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

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

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

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

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

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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A short history
• 1960s: First emission theory charge excess (Askaryan 1962) and 

geomagnetic radiation (Kahn & Lerche 1967)

• 1970s: Detections by multiple experiments. Efforts are 
abandoned due to inadequate hardware & theoretical 
uncertainties.

• 2002: Falcke & Gorham revisit theory (geosynchrotron 
approach). New interest.

• 2003+: LOPES (LOFAR prototype station) detects air shower in 
radio, other experiments follow

• Now: detailed understanding of radiation mechanism.  
Large experiments: LOFAR,  AERA (Auger),  Tunka-rex  
 
(see review paper: T. Huege, Phys. Reports, arXiv:1601.07426)
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• Earth magnetic field 
electrons/positrons deflected 
E ~ dnch/dt

• Charge excess 
negative charge due to electron 
knockouts 
E ~ d(ne-np)/dt

• Non-unity index of refraction 
Cherenkov-like effects 
ring structure possible 
 

Multiple emission 
mechanisms

! Geomagnetic

! Electrons and positrons are 
deflected in the 
geomagnetic field

! Linearly polarized in v x B 
direction

! Charge excess

! Negative charge buildup at 
shower front

! Linearly polarized in radial 
direction away from shower 
axis

! Cherenkov e"ects

What drives the radio emission?

P. Schellart

Coherent at 100 MHz (higher at Cherenkov angle!)
wavelength > shower front size
P ~ n2



The radio footprint

v x B 

v x v x B 

v x B 

v x v x B 

vector sum of geomagnetic and charge excess component
relativistic beaming

Cherenkov-like propagation effects (n≠1)

CoREAS: 
- plugin for CORSIKA 
- calculates contribution from each particle 
- based on first principles 

(no assumption on emission mechanism)

Huege et al. AIP Conf Proc 128-132 (2013) 



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

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

3.2. Charge excess emission (Askaryan e↵ect)

In addition to the dominating geomagnetic contribu-
tion3 a secondary e↵ect exists. It is well known that
there is a negative charge excess of ⇡ 10 � 20% in air
showers, which is caused mostly by the fact that the
ambient medium is ionized by the air shower particles
and the ionization electrons are swept with the cascade,
while the much heavier positive ions stay behind. As the
shower evolves, the absolute negative charge present in
the moving cascade grows, reaches a maximum and fi-
nally decreases when the shower dies out. Hence, again
there is a time-varying charge excess, and this leads to
pulses of electromagnetic radiation.

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

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

3.3. Superposition of the contributions and signal
asymmetries

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

3Obviously, the geomagnetic contribution vanishes for air showers
arriving parallel to the magnetic field. For air showers with a small ge-
omagnetic angle thus the charge excess emission can actually become
dominant.

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

While the footprint shown in Fig. 6 illustrates the
peak amplitude measured at various observer locations,
a closer look at the time-evolution of the impulsive radio
emission is shown in Fig. 7. The pulses associated with
the two emission mechanisms are not perfectly synchro-
nized, a sign that the time-variation of the transverse
currents induced by geomagnetic e↵ects and the time-
variation of the net charge excess are slightly o↵set over
the course of the longitudinal evolution of the exten-
sive air shower. Therefore, the electric field vector does
not generally trace a line in the plane perpendicular to
the shower axis; instead, it generally traces an ellipse.
In other words, the radio emission from cosmic ray air
showers is generally of elliptical polarisation, i.e. an ad-
mixture of linear and circular polarisation. This e↵ect
remains to be proven experimentally.
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Figure 10: Radio-emission footprint of the total field strength of a
vertical 1017 eV air shower induced by an iron primary at the LOPES
site as seen in the frequency range from 300 to 1,200 MHz. Adapted
from [25].

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

3.5. Source distance e↵ects

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

A particularly important e↵ect is the dependence of
the radio emission on the air shower zenith angle. As
the zenith angle increases, the traversed atmospheric
depth grows as5 cos�1(✓). The air shower reaches its
maximum at a given atmospheric depth, thus for more
inclined showers this maximum will be at significantly
larger geometrical distances from the observer than for
vertical air showers. As a consequence, the forward-
beamed radio emission illuminates a much larger area,
as is illustrated impressively in Fig. 11. The average

5This is an approximation for a planar atmosphere which is valid
up to zenith angles of ⇡ 70�.

electric field amplitude is lower (the radiated power is
distributed over a larger area), but also the LDF is less
steep. This makes inclined air showers more favourable
for detection with a sparse antenna grid [29].

For a fixed zenith angle, another important factor in-
fluencing the geometrical source distance is the depth
of the maximum of an individual air shower, Xmax. This
quantity undergoes statistical fluctuations, but is one of
the most important observables to determine the mass of
the primary particle. Changes in Xmax are also reflected
in the geometrical distance between radio source and
observer, and thus can be exploited to determine Xmax
from radio measurements. The most obvious way to
access this information is the LDF, as discussed above
and illustrated in the comparison between Fig. 6 for an
iron-induced air shower (small Xmax) and Fig. 12 for a
proton-induced air shower (large Xmax) (note the di↵er-
ent scales). For the same geometrical reasons, the geo-
metrical source distance also influences the shape of the
radio wavefront, which can be determined by precise
timing measurements, and the pulse shape (or spectral
index of the frequency spectrum) measured at a given
lateral distance. We will discuss the sensitivity of the
radio signal to the mass of the primary particle in more
depth in the chapter on experimental results.
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Figure 12: Radio-emission footprint of the 40-80 MHz total field
strength of a vertical 1017 eV air shower induced by a proton primary
at the LOPES site. Adapted from [25].

