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secondsemester, 6 ec

Time and location:
Tuesday 8:30 - 10:15 HG 03.054
Thursday 8:30 - 10:15 HG 00.114

Exam:
Oral exam. We will make a detailed schedule end of May/begin of June.

Lectures:
04.02.2020 1. Historical introduction, basic properties of cosmic rays
06.02.2020 2. Hadronic interactions and accelerator data
11.02.2020 3. Cascade equations
13.02.2020 4. Electromagnetic cascades
18.02.2020 5. Extensive air showers
20.02.2020 6. Detectors for extensive air showers
27.02.2020 7. High energy cosmic rays and the knee in the energy spectrum of cosmic rays
03.03.2020 8. Radio detection of extensive air showers
05.03.2020 9. Acceleration, astrophysical accelerators and beam dumps
10.03.2020 10. Extragalactic propagation of cosmic rays
12.03.2020 11. Ultra high energy cosmic rays
17.03.2020 12. Astrophysical gamma rays and neutrinos
14.04.2020 13. Neutrino astronomy
12.05.2020 14. Gamma-ray astronomy

Student presentations:

19.03.2020 Cosmic ray anisotropy at TeV energies, Icecube/Top, HAWC Chris van den Oetelaar
16.04.2020 Cosmic-ray anisotropy at highest energies Auger/TA Björk Johannes
21.04.2020 KM3NeT project ARCA+ORCA Eric Teunis de Boone
23.04.2020 Radio detection of air showers Jur Remeijn
07.05.2020 IceCube neutrino astronomy Martijn Appeldoorn
14.05.2020 GZK effect and the end of the cosmic-ray spectrum, Auger,TA Youri Sloots
26.05.2020 H.E.S.S. TeV gamma-ray astronomy galactic center emission John Dunne
28.05.2020 Cherenkov Telescope Array - CTA Viktor Traykov
04.06.2020 The knee in the energy spectrum of cosmic rays Jesse Polman
11.06.2020 topic NN

assistant: Sukanth Karapakula (s.karapakula # astro.ru.nl)

Literature:

T.K. Gaisser et al 
Cosmic Rays and Particle Physics, 2nd edition
Cambridge University Press

Primary literature, journal articles
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lecture 8
Radio detection of extensive 

air showers
Gaisser chapter 16
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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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Haverah Park (Leeds)                     Allan 1971
Haverah Park near Leeds UK

Allan 1971

Lateral Distribution

Clay et al 1971

Allan et al 1971

Results Summary

1

17
0

0

sin cos2 exp   V/m/MHz
10 sin 45cos30 50

110 m at =55 MHz.  =angle to B, =Zenith angle

pE r v
r

r

ν

α θ
ε µ

ν α θ

−   −   =      
      

=

Allan  1971 Formula

But later results (Baggio 1977, MacDonald and Prescott 1981)
showed:
• Spectrum Flat over 30-100 MHz
•Large fluctuations in field strength (100 %)

– no clear dependence on energy
What’s the story today?

H.R. Allan, Prog. Element. Part. Cosmic Ray Phys (1971) 169
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First European Symposium on High Energy Interactions and 
Extensive Air Shower: Lodz, Poland April 1968
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2005: understanding the 
signal

2014: understanding the
emission processes

2016: radio technique 
mature:
properties of cosmic rays

2018: beyond 
capabilities of 
standard 
installations
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Radio Detectors
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5 km2  (core)
~1800 antennas

0.5 km2
CODALEMA

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

antenna for antenna for aa cosmic ray cosmic ray radiodetectionradiodetection

experimentexperiment (CODALEMA)(CODALEMA)

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

Didier CHARRIER

Subatech, Nantes, France

Didier.charrier@subatech.in2p3.fr

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

SUBATECH, Nantes

Observatoire de Paris-Meudon

Observatoire de Nançay

LAL, Orsay

ESEO, Angers

LPSC, Grenoble

LPCE, Orleans

LAOB, Besançon

(FRANCE)

0.5 km2

Tunka-Rex
1 km2

ARIANAAuger Engineering Radio Array
AERA

17 km2

~150 antennas

Radio detection of extensive air showers 
around the world

Yakutsk
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30 - 80 MHz

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

core
23 stations ~5 km2

120 - 240 MHz

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

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

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

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

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

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

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

2

LORA 
LOFAR Radboud Array 

scintillator detectors

Low Band Antennas (LBA) 
30 - 80 MHz

trigger: 13 of 20 
detectors

buffer 
2 ms read-out

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

Selection this analysis:  
4+ LBA stations

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

* more LBA stations 
around superterp 

2

scintillators

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

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

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

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

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

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

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

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

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

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

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

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

3. Precision measurement of the radio emission in air showers

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

2
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23 stations ~5 km2

~150 antennas
~17 km2

30-80 MHz

Auger Engineering Radio Array
AERA
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light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which

2

             core
23 stations ~5 km2

~150 antennas
~17 km2

30-80 MHz

Auger Engineering Radio Array
AERA



Jörg R. Hörandel, APP 2020/21 �13

1 km

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.
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light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which

2

             core
23 stations ~5 km2

~150 antennas
~17 km2

30-80 MHz

Auger Engineering Radio Array
AERA

5 frank.schroeder@kit.edu
Institut für Kernphysik

KIT Campus North

09 Mar 2014 AERA-AMIGA hybrid analysis

AMIGA unitary cell
≥10 m² installed at each location

Three detectors at one site: SD + MD + RD

25 stations
since August 2010

100 stations
since March 2013

+25 stations
since March 2015



Jörg R. Hörandel, APP 2020/21 �14

A measured air shower

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

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

4. Properties of reconstructed air showers

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

4.1. Triggers from the array of particle detectors

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

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

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

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

4.2. Event rates and sensitivity

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

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

A98, page 12 of 14

⇡ 1�

angular difference
particles - radio
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Calibration Results

Sky + elec.
 noise

● Galaxy model now limits systematic 
uncertainties

● Uncertainties from electronic noise are 
found by comparing resulting calibration 
constants for different antennas

12

�16K. Mulrey, ARENA 2018
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Auger Engineering Radio Array
AERA 26 | 
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radiation technology 

astroparticle physics 
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Calibrations: relative time 
Use beacon broadcasting 
at 4 different frequencies 
to measure relative time 
shifts 

Tim Huege, ARENA2016 
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Radiation Processes
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Radio Emission in Air Showers

e+e+e+

e+ e-

e-
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e-

e-e+

e- drift

e+ drift

air shower

atmospheric nucleus

cosmic ray

coherent 
radio pulse

deflection of particles
in geomagnetic field

Be-

e+

Table 1: Modern radio experiments for high-energy cosmic rays and neutrinos. Current radio arrays
for neutrino detection are still under construction and the starting year refers to first prototype setups.

