using the increase in statistics, the positions of the breaks in the elongation rate [9]
and whether they coincide with features in the energy spectrum can be investigated. This
is shown in Fig. 46 right. The expected significance of the breaks in the elongation rate
is expected to reach above 5� (red). Additionally, the significance for identifying the last
break at 30 EeV, possibly connected to the cut-off, will rise (blue). Considering the increased
sensitivity obtained with AugerPrime when re-analyzing Phase I data and the improved
hybrid calibration of the SD due to the increase in hybrid statistics, the discovery of the
potential third break is within reach in the period up to 2035 (green).

Arrival directions including information on the primary mass. The correlation of UHECR
arrival directions with the flux pattern expected from the catalogs of host galaxies can be
evaluated for AugerPrime, taking into account the continued operation of the WCD array.
The growth of the signal in the Centaurus region, quantified by the excess of events with
respect to the isotropic expectation, and the growth of the test statistic of the starburst model
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ABSTRACT
We present a suite of models of the coherent magnetic field of the Galaxy (GMF) based on new divergence-

free parametric functions describing the global structure of the field. The model parameters are fit to the latest
full-sky Faraday rotation measures of extragalactic sources (RMs) and polarized synchrotron intensity (PI) maps
from WMAP and Planck. We employ multiple models for the density of thermal and cosmic-ray electrons in the
Galaxy, needed to predict the skymaps of RMs and PI for a given GMF model. The robustness of the inferred
properties of the GMF is gauged by studying many combinations of parametric field models and electron density
models. We determine the pitch angle of the local magnetic field ((11±1)�), explore the evidence for a grand-
design spiral coherent magnetic field (inconclusive), determine the strength of the toroidal and poloidal magnetic
halo fields below and above the disk (magnitudes the same for both hemispheres within ⇡10%), set constraints
on the half-height of the cosmic-ray diffusion volume (� 2.9 kpc), investigate the compatibility of RM- and
PI-derived magnetic field strengths (compatible under certain assumptions) and check if the toroidal halo field
could be created by the shear of the poloidal halo field due to the differential rotation of the Galaxy (possibly).
A set of eight models is identified to help quantify the present uncertainties in the coherent GMF spanning
different functional forms, data products and auxiliary input. We present the corresponding skymaps of rates
for axion-photon conversion in the Galaxy, and deflections of ultra-high energy cosmic rays.

Keywords: Galactic magnetic field, Galactic physics, Milky Way, Cosmic rays

1. INTRODUCTION

Spiral galaxies are known to be permeated by large-scale
magnetic fields, with energy densities comparable to the
turbulent and thermal energy densities of the interstellar
medium; see e.g. Beck (2016) for a recent review. A good
knowledge of the global structure of these fields is important
for understanding their origin, infering their effect on galac-
tic dynamics, estimating the properties of diffuse motion of
low-energy Galactic cosmic rays, and studying the impact of
magnetic deflections on the arrival directions of extragalactic
ultrahigh-energy cosmic rays. The GMF is also important for
new physics studies, for instance axion-photon conversion in
the GMF or the interpretation of possible signatures of astro-
physical dark matter annihilation.

The determination of the large-scale structure of the mag-
netic field of our Galaxy is particularly challenging since one

michael.unger@kit.edu

gf25@nyu.edu

must infer it from the vantage point of Earth, located inside
the field. Previous attempts to model the Galactic magnetic
field (GMF) are summarized by Jaffe (2019). In this paper,
we focus on the coherent magnetic field of the Galaxy, leav-
ing the study of its turbulent component to the near future.
Following Jansson & Farrar (2012a) (hereafter JF12), we de-
rive the GMF by fitting suitably general parametric models of
its structure to the two astrophysical data sets which are the
most constraining of the coherent magnetic fields: the rota-

tion measures (RMs) of extragalactic polarized radio sources
and the polarized intensity (PI) of the synchrotron emission
of cosmic-ray electrons in the Galaxy.

