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The radio emission from air showers is used to accurately reconstruct the depth of the shower
maximum (Xmax). We present a method based on using the full two-dimensional radiation profile
as observed on the ground. While the density of shower particles reaching the ground is usually
described with a 1D lateral distribution function, the intensity of the radio pulse is a complex
function of observer position with respect to the shower axis. The CoREAS code simulates these
complicated patterns to very high precision. When the antenna density is sufficiently high, like
for example in the LOFAR core, the 2D approach leads to a resolution on Xmax of < 20 g/cm2.
This is the same level of accuracy that is achieved with fluorescence detection.
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1. Air shower detection with LOFAR

The cosmic ray mass composition contains important information about the nature of cosmic
ray sources. In particular, mass measurements in the region between the knee and the ankle can be
used to study the transition from a Galactic to extragalactic origin. It is yet unknown at what energy
this transition occurs, and what the correct explanation is for the various features in the all-particle
spectrum [1].

The cosmic-ray mass composition can be inferred from either the electron-to-muon ratio of
the shower particles reaching the ground, or the atmospheric depth of the shower maximum Xmax.
The well-established technique of fluorescence detection, used amongst others by the Pierre Auger
Observatory [2] and the Telescope Array [3], is used above 1017.8 eV at a precision of ∼ 20 g/cm2.
At lower energies, arrays such as Tunka [4] and Yakutsk [5], use non-imaging Cherenkov detectors,
which are less precise. Both techniques suffer from the fact that they require dark night, limiting
the duty cycle to ∼ 15% [6].

Radio detection of air shower offers an alternative method of measuring Xmax, and has seen
a rapid development in the last decade [7]. The first successful detections of air shower pulses
took place in the 1960s [8], but it was not until this century that detection equipment became
sophisticated enough to record the pulses with enough precision to make detailed study of the
radiation mechanism [9]. A second generation of experiments, spearheaded by LOPES [10] and
CODALEMA [11], has demonstrated the main features of the radio emission, and its potential to
provide Xmax measurements [12].

Today, LOFAR [13] produces the most detailed air shower radio data ever, by using the dense
core region, or superterp, where 384 antennas are located within a circle of 320 m diameter. A par-
ticle array, LORA [14], has been installed in the core and is used for triggering and reconstruction.
Each antenna contains a ring buffer which is read-out in case of a trigger. The full waveform is
stored for offline analysis [15].

The high antenna density of LOFAR has allowed studies of unprecedented detail into vari-
ous characteristics of the radio emission: the shape of the wavefront [16], the signal polarization
[17], the frequency dependence [18], and the influence of strong electric fields in thunderstorms
[19]. Here, we focus on the distribution of the radio power as observed on the ground. The dis-
tribution function is not rotationally symmetric, so high-resolution reconstructions require a two-
dimensional treatment of the power distribution profile. It has been demonstrated that this approach
leads to a resolution on Xmax below 20 g/cm2 for densely populated arrays like LOFAR [20]. This
is comparable to fluorescence detection, but the radio detection technique has a duty cycle of nearly
100% [21].

2. CoREAS simulations

The radio emission from air showers can be understood as superposition of two radiation
mechanisms. The dominant contribution is geomagnetic radiation [22, 9, 23], caused by interaction
of shower electrons and positrons with the Earth’s magnetic field. It is linearly polarized in the
direction of the Lorenz force, or v×B, where v is the velocity of the shower front, and B is the
geomagnetic field. A secondary component is due to the accumulation of a charge excess in the
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shower front [24, 25]. Charge excess radiation typically contributes 5−20% of the total radiation
[17, 26] and its polarization vector point radially away from the shower axis.

The total observed radiation field is the vector sum of these two contributions. Depending on
the observer position relative to the shower axis, the two components can add constructively or
destructively, leading to an asymmetrical, bean-shaped power distribution profile. The maximum
and minimum interference occurs at the v×B axis, which therefore provides a natural coordinate
system for presenting the data (see Fig. 1).