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

Figure 21: Map of the total geomagnetic field strengths (world magnetic model [205]) and the location
of various radio experiments detecting cosmic-ray air showers (figure from Ref. [148]).

34

F. Schröder, Prog. Part. Nucl. Phys. 93 (2017) 1

Mainly: Charge separation 
in geomagnetic field 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P. Schellart et al.: Detecting cosmic rays with the LOFAR radio telescope

Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0� and north corre-
sponds to 90�. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
�2/nd.o.f. = 0.9.

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

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

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

5. Conclusions

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

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

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

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

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

4. Dataset

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

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

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

4.1. Information from particle data

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

4.2. Arrival directions

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

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

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

4.3. Effect of the tile-beamforming

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

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

4.4. Observation of north–south asymmetry

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

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

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

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

4.3. Effect of the tile-beamforming

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

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

4.4. Observation of north–south asymmetry

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

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

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

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

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

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

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

5. Conclusions

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

A large dataset has been gathered with hundreds of identified
cosmic-ray events in data from the LBAs. With up to a thousand
antennas per events, these are the first highly detailed measure-
ment of the radio signal of air showers. These measurements will
be used for a detailed characterization of the shower shape and
will be the benchmark data for comparison with models of radio
emission in air showers.
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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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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
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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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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].
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charge excess of ⇡10%–20% in air showers, which is caused mostly by the fact that the ambient medium is ionized by the
air shower particles and the ionization electrons are swept with the cascade, while the much heavier positive ions stay
behind. As the shower evolves, the absolute negative charge present in the moving cascade grows, reaches a maximum and
finally decreases when the shower dies out. Hence, again there is a time-varying charge excess, and this leads to pulses of
electromagnetic radiation.

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

The mechanism described here, together with Cherenkov-like effects that will be described in the next section, is
essentially the Askaryan-effect [22,23]. It usually plays a sub-dominant role in air shower physics, however it is the sole
relevant emission mechanism in particle showers in dense media and has been investigated in considerable depth in the
context of neutrino detection via radio emission in ice and the lunar regolith (see, e.g., [24]). Since the length scales of particle

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

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

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

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

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

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

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

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for
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Jörg R. Hörandel, APP 2020/21 �26we 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 0.93þ 0.04

−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 0.82þ 0.06

−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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Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
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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
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Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
squares and the value of the fit is indicated by a red circle. The results are shown with respect to two perpendicular axes in the
shower plane, thereby respectively ignoring the coordinates in the other axes. The figure illustrates a good agreement between
the simulation and the fit to the simulation.

Figure 6: Illustration of the residuals of the fit shown in figure 5. Left: Relative di↵erences between simulation and fit with
respect to the individual simulation. Right: Relative di↵erences between simulation and fit with respect to the maximum of the
simulation. Features that can be interpreted as straight edges are caused by the interpolation for the plot.

Additionally, it was found that the Y� parameter is almost constant ( Y� < 1m) for all fits and it is
therefore also not needed.

An example of a successful fit is shown in figure 5. Both, the fit and the simulated data are shown and
represented as circles and squares, respectively. For better visibility cuts through the x0-axis (~v⇥ ~B) and the
y
0-axis are shown, which illustrate in which coordinates the asymmetry is present. Given the constructive

interference of the geomagnetic e↵ect and the charge excess, the asymmetry is especially visible with respect
to ~v ⇥ ~B. The figure shows a good agreement between simulated data and the fit.

In order to assess the quality of the fit, the relative uncertainty is calculated. As there are no measurement
uncertainties on the simulated showers, the absolute residuals are not directly comparable between events.
This is especially true, given the fact that the simulated events span three orders of magnitude in energy,
which delivers pulse powers that span six orders of magnitude. Therefore, the relative di↵erence between
original simulation and fit is calculated, as it is shown in figure 6. The relative uncertainty with respect to
every individual signal is shown on the left. At regions with lower signal this gets rather large as a small value
is divided by another small value. These are however the less relevant parts of the shower as they contain
low (possibly experimentally not measurable) signals. In order to make the relevant part better visible the
di↵erence with respect to the maximum signal is shown on the right.

Those regions of the fit that show the largest deviations, are those that lie at the outer fall-o↵ (in figures 5

6

Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.

P (x0
, y

0) = A+ · exp
✓
�[(x0 �X+)2 + (y0 � Y+)2]

�2
+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2
�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0
, y

0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X+, X�, Y+, Y�, the width
parameters �+,��, the o↵set parameter O and the two scaling parameters A+ and A�, which are positive
and it holds A+ > A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

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

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

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

↵ =
c t100
100m

, (13)

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

In practice however, it appears to be di�cult to use wavefront timing by itself to determine (the distance
to) Xmax. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to Xmax [21]. Combining this technique with
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

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

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

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

↵ =
c t100
100m

, (13)

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

In practice however, it appears to be di�cult to use wavefront timing by itself to determine (the distance
to) Xmax. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to Xmax [21]. Combining this technique with
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity
v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The
generated wavefront is observed as conical (top panel) by an observer at small distances to the point where
the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle
panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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Figure 6: The arrival time di�erences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis di�er between fits, as is in particular evident for the spherical fit.
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Figure 7. Deviation between the arrival direction reconstructed with the KASCADE particle detector
array and reconstructed with LOPES using three different wavefront shapes for the beamforming
analysis (corresponding to the three shown histograms and fitted Gaussians). The mean deviation
can be taken as upper limit for the direction precision of LOPES for air showers, which consequently
is best when using a hyperbolic wavefront for the cross-correlation beamforming.
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Figure 8. Distribution of the cone angle ρ, obtained by hyperbolic beamforming for the measured
events, and by fitting the wavefront function for the simulated events. The range of the measured
cone angles corresponds to approximately 0.6◦ − 2.0◦.

measurement precision of better than 5% for the cone angle ρ, which should result in a
precision for Xmax better than the 25 g/cm2 which we achieve in the simulations without
correcting for the asymmetry. With respect to the experimental uncertainties of LOPES, the
effect of the asymmetry is negligible. Hence, it is ignored for the following analysis.
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Figure 8: Angular di�erence between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to � 1 �,
when the shape is in fact hyperbolic (top plot). The di�erences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Energy of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.