4. Modern models and simulations of air shower ra-

dio emission

In parallel with the modern experimental e↵orts,
modelling e↵orts for the radio emission from extensive
air showers were started. We give an overview here of
approaches that have been tried out, but will focus on
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Measuring Xmax  
Xmax = atmopsheric slant depth of shower maximum (g/cm2)

proton primary 
high Xmax

iron primary 
low Xmax

1D approach: measure slope (LOPES) 
2D approach: fit complete profile (LOFAR)

Coreas simulations - Tim Huege
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Figure 16: Left: Radio signals measured in various LOPES antennas during the arrival of an extensive air shower. The most prominent pulses
originate from the high-voltage feeds of the KASCADE particle detectors. The radio pulse from the extensive air shower is smaller in comparison.
It is only discernible from the noise because the signal is coherent in all antennas. Right: Cross-correlation beam of the signal in the LOPES radio
antennas. The radio pulse from the extensive air shower correlates strongly between antennas and can thus be clearly identified in the presence of
much stronger incoherent pulses from the particle detectors. Adapted from [67].

phases of the actual array. The science goals of AERA
are to do the necessary engineering for a larger-scale
application of the radio detection technique, then de-
termine the capabilities and limitations of the detection
method at energies beyond 1018 eV and finally exploit
radio detection to contribute to actual cosmic ray re-
search in the region of transition from Galactic to ex-
tragalactic sources. The technological challenges that
had to be overcome were in particular the design of a
rugged, autonomous, wirelessly communicating radio
station that can be deployed on areas as large as 20 km2

in the harsh environment of the Argentinian pampa. At
the same time, one of the goals was to investigate the
possibility of self-triggering on the radio detectors. In
a first phase in 2011, 24 radio detection stations using
dual-polarisation logarithmic periodic dipole antennas
based on a design initially developed for LOPES-star
were deployed on a triangular grid of 144 m. The mea-
surement frequency band was 30 to 80 MHz. Two types
of readout electronics were used, one of which provid-
ing the possibility to bu↵er data for up to 7 seconds.
This provides enough time to wait for a trigger from the
Auger particle detector array in addition to triggering
on the radio signals themselves. In a second stage in
2013, an additional 100 radio detection stations were
deployed on grids of 250 and 375 m distance. The
antennas used here were of the “butterfly” type, origi-
nally developed in the context of CODALEMA. Again,
two di↵erent kinds of electronics were used, one with a
deep bu↵er and one incorporating small scintillators to
provide a local trigger used in conjunction with the ra-

dio self-trigger. In a third phase in spring 2015, AERA
was extended by an additional 25 radio detection sta-
tions with deep bu↵ering. Those antennas are spaced
on a grid of up to 750 m, so that in total an area of
roughly 17 km2 is covered. One of the main advan-
tages of AERA is its co-location with the very sophis-
ticated particle detection and fluorescence detection in-
struments of the Pierre Auger Observatory. The latter
in particular will allow a direct cross-check of the sen-
sitivity of radio detection to mass-sensitive parameters
such as the depth of shower maximum, which is directly
accessible with fluorescence detectors.

While AERA comprises a “sparse array” covering a
large area with a homogeneous array of radio antennas,
LOFAR can be characterised as a “dense array”. LO-
FAR is a general-purpose radio astronomy instrument
for which cosmic ray detection is only one mode of
observation. To facilitate cosmic ray detection, tran-
sient bu↵er boards have been installed which act as a
ring bu↵er for the continuously sampled radio signals
of individual LOFAR antenna elements. Upon a trigger
from a dedicated particle detector array, LORA [80], the
bu↵ers are frozen and the bu↵ered data are read out for
analysis. The scheme is similar to the one originally
used at LOPES, yet on a much larger scale. In the dense
core, roughly 300 antennas sensitive to the frequency
band from 10 to 90 MHz are distributed over an area
of ⇠ 0.1 km2. Further antennas are located outside the
core. Independent sets of high-band antennas sensitive
to the frequency range of 110 to 240 MHz are co-located
with the low-band antennas, but these are only usable
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Figure 33: Correlation between the radio amplitude at the pivot-point of the radio LDF and the Monte Carlo true energy as predicted with CoREAS
simulations of LOPES events (left). The predicted linear correlation is also observed in data measured with LOPES as compared with the energy
reconstructed by KASCADE-Grande (right). Amplitudes have been normalized appropriately for the angle to the geomagnetic field. The amplitudes
reported for LOPES data still have to be scaled down by a factor of 2.6 due to the revised calibration of the experiment. Adapted from [130].

yielding the radiation energy for air showers with per-
pendicular incidence to the geomagnetic field. This nor-
malized radiation energy EAuger

30�80 MHz/sin2(↵) shows the
expected quadratic correlation with the cosmic ray en-
ergy determined with the surface detector of the Pierre
Auger Observatory, as is shown in Fig. 37. (Due to the
radio signal coherence, amplitudes scale linearly with
the cosmic ray energy, and the radiated energy scales
quadratically.) From the power-law fit, the radiation en-
ergy for a cosmic ray shower with perpendicular inci-
dence to the geomagnetic field at the Auger site can be
read o↵. After a normalization with the strength of the
geomagnetic field, this yields the following result:

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

�
MeV

⇥
✓
sin↵

ECR

1018 eV
BEarth

0.24 G

◆2
. (10)

In other words, an extensive air shower with an energy
of 1018 eV arriving perpendicular to a geomagnetic field
with a strength of 0.24 G radiates a total of 15.8 MeV
in the form of radio signals in the frequency range from
30 to 80 MHz. This result should be directly compa-
rable between di↵erent radio detectors (provided the air
shower can evolve and radiate the bulk of its radio emis-
sion before it reaches the ground) and can thus be used
for cross-calibration of detectors. The systematic uncer-
tainty of the result is currently dominated by the uncer-
tainty of the absolute energy scale of the Pierre Auger
Observatory, which has been propagated from the fluo-
rescence detector to the surface detector.

