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Abstract: The properties of extremely energetic neutrino- and cosmicray-induced showers depend on
the shower energy, on the type of particle initiating the shower, and on the medium. Studying these depen-
dences is important both for understanding cascade phenomenology, and for estimating the efficiency of
experiments using the radio technique. In this contribution we study the feasibility of applying ’thinning
techniques’ to the simulation of extremely energetic electromagnetic showers. We show that thinning is
a powerful tool that allows a considerable reduction in computing time while keeping a good level of
accuracy in the relevant shower and radio observables produced in the simulations. We apply thinning
techniques to the simulation of EeV electromagnetic showers in ice and the lunar regolith, including the
Landau-Pomeranchuk-Migdal effect that is relevant for shower development at very high energies. This
study is essential in determining the sensitivity to extremely energetic neutrinos and cosmic rays of ex-
periments looking for radiopulses in ice such as RICE and ANITA, and in the Lunar regolith such as
LUNASKA, the Westerbork radiotelescope array and LOFAR.

Introduction

The search for coherent Cherenkov radio pulses
in the MHz-GHz frequency range emitted by the
excess of negative charge generated in neutrino-
induced showers in dense media, is a very promis-
ing technique for the detection of UHE astro-
physical neutrinos [1]. This search is currently
being performed in experiments using Antarctic
ice or the lunar regolith as targets forν interac-
tions. A good understanding of the dependences
of extremely energeticν- and cosmic ray-induced
showers is crucial for interpreting the data col-
lected by these experiments. Typically the radio
technique is expected to be most effective forνs
above∼ 1015 eV, with fluxes expected up to at
least the EeV (1018 eV) range and above. Mod-
eling ν-induced showers calls for detailed Monte
Carlo simulations of their development in dense
media – at these energies, full simulations be-
come infeasible, due to the prohibitively large CPU
time. A possible solution is to apply ‘thinning
techniques’ in which only a representative sam-
ple of particles in the shower is tracked, which are
given a weight to compensate for the rejected sec-

ondaries. In this contribution we explore the fea-
sibility of applying thinning to the simulation of
EeV electromagnetic (EM) showers in dense me-
dia with the aim of calculating their associated
Cherenkov emission in the radio frequency range.
In the past, longitudinal profiles of EeV EM show-
ers were obtained in a fast and approximate one-
dimensional (1D) Monte Carlo simulation. The
associated electric field was computed performing
the Fourier transform of the 1D longitudinal profile
[2]. In this work, for the first time, the electric field
is obtained directly in a three-dimensional simula-
tion.

Thinning of showers in dense media for
radio applications

Though thinning techniques have been applied ex-
tensively to extensive air showers, these implemen-
tations are not necessarily suited to modeling co-
herent Cherenkov emission from EeV EM show-
ers. Cherenkov radiation is produced by charged
particles at all stages in the development of the
shower, and the emission can be understood as
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the diffraction pattern emitted by a finite source
of charge spreading in the longitudinal and lat-
eral dimensions. At the Cherenkov angle the lat-
eral spread of the shower determines the maxi-
mum in the frequency spectrum, while away from
the Cherenkov angle the spectral maximum is cor-
related with the spread of the shower along its
axis. For coherent Cherenkov radiation in the radio
regime, the spectrum is determined by the distribu-
tion of excess negative charge, which is produced
mainly by sub-MeV particles, while the Landau-
Pomeranchuk-Migdal effect stretches the showers
in the longitudinal dimension because of>PeV
particles.

The peculiar characteristics of coherent Cherenkov
radio emission thus call for a thinning method tai-
lored to accurately track the highest and lowest en-
ergy particles in the shower, in both the lateral and
longitudinal dimensions. We have implemented a
thinning algorithm based on the Hillas method [3]
in the ZHS code [4], the main modification being
that we introduce two thinning energiesEmax and
Emin, equivalent to a weight limitation [5]. Since
all EM interactions can be characterised asA →
B + C (e.g. for pair productionγ → e+ + e−),
if all three particlesA, B, andC have energies
aboveEmax or belowEmin we always track them.
If EA, EB , & EC ∈ (Emin, Emax), eitherB or
C is accepted with a probabilitypi proportional
to its energy. A weightwi = pi

−1 is assigned to
the accepted particle to guarantee energy conserva-
tion. When only one or two ofEA, EB, EC fall in
the interval(Emin, Emax), we proceed as per [5]
for interactions straddling the maximum thinning
threshold, and use analogous methods for those in-
teractions straddling either the lower or both thin-
ning thresholds.

The set of relevant parameters in our thinning algo-
rithm is given by{Emin, Emax}. We consequently
definefL = Emax/Emin. These parameters need
to be optimized so that one obtains the most ac-
curate description of the shower minimizing the
number of tracked particles and hence the comput-
ing time tCPU. To do this, we use two different
methods to compare thinned with full shower sim-
ulations for energies up to1016eV, for all possible
combinations of thinning parameters.

One method involves generating sets of showers
with the same thinning parameters, and comparing

the variation in observables between these show-
ers with the natural variation between fully sim-
ulated showers. We aim to maximise the qual-
ity parameterQ(Emin, Emax), defined in [5] as
Q = (σ2

0 t0CPU)/(σ2 tCPU) whereσ2
0 (σ2) is the

measured variance of a particular observable over
the set of fully simulated showers (set of thinned
showers), andt0CPU (tCPU) is the average CPU
time of the full (thinned) simulations.

