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Abstract: We compare radio lateral distributions measured with LOPES to REAS 3.11 and CoREAS simulations
of the radio emission. These simulation codes describe the measured radio signal significantly better than previous
versions of REAS, which did not yet include the refractive index of air. The refractive index changes the coherence
conditions of the radio emission. This causes flatter lateral distributions at LOPES distances (up to a few 100m). In
a few events the amplitude even falls towards the shower axis: a behavior which we observe both in simulations and
measurements. Generally, REAS 3.11 and CoREAS can reproduce the measured slope of the lateral distributions
within the uncertainties. With respect to the absolute amplitude of the radio signal, however, there is a difference
between REAS 3.11 and CoREAS. The amplitude predicted by REAS 3.11 is approximately twice as large as the
one predicted by CoREAS in frequency range (43−74MHz) of LOPES, and REAS 3.11 is closer to the LOPES
measurements. Overall, the comparison shows that the understanding of the radio emission has clearly advanced
in the last years. It confirms that in addition to the dominant geomagnetic and the sub-dominant Askaryan effect
(charge excess variation) the refractive index of the air plays an important role.
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1 Introduction
A sufficient understanding of the radio emission by air
showers is crucial for the use of antenna arrays as cosmic-
ray detectors. Although the principles of the radio emission
are known for more than 40 years [1], the theoretical
understanding at this time was on the level of qualitative
features and the order of magnitude of the radio signals.
Only recently theoretical models and simulations have
improved such that they can make more precise predictions
of the radio signal at ground. To test our current level
of understanding, we compared two recent simulation
codes, REAS 3.11 [2] and CoREAS [3], to LOPES [4]
measurements of the radio-lateral distribution. Since neither
REAS 3.11 nor CoREAS have free parameters to tune

the absolute scale of the radio signal, the comparison is
meaningful on a quantitative level.

Both codes include the geomagnetic deflection of par-
ticles [5] and the variation of the net charge during the
shower development [6] as sources for the radio emission.
Moreover, the refractive index of the atmosphere is included
which affects these emission processes and the propaga-
tion of the radio waves. In particular, the refractive index
changes the coherence conditions for the emission and leads
to a Cherenkov-like beaming [7, 8]. However, the normal
Cherenkov radiation due to the excitation of air molecules
is neglected in the tested models. By comparing the simula-
tions to the LOPES measurement, we hence tested whether
this model might be a sufficient description of reality.
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Figure 2: Example event for a LOPES lateral distribution compared to REAS 3.11 simulations (left), and CoREAS
simulations (right), for protons (top) and iron nuclei (bottom) as primary particles: amplitudes at the individual antennas and
the fit of the exponential LDF. The band around the measurements is the 35% scale uncertainty for the LOPES amplitude,
and the band around the simulations is the 20% systematic scale uncertainty due to the energy uncertainty of KASCADE-
Grande. For reference, also the energy E, the zenith angle θ and the azimuth angle φ are given.
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Figure 1: Map of the LOPES array co-located with the
KASCADE-Grande experiment, and shower cores of the
selected LOPES events.

2 Measurements
Basis for the comparison are 503 events with energies above
1017 eV, which have been measured with the east-west
aligned LOPES antennas in the effective frequency band
of 43−74MHz. The energy and shower geometry of these
events is provided by the co-located KASCADE-Grande
experiment [9], which also provided the trigger for LOPES.
The selected events had to fulfill several quality cuts for
both the KASCADE-Grande and the LOPES measurements.
E.g., the shower cores have to lie inside of the fiducial area
of the KASCADE or the Grande particle detector arrays
(Fig. 1), and the radio signal measured by LOPES has to be
clearly distinguishable from the background.

To each LOPES event we fitted the following exponential
lateral-distribution function (LDF), where ε(d) is the am-
plitude of the radio signal at a distance d to the air shower
axis:

ε(d) = ε100 · exp(−η · (d −100m)) (1)

There are two fit parameters: ε100, the amplitude at 100m,
which is sensitive to the primary energy [10, 11], and a
slope parameter η , which is sensitive to the longitudinal
shower development [12]. Since ε100 depends only slightly
on the shower development, we tested whether ε100 can be
reproduced by the simulations on an event-by-event basis.
For the lateral slope, we tested only whether the simula-
tions can reproduce η on average, because a comparison
for individual events is hampered by shower-to-shower fluc-
tuations. Although the exponential LDF is for several rea-
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Figure 3: Comparison of the slope parameter η between LOPES measurements and REAS 3.11 (left) and CoREAS (right)
for protons and iron nuclei as primary particles.
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Figure 4: Example for lateral distribution which flattens towards the shower axis.
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Figure 5: Per event comparison of the amplitude parameter ε100 between LOPES measurements and REAS 3.11 (left)
and CoREAS (right) for protons as primary particles. The dashed lines indicate the scale uncertainty of ±35% due to the
absolute amplitude calibration of LOPES. For iron nuclei as primary particles, a similar level of agreement is achieved,
since ε100 is almost independent of the primary mass.
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sons a simplification of the true lateral distribution, it is still
sufficient to test whether the simulations are compatible to
the measurements, because the same LDF is used for both
simulations and measurements.

