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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
different spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Different 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

             core
23 stations ~5 km2

 ~17 km2



P. Schellart et al.: Detecting cosmic rays with the LOFAR radio telescope

Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0◦ and north corre-
sponds to 90◦. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
χ2/nd.o.f. = 0.9.

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

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

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

5. Conclusions

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

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

!"!"
!"

!" !#
!#

!#
!#

!#!"

!#$%&'()

!"$%&'()

*'&$+,-.!&

*)/-+0,!&'1$2314!3+

1-+/'1$&*5

1-,!&!2)$
&*%'-$034+!

%!(4!1)'-2$-($0*&)'14!+
'2$6!-/*62!)'1$('!4%

!!#
!"

polarization of radio signal

geomagnetic Askaryan

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

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

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

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

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

7 Systematic uncertainties

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

– 14 –



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

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

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

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

α =
c t100
100m

, (13)

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

In practice however, it appears to be difficult to use wavefront timing by itself to determine (the distance
to) Xmax. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to Xmax [21]. Combining this technique with
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Shape of Shower Front
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Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

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

12

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

hyperboloid

(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time differences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
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that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis differ between fits, as is in particular evident for the spherical fit.
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Figure 8: Angular difference between reconstructed shower axis direction for three wavefront shape as-
sumptions. Assuming a planar wavefront shape typically introduces an error in the direction of up to ∼ 1 ◦,
when the shape is in fact hyperbolic (top plot). The differences in reconstructed direction between a conical
and hyperbolic wavefront shape are approximately a factor of ten smaller (bottom plot).
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Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the

shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is

encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the

measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive Xmax based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of Xmax, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a sufficiently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters
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Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the

shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is

encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the

measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive Xmax based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of Xmax, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a sufficiently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters
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Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the

shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is

encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the

measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive Xmax based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of Xmax, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a sufficiently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.
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Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
squares and the value of the fit is indicated by a red circle. The results are shown with respect to two perpendicular axes in the
shower plane, thereby respectively ignoring the coordinates in the other axes. The figure illustrates a good agreement between
the simulation and the fit to the simulation.

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

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

An example of a successful fit is shown in figure 5. Both, the fit and the simulated data are shown and
represented as circles and squares, respectively. For better visibility cuts through the x�-axis (�v× �B) and the
y�-axis are shown, which illustrate in which coordinates the asymmetry is present. Given the constructive
interference of the geomagnetic effect and the charge excess, the asymmetry is especially visible with respect
to �v × �B. The figure shows a good agreement between simulated data and the fit.

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

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

6

Figure 4: Interpolated pattern of the simulated total power for two different 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-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.
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�
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]
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−A− · exp
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]
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�
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Here, P is the total power of the integrated radio signal, x�, y� 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 σ+,σ−, the offset 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 offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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Figure 7.12: 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 α 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 different 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-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x�, y� 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 σ+,σ−, the offset 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 offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the σ+ 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 σ+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(θ) 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 σ+ 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.

σ+ = −54.3 + 0.438 ·D(Xmax)− 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · σ+ + 0.0080 · σ2
+ (7.16)

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

distance to Xmax
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the traces of the two channels for about 7.4 s which is suffi-
cient to hold the data for the time needed to receive the trigger
by the CDAS.

III. DATA SELECTION AND EVENT RECONSTRUCTION

In this work we are using RD and SD data recorded between
April 2011 and March 2013 when AERA was operating in
its first commissioning phase. The data are stored as events,
which refer to all relevant information that has been read out
following a trigger. For this analysis, both self-triggered and
externally triggered events are used.

A. Preselection of cosmic-ray candidates

In the case of the self-triggered events, a preselection is per-
formed offline by searching for coincidences with the surface
detector events. A radio event has to agree in time and location
with an SD event to be considered as cosmic-ray candidate.
The radio-trigger time and the time when the air shower core
hits the ground have to agree within ±20µs. Such a conserva-
tive coincidence window also accounts for horizontal events,
for which the time difference is expected to be larger.