From the scatter of the energy reconstructed with the
Auger surface detector and the radiation energy deter-

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

mined with AERA (Fig. 37), the resolution of the en-
ergy reconstructed from radio data has been determined.
(The degree of correlation between the two quantities
was estimated with a Monte Carlo simulation study.)
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from radio data using the two-dimensional LDF.
A related work, motivated by the peculiar polarisa-

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

7.7. Energy reconstruction
One of the primary interests in cosmic ray mea-

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

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

The important question is how precisely the energy
can be determined and how strongly the determina-
tion su↵ers from intrinsic shower-to-shower fluctua-
tions, which — unlike instrumental uncertainties, are
not addressable. According to a simulation study, the
intrinsic energy resolution of air shower radio measure-
ments was expected to be very good, with intrinsic res-
olutions below 10% [137], illustrated in Fig. 32. (This
study was based on the flawed REAS2 approach, but as
these e↵ects are purely geometry, the main results are

independent of the emission model. Consequently they
have later been confirmed also by other simulation ap-
proaches [48, 138].) By now, several experiments have
published analyses regarding the reconstruction of the
primary particle energy from radio measurements. We
shortly review the di↵erent approaches here and state
the achieved resolutions.

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350 400 450 500

� = 45˚, 1018 to 1020

lateral distance [m]

R
M

S 
of

 n
or

m
al

iz
ed

 a
m

pl
itu

de
 [%

]

Figure 32: There is a lateral distance at which the energy-normalized
radio amplitude is influenced little by shower-to-shower fluctuations.
Measurements at this distance can thus be used for a precise energy
estimation. Adapted from [137].

The first quantitative analysis on the reconstruction
of the cosmic ray energy from radio data was pub-
lished by the LOPES experiment [130]. This analysis
exploits the result of the above-mentioned simulation
study [137]: A characteristic lateral distance from the
shower axis exists at which the influence of shower-
to-shower-fluctuations on the radio amplitude is mini-
mized. This is a geometrical e↵ect directly related to the
forward-beaming of the radio emission. In ref. [130], an
updated simulation study with CoREAS, tailored to the
specific situation of the LOPES experiment and based
on a rotationally symmetric Gaussian LDF, confirmed
the expectation for the presence of such a characteristic
distance (pivot-point) in the LDF. The intrinsic resolu-
tion of an energy measurement with a radio array the
size and density of LOPES was predicted to be better
than 10% (Fig. 33, left). Part of the scatter in this dis-
tribution is due to the systematic di↵erence of energy
in the electromagnetic cascade for proton- and iron-
induced air showers. If the energy in the electromag-
netic cascade of the shower (rather than the total energy
of the primary particle) needs to be determined, then in-
trinsic fluctuations are expected to be even as low as 5%.
Hence, radio detection should be a very precise tech-
nique for energy determination with small intrinsic fluc-
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LOPES - energy 
Analysis at “pivot point” 

Energy resolution 20-25%  
(combined LOPES - KGrande 
KGrande alone ~20%) 

Very good agreement  
to CoREAS (2%)

Apel et al. PRD 90, 062001 (2014) 
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Figure 39: Left: Distribution of the Xmax values of air showers determined from the slopes of the radio lateral distribution functions measured with
LOPES compared to the distributions expected for CoREAS simulations of proton and iron primaries. Adapted from [130]. Right: Mean Xmax
value as a function of energy as determined from the LDF and wavefront Xmax analyses performed with LOPES. Adapted from [142].

to the LDF slope this approach also takes advantage of
the asymmetries and the Cherenkov bump in the LDF. It
turns out that the one parameter which governs the level
of agreement between simulations and the LOFAR data
is Xmax, which can be determined with a resolution of
on average 17 g/cm2 (Fig. 40). Again, an indepen-
dent cross-check with Xmax information from an inde-
pendent detector is not available in LOFAR, but the re-
markable agreement between the simulations and data
inspire confidence that the analysis is reliable and that
radio detection can achieve an Xmax resolution compet-
itive with other techniques.

Finally, Tunka-Rex recently reported the first experi-
mental comparison of an Xmax reconstruction using the
slope of the radio LDF and the reconstruction with an
independent detector, in this case the Cherenkov-light
detectors of Tunka-133 [139]. There is a very good cor-
relation between the two reconstructions, as is shown in
Fig. 41. The combined uncertainty of the two recon-
structions currently amounts to ⇠ 50 g/cm2, while the
uncertainty of the Tunka-133 Xmax reconstruction alone
is specified as 28 g/cm2. This first direct experimental
proof of the Xmax sensitivity of radio measurements is
another important milestone.