The relation of these two astrophysical observables to the
magnetic field is detailed in Sec. 2, followed by a description
of the RM and PI data in Sec. 3. The interpretation of this
data relies on the knowledge of the three-dimensional density
of thermal electrons and cosmic-ray electrons in the Galaxy.
We discuss these auxiliary models in Sec. 4. The parametric
models of the GMF investigated in this paper are introduced
in Sec. 5 and the model optimization is described in Sec. 6.
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Figure 19. Angular deflections of ultrahigh-energy cosmic rays in the eight model variations derived in this paper and JF12. The cosmic-ray
rigidity is 20 EV (2⇥1019 V). Filled circles denote a grid of arrival directions and the open symbols are the back-tracked directions at the edge
of the Galaxy.

Figure 20. Left: Rigidity threshold such that the angular deflection in the given direction is 20� in all models. Right: Rigidity threshold such
that the model predictions of the angular deflection differ by  20�. (1 EV = 1018 V)

JF12 model are generally within the range of deflections pre-
dicted for the GMF models derived in this work. This is not
the case for the deflections calculated with the GMF model
of Pshirkov et al. (2011), due to the absence of a poloidal
component in that model (c.f., Sec. 7.6).

Current studies of the anisotropies of ultrahigh-energy cos-
mic rays indicate the presence of “hot spots” of cosmic-ray
clusters at intermediate angular scales of 20� (Abbasi et al.
2014; Abreu et al. 2022). For the identification of extragalac-
tic sources related to these overdensities, a precision in back-
tracking through the GMF at least as good as their angular
size, qmax, is needed. Figure 20 aims to illustrate this re-
quirement. In the left panel, we show the minimum rigidity
such that the deflection for a CR arriving in the given direc-
tion is less than qmax = 20� in all 8 models. Requiring that
the deflections in half of the sky are less than qmax = 20�,
according to all of these models, requires the rigidity to be
greater than or equal to R

nocorr
50 = 20 EV.

The minimum rigidity requirement improves considerably
if the arrival directions are corrected for their expected de-
flection in the GMF. The limit on the precision with which
we infer the source position arises from the difference be-
tween the models, and not the overall magnitude of the de-
flection. The differences of predicted deflections within the
model ensemble are smaller than the deflections themselves.
Therefore, as shown in the right panel of Fig. 20, the required
minimum rigidity is lower when the deflections are corrected
for. With corrections, the rigidity quantile at which half of
the sky can be observed at qmax = 20� or better, decreases
to R

corr
50 = 11 EV giving a much greater observational reach.

Note that this discussion is indicative only, since the mini-
mal rigidity requirement may change when random fields are
included in the analysis.

8.2. Axions

Another important application of the model ensemble pre-
sented in this paper is the prediction of the conversion of

need to know rigidity (mass) 
of incoming cosmic rays

R =
E

Z
⇡ E

A/2

Deflection of cosmic rays in magnetic fields

https://arxiv.org/abs/2311.12120
https://arxiv.org/abs/2311.12120
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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
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• The galactic calibration is obtained by 
comparing measured and expected powers

NS NS
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Galactic calibration
• Average model is obtained taking the average of  from different galactic models

• Systematic uncertainty of ~ 5% is given by the mean absolute difference between the average model and 

models with extreme values of  (ULSA and GMOSS)

• Note: LFMap model was not taken into account yet

C0(ν)

C0

Preliminary Preliminary
EW NS<latexit sha1_base64="sxEnxYHjKxpo73QmAluXErvyMlI="></latexit>

C0 = 1.05± 0.05
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C0 = 1.05± 0.05

- average of different models of Galactic emission
- systematic uncertainty ~5%
- excellent agreement with lab calibration 

Absolute calibration with galactic emission
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continuously monitored sidereal modulation of the di!use Galactic radio emission. Calibration is
done by comparing the average frequency spectra recorded by the stations with predictions from seven
di!erent models of the full radio sky, accounting for the system response, which includes the antenna,
filters, and amplifiers. The analysis of the calibration constants over a period of seven years shows no
relevant and no significant ageing e!ect in the AERA antennas. This result confirms the long-term
stability of the detector stations and demonstrates the possibility for a radio detector to e!ectively
monitor ageing e!ects of other detectors operating over extended periods.