For both trigger types, only events with a clear radio pulse
in at least three stations are considered, to allow for a recon-
struction of the incoming direction of the signal. For exter-
nally triggered events the requirement is a signal-to-noise ra-
tio (SNR) greater than ten. Here the SNR is defined as the
maximum of the Hilbert envelope-squared [25] divided by the
noise variance. For self-triggered events the signal threshold
is dynamically adjusted to the noise level to keep the trigger
rate at a constant level of 100 Hz. We require that the recon-
structed incoming directions from the radio and the surface
detectors agree within 20◦ to be accepted as a cosmic-ray can-
didate. The 20◦ cut does not reflect the angular resolution of
the SD nor that of the radio detector. This preselection cut re-
tains the maximum number of cosmic-ray signals and signif-
icantly reduces the number of random (anthropogenic) noise
pulses, which originate mainly from the horizon.

In addition, we apply quality cuts on the data of the surface
detector [26]. The most important cuts are that the core posi-
tion be surrounded by a hexagon of active stations and that the
zenith angle of the incoming direction be less than 55◦. A to-
tal of 181 cosmic-ray candidates with energies above 1017 eV
remain.

As an engineering array, AERA was subject to several
changes in software and hardware which significantly limited
the uptime. In future, we expect a larger rate of cosmic rays
due to the stabilized operation of the detector.

B. Reconstruction of radio data

We use the software framework Offline [27] of the Pierre
Auger Collaboration to process the measured raw data. First,
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FIG. 1. Reconstructed electric-field trace of one of the measured
cosmic-ray radio events. An upsampling by a factor of five was ap-
plied. The shown Hilbert envelope (dashed line) is the square root of
the quadratic sum of the Hilbert envelopes of the three polarization
components.

the air shower is reconstructed using the surface detector in-
formation [28]. Second, the reconstruction using the radio de-
tector data is performed [29]. Narrowband noise sources are
filtered out using a radio-frequency interference suppression
in the time domain. Sine waves with the frequency of noise
sources are fitted to the measured voltage trace and subtracted.

We correct for the influence of the analog signal chain using
the absolute calibration of the AERA station and reconstruct
a three dimensional electric field by using the direction of the
shower and applying the simulated antenna response [20].

An example of a reconstructed electric-field trace �E(t) is
shown in Fig. 1. The energy density u of the incoming elec-
tromagnetic radio pulse at each radio station is determined
by calculating the time integral over the absolute value of the
Poynting vector. This is achieved by squaring the magnitude
of the electric-field trace and summing over a time window
of 200 ns ([t1, t2]) around the pulse maximum which has been
determined from the Hilbert envelope of the trace (cf. Fig. 1).
The contribution of background noise (determined in the noise
window [t3, t4]) is subtracted under the assumption that the
main contribution is white noise. The energy density u is
given by

u = ε0c

�
∆t

t2�

t1

| �E(ti)|2 −∆t
t2 − t1
t4 − t3

t4�

t3

| �E(ti)|2
�

, (1)

where ε0 is the vacuum permittivity, c is the speed of light in
vacuum and ∆t is the size of one time bin. This quantity is
used throughout the whole analysis and will be given in units
of eV/m2. To approximate the uncertainty the noise level as
described above is used. As the radio detector effects have
been corrected for, the reconstructed energy density can be
directly compared to air-shower simulations.

We also calculate the direction of the electric-field vec-
tor, i.e., the polarization direction of the signal. In the full
width half maximum (FWHM) interval around the pulse max-
imum of the Hilbert envelope we observe that the recon-
structed electric-field vectors are aligned approximately along
the same direction for every time bin. To accurately determine
the mean direction of the electric-field vector, we average over
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all vectors in the FWHM interval of the Hilbert envelope (cf.

Fig. 1).

C. Selection of radio signals induced by cosmic rays

Given the amount of pulsed background noise at the AERA

site, the preselected events are likely to contain non cosmic-

ray signals that mimic cosmic-ray pulses. There are two sce-

narios possible: Signals in one or more stations are not caused

by the air shower or an event contains only noise pulses that

by chance led to a reconstructed incoming direction similar to

that of the SD.