P (x0
, y

0) = A+ · exp
✓
�[(x0 �X+)2 + (y0 � Y+)2]

�2
+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2
�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0
, y

0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X+, X�, Y+, Y�, the width
parameters �+,��, the o↵set parameter O and the two scaling parameters A+ and A�, which are positive
and it holds A+ > A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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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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cosmic-ray energy measured with the Auger surface de-
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arriving perpendicularly to the Earth’s magnetic field at
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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-
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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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cosmic-ray energy spectrum [33] shows that the data can
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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
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is determined from the scatter of points in Fig. 2. It
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analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
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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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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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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

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
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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

Auger Engineering Radio Array
AERA
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FIG. 5. (top) The radio-energy estimator Sradio as a function of the
cosmic-ray energy ECR measured with the surface detector. A power
law is fitted to the data using a likelihood approach which takes all
uncertainties and detection efficiencies into account. Green filled cir-
cles denote air showers where the core position has been determined
in the radio LDF fit, i.e., all air showers with at least five stations with
signal. Open circles denote events with less than five stations with
signal and use the SD core position. (bottom) Relative energy reso-
lution: The energy of the radio detector is obtained using the fit in
the left-hand figure. The left histogram contains all air showers, and
the right histogram contains the air showers with at least five stations
with signal (green filled circles). The expected distribution is shown
as a gray shaded area which is computed from the fitted probability
model that describes the fluctuations.

B. Precision and possible improvements of the energy
reconstruction

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

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

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

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

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

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

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

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

⇥
✓

sin ↵
ECR

1018 eV

BEarth

0.24 G

◆2

,
(7)

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

� ⇡ 24%

E30-80 MHz = 15.8 MeV @ 1018 eV

A. Aab et al., PRL  116 (2016) no.24, 241101 
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Fig. 3. Correlation of the energy measured with the air-Cherenkov array and an energy estimator based on
the radio amplitude at 100 m measured with Tunka-Rex. The line indicates a linear correlation.

maximum is blind for everybody working on the Tunka-Rex analysis.
The data of the first season is used to optimize and tune the reconstruction of the energy and the

shower maximum from the radio measurements. The average deviation between the air-Cherenkov
and the radio reconstruction provides an estimate for the precision, and should be minimized. Once
the methods are finalized, a prediction will be made for the events of the second season. Afterwards,
it will be compared to the air-Cherenkov reconstruction, to check if the average deviation between
both reconstructions is still approximately equal to the first season. If not, then likely the methods
were ’over-tuned’, and the independent check of the second season gives the better estimate for the
true precision.

Since the second season is still blind, only results for the first season are presented here. More-
over, we show only the result of the energy reconstruction, since it relies on relatively many events
compared to the number of free parameters in the reconstruction method. Thus, the results should be
robust, and we expect only little changes for the precision between the ’tuning’ and the ’cross-check’
seasons. The full result of both seasons, and the results for the shower maximum will be published
after the unblinding will have been done.

The energy reconstruction is based on the radio amplitude at a distance of 100 m from the shower
axis. Results from earlier experiments and simulations [3, 10, 11] indicate that at this distance the
amplitude depends in good approximation only on the geomagnetic angle and the energy, but only
little on the shower maximum. Since the geomagnetic angle is known from the reconstruction of the
arrival direction, the measured amplitude can be corrected for the strength for the geomagnetic effect.
Moreover, we now correct for the known asymmetry of the radio signal due to the interference of
the geomagnetic effect and the Askaryan effect [12, 13]. The reconstruction is still based on a simple
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière
radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full
Monte Carlo values, can now also help exploring the correlation of the full data-set. The best
fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on
the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate
of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution
results from varying the data 300 times within their uncertainties and calculating the remain-
ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is
especially interesting that there is a cluster at lower energies where the signal seems to be
overestimated. This might be caused by an inaccurate treatment of the noise for small pulses
or a threshold effect and has to be investigated further. Two fits to the distribution are shown.
One to the full distribution and one excluding the tail of the distribution. According to both
fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the
magnetic field � and the distance to the shower maximum, mostly represented by the zenith
angle. In future studies, it should be investigated whether subdividing the set into bins of
zenith angles, can improve the prediction quality. For this more than 50 air showers or a more
sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower
is one of the major open questions. In principle, the expected amplitude everywhere in the
pattern should scale linearly with the energy of the incoming particle due to the coherence of

Properties of primary particle
Figure 4: Interpolated pattern of the simulated total power for two di↵erent air showers in the shower plane. On the left a
shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.
Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power
from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in
the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is
however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.

P (x0
, y

0) = A+ · exp
✓
�[(x0 �X+)2 + (y0 � Y+)2]

�2
+

◆
�A� · exp

✓
�[(x0 �X�)2 + (y0 � Y�)2]

�2
�

◆
+O (2)

Here, P is the total power of the integrated radio signal, x0
, y

0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X+, X�, Y+, Y�, the width
parameters �+,��, the o↵set parameter O and the two scaling parameters A+ and A�, which are positive
and it holds A+ > A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a
standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one
single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here
(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The o↵set parameter O is introduced, as the CoREAS simulations su↵er from noise artifacts at larger
distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does
therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to
the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the
outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be
necessary to reintroduce this parameter for measured data.
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the �+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for ⇥+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(�) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of ⇥+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

⇥+ = �54.3 + 0.438 ·D(Xmax)� 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · ⇥+ + 0.0080 · ⇥2
+ (7.16)

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

distance to Xmax
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Xmax reconstruction with radio detection S. Buitink

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

�Xmax ⇡ 17 g/cm2�E ⇡ 32%

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

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

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

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

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

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

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

2

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

1

2 3 4

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

showers. See 34th ICRC Oral #780
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example shower
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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
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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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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
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Cosmic rays are the highest-energy particles found in nature. 
Measurements of the mass composition of cosmic rays with energies 
of 1017–1018 electronvolts are essential to understanding whether 
they have galactic or extragalactic sources. It has also been proposed 
that the astrophysical neutrino signal1 comes from accelerators 
capable of producing cosmic rays of these energies2. Cosmic 
rays initiate air showers—cascades of secondary particles in the 
atmosphere—and their masses can be inferred from measurements 
of the atmospheric depth of the shower maximum3 (Xmax; the depth 
of the air shower when it contains the most particles) or of the 
composition of shower particles reaching the ground4. Current 
measurements5 have either high uncertainty, or a low duty cycle 
and a high energy threshold. Radio detection of cosmic rays6–8 is 
a rapidly developing technique9 for determining Xmax (refs 10, 11) 
with a duty cycle of, in principle, nearly 100 per cent. The radiation 
is generated by the separation of relativistic electrons and positrons 
in the geomagnetic field and a negative charge excess in the shower 
front6,12. Here we report radio measurements of Xmax with a mean 
uncertainty of 16 grams per square centimetre for air showers 