K!/01-%+: Antennas; Large detector-systems performance

A-X#$ !P-#2’: 2512.03692
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Figure 8. Calibration constants obtained for both channels of antenna Id:33 from 2014 to 2020. The
corresponding cosine+linear fit is represented by the red curve.

observed seasonal modulation over the year. Note that this e!ect averages out over a year hence it does
not a!ect the final absolute calibration of the detector. Besides, as discussed earlier, the approximation
of the LNA temperature by the ambient temperature recorded at the CRS (see section 2) could also
be one potential factor contributing to the observed modulation. Additionally, other factors such as
wet ground conditions or mismatches attributable to the sky models cannot be disregarded, but these
e!ects appear to be subdominant to the larger modulation introduced by the temperature compensation.

Accounting for this modulation, the time evolution of the calibration constant is parameterized as

→C0(𝐿↑)↓model = 𝑀 cos ( 𝑁
6
𝐿↑ + 𝑂) + 𝑃𝐿↑ + 𝑄, (5.1)

where the parameters 𝑀 and 𝑂 represent the magnitude and phase of the observed seasonal modulation,
respectively. 𝑄 denotes the baseline value of the calibration constant. The variable 𝐿↑ denotes the
time in months since the start of data taking. The slope parameter 𝑃 is particularly significant, as
it represents the monthly ageing rate of the AERA detector station. An illustration of the fit of the
calibration constants over time is depicted by the red curve in figure 8.

The fitting is done for all channels considered in this study. In figure 9 we present the distribution of
ageing factors 𝑃 per decade for both channels, considering the butterfly antennas and LPDAs in the left
and right panels, respectively. Regarding the uncertainty estimation of the ageing factor, it is important
to note that the fit does not describe the seasonal modulation perfectly. There are upward/downward
fluctuations of the values of →C0↓model observed for all antennas at the same time in some specific
periods that potentially impact the resulting fitted ageing coe"cient. The impact is particularly
pronounced when significant fluctuations coincide with the beginning or end of the data collection
period. Therefore, it is crucial to not confuse genuine ageing e!ects with transient fluctuations that
happen to occur during later or earlier years. To address this challenge, we conducted mock simulations
of the calibration constants over time. In these simulations, for each antenna and month, we generated
random Gaussian-distributed values of calibration constants with mean and standard deviation equal
to the measured →C0↓model value and its corresponding uncertainty. Subsequently, we systematically
shu#e the years for all antennas and perform fits on the simulated calibration constants over time. The

– 12 –
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Figure 1. Dynamic average frequency spectrum as a function of LST for the north-south channel of one of the
antennas during February 2019. The left panel presents the results before removal of narrowband RFI (horizontal
lines), while the right panel shows that the Galactic signal variation becomes evident after RFI removal.
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Figure 2. Average spectral density for one of the antennas during January 2019 as a function of LST for the
north-south channel, before the removal of broadband RFI (left) and after the removal (right).

are removed from the data to suppress these transient noise. Finally, a smoothing is applied to the
threshold 𝐿 th

LST in order to prevent large variations between time bins.
Figure 2 shows the distribution of the average spectral density for one of the stations during

January 2019 as a function of LST, both before and after the removal of RFI. For the north-south
channel of the Butterfly antennas, the typical Galactic signal is of the order of 0.0055 mV when the
Galactic plane is outside the field of view (around LST →5 h) and about 0.0075 mV when it is within
the field of view (around LST →18 h). The presence of highly intense broadband noise pulses is evident,
reaching average spectral densities of more than 0.012 mV. After the RFI cleaning, significantly
cleaner data are obtained, with average spectral density values below approximately 0.009 mV.