3 Simulations
For each of the 503 LOPES events we made two CORSIKA
[13] simulations with QGSJET II [14] using the energy
and geometry of the primary particle reconstructed by
KASCADE-Grande. Since the type of the initial particles
is unknown, we simulated once a proton and once an iron
nucleus as primary particle, which we consider to be the
extreme cases. With CoREAS, the radio signal is calculated
directly during the CORSIKA simulation, while REAS
3.11 calculates the radio emission based on histograms
of the particles simulated by CORSIKA. Generally, both
codes predict approximately the same shape for the lateral
distributions in the distance and frequency range of LOPES,
but their amplitudes differ by a factor of approximately two
(see Fig. 2 for an example of a simulated event).

4 Results
We observe that both REAS 3.11 and CoREAS can repro-
duce the shape of the measured lateral distributions - at
least within the uncertainties and with respect to the tested
features. In particular, the slope parameter η is on average
compatible with the LOPES measurements for both simula-
tion codes, provided that the true composition lies anywhere
between a pure iron and a pure proton composition (Fig. 3).
Already in Ref. [15], we observed a flattening towards the
shower axis for some events, which is now reproduced by
simulations. In some cases the lateral distribution first rises
and than decreases (Fig. 4), which for a few events leads to
rising LDFs, i.e., negative values for η . Also this feature
is reproduced by both simulation codes, and likely caused
by the refractive index of the air, as predicted more than 40
years ago by Allan [7].

For the amplitude we find a difference between REAS
3.11 and CoREAS: the amplitude parameter ε100 of the
REAS 3.11 simulations is about twice as large as for
CoREAS (Fig. 5). The REAS 3.11 simulations agree with
the LOPES measurements within a 35% scale uncertainty
of our absolute amplitude calibration [16]. In addition, we
have another scale uncertainty of 20% due to the energy
scale of KASCADE-Grande which is used as input for
the simulations. If by chance these two scale uncertainties
add fully up in the same direction, then also the amplitude
predicted by CoREAS could be compatible with the LOPES
measurements. The spread of the points in Fig. 5 does not
indicate any incompatibility, but is compatible with what we
expect due to the individual error bars, with the exception
of the few outliers which remain under investigation.

5 Conclusion
REAS 3.11 and CoREAS can describe lateral distributions
measured by LOPES much better than any previously tested
versions of REAS not yet including the refractive index
of air. This indicates that in addition to the geomagnetic
emission by the air shower and the Askaryan effect, the
refractive index plays an important role, since it changes the
coherence conditions. Only the new simulations including

the refractive index can describe correctly that in some
cases the lateral distribution first rises and then drops with
increasing axis distance, as indicated also by measurements
of other experiments [17, 18].

While there is little difference in the shape of the lateral
distributions predicted by REAS 3.11 and CoREAS in the
distance and frequency range of LOPES, there is a yet unex-
plained difference in the amplitude scale. Although there is
a clear offset between the amplitude predicted by CoREAS
and the LOPES measurements, we cannot definitely ex-
clude that they are compatible within the experimental scale
uncertainties. Still, the difference is meaningful, since nei-
ther REAS 3.11 nor CoREAS have free parameters to tune
the absolute scale. In future, we can continue our investi-
gations by comparing LOPES measurements also to other
simulation codes and results of other radio arrays.

Summarizing, we found no contradiction between the
tested simulations and the LOPES measurements, though
there is a certain tension in the absolute amplitude. To defi-
nitely solve the question of the amplitude scale, measure-
ments by other experiments are needed, which have a higher
accuracy in both the calibration of the radio amplitude as
well as in the energy scale used as input for the simulations.
Nevertheless, the present comparison with LOPES measure-
ments shows a remarkable progress in the understanding of
the radio emission by air showers, since for the first time a
tested simulation code is compatible with LOPES lateral
distributions within the measurement uncertainties.
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