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Abstract. In the previous years, LOPES emerged as a very successful experiment measuring the radio emission from
air showers in the MHz frequency range. In parallel, the theoretical description of radio emission was developed further
and REAS became a widely used simulation Monte Carlo code. REAS 3 as well as CoREAS are based on the endpoint
formalism, i.e. they calculate the emission of the air-shower without assuming speci�c emission mechanisms. While REAS 3
is based on histograms derived from CORSIKA simulations, CoREAS is directly implemented into CORSIKA without loss of
information due to histogramming of the particle distributions. In contrast to the earlier versions of REAS, the newest version
REAS 3.11 and CoREAS take into account a realistic atmospheric refractive index. To improve the understanding of the
emission processes and judge the quality of the simulations, we compare their predictions with high-quality events measured
by LOPES. We present results concerning the lateral distribution measured with 30 east-west aligned LOPES antennas. Only
the simulation codes including the refractive index (REAS 3.11 and CoREAS) are able to reproduce the slope of measured
lateral distributions, but REAS 3.0 predicts too steep lateral distributions, and does not predict rising lateral distributions as
seen in a few LOPES events. Moreover, REAS 3.11 predicts an absolute amplitude compatible with the LOPESmeasurements.
Keywords: radio detection, cosmic rays, air showers, LOPES
PACS: 96.50.sd, 95.55.Jz
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1. INTRODUCTION

The LOPES experiment [1, 2] has made important con-
tributions to the �eld of radio detection of cosmic ray air
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showers in the last ten years. With an amplitude and time
calibration [3, 4] as well as a careful noise treatment [5],
the quality of data reconstruction was improved continu-
ously. To make the radio technique competitive to other
detection methods, it is important to understand the ra-
dio emission mechanism in detail. To achieve this goal,
we compare the lateral distributions measured by LOPES
with the predictions of different simulations, i.e. REAS
3.0 [6], REAS 3.11 [7] and CoREAS [8]. For details
on the different simulations, please see [9]. All simu-
lation codes are based on the end-point formalism [10]
and calculate the radio emission of air-showers simulated
with CORSIKA [11]. In contrast to the REAS 3.11 and
CoREAS, REAS 3.0 does not include the refractive in-
dex of the air, which changes the coherence conditions
of the emission [12, 7]. While CoREAS is implemented
directly in CORSIKA, REAS uses the output of COR-
SIKA simulations, namely histograms of the particle dis-
tributions.

For the comparison shown in this article, we ana-
lyzed 128 events recorded with the 30 east-west aligned
LOPES antennas in the year 2005-2006, which survive
high-quality cuts (for details on these cuts, we kindly re-
fer to [13]).

2. METHOD

For each LOPES event, we �t an exponential function to
the lateral distribution function (LDF) which has been
found to be reasonable for the LOPES distance range
[14, 15]. The lateral distribution of the radio signal is the
variation of the radio amplitude ε with the distance to
the air shower axis daxis. With the �tting parameters η
and ε100 the lateral distribution function (LDF) is given
by

ε(daxis) = ε100 · exp [−η(daxis−100m)]

where η corresponds to the slope of the lateral distribu-
tion and ε100 to the electric �eld at 100m lateral distance.
Thus, a falling LDF would correspond to η > 0, while a
rising LDF corresponds to η < 0.

For all measured events, we get the reconstruc-
tion for the cosmic ray particle of KASCADE[16] or
KASCADE-Grande[17], i.e. the primary energy, the in-
coming direction, the core position on ground and the
number of electrons and muons measured on ground.
The high quality of the reconstruction and the LOPES
data gives the opportunity to test models, such as
REAS and CoREAS. For each individual event, the
KASCADE(-Grande) parameters, namely the energy, in-
coming direction and core position, are taken as input
for the simulation. With CONEX [18], we prepared 200
air shower simulations for proton as primary particle and
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FIGURE 1. Example for a typical lateral distribution mea-
sured with LOPES.

