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

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

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

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

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

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

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

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

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

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

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

7.4.3 Excursus: Finding the best energy estimator

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

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

4. General considerations and choice of parametrization

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

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

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

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

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

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

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

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

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

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

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

distance to Xmax
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter
A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with
results in a slope of 0.55± 0.11.

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

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

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

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

7.4.3 Excursus: Finding the best energy estimator

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

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

4. General considerations and choice of parametrization

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

As discussed in section 2, the classical choice is an exponential function. Especially for events measured
at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an
exponential fall-o↵ at larger distances are obvious candidates. In addition, the functions should deliver
a flattening or even fall-o↵ near the center. Purely from these shape considerations, the following initial
parameterization is chosen.
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Here, P is the total power of the integrated radio signal, x0, y0 are the spatial coordinates, centered around
the position of the shower axis in the plane spanned by the vectors ~v ⇥ ~B and ~v ⇥ ~v ⇥ ~B. This function has
nine free parameters that need to be fitted. Those are the location parameters X

+

, X�, Y+

, Y�, the width
parameters �

+

,��, the o↵set parameter O and the two scaling parameters A
+

and A�, which are positive
and it holds A

+

> A�. This means that the parameterization is made up of two Gaussians, which are shifted
with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,
it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

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

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

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

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

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

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

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

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

Using relation 7.16 that connects ⇥+ and Xmax one can derive the Xmax-resolution by
using ⇥+ as an indicator. In order to do so, the values of ⇥+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are
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Reconstruction of Xmax
- based on fitting 2D radio profile (S.B et al., PRD 90 082003 (2014).
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Unbinned analysis

a=1

a=0

a=0.7
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deep
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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.
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Calculate a for each individual shower
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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.
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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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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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FIG. 2: The set of normalize Stokes parameters that characterize the polarization footprint of a single air shower.
See Fig. 1 for the meaning of the symbols.

while V/U = tan ⌘ measures the phase delay, and thus
the time-lag, between the two. The angular dependence
of the circular polarization is seen in Fig. 3 where the
footprint of the Stokes parameter V is shown as ob-
tained from the simulation and data. As expected, ê

~v⇥ ~

B

is the axis of anti-symmetry, where V changes sign along
ê

~v⇥~v⇥ ~

B

to -ê
~v⇥~v⇥ ~

B

.

From Fig. 2 one obtains at 100 m V/U ⇡ 1/3 giving
⌘ ⇡ 0.3. The Stokes parameters are measured in the
frequency band 30-80 MHz. Taking the central frequency
one obtains a time delay for the charge excess signal of
approximately �t = 1 ns.

To understand the di↵erence in the timing of the emit-
ted radio pulse through the two mechanisms requires
more subtle arguments. Taking the z-axis along the
shower and the x-axis along ê

~v⇥ ~

B

it can be shown that
the transverse current (TC) gives rise to the x-component
of the vector potential, Aµ = j

µ

/D = j

x(t
ret

)/D (where
j

µ is the four current in the EAS and D the retarded
distance, see [13]) while the zeroth (time) and the z-
components result from the charge excess (CE) contribu-
tion. The dependence on the height in the atmosphere,
z, is expressed using the retarded time, t

ret

= �z/c.
The magnitude of the TC is roughly proportional to
the number of particles in the shower, N(t

ret

), thus
j

x(t
ret

) / N(t
ret

) [21]. The CE in the EAS is due to
the knock-out of electrons from air molecules. This ex-
cess charge is also roughly proportional to the number of
particles in the EAS, j0(t

ret

) / N(t
ret

). The height (or
retarded time) dependence of the two currents is thus al-
most the same although, due to di↵erent dependencies on
air pressure, the TC reaches its maximum at somewhat

FIG. 3: The footprint of the value of the Stokes
V -parameter for an air shower. The background color
shows the results of the CoREAS simulation while the
coloring in the small circles present the data, the same

as shown in Fig. 2 right most panel, however not
normalized by I but by the maximum of V. At close
distances the calculated values for V su↵er from

numerical instability.

larger heights than the CE [13].
The electric field is obtained from the vector poten-

tial as ~

E = �~rA

0�d
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A/dt. For the TC contribution this
yields ~

E = �d

~

A/dt (called magnetic emission for this rea-
son and polarized in the ê
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direction), while for the

3

FIG. 2: The set of normalize Stokes parameters that characterize the polarization footprint of a single air shower.
See Fig. 1 for the meaning of the symbols.