3 Radio sky models

The background radio signal received on Earth varies in di!erent directions across the sky and can
be conveniently specified by its equivalent brightness temperature. In this way, radio maps of the
sky are produced using measured brightness temperatures. Within the frequency range of the AERA
stations, the background signal is dominated by Galactic emission, and the total expected power

– 4 –
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An initial look at 13 months of data
▪ December 2024 –

January 2026
▪ With pre-cuts 1172 events
▪ In agreement with

expectations
▪ „Flat“ sin2(q) distribution

between ~74° and >80°

Moriond 202613

- Dec 2024 - Jan 2026

- 1172 showers after cuts

- in agreement with expectations

- „flat“              distribution for sin2(✓)
74� < ✓ < 80�

An initial look at 13 months of data
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A closer look at „fully efficient“ zenith angle range

▪ No „typical“ North-South asymmetry (threshold effect in not-fully-efficient detection)
▪ Events with energies approaching 1020 eV – world record for radio detection

Moriond 202614

„flat“ distribution above threshold

azimuth angle energy

air showers with E~1020 eV - 
world record for radio detection

A closer look at “fully efficient“ zenith angle range
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Beautiful correlation of WCD and RD energy reconstruction

▪ Beautiful data set usable for
− Energy scale with Radio Detector
− Muon number measurements
− Photon searches
− Later interferometry
− …

▪ Aside: energy scale with AERA in 
agreement with Fluorescende Detector

Moriond 202615

outliers likely during
thunderstorms,

monitored in real-time

PoS ICRC2025 (2025) 292

Correlation of energy measured with RD and WCD
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Beautiful correlation of WCD and RD energy reconstruction

▪ Beautiful data set usable for
− Energy scale with Radio Detector
− Muon number measurements
− Photon searches
− Later interferometry
− …

▪ Aside: energy scale with AERA in 
agreement with Fluorescende Detector

Moriond 202615

outliers likely during
thunderstorms,

monitored in real-time

PoS ICRC2025 (2025) 292

Aside: energy scale with 
AERA in agreement with 
Fluorescende Detector

Beautiful data set usable for
• Energy scale with Radio Detector
• Muon number measurements
• Photon searches
• Later interferometry
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Figure 16: Electric-field traces of all live stations from 31/12/2023. Between 17:00 UTC and
22:00 UTC, thunderstorm conditions were recorded in all stations.
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Figure 17: Electric-field traces of all live stations from 06/01/2023. A thunderstorm was
recorded in the AERA region by CRS, AERAWS and BATATA.

the array at the same time. The largest electric field amplitude was recorded by
BATATA, reaching up to 20 000Vm!1, and in all stations the polarity of the electric
field switched multiple times.

Fig. 17 shows the electric-field traces of a thunderstorm that was only observed by
the three stations near AERA. Being relatively close, the stations recorded similar
looking traces but with different gains. These gains reflect different Csite factors, that
hold for each of the stations. In case of BATATA, Csite = 0.105 is given by design.
The EFMs at CRS and AERAWS were not calibrated, but their Csite factors are per
default internally set to 0.1. By using thunderstorm events like the one seen in Fig.
17, there is the possibility to cross-calibrate CRS and AERAWS with BATATA and
determine their true Csite factors.

In a similar way, Fig. 18a shows another thunderstorm, where the electric-field
traces from BATATA, CRS and AERAWS mostly differ by a gain factor. Additionally,
the EFM at LL recorded an electric-field trace, which is very similar in shape to the
one from BATATA but shifted in time by about one hour. This indicates that the
thundercloud at both sites might have been the same one and has moved from AERA
towards LL, assuming that it did not change much its shape and electrical structure in
the time frame of one hour. A sketch of the possible movement of the thundercloud

43

In-situ monitoring of atmospheric electric fields

Stations at the Pierre Auger Observatory 10

Figure 6: Map of the Pierre Auger Observatory with various infrastructure marked. The
locations of the new EFM stations are denoted as crosses. In blue the positions and
viewing angles of the four FDs are illustrated. Black dots are individual SD stations.

nails and small cairns. Concrete foundations may be added later as they were
prepared for the other stations.