100 air shower simulations for an iron nucleus as pri-
mary particle for each measured LOPES event. Of these
simulations, we selected the air shower with the num-
ber of muons on ground most comparable to the num-
ber of muons measured by KASCADE(-Grande). The
selected air-shower was re-simulated with the full Monte
Carlo simulation CORSIKA and additionally the radio
emission was calculated by CoREAS and REAS. Con-
sequently, the simulated air shower as well as its radio
emission should be comparable to the measured one.

The simulations provide the electric �eld vector in the
time domain. They need to be �ltered to the frequency
band of LOPES. For this analysis we applied a sim-
ple rectangular �lter in the effective band of LOPES,
i.e. 43− 74MHz, but so far no complete detector sim-
ulation was made. After �ltering, we �tted the same ex-
ponential LDF to the simulated east-west signal per an-
tenna as used for the LOPES data. For each event, the
proper positions of each individual antenna were taken
into account during simulation, i.e. it is possible to com-
pare single lateral distributions. We will show the LDF
for a typical as well as for an exotic event and �nally
make a quantitative comparison of the lateral slope pa-
rameter η . In the individual LDFs the uncertainty band
of the data measured with LOPES corresponds to the
35% calibration scale uncertainty, whereas the simula-
tions have a scale uncertainty (the same for all models)
of about 20% due to the energy uncertainty, since the en-
ergy is used as input and it is roughly proportional to the
amplitude.

3. INDIVIDUAL EVENTS

In Figure 1, the lateral distribution of a typical event is
shown. The primary energy of the cosmic ray particle
is Ep = 3.0× 1017 eV, the zenith angle is Θ = 5◦. The
corresponding simulations are shown in Figure 2 for a
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FIGURE 2. Simulations for the event of �gure 1, for a proton
as primary particle.
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FIGURE 3. Simulations for the event of �gure 1, for an iron
nucleus as primary particle.

proton as primary particle, and in Figure 3 for an iron
nucleus as primary particle.

For REAS 3.0, the slope of the LDF is too steep, i.e. η
is larger than for the LOPES data, while the predicted
ε100 is slightly smaller compared to measurements. For
REAS 3.11, the slope parameter as well as the elec-
tric �eld strength are compatible with the measurements
within the uncertainties. CoREAS, however, predicts an
amplitude smaller than measured with LOPES. On the
other hand, the slope parameter of CoREAS agrees with
the slope reconstructed from data.

In Figures 4 – 6, an example for a non-typical lateral
distribution is given. For this event, the cosmic ray par-
ticle had a primary energy of Ep = 1.1× 1017 eV and
a zenith angle of Θ = 44◦. In the data set of LOPES,
there exist a few events like this one which have a rising
LDF. With previous versions of existing simulations not
including the refractive index of the air, it was not pos-
sible to reproduce such structures. REAS 3.0 is one of
these simulations which does not predict negative slope
parameters.
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FIGURE 4. Example for a rising lateral distribution mea-
sured with LOPES.

In REAS 3.11 and CoREAS, a realistic refractive in-
dex of the air is considered, taking into account the varia-
tion of the refractive index with the height above ground.
Thus, the coherence conditions are in�uenced due to dif-
ferent light-traveling times which in�uences the signal
strength at individual antenna positions differently. For
this event, the slope parameter η of REAS 3.11 is nega-
tive as well as for the LOPES data, i.e. for the �rst time, it
is possible to reproduce rising LDFs. The predicted am-
plitude at 100m is also compatible within the system-
atic scale uncertainties. For the predictions derived with
CoREAS, the electric �eld strengths are smaller than the
measured amplitudes. Nevertheless, the slope of the LDF
is rising for the CoREAS simulations as well.