The approaches discussed so far only used the radio
LDF and thus the spatial distribution of signal amplitude
or power, respectively. However, there are additional
sensitivities of the radio signal to the source distance.
As discussed in section 7.5, the radio wavefront is also
sensitive to the distance of the radio source. A simu-
lation study by the LOPES experiment [106] showed
on the basis of CoREAS simulations of LOPES events

Figure 41: Atmospheric depth between observer location and the
depth of shower maximum as determined with the Tunka-Rex radio
measurement and the Tunka-133 Cherenkov detectors. Adapted from
[139].

that a clear correlation exists between the zenith-angle-
corrected opening angle of the asymptotic cone of the
hyperbolic wavefront and Xmax (Fig. 42). The method
resolution in the absence of measurement uncertainties
has been determined to be ⇡ 30 g/cm2, but the overall
uncertainty in LOPES data was found to be 140 g/cm2,
probably limited by uncertainties in the determination
of the pulse arrival times due to noise influence in the
LOPES data. The method requires a high-quality timing

37

LOPES - Xmax 

based on 1D slope method 
statistical uncertainty ~50 g/cm2 
systematic uncertainty ~90 g/cm2 
proof of concept: first radio composition analysis!

Apel et al. PRD 85, 071101 (2012) 
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low frequency array

10 - 250 MHz

Epoch of Reionization 
Radio Transients  
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SUPERTERP
~600 low band antennas

10 - 80 MHz
5 ns time resolution
> GB buffer/antenna

+ LORA
LOFAR Radboud air shower array

20 scintillator stations (ex-KASCADE)

24 core stations
9 remote stations

8 international stations



LOFAR is designed to support many different observation 
strategies 

CR detection runs in the background during other 
observations

CR observations



buffer 

trigger
LORA

LOFAR Radboud Array
scintillator detectors

Pim Schellart et al., A&A 560, 98 (2013)

offline analysis

low band antenna

Low-Band
High-Band

LORA (Scintillator)

Air shower detection with LOFAR 

2 ms read-out



Wavefront curvature

! Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

! This can be directly measured 
with LOFAR

! Preliminary results point to 
mixed spherical / conical 
wavefront shape

! Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)

event displayantennas grouped 
in rings

pentagons: LORA 
scintillators

reconstructed 
core & direction

superterp

station outside 
superterp



For each LOFAR shower:

• Reconstruct direction from antennas (plane wave)  
+ energy estimate from particle array (LORA)

• Produce 50 p + 25 Fe showers 
CoREAS 
CORSIKA 7.4 (QGSJETII.04, Fluka, thinning 10-6)

• Calculate total power in 55 ns around peak 
emission

• GEANT4 LORA simulation: total deposited 

energy 

low band antenna

LORA particle detector



Fit for each simulation
Minimize χ2 of radio and particle data simultaneously

4 fit parameters: 
core position

radio power scale factor
particle density scale factor

Radio Xmax determination with LOFAR
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tion of the radio power on the ground is a complex function
because of the interference of geomagnetic and charge ex-
cess radiation. To fully capture all the information that is
encoded in this pattern it is not sufficient to fit a lateral dis-
tribution function (LDF): all azimuthal asymmetry would
be averaged out. Instead, we fit a two-dimensional distri-
bution function (2DF), which is acquired by interpolating
simulation results. In these 2DFs the center corresponds to
the shower core position, which, in general, does not coin-
cide with the location were the radio pulse power reaches
its maximum value.

Several codes are now available for the production of
air shower radio simulation. Programs like CoREAS [11],
ZHAireS [12], and EVA [13] simulate a combination of
effects, like geomagnetic radiation, charge excess radia-
tion, and the Cherenkov-like propagational effects that arise
when including a realistic index of refraction of the atmo-
sphere. Microscopic codes that treat each particle individu-
ally (CoREAS, ZHAireS) and macroscopic codes that cal-
culate the global charge and current distributions (EVA)
are converging towards similar results [14]. Here, we use
CoREAS, which is a radio extension to CORSIKA [15].
This allows us to generate radio and particle output for each
individual shower simulation.

For each high-quality LOFAR event we generate sim-
ulations of 25 protons and 15 iron showers. We use the
QGSJETII and Fluka interaction models. The radio pulse
is calculated for 160 positions on the ground. The power
between these points is found by interpolation. For this in-
terpolation to work properly, the locations must be chosen
strategically. Since the radiation pattern is not rotationally
symmetric around the shower axis, it is important to know
at what angles the radiation reaches its maximum and min-
imum. The asymmetry arises from the vector sum of the
two radiation components. While both mechanisms produce
linearly polarized emission, their polarization angle is dif-
ferent. The geomagnetic component is always polarized in
the v⇥B plane, where v is the direction of propagation of
the shower and B is the magnetic field. The charge excess
component, on the other hand, has a polarization radially
outwards with respect to the shower axis. The interference
is therefore completely constructive or destructive along the
direction of v⇥B vector and reaches intermediate values at
other angles. The pattern of ground positions that we use
for simulations is a star-shaped pattern with two of its arms
lying along the projected v⇥B axis. Note that the physical
location of the positions in ground coordinates is therefore
different for each event, depending on the arrival direction
of the air shower.

The interpolated 2DF is plotted in Fig. 1. The small
circles indicate the positions for which the radiation was
simulated. Note that the maximum radio power is reached
to the right of the shower core, while a deficit is visible to
the left along the v⇥B axis.

