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What are 
Cosmic rays?
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Structure of matter

Cosmic rays are ionized atomic nuclei,
i.e. atoms without electrons
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~ 90% hydrogen nuclei (protons)
~   9% helium nuclei (alpha particles)
~   1% heavy nuclei

Cosmic rays are comprised of

flux: ~ 1000 particles per square 
meter and second

hydrogen

helium
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Energy Spectrum of Cosmic Rays

J. Blümer, R. Engel, JRH, Progr. Part. Nucl. Phys. 63 (2009) 293

296 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338

Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low
energies, the flux of primary protons is shown.

Fig. 2. Abundance of elements in cosmic rays as a function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100 [40].
Abundance for nuclei with Z ⇤ 28 according to [41]. Heavy nuclei as measured by ARIEL 6 [42,43], HEAO 3 [44], SKYLAB [45], TIGER [46], TREK/MIR [47,
48], as well as UHCRE [49]. In addition, the abundance of elements in the solar system is shown according to [50].

decreases as a function of energy, which is frequently explained in Leaky Box models by a rigidity-dependent2 decrease of
the path length of cosmic rays in the Galaxy �(R) = �0(R/R0)

�⇥ . Typical values are �0 ⇧ 10–15 g/cm2, ⇥ ⇧ 0.5� 0.6, and
R0 ⇧ 4 GV as reference rigidity.

Cosmic-ray particles are assumed to propagate in a diffusive process through the Galaxy, being deflected many times
by the randomly oriented magnetic fields (B ⌅ 3 µG). The nuclei are not confined to the galactic disc, they propagate in
the galactic halo as well. The scale height of the halo has been estimated with measurements of the 10Be/9Be-ratio by the
ISOMAXdetector [52] to be a fewkpc. The abundance of radioactive nuclei in cosmic raysmeasuredwith the CRIS instrument
yields a residence time in the Galaxy of about 15 ⇥ 106 years for particles with GeV energies [53].

2 Rigidity is defined as particle momentum divided by its charge R [V] = p/z.
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Solar flares
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Acceleration of cosmic rays in supernova remnants

animations based on measured data 
(Chandra x-ray satellite)

Cassiopeia A
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Active galactic nuclei (AGN)

closest AGN: Cen A, 
d~12 million light years

Acceleration of highest-energy cosmic 
rays in AGN
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Active galactic nucleus (AGN)
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Propagation of cosmic rays though the Galaxy
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Interactions of high-energy particles

Energy is converted into matter
New elementary particles are generated

energy = mass * speed of light2

π0 npπ+
π-

p

E = m · c2
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Electromagnetic cascades B. Rossi 1933
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electromagnetic hadronic muonic

shower components
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Extensive air showers

17



Particles at ground level

Flux at ground level: 
~ 130 muons per square 
          meter and second

cross section of a human ~ 1 qm
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Cosmic rays and 
evolution

DNA
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Carbon 14 method

Decay of 14C
half life time 5730 years

14C à 14N + e-

Zusammensetzung der Atmosphäre:
     78% Stickstoff ! (N2)
     21% Sauerstoff ! (O2)
    0.9% Argon           ! (Ar)
0.034% Kohlendioxid !(CO2)

14N + 1n à 14C + 1p

Production of 14C
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The new 
observatories:

LOFAR 
and 

the Pierre Auger 
Observatory
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The Pierre Auger Observatory

60 km

Aconcagua (6962 m)
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27 fluorescence 
light telescopes

1600 water 
Cerenkov detectors

3000 km2

The Pierre Auger Observatory
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solar cells

GPS antenna
communications antenna

electronics

battery

plastic tank with 
12 t ultra pure water

3 9“ photomultiplier tubes
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Air shower registered with
water Cherenkov detectors
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Four sites
Six telescopes 
viewing 30ox30o each

FD eye view
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12 m2 mirror 440 photo multiplier

90
 c

m
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SDPSDPSDP



Time FitTime FitTime Fit

- Shower-Detector Plane (SDP)  by fitting 

the directions of the triggered pixels

- Shower axis within the  SDP, by fitting the 

time-sequence of triggered FD pixels using 

the information from the “hottest” SD tank

calorimetric  energy 
measurement

longitudinal shower profile
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20. May 2007    
E ~ 1019 eV

A measured air shower

energy, 
type (mass), 
direction
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30

We are interested in three 
properties:

- direction

- energy

- type of particle (mass)
30
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calorimetric  energy 
measurement

longitudinal shower profile

Fe nucleusproton
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of particle?
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Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the
IceCube cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected
by the Pierre Auger Observatory (magenta stars) and Telescope Array (orange stars). The
circles around the showers indicate angular errors. The black diamonds are the HESE tracks
while the blue diamonds stand for the tracks from the through-going muon sample. The blue
curve indicates the Super-Galactic plane.