Since AERA already uses a Bullet-Rocket-system for communication between
its stations and the Coihueco FD site, installing a new Rocket on the Coihueco
communication tower would be redundant. However, the newly acquired
Bullet radios are not compatible with the Rocket installed for AERA. Therefore,
the Bullet in the setup design described in Sec. 2 is replaced with a spare Bullet
from AERA, which is a slightly older model.

The first data collected by guanaCO did not reveal any problems, giving green
light for the deployment of the remaining stations as planned. The data are
shown and discussed in Sec. 5.

• armadiLLo / Los Leones (LL):

The first station of the deployment campaign in November 2022 was armadiLLo
near the Los Leones FD site. Prior to the campaign, the Rocket radios and
sector antennas were mounted on the communication towers at the FD sites
Los Leones, Los Morados and Loma Amarilla by an external contractor. After
resolving configuration issues, the remote connection to armadiLLo was estab-
lished. The DAQ system was not set up at that time, but first data could be
read out manually by directly connecting the Moxa NPort to a laptop. Those
data looked as expected.

• CaLaFate / CLF:

The station CaLaFate was deployed next to the CLF in the center of the array,
i.e. not in the vicinity of any FD station, but with communication infrastructure
provided by the CLF. Therefore, there are some differences in the station setup

Stations at the Pierre Auger Observatory 12

Figure 7: First deployed station guanaCO at the BATATA site with the existing fence in the
background.

Figure 8: EFM station CaLaFate in front of the CLF container and the SD station Celeste.
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Figure 15: Electric-field traces of all stations from 09/2022 until 03/2024.

5.1 Basic data analysis

Large electric fields, that influence the cosmic-ray radio measurements, are rarely
present. At AERA, the fraction of the duty cycle that was affected by large electric
fields, was estimated around 4% [17]. Most of the time, the local weather conditions
are fine. However, this does not mean that the atmospheric electric field is zero.
Instead, there is always an electric field present in the atmosphere, whose absolute
strength typically reaches up to 100Vm!1 [18]. Moreover, this fair-weather electric
field exhibits a daily variation with the minimum appearing around 19:00 UTC and
the maximum appearing around 3:00 UTC. This phenomenon is called Carnegie
curve [19].

The Carnegie curve was already seen in data from the CRS and AERAWS and
different aspects about it were studied in [12]. On fair-weather days the phenomenon
is also evident in the data from the new EFM stations. As an example, in Fig. 14
the electric field recordings from all stations are shown for the day 25/10/2023.
Apart from some spikes, the electric fields in all stations vary between 0Vm!1 and
!150Vm!1, while the maxima lie between 4:00 UTC and 8:00 UTC and the minima
lie around 18:00 UTC. Seasonal variations can cause shifts of the positions of the
minimum and maximum of the Carnegie curve by several hours [19, 12]. Data from
days like shown in Fig. 14 confirm, that all new stations see the Carnegie curve
under fair-weather conditions, which is an indicator for their functionality.

It should be noted that the term "fair weather" is used here to describe conditions
in which no large electric fields were recorded at any location in the array throughout
one day. In the context of atmospheric electricity however, there exist distinct criteria
by which fair-weather conditions are defined[20]. These are necessary to be able to
properly select data for the use in studies related to the Global Electric Circuit (GEC).
Recently defined criteria from [20] require local monitoring of the wind speeds,
clouds and aerosols. Wind speeds sensors are operated within a few kilometers of
each EFM station which might be sufficient to check this criterion. Cloud and aerosol
information are provided at least during moonless nights from the atmospheric
instruments of the FDs. Therefore, providing fair-weather electric field data from the
Pierre Auger Observatory might be possible and could help geophysics studies that
require such data.