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

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

We selected air showers from the period June 2011 to January 2015 
with radio pulses detected in at least 192 antennas. The total uptime 
was about 150 days, limited by construction and commissioning of the 
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Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ∼ 107 GeV in the SNR-CRs and at
∼ 6× 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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Determine the properties of the 
incoming particle with the radio 
technique
 
- direction     ~ 0.1° - 0.5°
- energy        ~ 20% - 30% 
- type (Xmax)  ~ 20 - 40 g/cm2

(depending on detector spacing) 
 
—> radio technique is routinely used to   
       measure properties of cosmic rays
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Concept of ARIANNA

7

• On ice-shelf: Ice-water boundary almost perfect reflector for radio 
emission 

• Independent antenna stations  
can be installed at low costs on  
the surface 

• Real-time data transfer via  
satellite  

• Solar and wind power possible 

• High gain antennas  
(50 - 1000 MHz) can be used to 
instrument a large volume 

• Array of about 1000 antennas  
needed

�49S.W. Barwick et al., Astropart.Phys. 90 (2017) 50
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Energy reconstruction

19

• The spectrum of the signal pulse translates to an energy and 
other shower parameters

• Principle works, but needs a faster more efficient approach to 
work for both neutrinos and cosmic rays

Anna Nelles, 2017

What does this mean for ARIANNA-1296?

21

use slope of 
measured frequency 
spectrum to derive 
energy and other 
shower parameters

full ARIANNA
36 km2 x 36 km2

1296 km2

Anna Nelles, 2017

Air shower simulation

18

• Full detector simulation and 
dedicated simulations for big 
events 

• Experiment with method as 
tested in LOFAR and AERA 

• Use polarization information 

• Fully independent 
reconstruction of air shower 
parameters

S.W. Barwick et al., Astropart.Phys. 90 (2017) 50

ARIANNA
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Phase 1 Installation 
(April 2018)

Phase I Scintillator housing, cables, and 
interface with the electronics cabinets 
installed April 2018 

Phase II Digitizing electronics, HV 
supplies, network interfaces, and 
scintillators installed ( summer 2018) 

14

LORA extension

LORA extension
Different configurations were simulated to optimize scintillator placement


(constrained by locations of LOFAR stations)

To have an unbiased trigger, 
proton and iron showers need 

to trigger with same 
probability

p
fe

0°-30°

E=1016.5 eV

Trigger rate = 1/hour

(13 stations for LORA 20, 14 for LORA 40)


45% increase in events with 
possible radio signal

13

�51

Extension of scintillator array (LORA)

2.5 km

Existing station
New station

Sample New Station

220 m

Estimated
placement
of new detectors

LORA Extension

- Increased effective area at higher energies (stronger radio signal)

- Potential for more complicated trigger algorithms

- Potential to probe different parts of the radio footprint

- Reduction of particle bias
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2.5 km

Existing station
New station

Sample New Station

220 m

Estimated
placement
of new detectors

LORA Extension

- Increased effective area at higher energies (stronger radio signal)

- Potential for more complicated trigger algorithms

- Potential to probe different parts of the radio footprint

- Reduction of particle bias

12Phase 1 Installation 
(April 2018)

Phase I Scintillator housing, cables, and 
interface with the electronics cabinets 
installed April 2018 

Phase II Digitizing electronics, HV 
supplies, network interfaces, and 
scintillators installed ( summer 2018) 

14

LORA extension

45% increase in 
showers with possible 

radio signal

adding 20 
scintillator stations 

in 2018

detector systems yield comparable densities and
prove that muon detection below the absorber
shielding works as well by track as by hit
detection. The discrepancies at high densities for
the largest muon numbers are currently under
investigation.

4.3. Trigger layer

The layer of scintillation detectors in the third
gap is used for fast trigger purposes and for
reconstruction of arrival time distributions [15]. A
description of the system can be found in Ref. [16].
The 456 scintillators cover 2

3 of the calorimeter
area. The absorber thickness above corresponds to
30X0 and efficiently shields the scintillators against
the electromagnetic component. For vertical
muons the absorber corresponds to a threshold
of 490 MeV: Each detector consists of two slabs of
a 3 cm thick scintillators of type NE 114, for a
sketch see Fig. 23. The light is coupled out by a
central wavelength shifter bar (type NE 174 A)
and measured by a single photomultiplier type
EMI 9902. The area of one module is 0:45 m2: The
most probable energy deposit of passing muons is
taken for energy calibration, and calculated to

amount to 6:4 MeV: Local variations of light
transfer have been determined to be maximal
74:5%: They are small with respect to the Landau
fluctuations and sufficient for trigger purposes.
The signal threshold is set to 1

3 of the most
probable energy deposit, i.e. to 2:1 MeV: Two
kinds of trigger are generated: A multiplicity
trigger, if at least eight detectors out of the 456
have a signal above threshold. Fig. 24 shows the
homogeneity of response for a series of such
triggers. A hadron trigger is generated, if in at least
one detector a signal of 50 equivalent muons is

ARTICLE IN PRESS

98 cm

12
5 

cm

wavelength shifter

scintillator

detector box

PM  1.5‘‘

Fig. 23. Sketch of a detector box with two scintillation counters
of the trigger layer and top cluster.10-2
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Fig. 22. Muon lateral density distributions for five shower sizes
and zenith angles 0!oyo18 !: Open symbols represent muons
tracked by the MWPC, filled symbols represent hits in the
streamer tube pads, corrected for non-muon hits according to
CORSIKA/CRES simulations.
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upgrade PAO  
- electronics  
- scintillator layer
- radio detector
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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 

atmosphere

muonic component
radio emission

hadronic component

e/m component

cosmic ray

Earth

e/�

µ

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

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

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

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

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

2.2. OPEN QUESTIONS AND GOALS OF UPGRADING THE OBSERVATORY 13

(E/eV)
10

log
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 sr

-2
 k

m
2

J [
eV

3 E

36
10

37
10

38
10

(E/eV)
10

log
18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 sr

-2
 k

m
2

J [
eV

3 E
36

10

37
10

38
10

Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range

maximum rigidity photo disintegration

Key science questions
•What are the sources and acceleration 
mechanisms of ultra-high-energy cosmic 
rays (UHECRs)? 