The antenna gain of LOFAR antennas is given by a
complex 2x2 Jones matrix that describes how the two on-sky
polarizations are received as two instrumental polarizations
[9]. To compare data to simulations we can either apply
the inverted Jones matrix to the data, which gives the
‘physical’ signal, or apply the Jones matrix to the simulation
to acquire the simulated received signal. While the two
seem equivalent there is a subtle difference with respect
to the way the background noise is treated. The antenna
response depends on the arrival direction of the signal.
When applying the inverted Jones matrix corresponding to

Figure 1: Projection of the two-dimensional radio power
distribution on the shower plane. The x axis is in the direc-
tion of the v⇥B vector. The background colors represent
the interpolated simulation results for a proton shower with
Xmax = 650 g/cm2. The large circles represent the LOFAR
antennas and their colors the received power. The small cir-
cles indicate the locations for which the radio signal was
simulated. The shower core is located at the origin, indi-
cated with a +. Its location is found by fitting the radio and
particle data simultaneously. The power scaling is arbitrary.

the reconstructed arrival direction of the air shower to the
data, one implicitly assumes that the background noise also
comes from this direction. Since the background consists
of contributions from all directions this assumption is
false, and the noise is not transformed correctly. Especially
for polarized emission this can lead to wrong values for
the signal-to-noise ratio. This issue does not exist when
applying the Jones matrix to the simulated data, since the
simulation has no noise included. We therefore choose to
apply the antenna model to the simulation and compare
total received power. This includes a bandpass filter in the
range 30–80 MHz.

We now fit the simulation to the radio and particle data
simultaneously by minimizing:

c2 = Â
antennas

✓
Pant � frPsim(xant + xo f f ,yant + yo f f )

sant

◆2

+ Â
detectors

✓
ddet � fpdsim(xdet + xo f f ,ydet + yo f f )

sdet

◆2

, (1)

where Plo f ar is the power measured at an antenna at location
(xant ,yant) with noise level slo f ar, Psim is the simulated
power, dlora is the particle density as measured by a LORA
detector at location (xstat ,ystat) with noise slora, and dsim
is the CORSIKA particle density. The fit has four free
parameters: the core offset (xo f f ,yo f f ), and scaling factors
fr and fp for the radio and particle distribution functions.
The radio scaling is needed because the LOFAR data has no
absolute calibration yet, while the particle density scaling is
used because the energy of the simulated event is in general
different from the real energy. The fitted core position is
then used to obtain an updated energy estimate from LORA.

For each of the 40 shower simulations, this procedure
is repeated. Since the direction and energy of the primary



ID 86129434

zenith 31 deg
336 antennas
χ2 / ndf = 1.02

10-90 MHz

SB et al. PRD 90 082003 (2014).



zenith 55 deg
419 antennas
χ2 / ndf = 1.1

ID 81147431

best fit out of 40 simulations



1D LDFs are multivalued



HBA 110-240 MHz
ID 98345942

zenith 43 deg
231 antennas
χ2 / ndf = 1.9

• High band: Cherenkov rings 

• Harder to analyse due to 
tile beamforming

Nelles et al.,  
Astropart. Phys. 65, 11 (2015)



• First sample:  
118 showers 

• 200 - 450 antennas/event

• Fit 
0.9 - 2.9

• Radiation mechanism 
finally completely 
understood!

LOFAR data  CoREAS sim



Xmax reconstruction

• Reconstruct depth of shower 
maximum: Xmax

• Jitter: other variations in shower 
development

• Correction for atmospheric variations 
using GDAS

• Resolution < 20 g/cm2 !!  

protons penetrate deeper than iron nuclei

Fe p



Proton

Iron

QGSJETII
EPOS-LHC

QGSJETII
EPOS-LHC

Mean Xmax for 118 showers
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telescope. Showers that occurred within an hour of lightning activity 
or that have a polarization pattern that is indicative of influences from 
atmospheric electric fields are excluded from the sample15.

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

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

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

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

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

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

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

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

=
〈 〉−
〈 〉− 〈 〉

( )a
X X
X X

1proton shower

proton iron

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

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

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

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

indicated by the shaded band. The Pierre Auger Observatory26 measures 
the fluorescent light emitted by atmospheric molecules excited by  
air-shower particles. HiRes/MIA27 used a combination of this fluorescence 
technique and muon detection. The Yakutsk28 and Tunka29 arrays use  
non-imaging Cherenkov detectors. The green (upper) lines indicate 〈Xmax〉 
for proton showers simulated using QGSJETII.04 (solid) and EPOS-LHC 
(dashed); the red (lower) lines are for showers initiated by iron nuclei.

Mean statistical uncertainty per shower ~ 17 g/cm2 
Xmax syst. uncertainty +14/-10 g/cm2 
energy syst. uncertainty 27% (LORA)
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the simulation, because the radio signal depends on the longitudinal distribution of the electrons

and positrons in the shower, as is the case for the fluorescence technique. Although the interaction

model determines the range of Xmax that is covered by the simulation, it does not have an influence

on which Xmax fits the radio data best. Only when interpreting the data, i.e. inferring the mass

composition from Xmax values, does the hadronic interaction model play an important role.

We use the shape of the Xmax distribution to derive information on the composition of cosmic

rays. For each shower we calculate:

a =
⇥Xproton⇤�Xshower

⇥Xproton⇤�⇥Xiron⇤
(1)

where Xshower is the reconstructed Xmax, and ⇥Xproton⇤ and ⇥Xiron⇤ are the mean depth of shower

maximum for proton and iron nuclei as predicted by the hadronic interaction model QGSJETII.0422.

Extended Data Fig. 4 shows the distribution of a for simulated proton and iron showers that have

been reconstructed with our technique.

The cumulative probability density function (CDF) for the fifty showers is plotted in Fig. 3.

We fit two different models to it, both containing one free parameter. The first assumes all cosmic

rays have an atomic mass A. The second assumes a mixture of proton and iron nuclei, where the

free parameter is the mixing ratio. To calculate the corresponding CDFs we use a parameterization

of QGSJETII simulations23. The mixed model fits the data better and gives the best fit for a proton

fraction of 60%. Adding more mass components does not improve the fit, but would introduce

more free parameters.