In Fig. 15, all electric-field traces of all EFMs are shown for the time range from
September 2022 (start of DAQ of the BATATA station) until mid of March 2024. It is
clearly visible that the number of periods with large electric fields is higher in austral
summer compared to winter. Various different thunderstorm signatures are found
in the data. Fig. 16 shows the evening hours of 31/12/2022 when large electric fields
were recorded by all seven EFMs. This event might have been a large thunderstorm
spanning across the whole array or separate thunderstorm cells appearing across

6 A short user manual for the monitoring database can be found at https://wiki.auger.org.ar/doku.
php?id=monitoring:mondb_usage

7 Scripts and tools for automatic queries of the EFM tables and analysis of the data are collected at
https://gitlab.iap.kit.edu/auger-observatory/sandboxes/maxbuesken/EFM_tools

thunderstorm
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The andes

• completely new domain for radio 
—> illustrates the case for detecting  
Earth-skimming neutrinos  
(e.g. hitting the Andes)
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Earth-skimming potential

⌫

• 65 km footprint
• Nearly from the horizon: 89°
• around 2x1019 eV
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some future projects
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CRIS-MAC, Sorrento
Radio Detectors for high-energy Astroparticle Physics17

Auger Radio Infill SKALA Enhancement (ARISE)
18 SKALAs triggered by Surface Detector aiming at:

demonstrating full efficiency for vertical showers 

combined analysis with underground muon detectors

cross-calibration of energy scale with SKALA antennas

ARISE: simulated radio detection efficiency

ARISE in SD-433 array

SD station

Surface Detector with Underground Muon Detector

Auger Coll., ARENA 2026

Auger Radio Infill SKALA Enhancement (ARISE)
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Radio Detectors for high-energy Astroparticle Physics18

The Square-Kilometer Array (SKA)
SKA-low under construction in Australia 

10,000‘s of antennas on 1 km², 50-350 MHz
triggering scintillator array for air showers to be installed 
building on LOFAR experience

Unprecedented precision for air showers above 1016 eV

SKA Focus Group on High-Energy Cosmic Particles, ARENA 2026

simulated air shower

The Square-Kilometer Array (SKA)
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Radio Detectors for high-energy Astroparticle Physics22

1-2 km

𝓞𝓞(100 m)

𝝂𝝂𝝉𝝉

𝝉𝝉

● Phased
● Standalone

Hybrid Elevated Radio Observatory for Neutrinos (HERON)

HERON combines GRAND and 
BEACON expertise

Future array for UHE neutrinos 
in Argentina

HERON Coll., ARENA 2026

Hybrid Elevated Radio Observatory for Neutrinos (HERON)
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CRIS-MAC, Sorrento
Radio Detectors for high-energy Astroparticle Physics19

Giant Radio Array for Neutrino Detection
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38 km 
altitude

Detection Channels for Radio on Balloons

PUEO Coll., ARENA 2026

Cosmic Rays:
high-altitude horizontal air showers (HAHAs)
reflected signal of downgoing air showers

Neutrinos:
in-ice Askaryan emission
𝜈𝜈𝜏𝜏 induced upgoing air showers

Concepts for Radio Detection on Balloons
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fgs@udel.edu13 July 2026
CRIS-MAC, Sorrento

Radio Detectors for high-energy Astroparticle Physics24

PBR Team,
JCAP07(2026)001
 talk by B. Panico
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Radio Detectors for high-energy Astroparticle Physics25

PUEO is the successor of ANITA with higher sensitivity
search for neutrino-induced air showers in the Antarctic ice
improvement of cosmic-ray detection due to additional 
low-frequency instrument

Payload for Ultrahigh Energy Observations (PUEO)

PUEO Coll., ARENA 2026

PUEO flight Dec 2025

Payload for Ultrahigh Energy Observations (PUEO)
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Radio Emission
from Particle Showers

• Askaryan emission: radiation from 
time-varying net negative charge 
excess in shower. Dominant for in-ice 
showers 

• Geomagnetic emission: time-varying 
current due separation of positive and 
negative charges in shower due to 
Lorentz force. Dominant for air showers 

• Both benefit from boost due to 
coherence effects near the Cherenkov 
angle

7

Askaryan 1969, 
Saltzberg, PRL, 2001

ν 
nucleon

Ice Shower

⨂
E

air shower

+

—
B

Kahn & Lerche (1967)