•Do we understand particle acceleration 
and physics at energies well beyond the 
LHC (Large Hadron Collider) scale? 

•What is the fraction of protons, photons, 
and neutrinos in cosmic rays at the 
highest energies? 

3000 km2

in practice: 
different 
response to 
both 
components 
in both 
detectors: 
response 
matrix

p He
CNO

Fe

µ

e/�

Advanced Grant 
Hörandel 2018
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A large radio array at the Pierre Auger 
Observatory

preparatory work & feasibility

atmosphere

muonic component
radio emission

hadronic component

e/m component

cosmic ray

Earth

horizontal air showers registered and 
reconstructed with existing AERA

Figure 6: View of the southern-most event visible in Fig. 4 (with same symbol definition as in Fig. 3).
The radio signal extends over a significantly larger area than the particle distribution. The azimuth
angles reconstructed from the radio signals and particle-detector measurements agree to within better
than 0.5¶. The zenith angle reconstructed with the particle detectors amounts to 83¶, while the zenith
angle determined from the arrival times of the radio signals corresponds to 87¶. The low number
of radio antennas with signal and their approximate alignment along a line perpendicular to the
air-shower axis likely limit the zenith-angle resolution of the radio measurement in this particular case.

3.2 Comparison with simulations168

For the subset of 50 events with a surface-detector reconstruction of the cosmic-ray energy, we have169

made a direct comparison with the associated CoREAS-simulations. In Fig. 7a, we compare the170

simulated pulse amplitude as predicted for a given antenna station with the measured pulse amplitude171

in that antenna station. Only antenna stations for which both the measured and simulated signals172

have been successfully determined and both signals pass the signal-to-noise cut are used in this173

comparison. There is a clear correlation even though there is significant scatter. Fig. 7b shows a174

histogram of the corresponding relative deviation between simulated and measured amplitudes. On175

average, the simulations underpredicts the measured amplitudes by 2%, which is well inside the176

systematic uncertainty of ≥ 20% arising from the 14% uncertainty in the absolute energy scale of177

the Pierre Auger Observatory [26] and the ≥ 10 ≠ 15% absolute calibration uncertainty of the two178

di�erent types of AERA antennas [12, 13]. (We note that these antenna calibration uncertainties were179

determined for zenith angles up to 60¶ [13] and work is currently ongoing to quantify the uncertainties180

at larger zenith angles.) The scatter of 38% is larger than observed for near-vertical air showers,181

however this is explainable by the increased uncertainty of the core position reconstruction for inclined182

air showers, which is important input to the CoREAS simulations. There is thus still significant room183

for improvement when employing a detailed reconstruction of the radio signals of inclined air showers.184

– 7 –

A. Aab et al., JCAP 10 (2018) 026

}15 km!

AERA 17 km2

--> 3000 km2
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Figure 5: Farthest axis distance at which a radio signal above noise background has been detected as
a function of the air-shower zenith angle. Black dots represent the 50 events that pass the quality cuts
for energy reconstruction, grey diamonds denote the remaining 511 events. The red bars show the
profile of the distribution, i.e., the mean and standard deviation in each 2¶ bin. Please note that, as
the array is significantly smaller than the radio-emission footprints, the mean values might significantly
underestimate the average footprint size.

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

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

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

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

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

approximately 120 km2.148

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

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

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

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

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

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

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

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

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

with increasing zenith angle.158

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

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

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

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

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

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

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

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

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

– 6 –
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~21 km2

~87 km2

~8 km2

Horizontal air showers have large footprints in 
radio emission

this is MEASURED with the small 17km2 AERA

~114 km2

~46 km2

~17 km2

~60 RDs

~25 RDs

~9 RDs

on standard 1500 m grid

M. Gottowik AERA 17 km2

--> 3000 km2

A. Aab et al., JCAP 10 (2018) 026
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since May 2019
complete prototype at 
Auger observatory

- new SALLA antenna 
- new LNA 
- new digitizer/front end coupled 
to UUB 

data are integrated in SD data 
stream and transported to CDAS 

we have now ONE system 
comprising of WCD, SSD, RD
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since November 2019  
10 prototype stations installed
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Rd-Performance

J. Rautenberg, BU Wuppertal Malargüe 20.11.2019 10

First Rd Signal

J. Rautenberg
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final version of LNA, RU Nijmegen, June 2019
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radio digitizer

developed at RU Nijmegen
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Detection aperture and event statistics
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Figure 2: Predicted aperture of the Radio Upgrade
as a function of cosmic-ray energy for different
ranges of zenith angles. Detection efficiencies were
determined with the requirement of an energy flu-
ence (i.e., energy deposit in the form of radio waves
per unit ground area) of at least 5 eV/m2 in at least
three antennas, and with shower cores contained
in the geometrical area of the 3 000 km2 array. [12]

tector and Surface Scintillator Detector measure-
ments, the electron-to-muon ratio (e/µ) can be un-
folded for air showers with zenith angles  60�. In
a similar way, the combination of water-Cherenkov
Detector and Radio Detector will be used to mea-
sure the ratio of the electromagnetic energy and
the number of muons for horizontal air showers
[10, 11]. The combined measurement of the (al-
most pure) muon content and the calorimetric en-
ergy of the electromagnetic component of extensive
air showers up to the highest energies will allow us
to address several science goals, which we lay out
in the following sections.

2 Capabilities of the Radio De-

tector

In this section, we discuss the expected perfor-
mance of the Radio Detector in terms of aperture,
event statistics and expected reconstruction quality.

2.1 Aperture and event statistics

We first illustrate the estimated aperture and event
statistics achievable with the Radio Upgrade. These
were derived with a Monte Carlo study on the basis
of an analytical signal model [13] based on CoREAS
simulations [14]. We have expanded the signal
model [15] to enable predictions for zenith angles
beyond 60�. This expansion entails the continua-

tion of the spline fits relating the parameters R, �
and k to the distance to shower maximum DXmax
(cf. figure 8 of reference [13]) using CoREAS simu-
lations with zenith angles up to 80�. On the basis
of predicted signals for varying energies and event
geometries, we determine detection efficiencies, re-
quiring an energy fluence of at least 5 eV/m2 in at
least three antennas on a 1.5 km triangular grid.
The estimate of 5 eV/m2 for the detection threshold
was obtained with the SALLA prototype stations
deployed within AERA in 2017 [16]. For compar-
ison, the LPDA and butterfly antennas in AERA
have a threshold of approximately 2 eV/m2. As-
suming instrumentation of 3 000 km2 and requiring
shower cores to fall within this geometrical area�,
we derive the aperture as displayed in figure 2.