The CoREAS code [27] simulates the radio emission of air showers and is available as a plug-
in of CORSIKA [28]. It adds the individual radiation contributions of all shower electrons and
positrons, making use of the endpoint formalism [29]. This can be regarded as a direct application
of the Maxwell equations to the charge distribution of the shower, and therefore this approach
does not make any implicit assumptions on the radiation mechanism. Nonetheless, the simulation
outcomes can be understood in terms of geomagnetic and charge excess radiation [30].

We use CORSIKA 7.400, with hadronic interaction models FLUKA 2011.2b [31] and QGSJETII.04
[32]. Thinning is applied at a level of 10−6 with optimised weight limitation [33]. The response of
the LORA detectors is simulated with GEANT4 [34].

3. Shower reconstruction

We have developed a reconstruction method that is based on a simultaneous fit of the two-
dimensional radio power profile and the lateral distribution function of the particle density. The
method is applied to all showers that were recorded by antennas in at least four stations. Stations are
dense groups of antennas, of which 48 are actively recording simultaneously. Since one station only
samples a small part of the radio footprint multiple stations are needed for a good reconstruction.
This means the showers in our event sample are recorded by ∼ 200 antennas or more.

For each shower we produce a dedicated set of CORSIKA simulations, corresponding to its
arrival direction and an energy estimate based on a fast parametrization [35, 36]. To cover a large
range of possible Xmax values we produce 50 proton showers and 25 iron showers.

CoREAS outputs the radiation field for specific locations on the ground. Since the core posi-
tion is a free parameter in our fit, we do not know the antenna position with respect to the shower
axis beforehand. Instead, we calculate the radiation for a star-shaped pattern of antenna positions.
For each virtual antenna we calculate the total received power in a 55 ns window. From interpola-
tion of these values we produce a two-dimensional power profile [20].

The power profiles are fitted to the data together with the particle data, by minimising:

χ
2 = ∑

antennas

(
Pant − f 2

r Psim(xant − x0,yant − y0)

σant

)2

+ ∑
particle

detectors

(
ddet − fpdsim(xdet − x0,ydet − y0)

σdet

)2

, (3.1)

where Pant is the measured power integrated over a 55 ns window at an antenna at location (xant,yant)

with noise level σant, Psim is the simulated power, ddet is the deposited energy as measured by a
LORA detector at location (xdet,ydet) with noise σdet, and dsim is the simulated deposited energy.

3



P
o
S
(
I
C
R
C
2
0
1
5
)
3
6
9

Xmax reconstruction with radio detection S. Buitink

The fit contains four free parameters, two of which describe the location of the shower axis (x0,y0).
A scaling parameter fp for the particle lateral distribution function is needed to correct the energy
scale, while a scaling parameter for the radio power f 2

r is needed because the antennas do not yet
have an absolute calibration. When fp deviates from unity, the reconstructed energy is different
than the simulated energy. When the deviation is large, a new set of simulation is produced at the
reconstructed energy. The procedure is repeated until the energy is consistent within the resolution
of 32%.

Two example showers are shown in Fig. 1. The left panels correspond to an inclined shower
(55 degrees zenith angle) producing a large footprint. The shower in the right panels has a smaller
inclination of 26 degrees zenith angle. The circles indicate the antenna positions (projected into
the shower plane) and their colors represent the measured power. The background color map is
the power profile as simulated by CoREAS. For a good fit, the circle colors have to blend into the
background.

The panels in the middle row show the measured and simulated power for each antenna as a
function of distance to the shower axis. Clearly, the data could not have been fit with a single-valued
lateral distribution function. The shapes observed in these plots depend on the antenna positions
(indeed a station ring structure can be seen in the right plot) and are completely different for each
shower.

The plots in the top two rows show the best fitting simulation out of the complete set of
CORSIKA showers that was produced for that particular observation. The bottom row shows the
reduced χ2 of the fit (Eqn. 3.1) as a function of simulated Xmax. The points follow a curve that
has a clearly defined minimum. We reconstruct Xmax by fitting a parabola to a selection of best-
performing fits.

The depth of the shower maximum is only one of features in the shower development that is
different in each simulation. These plots demonstrate that it is by far the most important parameter
in determining the quality-of-fit. Other fluctuations cause the “jitter” of the data points around the
curve.