It is important to stress that all the p-values quoted for both analyses above are with
respect to the null hypothesis of an isotropic UHECR flux, as analyses of the distributions
of their arrival directions yielded no evidence of anisotropy at discovery level. However,
directions with higher densities of UHECRs, such as the TA ‘hot spot’ [38] and the
direction of Cen A [9], have been reported. Hence, as an additional a posteriori study
for both analyses, we have also evaluated the significance under the hypothesis of an
isotropic distribution of neutrinos. In this case, the UHECR positions have been kept

– 16 –

Sky map

Pierre Auger Observatory

Telescope Array

Ice-Cube neutrino telescope

equatorial
coordinates
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1

Auger (ICRC 2015 preliminary)

Precise reconstruction of the all-particle spectrum over 3 decades in energy

4 data sets combined: SD 750 m, FD (hybrid), SD 1500 m (0-60˚), SD 1500 m (60-80˚)
� 200 000 events, � 50000 km2 sr yr exposure, FOV: -90˚, +25 in �

Valiño #271 9

�1= (3.29 ± 0.02 ± 0.05)
�2= (2.60 ± 0.02 ± 0.10)

��= (3.14 ± 0.20 ± 0.40)
Eankle = (4.8 ± 0.1 ± 0.8) EeV

Esupp = (42.1 ± 1.7 ± 7.6) EeV 

4 data sets combined: SD 750 m, FD (hybrid), SD 1500 m (0°-60°), SD 1500 m (60°-80°)
~200000 showers, ~50000 km2 sr yr exposure, FOV -90° < d < 25°

Precise measurementof the all-particle energy spectrum over 3 decades in energy
ankle E=4 1018 eV
pair production at 3-K photons
CR + �3K ! e+e�

depression E>4 1019 eV

energy

flu
x

p

Fe
CNO

•photo pion production at 3-K  
  photons, GZK effect

       light composition

•maximum energy of 
   accelerators

  (Hillas condition)
       heavy composition

p + �3K ! �+ ! p + ⇡0;n + ⇡+

E
max

/ Z · B · L
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First measurement of the depth of shower maximum over 3 decades in energy
Depth of shower maximum premiere observable for mass composition studies

HEAT data extends the FOV of the fluorescence detector up to 60˚ 
Extension of the depth of shower maximum measurements down to 1017 eV

Compared to expectations from proton and iron
EPOS-LHC, QGSJETII-04, Sybill2.1 as hadronic interactions models

10

Porcelli #420

HEAT+FD

FD

Compared to prediction for protons and iron nuclei according to the hadronic interaction models EPOS-LHC, QGSJETII-04, Sybill2.1

First measurement of the depth of shower maximum over 3 decades in energy

Xmax

Depth of shower maximum is premiere observable for mass composition studies .
HEAT data extend the FOV of the fluorescence detector up to 60°.
Extension of the depth of shower maximum measurements down to 1017 eV.
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Measuring 
cosmic rays 

with the radio 
technique
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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

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

24 stations
since August 2010

100 stations
since May 2013
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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.
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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
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2

+25 stations
since March 2015

+ simulations suggest that radio efficiency is higher for inclined air showers 
+ significant vertical component for inclined showers
+ simulations predict strong radio signal at low (< 10 MHz) frequencies
    Perform measurements with prototype stations:

Investigations of the Radio Low Frequency 
and Vertical Polarization Signals

LF

Three tripole stations (40 - 80 MHz) and one low frequency station (1.5 - 6 MHz)
were successfully deployed and taking data since November 2013 

R&D for vertical
polarization

~17 km2
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Auger Engineering Radio Array
AERA

Jörg R. Hörandel, Radboud University Nijmegen for

Auger Engineering Radio Array
Review, Malargüe, April 2009

1.Introduction

2.Physics case

3.Site layout

4.Antennas

5.Electronics

6.Communications

7.Power harvesting and EMC

8.DAQ

9.Risk analysis

10.Management

comms antenna
GPS antenna

solar
panel

physics antenna
30 - 80 MHz

electronics
& battery

38



installation April/May 
2013
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each (dutch) station:
  96 low-band antennas                   30-  80 MHz
  high-band antennas (2x24 tiles) 120-240 MHz

30 - 80 MHz

120 - 240 MHz

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

             core
23 stations ~5 km2
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Building a station
Digging cable trenches and laying cables

Construction of stationsBuilding a station

Building a station
And then the antennas are placed

Building a station

And then the antennas are placed
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Tautenburg (DE)

LOFAR stations across Europe

Chilbolton (UK)

Potsdam (DE)

Unterweilenbach (DE)

Nançay (FR)

Jülich (DE)

Effelsberg (DE)

Onsala (SE)
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LOFAR Opening
12th June 2010
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Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

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

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

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 � 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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             core
23 stations ~5 km2

          ~17 km2
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Mainly: Charge separation in 
geomagnetic field

Theory predicts additional 
mechanisms:
excess of electrons in shower:
charge excess
superposition of emission due to 
Cherenkov effects in atmosphere