In order to reject background signals, we take advantage of

the expected polarization of the radio signal. The polariza-

tion of the radio pulse is only used for this purpose and not

considered for the energy estimation. In the frequency range

of AERA (30 to 80 MHz) the dominant emission process is

the geomagnetic emission [11, 15]. Here, a linear polarization

of the electric field is expected to be in the direction of the

Lorentz force (given by �egeo) that acts on the charged particles

while they traverse the magnetic field of the Earth. The polar-

ization is altered by an additional emission which is linearly

polarized radially towards the shower axis (given by �eCE), and

is referred to as the charge-excess emission process [15, 30–

32].

The expected direction of the electric-field vector is there-

fore calculated from the geomagnetic and the charge-excess

contributions

�Eexp ∝ sinα�egeo + a�eCE , (2)

where α is the angle between shower axis and magnetic

field of the Earth, and a is the average relative charge-excess

strength that has been measured to be 0.14 ± 0.02 at AERA

[15]. In this approach, the direction of the geomagnetic con-

tribution depends only on the incoming direction of the air

shower whereas the charge-excess contribution depends in ad-

dition on the position of the radio station relative to the shower

axis.

In Fig. 2, all stations with signal of a cosmic-ray candidate

are shown, and the measured polarization is compared with

the expectations of the two radio-emission mechanisms. The

overall agreement between measured and expected field po-

larizations is quantified using the angular difference

βi = ∠( �Emeas,i, �Eexp,i) (3)

at each station i. For each event, the average deviation β̄ of

the individual deviations βi of the stations with signal is cal-

culated and will be used as criterion for a quality cut. Relevant

uncertainties are taken into account as follows:

• The relative strength a of the charge-excess can vary

from event to event due to shower-to-shower fluctua-

tions, and additional dependencies on the geometry of

the air shower [33]. Therefore, for each possible values

of a between 0 and 0.5 the average deviation β̄ is cal-

culated and only the smallest value of β̄ is considered.
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FIG. 2. Polarization map of a single event. The axis coordinates

are in the shower plane where the x-axis corresponds to the direction

of the Lorentz force (�v × �B) and the y-axis perpendicular to that

and to the shower axis (�v × (�v × �B)). The SD shower core is at the

coordinate origin. The measured polarizations are shown as the black

arrows. The gray arrows are the model expectations, and the red and

blue arrows are the geomagnetic and the charge-excess components,

respectively. The definition of β is described in the text. The air-

shower properties of this event are: Energy of 0.9 EeV and arriving

from a zenith angle of 36
◦

and from 27
◦

south of west. For the

emission model of Eq. (2), the optimal value of the relative charge-

excess strength is a = 0.18.

• The uncertainty of the SD shower core position is taken

into account by variation of the core within its estimated

uncertainties. In our data set the uncertainty varies

between 10 m and 80 m depending on the energy and

zenith angle. For each trial of the core position β̄ is

calculated. Again, only the smallest value of β̄ is con-

sidered.

• Interference of the cosmic-ray radio signal with noise

pulses can alter the polarization. Simulation studies

showed that for a single radio station the uncertainty

in β due to noise is below 8
◦

at detection threshold, and

decreases to 1
◦

at high signal-to-noise ratios. To obtain

the average value of β for all radio stations in the event

we compute a weighted mean with weights wi = 1/σ2
βi

with σβi being the expected uncertainty from the simu-

lation.

We impose a limit on the average deviation β̄ of the polar-

ization direction. This maximum deviation is fixed at a value

of 3
◦
. This value is slightly above the combination of the fol-

lowing effects.

The incoming direction of an air shower reconstructed with

the surface detector has an uncertainty between 1.3
◦

and 0.7
◦

depending on the cosmic-ray energy and the zenith angle [28].

Hence, the expected direction of the electric-field vector will

have the same uncertainty. All antennas are aligned to the

magnetic north (or perpendicularly to the magnetic north in
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FIG. 3. Lateral signal distribution of a single cosmic-ray event. The air-shower properties of this event are: Energy of 0.75 EeV and arriving
at a zenith angle of 37◦ and from 44◦ west of south. Left: The energy density in the shower plane. The measurements are indicated as
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reconstructed core position of the radio LDF fit. Right: The radio energy density is shown as a function of the perpendicular distance to the
shower axis. Blue squares are the measurements and the circular symbols indicate the value of the LDF parametrization at the position of the
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data set will be further divided in a high-quality data set con-
taining only events with at least five stations with signal, i.e.,
events where the core position can be reconstructed in the ra-
dio LDF fit.