It is visible that the energy threshold for coinci-
dent detection of showers in at least three anten-
nas decreases with increasing zenith angle. This is
due to the growth of the radio-emission footprint
with zenith angle. The aperture contribution at the
highest zenith angles is, however, limited by the
condition that the events need to be contained in
the geometric area of the Observatory, which in-
troduces a cos ✓ factor. At lower zenith angles, in
particular below 70� zenith angle, the maximum
achievable aperture contribution is larger, yet the
detection becomes fully efficient only at high ener-
gies. A lower detection threshold than the assumed
5 eV/m2, possibly achievable using more sophis-
ticated signal cleaning techniques, would thus in
particular increase the fully efficient aperture con-
tributed by air showers with low zenith angles. We
note that the aperture shown in figure 2 should be
considered a “detection aperture” and not a “trig-
ger aperture”, as the trigger will be provided by
the Surface Detector. Radio stations with a signal
below 5 eV/m2 will thus also contribute useful in-
formation.

Multiplying the aperture with the flux as mea-
sured by the Pierre Auger Observatory [18], we
derive the expected number of events for the envis-
aged lifetime of the Radio Upgrade of 10 years and
display it in figure 3. Over this period, more than
3 000 events will be measured at energies exceeding
1019 eV, and approximately 300 events will exceed
an energy of 1019.5 eV. We note that an increase of
the assumed detection threshold mostly affects de-
tection efficiencies and thus event rates at energies
below 1019 eV. To convey an impression of how well
the events will be sampled with the Radio Detec-
tor, we have also determined the average number
of radio stations with a signal above 5 eV/m2 as
a function of zenith angle and cosmic-ray energy,
shown in figure 4.

�We emphasize that this is a conservative scenario, as also air
showers without core in the geometrical area of the observatory
could be detected; cf. the science case of GRAND [17].

2

18 18.5 19 19.5 20
/eV)

CR
 (E

10
log

1−10

1

10

210

310

410

510

610

Ev
en

t n
um

be
r p

er
 1

0 
ye

ar
s

total aperture
aperture for full efficiency
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Radio Detector as a function of energy over the
course of 10 years, calculated from the aperture
using the Auger energy spectrum. Black points
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2. Red points correspond to the aperture in regions
of parameter space where detection is 100% effi-
cient (for every energy bin only those zenith angles
are counted where full efficiency has already been
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Figure 4: Average number of radio stations with a
signal above the detection threshold of 5 eV/m2 as
a function of zenith angle and cosmic-ray energy.
[12]

2.2 Expected reconstruction quality

While we are still working on the development of
an event reconstruction for inclined air showers, we
can estimate the expected reconstruction quality, in

particular regarding the achievable energy resolu-
tion, on the basis of intrinsic uncertainties in the
radio signal as well as on experience gathered with
AERA.

A hard limitation for the achievable energy reso-
lution is given by intrinsic fluctuations of the radio
signal from shower to shower which are present
even when perfect knowledge of event geometry,
depth of shower maximum and atmospheric pro-
file is presumed. These uncertainties, however,
amount to a mere 3.5% for showers over the com-
plete zenith angle range from 0 to 80� [19].

The physics of the radio emission for vertical and
inclined air showers is essentially the same, except
that for more inclined air showers the emission
source is at much larger distances to the ground
(tens to hundreds of km) than for vertical showers
(few km). This essentially means that some effects
are more prominent in one case while others are
more prominent in the other. In inclined air show-
ers, additional asymmetries come into play, namely
an early-late asymmetry [20] as well as a refractive
index asymmetry [21]. We are currently working
on incorporating these effects in the reconstruction,
and given that these depend purely on zenith angle
and atmospheric density, both of which are well-
known, they are expected to be well-controllable.
Vertical showers do not exhibit these asymmetries,
but suffer from clipping of the longitudinal profile
at the ground as well as from a much more pro-
nounced dependence of the signal pattern on the
depth of shower maximum. All in all, we expect the
energy resolution achievable for inclined air show-
ers with the Radio Detector to be comparable to
that for vertical showers with AERA.

We have published an AERA energy resolution
of 22% for events with at least three signal stations
(core position taken from SD) and 17% for events
with at least five signal stations (core position fit
with radio data) [22]. Usage of a more sophisti-
cated energy estimator [19] as well as transition
from the so-called “2d-LDF” signal model [23] to
the “GeoCE-LDF” signal model [13] have since im-
proved the energy resolution to 11% for events with
at least three signal stations and 9% for events with
at least five signal stations [24].

Based on this practical experience with AERA
data, we consider an energy resolution of 10% an
optimistic scenario, 15% a likely scenario, and 20%
a pessimistic scenario. These scenarios will thus be
quoted in the following sections. We note that in
the Tunka-Rex experiment, 10% energy resolution
have been achieved using SALLA antennas as are
going to be used in the Radio Upgrade [25].

3

• High zenith angles become efficient early, contribute smaller apertures
• Lower zenith angles contribute larger apertures, become efficient later
• 3000 fully efficient events above 1019 eV in 10 years (300 above 1019.5 eV)
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Figure 4: Shower-to-shower fluctuations (left) and the average number of muons (right) in inclined air
showers as a function of the primary energy. For the fluctuations, the statistical uncertainty (error bars) is
dominant, while for hRµi the systematic uncertainty (square brackets) is dominant. The shift in the markers
for the systematic uncertainty in the average number of muons represents the uncertainty in the energy scale.

Figure 5: Left: Comparison of the measured fluctuations of the number of muons as a function of the
primary energy with the expectation derived from hadronic models and the CR composition from the fit
of four primary mass components to the measured Xmax-distributions [21, 22]. Right: Average number of
muons as a function of the average depth of shower maximum at 1019 eV.

hadronic interaction models [18, 19, 20]. The measured fluctuations seem to slightly decrease with
the primary energy. Fitting p0 + p1 log10(E/eV) to the fluctuations, we find a significant non-zero
value for the slope with p1 = �0.11±0.04.

In addition to the fluctuations, we also obtain new results for the measurement of the average
number of muons. The results are shown on the right in Fig. 4. Note that in the figure, hRµi
is divided by the factor (E/1019 eV). In contrast to the fluctuations, the measurement here falls
outside the range of the predictions from simulations (see also the discussion in [4]).