The uncertainty on the reconstructed Xmax is found with a Monte Carlo study and depends on
the shower geometry. Figure 2 shows a distribution of the uncertainty for 118 showers. The mean
value is ∼ 15 g/cm2.

All simulations were produced with the same atmosphere in CORSIKA. The observed ra-
dio pattern on the ground in fact depends on the altitude hX of Xmax. We make a correction by
constructing a local, up-to-date atmospheric density profile and evaluating which slant depth cor-
responds to the reconstructed hX . We use a method developed by the Auger collaboration [37] that
makes use of atmospheric information that is retrieved from the Global Data Assimilation System
(GDAS) [38]. At Auger it was found that after correction, the statistical uncertainty due to the
changing atmosphere is very small (∼ 1 g/cm2). We assume that the situation in the Netherlands
will not be worse, given the higher density of weather station providing GDAS with data, and the
unspectacular geography.

The uncertainty in the angular reconstruction translates into an additional uncertainty on Xmax,
since different zenith angles correspond to different total slant depths. Currently we use a plane
wave approximation for reconstruction the arrival direction, yielding a resolution of ∼ 1◦ in zenith
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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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Figure 2: Distribution of uncertainty on Xmax for 118 reconstructed showers. The mean value is ∼ 15
g/cm2.

or ∼ 2 g/cm2 in Xmax. The resolution can be improved by an order of magnitude by using a more
realistic, hyperbolic geometry of the wave front [16].

4. Model dependence

Hadronic interaction models Several codes exist to simulate the interaction of high-energy
hadrons. At lower energies the models are in agreement with accelerator data, but above the LHC
energy the prediction start to diverge. For example, in the LOFAR energy range, around 1017 eV,
the mean Xmax as predicted by QGSJETII.04 and EPOS-LHC [40] differ by 10-20 g/cm2. This
complicates the interpretation of the measured Xmax distribution in terms of mass composition,
but does not necessarily lead to a systematic uncertainty in the reconstruction of Xmax itself. For
example, for the fluorescence detection technique, the measurements of Xmax do not depend on
hadronic interaction models at all, because it is a geometrical measurement. For radio detection
the situation is slightly different. Although it is also in principle a geometrical measurement, the
reconstruction technique described here uses sets of CORSIKA simulations for which a hadronic
model must be chosen. Different models may produce longitudinal profiles that are different in
shape, and therefore create different radiation pattern on the ground. We have found a systematic
offset of ∼ 4 g/cm2 when we reconstruct EPOS showers using a sample of QGSJETII showers [20].

Radio simulation codes In contrast to hadronic interactions, the radiation from charged parti-
cles can be derived from first principles. Therefore, the challenge of correctly calculating the radio
emission is mainly to make sure that all contributions are taken into account. This is solved rigor-
ously by microscopic codes such as CoREAS and ZHAireS [39], in which the radiation fields of
all shower electrons and positrons are added together. These two codes, that were developed com-
pletely independently, now produce very similar results [30]. A remaining discrepancy between
the two codes is an offset in the absolute scale, to which the method described here is insensitive.
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5. Conclusion

We have demonstrated an accurate technique for the reconstruction of Xmax based on radio
measurements. The high precision is achieved by making use of two-dimensional radio power
profiles, and a dense sampling of that profile with hundreds of antennas. The excellent agreement
between data and simulation demonstrates that the radio emission is now well-understood. LOFAR
operates in the 1016.5−1017.5 eV range and can thus be used to study cosmic-ray mass composition
below the ankle.

The extreme antenna density of LOFAR has been very useful for detailed verification of radio
emission simulations, but is not needed for reconstruction. The Auger Engineering Radio Area
(AERA) [26] explores the optimal antenna spacing that balances cost and accuracy. Observations
at this site can also be used for a direct comparison between radio and fluorescence measurements
on a per-shower basis.

The low-frequency core of the SKA will have ∼ 60,000 antennas in an area of ∼ 1 km2. The
antennas have a larger bandwidth and will be more evenly distributed than the LOFAR antennas
that are grouped in circles. Therefore, the SKA can become an excellent site for high-resolution
cosmic-ray mass composition studies [41].
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