A. Definition of the energy estimator

The spatial integral of the lateral distribution function gives
the amount of energy that is transferred from the primary cos-
mic ray into radio emission in the AERA frequency band dur-
ing the air-shower development, and will be given in units
of eV. We define the energy estimator Sradio as this radiation
energy divided by sin2 α to account for different emission
strengths at different angles between shower axis and mag-
netic field, see Eq. (2),

Sradio =
1

sin2 α

�

R2

u(�r) d2�r

=
Aπ

sin2 α

�
σ2 − C0C

2
3 e

2C4σ
�
,

(5)

where R2 denotes the shower plane. The positive σ2 term
dominates by far over the negative second term resulting in a
positive value of Sradio. The sin2 α correction only holds if
the geomagnetic emission is the dominant contribution which
is the case for α > 10◦ at AERA. Due to the reduced emission
strength the number of detections for arrival directions within
10◦ of the geomagnetic field axis is suppressed. The angular
distribution of the events is shown in Fig. 4.

B. Event-by-event uncertainties of the energy estimator

The following uncertainties are relevant for the energy es-
timator due to event-by-event fluctuations and summarized in
Table II:

• The gains of the low-noise amplifiers and filter ampli-
fiers exhibit a temperature dependence. The effect has
been measured and amounts to −42mdB/K. Each air
shower is measured under specific environmental con-
ditions. In particular this implies that we have a ran-
dom distribution of ambient temperatures which exhibit
a Gaussian distribution with a standard deviation of 8.3◦

C. This corresponds to a fluctuation of the gain of 4%.

• An uncertainty of the simulated antenna response that
depends on the incoming direction of the radio signal
will lead to an event-by-event uncertainty as each event
has a different incoming direction. The effect is deter-
mined to be 5% by comparison of the simulated antenna
response with a measurement at AERA [20].

• The reconstructed direction of the air shower obtained
with the SD has an uncertainty of less than 1.3◦. This
has negligible influence on the antenna response pat-
tern, since it can be considered uniform over such a
small change of angle.

As the different uncertainties are independent, the total uncer-
tainty of the electric field amplitude is

√
4%2 + 5%2 ≈ 6.4%

and therefore 12.8% on Sradio. The uncertainty of α can be
neglected. The fit uncertainties of A and σ including their cor-
relation are propagated into Sradio using Gaussian error prop-
agation. In the case of events with less than five stations with
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FIG. 5. (top) The radio-energy estimator Sradio as a function of the
cosmic-ray energy measured with the surface detector. A power law
is fitted to the data using a likelihood approach which takes all uncer-
tainties and detection efficiencies into account. Green filled circles
denote air showers where the core position has been determined in
the radio LDF fit, i.e., all air showers with at least five stations with
signal. Open circles denote events with less than five stations with
signal and use the SD core position. (bottom) Relative energy reso-
lution: The energy of the radio detector is obtained using the fit in
the left-hand figure. The left histogram contains all air showers, and
the right histogram contains the air showers with at least five stations
with signal (green filled circles). The expected distribution is shown
as a gray shaded area which is computed from the fitted probability
model that describes the fluctuations.

form of the likelihood function can be found in appendix
B). The result of the calibration fit is A = 1.58 ± 0.07 and
B = 1.98 ± 0.04. The resulting slope is quite compatible
with an exponent of B = 2 implying that the energy deposited
in radio emission increases quadratically with the cosmic-
ray energy. We can infer from Eq. (6) that, for a 1 EeV air
shower perpendicular to the magnetic field axis, 15.8 MeV is
deposited on average in radio emission in the frequency range
of 30 to 80 MHz.