8

Calculate a for each individual shower
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• LOFAR:  
high precision per event!

• Use full distribution of Xmax  
not only mean value

• First calculate mass parameter a 
 
 

• Fit model distribution to measured 
distribution  

the simulation, because the radio signal depends on the longitudinal distribution of the electrons

and positrons in the shower, as is the case for the fluorescence technique. Although the interaction

model determines the range of Xmax that is covered by the simulation, it does not have an influence

on which Xmax fits the radio data best. Only when interpreting the data, i.e. inferring the mass

composition from Xmax values, does the hadronic interaction model play an important role.

We use the shape of the Xmax distribution to derive information on the composition of cosmic

rays. For each shower we calculate:

a =
⇥Xproton⇤�Xshower

⇥Xproton⇤�⇥Xiron⇤
(1)

where Xshower is the reconstructed Xmax, and ⇥Xproton⇤ and ⇥Xiron⇤ are the mean depth of shower

maximum for proton and iron nuclei as predicted by the hadronic interaction model QGSJETII.0422.

Extended Data Fig. 4 shows the distribution of a for simulated proton and iron showers that have

been reconstructed with our technique.

The cumulative probability density function (CDF) for the fifty showers is plotted in Fig. 3.

We fit two different models to it, both containing one free parameter. The first assumes all cosmic

rays have an atomic mass A. The second assumes a mixture of proton and iron nuclei, where the

free parameter is the mixing ratio. To calculate the corresponding CDFs we use a parameterization

of QGSJETII simulations23. The mixed model fits the data better and gives the best fit for a proton

fraction of 60%. Adding more mass components does not improve the fit, but would introduce

more free parameters.
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deep shallow
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composition that is allowed within systematic uncertainties has a 
best-fit light-element fraction of 0.6 and a 99% confidence interval of 
[0.18, 0.82]. For information about the systematic uncertainties and 
the statistical analysis, see Methods.

The abundances of individual elements depend on the hadronic 
interaction model. The Xmax values predicted by EPOS-LHC20 are, on 
average, 15–20 g cm−2 higher than those predicted by QGSJETII.04 
(see Fig. 2). This coincides with the separation in 〈Xmax〉 between, for 
example, protons and deuterium or between helium and beryllium. 
Therefore, we present our result as a total fraction of light elements, to 
avoid placing too much emphasis on individual elements.

Recent results from the Pierre Auger Observatory3 indicate that 
the composition of cosmic rays at 1018 eV, just below the ‘ankle’  
(a hardening of the all-particle cosmic-ray spectrum), can be fitted 
with a mixture of protons and either helium (QGSJET.II04) or nitrogen  
(EPOS-LHC). As the energy decreases, the proton fraction of the  
cosmic-ray composition decreases while the helium (or nitrogen) 
fraction increases, down to the threshold energy of 7 × 1017 eV. An 
extrapolation of this trend to our mean energy of 3 × 1017 eV connects 
smoothly to our best-fitting solution in which helium dominates.

An ‘ankle’-like feature in the cosmic-ray energy spectrum at 1017.1 eV 
has been measured4 at the KASCADE-Grande experiment, at which 
the spectral index for light elements changes to γ = −2.79 ± 0.08. 
However, the light particle (p and He) fraction is found to be less than 
30% at 3 × 1017 eV (on the basis of figure 4 in ref. 4), which is consid-
erably lower than our value. In contrast to LOFAR, the composition 
measurements presented in ref. 4 are based on the muon/electron 
ratio. A muon excess compared to all commonly used hadronic inter-
action models was reported21. Inaccurate predictions of muon produc-
tion, or 〈Xmax〉, could be the cause of the discrepancy in the fraction of 
light particles predicted by LOFAR and KASCADE-Grande.

If the ‘knee’ in the all-particle cosmic-ray spectrum (a steepening 
near 3 × 1015 eV) corresponds to the proton or helium cut-off of the 
main galactic cosmic-ray population, then the corresponding iron 
cut-off would lie at an energy of at most 26 times larger. If the main 

population of galactic cosmic-ray sources still dominates at 1017 eV, 
then the mass composition of the cosmic rays should be dominated by 
heavy elements at that energy. Therefore, the large component of light 
elements observed with LOFAR must have another origin.

In principle, it is possible that we observe an extragalactic compo-
nent. In that case, the ‘ankle’ in the cosmic-ray spectrum, at energies 
slightly greater than 1018 eV, does not indicate the transition from 
galactic to extragalactic origin. Instead, it can be explained as the 
imprint of pair production on the cosmic microwave background on 
an extragalactic proton spectrum22. However, because this feature only 
appears for a proton-dominated flux it is contrary to our data that 
indicate a mixture of light elements.

A second galactic component, dominating around 1017 eV, could be 
produced by a class of extremely energetic sources (galactic exatrons), 
such as the explosions of Wolf Rayet stars into their stellar winds23 or 
past galactic gamma-ray bursts24. Alternatively, the original galactic 
population could be reaccelerated by the galactic-wind-termination 
shock25. Such scenarios predict mixtures of light elements, consistent 
with our results.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Composition model fits. The cumulative probability density 
of the parameter a (see equation (1)) determined from the data (blue line; 
shading indicates the range in which p > 0.01) and several models, on 
the basis of QGSJETII.04 simulations. The set that contains only proton 
showers is centred around a = 0 and has a large spread (yellow dotted 
line), whereas iron showers give a distribution with a small spread centred 
around a = 1 (yellow dash-dotted line). A two-component model (p and Fe;  
green dashed line) yields the best fit for a proton fraction of 62%, but does 
not describe the data well (p = 1.1 × 10−6). A four-component model  
(p, He, N and Fe; red dashed line) gives the best fit with 0% protons, 79% 
helium, 19% nitrogen and 2% iron, with p = 0.17. The uncertainty on these 
values is presented in Fig. 4.
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composition that is allowed within systematic uncertainties has a 
best-fit light-element fraction of 0.6 and a 99% confidence interval of 
[0.18, 0.82]. For information about the systematic uncertainties and 
the statistical analysis, see Methods.