In the some of the lateral distributions, a slight bend-
ing at roughly 120m is observed, e.g., in the event shown
in Figures 4 to 6. This coincides with the assumption
that a realistic atmospheric index of refraction affects
the coherence conditions and thus a “Cherenkov bump”
appears [12, 7], since the axis distance of 120m corre-
sponds roughly to the Cherenkov angle in air. Only at
the Cherenkov angle, the radio emission from all stages
of the air shower development arrives at approximately
the same time and, thus, is ampli�ed.

4. QUANTITATIVE COMPARISON

To get a general overview of the agreement between sim-
ulations and data, the slope parameter η reconstructed
for each event is compared. Fig. 7 shows the histograms
for LOPES data, Fig. 8 for the proton simulations, and
Fig. 9 for the iron simulations. It is obvious that for the
REAS 3.0 simulations no negative values of η are re-
constructed, while in data rising LDFs exist. Also for
the falling LDFs, the mean value of the slope parame-
ter is lower for data than for the REAS 3.0 simulations,
which consequently cannot describe the LDF measured
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FIGURE 5. Simulations for the event of �gure 4, for a proton
as primary particle.
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FIGURE 6. Simulations for the event of �gure 4, for an iron
nucleus as primary particle.

by LOPES properly.
In case of REAS 3.11 and CoREAS, the average slope

parameter is close to LOPES measurements, at least for
the proton simulations. Even negative values of η are re-
constructed, i.e. rising LDFs exist in these simulations
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FIGURE 7. Distribution of the slope parameter η for mea-
sured LOPES events.
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FIGURE 8. Distribution of the slope parameter η for simu-
lations with proton as primary particle.
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FIGURE 9. Distribution of the slope parameter η for simu-
lations with an iron nucleus as primary particle.

as well. No model not taking the refractive index into
account could describe this feature of LOPES measure-
ments. Hence, it can be assumed that this feature is re-
lated to an atmospheric index which is not unity. This
shows the importance of the implementation of a refrac-
tive index even for the frequency range of LOPES.

The histograms (Fig. 8 – Fig. 9) show a systematic
shift between the average slope of proton and iron simu-
lations. However, the slope will likely be affected by the
underlying air-shower simulations, too, e.g., by the used
interaction models. Thus, one has to be careful before
drawing conclusions on the cosmic ray composition by
comparing the LOPES measurements to the simulations.
In particular, there might be unknown systematic uncer-
tainties on the scale of η , which are dif�cult to estimate
by only comparing simulations and radio measurements.
For comparison, results from the co-located KASCADE-
Grande experiments indicate that there is a mixed com-
position in the energy range considered here, containing
a substantial fraction of nuclei heavier than protons [19].

Nevertheless, the fact that there is a difference in the
lateral slope of simulated proton and iron showers, �ts
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our recent experimental observation that the lateral slope
is sensitive to the longitudinal shower development [20],
and thus can in principle be used to investigate the com-
position of the primary cosmic rays. In reference [21], we
describe how the lateral slope can be used to reconstruct
the atmospheric depth of the shower maximum, Xmax.
This allows us to study the composition with radio mea-
surements in a way similar to air-�uorescence and air-
Cherenkov measurements, but with a much higher duty-
cycle.

5. CONCLUSIONS

The LOPES experiment has been very successful in de-
veloping the radio detection method for cosmic ray air
showers. Due to the absolute amplitude calibration of
LOPES, the data are suited for comparison with the
predictions of radio emission simulations on an abso-
lute level. Previously tested simulations could not de-
scribe all features of the measured lateral distributions,
in particular, they could not describe rising LDFs. With
the inclusion of the refractive index in REAS 3.11 and
CoREAS, the slope of the measured LDFs are described
properly, including rising functions. Furthermore, REAS
3.11 shows a general agreement with LOPES data while
CoREAS predicts smaller amplitudes than measured. To
understand these discrepancies, the systematic uncertain-
ties on amplitude will be re-investigated and effects of a
complete detector simulation on the simulated radio sig-
nal will be studied. A detailed analysis of the full LOPES
data set including the north-south aligned antennas is un-
der preparation.
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