while V/U = tan ⌘ measures the phase delay, and thus
the time-lag, between the two. The angular dependence
of the circular polarization is seen in Fig. 3 where the
footprint of the Stokes parameter V is shown as ob-
tained from the simulation and data. As expected, ê
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For observer at 100m peak of charge excess emission is delayed by 1 ns

Charge excess emission emitted at later stage in shower development
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emission beam shape different for 
geomagnetic and charge excess radiation

transverse 
current

charge 
excess

charge excess has maximum at larger Θobs

for fixed observer Θobs increases with time

observed shift in peak emission

(actually, it’s simultaneous/earlier, see talk C. Glaser)



Conclusions
• LOFAR can measure Xmax with resolution ≲ 20 g/cm2 

• A set of cuts is applied to obtain a bias-free sample of 114 
air showers 

• First LOFAR composition result in agreement with other 
experimental techniques. 

• Strong light element fraction (p+He) at 1017 eV 

• Coming up: correction for index-of-refraction, low energies 
with hybrid triggering



thunderstorm events

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.

- Identification: 
weather service + polarization signature 

- removed from sample 

- dedicated analysis: 
see poster Olaf Scholten 
Schellart et al. PRL 114, 165001 (2105) 
Trinh et al. PRD 93, 023003 (2016) 



Uncertainty on Xmax
Monte Carlo vs Monte Carlo method


reconstruct Xmax for many 
simulations of the same event


construct region that contains 68% 
of | Xreco - Xtrue |


σmeth = 12.7 g/cm2

σatm = 1 g/cm2 (after correction) 

σ = 13 g/cm2


first 50 showers

first event sample:

σ ranges from 7.5 to 37 g/cm2

mean value 17 g/cm2

SB et al. PRD 90 082003 (2014).



QGSJETII.04 EPOS-LHC

SIBYLL• Shower simulated with QGSJETII 
EPOS & SIBYLL 

• Reconstructed using QGSJETII

• 10 showers; 25 p + 15 Fe each

• Systematic effect on Xmax 
reconstruction is small  
geometrical measurements  

10 showers 10 showers

10 showers

μ = -1.5 g/cm2 μ = - 4.3 g/cm2

μ = - 3.4 g/cm2
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FIG. 9. Histograms of fitting parameters for fifty showers with forty simulations each. Top row: distribution of core o↵set in
one and two dimensions. Bottom row: distribution of the logarithm of the scaling parameters f2

r and fp.

can provide a better qualitative understanding of the ra-
diation mechanism. They can, for example, be used to
calculate specific components of the total radiation (geo-
magnetic or charge excess), whereas the microscopic ap-
proach is oblivious to such distinctions as it calculates
the radiation from first principles.

A detailed comparison of these four codes with LOFAR
data is currently being made and will be the subject of
a future publication. For now, we emphasize that for
the example events shown here, the CoREAS simulations
reproduce all features observed in the data and are able
to fit the data with excellent reduced �

2-values, and that
CoREAS and ZHAireS produce very comparable results.

Finally, it should be understood that the correct simu-
lation of the radio signal is mainly a numerical challenge,
since the laws of electrodynamics are well-known. This is
in sharp contrast with the uncertainties introduced by the
high-energy hadronic interactions, which can currently
not be derived from first principles.

VI. CONCLUSION

We have presented a new method to reconstruct the
atmospheric depth of the shower maximum X

max

with
radio measurements. It is based on the complete two-
dimensional distribution of the emitted radio power
which strongly depends on the longitudinal development
of the shower. Application of the technique to LOFAR
data yields very accurate reconstructions of typically 17
g/cm2. This makes LOFAR an excellent observatory to
study the cosmic-ray composition in the energy regime
of 1017-1018 eV, which may harbour the transition from
a Galactic to extragalactic origin.

The radiation profiles that are produced with the
CoREAS radio simulation code fit the data extremely
well. All features in the complicated, asymmetric pro-
files are reproduced and we find low reduced �

2-values
for showers that were observed with hundreds of anten-
nas simultaneously. This inspires confidence that the ra-
diation mechanism is now well-understood and can be
accurately simulated. The performance of other radio
simulation codes is currently being studied and will be
published separately.

no bias due to multivariate fit



• Simulation workshop 
Nijmegen (february 2014)  
 
simulation by all 4 codes for 
10 LOFAR events

• Preliminary results:  
 
Microscopic models 
(CoREAS & ZHaireS)  
very similar  
 
Macroscopic models are 
close; parametrizations 
break down near shower 
axis?
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