The lower left panel of Fig. 5 shows the scatter around

the calibration curve for all air showers in our data set. This
amounts to 29%. We also tested a high-quality data set con-
taining only air showers with at least five stations with sig-
nal, where a determination of the core position in the radio
LDF fit is possible. These air showers are marked by green
filled circles in Fig. 5. The fit of the calibration curve gives a
compatible result (A = 1.60 ± 0.08, B = 1.99 ± 0.05) and
the scatter around the calibration curve reduces to 24% (lower
right panel of Fig. 5).

To obtain a goodness-of-fit estimator, the measured distri-
bution is compared to the expected distribution which is com-
puted from the likelihood function, i.e., from the probability
model that describes the fluctuations. The comparison yields
a reduced chi-square value of χ2/ndf = 13.8/12 for the full
data set and χ2/ndf = 8.43/6 for the high-quality data set. In
particular, it shows that the estimated uncertainties of the en-
ergy estimator in Sec. IV B are compatible with the observed
scatter around the calibration curve.

A. Uncertainties of the reconstructed cosmic-ray energy with
the radio detector

To determine the energy resolution of the radio detector,
the known resolution of the surface detector needs to be sub-
tracted from the combined scatter. The average (statistical)
SD energy resolution for all air showers in our data set is 18%.
To obtain an estimate of the radio-energy resolution we use a
Monte Carlo study which takes into account the energy and
zenith angle dependence of the SD energy resolution. The
combined scatter is simulated for different radio-energy reso-
lutions, according to the number of air showers and the energy
and zenith distribution of the data set. We find that the energy
resolution of the radio detector is 22% for the full data set and
17% for the air showers where the core position could be de-
termined in the radio LDF fit, when five or more radio stations
have a significant signal.

In the above calculation we assumed that the energy esti-
mates from the SD and radio reconstruction are uncorrelated
for a fixed energy. However, an anti-correlation is expected as
radio emission originates from the electromagnetic part of the
air shower whereas the SD signal is mostly due to muons re-
sulting from the hadronic shower component [44] and which
are anti-correlated shower parameters for a fixed cosmic-ray
energy. In case of an anti-correlation, the estimated radio-
energy resolution would be even smaller making the above
values conservative estimates.

Furthermore, we studied the effect of a possible bias in
the SD reconstructed energy for different primaries where the
detector is not fully efficient (0.1 EeV - 0.3 EeV) and has a
slightly different efficiency curve for the two extreme scenar-
ios of proton and iron primaries [28]. We found that the effect
is negligible for our data set.

The uncertainty on the absolute scale of the energy estima-
tor as discussed in Sec. IV C is calibrated out by correlating
Sradio with ESD. The method, however, inherits the uncertain-
ties of the SD energy scale. This scale uncertainty is domi-
nated by the FD scale uncertainty, which is used to calibrate
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FIG. 5. (top) The radio-energy estimator Sradio as a function of the
cosmic-ray energy measured with the surface detector. A power law
is fitted to the data using a likelihood approach which takes all uncer-
tainties and detection efficiencies into account. Green filled circles
denote air showers where the core position has been determined in
the radio LDF fit, i.e., all air showers with at least five stations with
signal. Open circles denote events with less than five stations with
signal and use the SD core position. (bottom) Relative energy reso-
lution: The energy of the radio detector is obtained using the fit in
the left-hand figure. The left histogram contains all air showers, and
the right histogram contains the air showers with at least five stations
with signal (green filled circles). The expected distribution is shown
as a gray shaded area which is computed from the fitted probability
model that describes the fluctuations.

form of the likelihood function can be found in appendix
B). The result of the calibration fit is A = 1.58 ± 0.07 and
B = 1.98 ± 0.04. The resulting slope is quite compatible
with an exponent of B = 2 implying that the energy deposited
in radio emission increases quadratically with the cosmic-
ray energy. We can infer from Eq. (6) that, for a 1 EeV air
shower perpendicular to the magnetic field axis, 15.8 MeV is
deposited on average in radio emission in the frequency range
of 30 to 80 MHz.

The lower left panel of Fig. 5 shows the scatter around

the calibration curve for all air showers in our data set. This
amounts to 29%. We also tested a high-quality data set con-
taining only air showers with at least five stations with sig-
nal, where a determination of the core position in the radio
LDF fit is possible. These air showers are marked by green
filled circles in Fig. 5. The fit of the calibration curve gives a
compatible result (A = 1.60 ± 0.08, B = 1.99 ± 0.05) and
the scatter around the calibration curve reduces to 24% (lower
right panel of Fig. 5).