The abundances of individual elements depend on the hadronic 
interaction model. The Xmax values predicted by EPOS-LHC20 are, on 
average, 15–20 g cm−2 higher than those predicted by QGSJETII.04 
(see Fig. 2). This coincides with the separation in 〈Xmax〉 between, for 
example, protons and deuterium or between helium and beryllium. 
Therefore, we present our result as a total fraction of light elements, to 
avoid placing too much emphasis on individual elements.

Recent results from the Pierre Auger Observatory3 indicate that 
the composition of cosmic rays at 1018 eV, just below the ‘ankle’  
(a hardening of the all-particle cosmic-ray spectrum), can be fitted 
with a mixture of protons and either helium (QGSJET.II04) or nitrogen  
(EPOS-LHC). As the energy decreases, the proton fraction of the  
cosmic-ray composition decreases while the helium (or nitrogen) 
fraction increases, down to the threshold energy of 7 × 1017 eV. An 
extrapolation of this trend to our mean energy of 3 × 1017 eV connects 
smoothly to our best-fitting solution in which helium dominates.

An ‘ankle’-like feature in the cosmic-ray energy spectrum at 1017.1 eV 
has been measured4 at the KASCADE-Grande experiment, at which 
the spectral index for light elements changes to γ = −2.79 ± 0.08. 
However, the light particle (p and He) fraction is found to be less than 
30% at 3 × 1017 eV (on the basis of figure 4 in ref. 4), which is consid-
erably lower than our value. In contrast to LOFAR, the composition 
measurements presented in ref. 4 are based on the muon/electron 
ratio. A muon excess compared to all commonly used hadronic inter-
action models was reported21. Inaccurate predictions of muon produc-
tion, or 〈Xmax〉, could be the cause of the discrepancy in the fraction of 
light particles predicted by LOFAR and KASCADE-Grande.

If the ‘knee’ in the all-particle cosmic-ray spectrum (a steepening 
near 3 × 1015 eV) corresponds to the proton or helium cut-off of the 
main galactic cosmic-ray population, then the corresponding iron 
cut-off would lie at an energy of at most 26 times larger. If the main 

population of galactic cosmic-ray sources still dominates at 1017 eV, 
then the mass composition of the cosmic rays should be dominated by 
heavy elements at that energy. Therefore, the large component of light 
elements observed with LOFAR must have another origin.

In principle, it is possible that we observe an extragalactic compo-
nent. In that case, the ‘ankle’ in the cosmic-ray spectrum, at energies 
slightly greater than 1018 eV, does not indicate the transition from 
galactic to extragalactic origin. Instead, it can be explained as the 
imprint of pair production on the cosmic microwave background on 
an extragalactic proton spectrum22. However, because this feature only 
appears for a proton-dominated flux it is contrary to our data that 
indicate a mixture of light elements.

A second galactic component, dominating around 1017 eV, could be 
produced by a class of extremely energetic sources (galactic exatrons), 
such as the explosions of Wolf Rayet stars into their stellar winds23 or 
past galactic gamma-ray bursts24. Alternatively, the original galactic 
population could be reaccelerated by the galactic-wind-termination 
shock25. Such scenarios predict mixtures of light elements, consistent 
with our results.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Composition model fits. The cumulative probability density 
of the parameter a (see equation (1)) determined from the data (blue line; 
shading indicates the range in which p > 0.01) and several models, on 
the basis of QGSJETII.04 simulations. The set that contains only proton 
showers is centred around a = 0 and has a large spread (yellow dotted 
line), whereas iron showers give a distribution with a small spread centred 
around a = 1 (yellow dash-dotted line). A two-component model (p and Fe;  
green dashed line) yields the best fit for a proton fraction of 62%, but does 
not describe the data well (p = 1.1 × 10−6). A four-component model  
(p, He, N and Fe; red dashed line) gives the best fit with 0% protons, 79% 
helium, 19% nitrogen and 2% iron, with p = 0.17. The uncertainty on these 
values is presented in Fig. 4.
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Figure 6. Polarization footprint of a single cosmic ray air-shower, as recorded with the LOFAR low-
band antennas, projected into the shower plane. Each arrow represents the signal from 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 core is located at the origin.

6.1 Relative strength of the charge excess mechanism contribution

Although both the geomagnetic and charge excess mechanisms are expected to be active in
every shower their relative strengths are not expected to be constant. Therefore it is instruc-
tive to determine the charge excess fraction by fitting eq. (5.4) for each event separately. In
figure 7 this fit can be seen for two example events. The distribution of the best fitting values
for the charge excess fractions of all events can be seen in figure 8. The uncertainty on a
is determined as described in appendix B and its distribution is plotted in figure 9. The fit
quality, as parameterised by ⇥2

r , is given in figure 10. With a mean ⇥2
r value of � 1.67 the

fit of single events works reasonably well. However, as will be discussed in section 6.3 there
is an additional dependence on the distance to the shower axis, that is not yet taken into
account at this stage, which will necessarily lead to suboptimal fit results.