Stephanie Wissel - ECRS 2026

Radio Emission 
in air and in dense media
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Askaryan Radio Array (ARA) at South Pole

Recent result: 
validation of in-ice Askarayan emission from 
cosmic-ray air showers continuing in the ice

ARA Coll., PRL 136 (2026) 151003

Askaryan Radio Array (ARA) at the South Pole
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CRIS-MAC, Sorrento
Radio Detectors for high-energy Astroparticle Physics27

Radio Neutrino Observatory in Greenland (RNO-G)

RNO-G deployment progresses 
in Greenland
air showers detected successfully
pathfinder for IceCube-Gen2 with 
chance to provide first radio 
measurement of UHE neutrinos

RNO-G Coll., ARENA 2026

Radio Neutrino Observatory in Greenland (RNO-G)
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Radio Detectors for high-energy Astroparticle Physics28

10 year construction project
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Radio Detectors for high-energy Astroparticle Physics29

IceCube-Gen2 Radio Array
Shallow + deep antennas for in-ice Askaryan emission to detect UHE neutrinos

IceCube-Gen2 Technical Design Report (TDR):        https://icecube-gen2.wisc.edu/science/publications/tdr/

IceCube-Gen2 Radio Array (in-ice)
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IceCube-Gen2 and its Surface Array

Surface Array of approx. 150 stations:
4 pairs of scintillators + 3 antennas

Combination of deep and surface detector will make IceCube-Gen2 
a unique laboratory for air-shower physics and Galactic cosmic rays
8x larger area, 30x larger aperture for in-ice coincidences

photos: prototype station at South Pole
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IceCube-Gen2 Surface Array
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Prof. Dr. Ralph Engel 
KIT 
 

Nijmegen, 21 January 2026 
 
Sponsoring International School of Cosmic Ray Astrophysics 
 
Dear Professor Engel, lieber Ralph, 
 
The International School of Cosmic Ray Astrophysics is looking back on a long tradition, educating students 
and young scientists in the field of astroparticle physics from many countries around the world since 1978. 
Astroparticle physics is an interdisciplinary field at the interface between astronomy, astrophysics, particle 
physics, and cosmology. The School is held biannual at the Ettore Majorana Center in Erice, Sicily. The 24th 
Course “Particles and the Cosmos – Bridging the infinitesimal and the infinite” will take place 29 July – 6 
August 2026 and is jointly organized by Professors Jörg R. Hörandel (Radboud University, The Netherlands), 
Roberta Sparvoli (University of Rome Tor Vergata, Italy), and Todor Stanev (Bartol Research Institute, USA). 
 
One of the main objectives of the School is to bring together students and high-profile scientists from many 
countries around the world. The organizers of the School give out scholarships to cover the local costs to stay 
in Erice during the School. This allows students from less developed countries to attend the School. The fee for 
the next course is expected to be around 1485.- EUR. To attract the best scientists in the field as lecturers the 
organizers also need to support some of the lecturers. Sponsoring makes this support possible. 
 
On behalf of the organizers and the students attending the School I take the liberty to kindly ask you to 
financially support the 24th Course of the International School of Cosmic Ray Astrophysics. Your support will 
be mentioned on the School web site.  
 
We would again like to thank you for your generous support of the last course in 2024, to which you 
contributed 3000.- EUR. Below we look back at the 2024 course. 
 
We would be very pleased by a positive decision. Please feel free to contact me for remaining questions. Thank 
you very much in advance. 
 
Sincerely yours 

 
Prof. Dr. Jörg R. Hörandel 
 

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

Pushing the Frontiers
in Radio Detection
• Cosmic Rays  

- Large scale arrays and dense arrays are entering a precision era for 
radio  

• Neutrinos: Scaling Up 
- Several ideas (Earth-skimming tau, in-ice radio, balloons) 
- First results from prototypes (GRANDProto300, BEACON, ARA, RNO-G) 
- Efforts to move from prototypes to science scale instruments

http://hoerandel.eu