To obtain a goodness-of-fit estimator, the measured distri-
bution is compared to the expected distribution which is com-
puted from the likelihood function, i.e., from the probability
model that describes the fluctuations. The comparison yields
a reduced chi-square value of χ2/ndf = 13.8/12 for the full
data set and χ2/ndf = 8.43/6 for the high-quality data set. In
particular, it shows that the estimated uncertainties of the en-
ergy estimator in Sec. IV B are compatible with the observed
scatter around the calibration curve.

A. Uncertainties of the reconstructed cosmic-ray energy with
the radio detector

To determine the energy resolution of the radio detector,
the known resolution of the surface detector needs to be sub-
tracted from the combined scatter. The average (statistical)
SD energy resolution for all air showers in our data set is 18%.
To obtain an estimate of the radio-energy resolution we use a
Monte Carlo study which takes into account the energy and
zenith angle dependence of the SD energy resolution. The
combined scatter is simulated for different radio-energy reso-
lutions, according to the number of air showers and the energy
and zenith distribution of the data set. We find that the energy
resolution of the radio detector is 22% for the full data set and
17% for the air showers where the core position could be de-
termined in the radio LDF fit, when five or more radio stations
have a significant signal.

In the above calculation we assumed that the energy esti-
mates from the SD and radio reconstruction are uncorrelated
for a fixed energy. However, an anti-correlation is expected as
radio emission originates from the electromagnetic part of the
air shower whereas the SD signal is mostly due to muons re-
sulting from the hadronic shower component [44] and which
are anti-correlated shower parameters for a fixed cosmic-ray
energy. In case of an anti-correlation, the estimated radio-
energy resolution would be even smaller making the above
values conservative estimates.

Furthermore, we studied the effect of a possible bias in
the SD reconstructed energy for different primaries where the
detector is not fully efficient (0.1 EeV - 0.3 EeV) and has a
slightly different efficiency curve for the two extreme scenar-
ios of proton and iron primaries [28]. We found that the effect
is negligible for our data set.

The uncertainty on the absolute scale of the energy estima-
tor as discussed in Sec. IV C is calibrated out by correlating
Sradio with ESD. The method, however, inherits the uncertain-
ties of the SD energy scale. This scale uncertainty is domi-
nated by the FD scale uncertainty, which is used to calibrate
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Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).

5

Measurement of particle mass

σXmax ≈ 17 g/cm2σE ≈ 32%

Xmax reconstruction based on radio detection of air showers
S. Buitink1, A. Corstanje2, J.E. Enriquez2, H. Falcke2,3,4, J.R. Horandel2,3, T. Huege5, A. Nelles2,6, 
J.P. Rachen2, L. Rossetto2, P. Schellart2, O. Scholten7,8, S. ter Veen2,4, S. Thoudam2, T.N.G. Trinh7

1 Astrophysical Institute, Vrije Universiteit Brussel, Belgium
2 Dept. of Astrophysics/IMAPP, Radboud University Nijmegen, The Netherlands
3 NIKHEF, Science Park Amsterdam, 1098 XG Amsterdam, The Netherlands
4 Netherlands Institute of Radio Astronomy (ASTRON), The Netherlands

5  IKP, Karlsruhe Institute of Technology (KIT), Germany
6 Dept. of Physics and Astronomy, University of California Irvine, USA
7 KVI-CART, University of Groningen, The Netherlands
8 Interuniversity Institute for High0Energy, Vrije Universiteit Brussel, Belgium

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, Effelsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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[1] 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.   
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[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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Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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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, Effelsberg, 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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produce a set of 50 proton and 25 iron showers. The best fitting 
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[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 
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Mass composition with LOFAR S. Buitink

Figure 2: Correlation between uncertainties on core position, energy and Xmax. The uncertainties are
calculated using the dedicated simulation sets. The sets used were generated for 290 observed showers with
an energy above 1017 eV.
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