6.2 Checking for additional dependencies on the geomagnetic angle

It is important to note that eq. (5.2) assumes that the charge excess fraction a only depends
on the angle �, that the propagation axis of the shower makes with the geomagnetic field,
through the strength of the geomagnetic contribution which is proportional to sin�. This
assumption can now be checked by looking for an additional dependence of a to � in figure 11.
No trend is seen, therefore we conclude that the charge excess contribution is independent
of the geomagnetic angle and that sin� is the proper way of normalizing the geomagnetic
component. Note that the scatter of the points is greater than their uncertainties suggest.
This indicates an additional dependence which does not scale with the geomagnetic angle.

– 9 –

2

is detected [21]. When a trigger is received, 2ms of raw
voltage data around the trigger time are stored for every
active antenna.

These data are processed in an o✏ine analysis [8, 19].
At the end of the analysis a number of physical param-
eters are extracted and stored. These include the esti-
mated energy of the air shower (as reconstructed from
the particle detector data), the arrival direction of the
air shower (as reconstructed from the arrival times of the
radio pulses in all antennas), and for each antenna polar-
ization information in the form of the Stokes parameters:
I (intensity), Q, U and V. The orientation of the polar-
ization vector is reconstructed from Stokes Q and U.

Over the period between June 2011 and September
2014, LOFAR has recorded a total of 762 air show-
ers. The reconstructed complex intensity pattern on the
ground of almost all measured showers can be well re-
produced in all its intricate details by state of the art
air shower simulation codes [22, 23]. These codes aug-
ment well tested Monte Carlo air shower simulations
with radio emission calculated from first principles at
the microscopic level [11, 24]. In this analysis we use
the CoREAS plugin of CORSIKA [25] with QGSJETII
[26] and FLUKA [27] as the hadronic interaction models.
It was found previously that the exact shape of the pat-
tern depends on the distance to the shower maximum,
X

max

, and that the absolute field strength scales with
the square of the energy of the primary particle.

A total of 58 air showers cannot be correctly repro-
duced by simulations. Of these, 27 air showers have a
measured signal-to-noise ratio below ten in amplitude
which is too low to get a reliable reconstruction. For
the remaining 31 showers three additional observations
are made. Twenty of the showers occur within two hours
of lightning strikes recorded by the Royal Dutch Meteo-
rological Institute (KNMI). Moreover, their polarization
pattern di↵ers significantly from that of a ‘normal’ fair-
weather air shower. This can be seen in Fig. 1. For air-
showers recorded during thunderstorm conditions the po-
larization direction is clearly coherent (e.g. non random)
over all antennas but no longer in the expected ê~v⇥ ~B
direction. In addition, the intensity pattern of some of
these showers shows a ring structure where its center is
near the shower axis. The ring structure in the intensity
pattern cannot be fit by ’normal’ fair-weather simulations
which show a bean shape at low 10�90MHz frequencies
[23, 28]. The eleven remaining showers show a similar po-
larization pattern but have no recorded lightning strikes
around the time of the event. Given the similarity of
the polarization patterns it is likely that at these times
the atmospheric electric field was also strong albeit not
strong enough to initiate lightning. Since a dedicated,
ground based, electric field meter was not yet available
at the time this cannot be independently confirmed.

The measured polarization patterns during strong elec-
tric field conditions come in two varieties. The most com-

FIG. 1: Polarization pattern as measured by LOFAR for
three air showers. Arrows represent the reconstructed
polarization vector direction in the shower plane. The
top panel displays a normal fair-weather air shower.

The middle and bottom panels show air showers recored
during thunderstorm conditions. The middle panel
represents the most common uniform type, also

indicated in this plot is the net force direction used as
input for air shower simulations.

Thunderstorm events
LOPES: Amplification in thunderstorms 

Buitink et al. A&A 467, 385 (2007) 

LOFAR: strange polarisation features  
Schellart et al. PRL 114, 165001 (2015)  



4

FIG. 2: Best fit CoREAS simulations for one air shower
as measured by the LOFAR radio telescope during a
thunderstorm. The intensity pattern in the shower

plane (top panel) and as a function of distance from the
shower axis (bottom panel) are given.

ment n. 227610. LOFAR, the Low Frequency Array
designed and constructed by ASTRON, has facilities in
several countries, that are owned by various parties (each
with their own funding sources), and that are collectively
operated by the International LOFAR Telescope founda-
tion under a joint scientific policy.
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Square Kilometre Array
Australia site 50-350 MHz

construction ~2020

~ 60,000 antennas in ~ 1 km2



SKA: ultrahigh precision measurements

Science: 
- origin of CRs  

mass composition in transition region G/XG 
- hadronic physics at super-LHC energies  

shower tomography 
- thunderstorm physics

LOFAR SKA

Huege et al. SKA science 2015 (arXiv:1408.5288)  



• Air shower radio emission mechanism finally understood:  
- intensity profiles 
- wavefront shape  
- polarisation 
- Cherenkov rings at high frequency

• Radio method suitable for CR mass composition 
LOPES: proof-of-concept  
LOFAR:  Xmax resolution of < 20 g/cm2  

similar to fluorescence detection + higher duty cycle

• Composition results based on 100+ high-res reconstructions 
using full shape of Xmax distribution  
light mass component at 1017 - 1017.5 eV 

• Air showers in thunderstorm:  
remote sensing of electric fields, thunderstorm physics

• Future: ultra-high precision with SKA 

Conclusions

Thanks