For the parameters of the energy evolution of the number of muons, hRµi = a(E/(1019 eV))b,

6
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Figure 5: Simulation of a measurement of the mean number of muons (left) and the spread of the
number of muons (right) as a function of energy via combined measurements with the water-Cherenkov
Detectors and the Radio-Upgrade antennas. A pessimistic energy resolution of 20% has been assumed
for the radio measurement. Error bars indicate statistical uncertainties. Green crosses indicate the
currently available data as presented at the Malargüe meeting in March 2019 [26]. Black points indicate
data as measurable with the Radio Upgrade over the course of 10 years. The shaded area indicates the
systematic uncertainty of the measurement arising from the Auger energy scale (adopted as 14%) and the
systematic uncertainty of the muon measurement (adopted as 11%). Lines indicate model predictions
for QGSJETII-04 [27] (solid) and Sibyll-2.3c [28] (dotted). The systematic uncertainty of the radio-derived
energy measurement on the x-axis is assumed as 14% and indicated with a grey data point in the plot.
The systematic uncertainty in the measurement of the intrinsic spread of the number of muons is of
order 0.005 and not shown for clarity of presentation. [29]

3 Muon content of inclined air

showers at the highest energies

The Radio Upgrade will be a powerful tool to study
the muon content in air showers. The almost pure
separation of the muon content (water-Cherenkov
Detectors) and electromagnetic energy (radio an-
tennas) of inclined air showers will allow us to
determine the energy dependence of the number
of muons in inclined air showers, as has previ-
ously been done with the combination of water-
Cherenkov Detectors and Fluorescence Detectors
(FD) [30, 26]. With the radio upgrade, however, we
will achieve an order of magnitude higher event
statistics: To date, a total of 155 hybrid FD-SD
events above 1018.8 eV have been collected for use
in this analysis [26]. Over the lifetime of the Radio
Upgrade, we estimate to collect roughly 6 500 air
showers in that energy range.

To illustrate the potential, we have performed a
simulation study in which we draw events accord-
ing to the distribution shown in figure 3 (red points,
i.e., requiring full efficiency). We then smear out
the energy, which will be measured by the Radio
Upgrade, by a Gaussian with a � of 20%, i.e., us-
ing a pessimistic scenario for the energy resolution.
We draw muon numbers, taking into account the
measured mean number of muons as a function of
energy and their measured intrinsic spread above
1018.8 eV as taken from reference [26]. Furthermore,

we smear out the number of muons by the N19
measurement resolution as detailed in [31]. After-
wards, we bin the data as a function of (smeared)
energy and determine the mean number of muons,
shown in figure 5 (left), as well as the intrinsic
spread of the number of muons (after subtracting
the N19 measurement resolution), shown in figure
5 (right).

It becomes obvious that with the vastly increased
statistics available through the Radio Upgrade, a
powerful measurement of the mean number of
muons as well as their intrinsic spread as a func-
tion of cosmic-ray energy will be possible. The lat-
ter measurement, in particular, will allow in-depth
tests of hadronic interactions.

We note that the systematic uncertainty illus-
trated in the form of a grey band in figure 5 (left)
is dominated by the 14% uncertainty of the energy
scale of the Pierre Auger Observatory. The Ra-
dio Upgrade has potential to validate and improve
the energy scale determination up to the highest
energies (cf. section 5), which would help further
to perform more stringent comparisons of existing
hadronic interaction models with data.

4

Muon content in horizontal air showers

• More than 6000 showers expected above 1018.8 eV in 10 years
• Energy resolution is not critical (assuming 20% here)
• Can also study zenith angle dependence
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Mass composition sensitivity

Figure 6: Separation of showers induced by protons and iron nuclei, simulated with CORSIKA/CoREAS
and the QGSJetII-04 interaction model. The muon number as measured by the water-Cherenkov De-
tector and the electromagnetic energy as determined with the Radio Upgrade are used to separate the
different species. The separation power increases with cosmic-ray energy. While the muon number was
determined with a full detector simulation and event reconstruction of each shower using the Offline
framework [32], no measurement uncertainies are included for the electromagnetic energy depicted in
this diagram. [33]

the smearing of Xmax has a significant impact on
the figures of merit, the influence of the direction
resolution is small. The resulting figure of merit
as a function of energy resolution and minimum
required (smeared) energy is shown in figure 7
(right). For an assumed energy resolution of an
optimistic 10% (likely 15%), the figures of merit
amount to ⇡ 1.5 (⇡ 1.3). For comparison, the fig-
ure of merit for the Surface Scintillator Detector is
tabulated as 1.31 at 1019 eV and 1.59 at 1019.8 eV
for QGEJetII-04 and proton-iron separation in the
AugerPrime preliminary design report [5].

We note that there is still potential for improv-
ing the quoted mass-separation performance of the
Radio Upgrade through a more sophisticated anal-
ysis and the possible inclusion of additional infor-
mation provided by the water-Cherenkov Detector
and Radio Detector measurements. Event recon-
struction in particular should exploit the complete
information provided by all detector components
in one global hybrid fit. Such an approach has the
potential to improve reconstruction performance in
many ways, especially regarding energy and direc-
tion resolution, and would thus also benefit mass-
separation analyses.

4.2 Sky coverage

In the optimistic scenario that the Surface Scin-
tillator Detector fully efficiently covers zenith an-
gles up to 60�, it can observe the northern sky up
to declinations of +20�. With the Radio Detector
we are sensitive up to declinations of more than
+40�, as shown in figure 8. The Radio Upgrade
thus enlarges the fraction of the sky accessible for
composition-sensitive measurements. This added
reach can benefit studies such as those searching for
large scale anisotropies [37], correlations of cosmic-
ray arrival directions with source catalogs [38] and
the investigation of the “hot spot” reported by the
Telescope Array collaboration [39] at declinations
between +30 and +60�.