Radio Emission in Air Showers

e+e+e+

e+ e-

e-

e-

e-

e-e+

e- drift

e+ drift

air shower

atmospheric nucleus

cosmic ray

coherent 
radio pulse

deflection of particles
in geomagnetic field

Be-

e+

polarization of radio signal

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

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

4. Properties of reconstructed air showers

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

4.1. Triggers from the array of particle detectors

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

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

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

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

4.2. Event rates and sensitivity

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

Figure 23 shows all 405 cosmic-ray events successfully de-
tected with the LBAs as distributed on the local sky. Visible is
a clear north-south asymmetry, where 276 events arrive from
the northern hemisphere. This corresponds to a probability p =
0.68 ± 0.02 for a detected event to arrive from the north. As the
magnetic field at LOFAR is parallel to the north-south axis this is
expected, if the main contribution to the signal is of geomagnetic
origin (Falcke et al. 2005; Ardouin et al. 2009).
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zenith angle 31°
336 antennas
χ2 / ndf = 1.02

LBA 10-90 MHz
Simulations & Measurements
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HBA 110-240 MHz

Relativistic time compression gives a Cherenkov ring

Simulations & Measurements
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122 Chapter 7. Application of the parameterization to LOFAR data
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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, y0) = 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, y0 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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A full radio reconstruction method

Simulation of the experimental LDF using SELFAS + CONEX

Inputs: 

obtained with radio 

• 40 protons 
• 10 iron nuclei

• Energy:10
18eV

50 LDFs are simulated  
to perform a Monte Carlo 
Reconstruction 

• 

• First interaction depth (X1) 
are calculated by CONEX

To reconstruct one event

• Star shaped array in the shower  
  plan and projected on the ground

Common characteristics
No assumptions on the core position, energy or Xmax: 3 free parameters
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FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ESD 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.

the geomagnetic-field axis. In particular, it is valid for
all events in the data set presented here.

In Fig. 2, the value of EAuger
30�80MHz/ sin

2(�) 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 [32] shows that the data can
be described well with the power law

EAuger
30�80MHz/ sin

2(�) = A� 107 eV (ESD/10
18 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 energy in the radio
signal thus amounts to 15.8MeV. The observed quadratic
scaling is expected for coherent radio emission, for which
amplitudes scale linearly and thus the radiated energy
scales quadratically.

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

30�80MHz/ sin
2(�)

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 15.8MeV for the energy in the

30 to 80MHz band for an air shower with 1EeV cosmic-
ray energy applies for a geomagnetic field strength of
0.24G as valid for the site of the Pierre Auger Obser-
vatory. With dedicated simulations we confirmed that
the radiation energy is only marginally influenced by the
charge-excess contribution (at the level of 2% for showers
arriving perpendicular to the magnetic field at the Pierre
Auger site, less for stronger geomagnetic fields). The rea-
son is that the contribution due to charge excess mostly
cancels out in the area integration of the lateral distri-
bution function. Hence, a normalization with the field
strength of the geomagnetic field is possible and yields:

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

�
✓
sin�

ECR

1018 eV

BEarth

0.24G

◆2

. (2)

E30�80MHz can be used by radio detectors worldwide
for cross-calibration, except for experiments deployed at
high altitude where part of the radio emission is clipped
when the shower reaches the ground before radiating the
bulk of its radio emission. Possible second-order e�ects
arising, e.g., due to shower geometry, should be addressed
in a follow-up analysis. The systematic uncertainty of
E30�80MHz quoted here arises from the quadratic sum
of the systematic uncertainty on the energy scale of the
Pierre Auger Observatory (16% at 1017.5 eV, propagated
from the fluorescence detector to the surface detector)
and the uncertainty on the radio-electric field amplitude
measurement (14%). We note that the systematic un-
certainty in the determination of the cosmic-ray energy
from radio measurements is half of that of E30�80MHz, as
the cosmic-ray energy scales with the square root of the
radiation energy.

INDEPENDENT ENERGY DETERMINATION
FROM FIRST PRINCIPLES

The energy in the radio signal can be used for a cross-
calibration of di�erent experiments and detection tech-
niques. Alternatively, it can be used for an independent
determination of the absolute energy scale of a cosmic-
ray observatory. Such an absolute calibration requires
input from both the experimental and theoretical sides,
where the procedure for measuring the radiation energy
has already been outlined above.
On the theoretical side, the radiation energy emitted

by an extensive air shower with a given energy in the
electromagnetic component can be predicted from first
principles using classical electrodynamics. Uncertainties
in the propagation of the radio signal are insignificant
since the atmosphere is transparent to radio waves in
this frequency range.
There are sophisticated simulation codes [33–35] which

calculate the radio emission from extensive air showers
on the basis of Monte Carlo simulations. The radio

Energy content of the radio component of an EAS

E30-80 MHz = 15.8 MeV @ 1018 eV

Auger Engineering Radio Array
AERA
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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, y0) = A
+

· exp
✓
�[(x0 �X

+

)2 + (y0 � Y
+

)2]

�2

+

◆
�A� · exp
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�[(x0 �X�)2 + (y0 � Y�)2]
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Here, P is the total power of the integrated radio signal, x0, y0 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.

5

A. Nelles et al., JCAP 05 (2015) 018

7.5. Reconstruction of the distance to the shower maximum 129
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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
Fe nucleus proton
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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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