5 Energy scale of the Pierre

Auger Observatory

The energy scale of cosmic rays measured with
the Pierre Auger Observatory has been established
through the Fluorescence Detector [40]. The Flu-
orescence Detector allows the measurement of the
energy deposited in the atmosphere by the elec-
tromagnetic cascade of the shower as a function of
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1 Introduction

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

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

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

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

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

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

From the combination of water-Cherenkov De-

1

• Energy from RD
• Muon number from WCD
• Correct for energy dependence of muon number to exploit its mass 

composition sensitivity
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Mass composition sensitivity

Figure 7: Figure of merit for the separation of proton-induced and iron-induced air showers using the
ratio r defined in eqn. (1), various assumed resolutions for the determination of the electromagnetic
energy with the Radio Detector, and different cut-offs for the lowest (smeared) electromagnetic energy.
Left: using Monte-Carlo true arrival directions and knowledge of Xmax for each individual air shower.
Right: using arrival directions as reconstructed by the Surface Detector and Xmax values known with a
resolution of 100 g/cm2. [33]
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Figure 8: Comparison of the declination bands
accessible for composition-sensitive measurements
with the Auger Surface Scintillator Detector detec-
tors, the Radio Upgrade and the Telescope Array.
The Surface Scintillator Detector is assumed to be
fully efficient for zenith angles from 0 to 60� (opti-
mistic scenario) or 0 to 50� (conservative scenario)
and deployed at 1400 water-Cherenkov Detectors.
The Radio Detector is assumed to be fully efficient
for zenith angles from 65 to 84� (optimistic scenario)
or 70 to 84� (conservative scenario) and deployed
over the complete 3 000 km2 surface detector array.
[29]

the atmospheric depth, dE/dX. The total primary
energy is then derived by integrating the longitu-
dinal profile, yielding the calorimetric energy, and

afterwards adding a data-driven estimate of the so-
called "invisible energy" carried to the ground by
high-energy muons and neutrinos [41]. The energy
scale determined with the Fluorescence Detector
currently has a total systematic uncertainty of 14%.

Radio detection of air showers enables an addi-
tional approach to determine the energy scale of
the Observatory. In the frequency range from 30
to 80 MHz, the atmosphere is transparent for radio
waves and the radio signals are neither attenuated
nor scattered (unlike optical and near-UV light).
The measurement of the radio-emission footprint
of an air shower thus yields a precise determina-
tion of the electromagnetic energy of an air shower
[22, 42, 19]. With AERA, we have established that a
cosmic ray with an energy of 1 EeV delivers about
16 MeV of energy to the ground in the frequency
range from 30 to 80 MHz, for arrival directions per-
pendicular to the magnetic field (i.e., geomagnetic
angles ↵ ⇤ 90�) and a magnetic field strength of
0.24 Gauss as valid at the Auger site:

E30�80 MHz ⇤
⇥
15.8 ± 0.7(stat) ± 6.7(syst)

⇤
MeV

⇥
⇣
sin ↵ ECR

1018 eV
BEarth
0.24 G

⌘2
.

Comparing the measured radiation energy at
a given cosmic-ray energy with predictions from
Monte Carlo simulations, the energy scale can be
set on the basis of classical electrodynamics calcu-
lations with small intrinsic uncertainties [43]. This
approach harbors the potential of an independent
validation of the energy scale of the Pierre Auger
Observatory, and eventually, when combined with

7
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Sky coverage with mass sensitivity

Figure 7: Figure of merit for the separation of proton-induced and iron-induced air showers using the
ratio r defined in eqn. (1), various assumed resolutions for the determination of the electromagnetic
energy with the Radio Detector, and different cut-offs for the lowest (smeared) electromagnetic energy.
Left: using Monte-Carlo true arrival directions and knowledge of Xmax for each individual air shower.
Right: using arrival directions as reconstructed by the Surface Detector and Xmax values known with a
resolution of 100 g/cm2. [33]
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the atmospheric depth, dE/dX. The total primary
energy is then derived by integrating the longitu-
dinal profile, yielding the calorimetric energy, and

afterwards adding a data-driven estimate of the so-
called "invisible energy" carried to the ground by
high-energy muons and neutrinos [41]. The energy
scale determined with the Fluorescence Detector
currently has a total systematic uncertainty of 14%.

Radio detection of air showers enables an addi-
tional approach to determine the energy scale of
the Observatory. In the frequency range from 30
to 80 MHz, the atmosphere is transparent for radio
waves and the radio signals are neither attenuated
nor scattered (unlike optical and near-UV light).
The measurement of the radio-emission footprint
of an air shower thus yields a precise determina-
tion of the electromagnetic energy of an air shower
[22, 42, 19]. With AERA, we have established that a
cosmic ray with an energy of 1 EeV delivers about
16 MeV of energy to the ground in the frequency
range from 30 to 80 MHz, for arrival directions per-
pendicular to the magnetic field (i.e., geomagnetic
angles ↵ ⇤ 90�) and a magnetic field strength of
0.24 Gauss as valid at the Auger site:

E30�80 MHz ⇤
⇥
15.8 ± 0.7(stat) ± 6.7(syst)

⇤
MeV

⇥
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sin ↵ ECR

1018 eV
BEarth
0.24 G
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.

Comparing the measured radiation energy at
a given cosmic-ray energy with predictions from
Monte Carlo simulations, the energy scale can be
set on the basis of classical electrodynamics calcu-
lations with small intrinsic uncertainties [43]. This
approach harbors the potential of an independent
validation of the energy scale of the Pierre Auger
Observatory, and eventually, when combined with
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1 Introduction

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

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

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

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

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

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

From the combination of water-Cherenkov De-
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Measuring the properties of cosmic rays 
with the radio technique

The radio technique is now able to 
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will provide precise measurements of the elec-
tromagnetic shower component (with the Ra-
dio Detector) and the muonic component (with
the water-Cherenkov Detector) for inclined ge-
ometries. This will enable powerful studies of
the muon content, and thus hadronic interac-
tions, in inclined air showers at the highest
energies. We envision these studies to be very
valuable for cross-checks of the Surface Scin-
tillator Detector analysis procedures.

• Measurements of the electromagnetic com-
ponent with the Radio Detector and the
muonic component with the water-Cherenkov
Detector can also enable per-event mass-
composition measurements of cosmic rays and
thus allow us to perform mass-sensitive an-
isotropy measurements. These mass-compo-
sition measurements will have systematic un-
certainties different from those of the Surface
Scintillator Detector measurements, and the
use of inclined air showers provides access to
regions of the sky not accessible with the Sur-
face Scintillator Detector.

• The Radio Upgrade provides the Observatory
with an alternative approach for the determi-
nation of the energy scale of cosmic rays at
the highest energies, in addition to the well-
established and proven method of using the
Fluorescence Detector. Different physical pro-
cesses enter into the systematic uncertainties of
the two methods, and a combination of both
has potential to further decrease the systematic
uncertainty of the energy scale.
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