A second method consists of performing a full
simulation of a single shower whilesimultane-
ouslyperforming thinned simulations ofthe same
showerfor all possible combinations of thinning
parameters. This procedure allows a precise mea-
sure of the artificial fluctuations introduced by
thinning, which in the first method are obscured
by shower-to-shower fluctuations. Then the rela-
tive accuracy of the shower observables obtained
in each of the thinned simulations is calculated by
comparing to those obtained in the full simulation.
We define an acceptable accuracy for observable
estimates to be those within10% (at the level of
agreement between different simulations of UHE
showers in dense media) of their fully simulated
values, and choose from the (Emin, Emax) com-
binations satisfying this criteria, those minimizing
tCPU.

Both methods give similar results.tCPU is found
to scale with shower energyE0 and withf−1

L
as

expected, though a rise intCPU is observed for
Emin<

∼
100 MeV, as the thinning algorithm op-

erates less efficiently when ionisation losses are
significant. The relative accuracy with which an
observable is determined in a thinned simulation
scales asf−0.5

L
. Also, for a fixedfL, the rela-

tive accuracy scales approximately asE−0.5
min

and
tCPU depends very weakly onEmin. The thin-
ning parameters maximizingQ and giving a rel-
ative accuracy smaller than10% while minimiz-
ing CPU time arefL ∼ 103 − 104 andEmin ∼
10 MeV - 1000 MeV. This is not surprising since
most of the excess charge of the shower is pro-
duced in the sub-MeV range. Our simulations sug-
gest that the optimal value offL increases slowly
with E0. This is extremely important given the fact
thattCPU decreases asf−1

L
. Our results also indi-

cate thatE0/Emax > 103 in order to achieve a
good description of the high energy interactions in
the shower.
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Figure 1: Angular distribution of the electric field
at the Cherenkov angle in aE0 = 100 TeV
electromagnetic shower in ice. A fully simulated
shower (solid line) is shown along with the ex-
act same shower simulated for various combina-
tions of (Emin, Emax) with Emin and Emax in
MeV: dashes (10, 102), dots (10, 104), dots-dashes
(102, 105).

In Fig. 1 we show the angular distribution of
the Cherenkov electric field in a fully simulated
E0=100 TeV electromagnetic shower in ice along
with exactly the same shower simulated simulta-
neously for various combinations of thinning pa-
rameters. At high frequencies (∼ GHz), and away
from the Cherenkov angle, the observation wave-
length is small enough so that the fine details of
the shower, even at the single particle level, are rel-
evant for radio emission, and only combinations
of thinning parameters such as(Emin, Emax) =
(10, 102) for which the reduction intCPU is not
very significant (only by a factor∼ 3) can repro-
duce the angular distribution. On the other hand,
one can see that the optimal combinations of thin-
ning parameters, found in the previous paragraph,
reproduce with a10% accuracy the most impor-
tant features of the radio emission, such as∆θ, the
full width of the Cherenkov cone at half maximum,
with large reductions in CPU time of the order of
∼ 1000.
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Figure 2: Longitudinal distribution of the elec-
tron excess in a singleE0 = 1 EeV electro-
magnetic shower in the regolith of the Moon
(using the parameters in [6]),simultaneously
simulated with three different combinations of
(Emin, Emax): solid(102, 106), dashes(103, 107),
dots(104, 108).

EeV electromagnetic showers in ice and
the regolith of the Moon

The full simulation of a singleE0 =1 EeV elec-
tromagnetic shower in ice or in the lunar regolith,
tracking all particles down to typically a few hun-
dred keV kinetic energy as required by radio ap-
plications, would take of the order of 4 years in a
single 3 GHz processor. Using our typical optimal
thinning parameters(Emin, Emax) = (103, 107),
tCPU is reduced by a factor∼ 104 so that the same
shower can be simulated in 3.5 hours while keep-
ing the relative accuracy of the relevant shower and
radio observables within10%.

In Fig. 2 we show the longitudinal profile of the
electron excess for a singleE0=1 EeV electromag-
netic shower in the lunar regolith, for several opti-
mal combinations of thinning parameters. This pri-
mary energy is well above the energy at which the
LPM effect starts to become important for shower
development (ELPM ∼ 7.7 × 108 MeV in the re-
golith). This effect reduces the cross section for
pair-production and bremsstrahlung that decrease
asE−0.5 instead of being constant or increase log-
arithmically with energy respectively. As a con-
sequence the interaction length for these processes
increases asE0.5 and the showers get stretched in
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Figure 3: Full width at half maximum∆θ of the
angular distribution of the electric field around the
Cherenkov angle in the regolith of the Moon (cir-
cles) vsE0. We also plot the width of the longi-
tudinal profile where the excess charge falls below
0.1 its value at maximum (triangles).

the longitudinal dimension. It is remarkable how
the multi-peaked longitudinal profile characteristic
of showers withE0 aboveELPM [2] is well re-
produced in the simulations with different optimal
thinning levels. The ability to reproduce the struc-
ture of such high energy showers is also necessary
for any future work on the effect of large-scale sur-
face roughness of the lunar regolith on the coher-
ence of transmitted Cherenkov signals.

Our thinned simulations confirm the trend ob-
served in [2]: Showers withE0 > ELPM fluctu-
ate much more than lower energy showers. Also
the width of the Cherenkov cone∆θ defined as the
full width at half maximum, decreases asE0 and
hence the width of the longitudinal profile of the
shower increases. We have simulated 20 EM show-
ers of primary energiesE0 = 10 TeV to 1 EeV in
the regolith of the Moon. In Fig. 3 we plot the
average∆θ as a function ofE0. Below ELPM,
∆θ decreases logarithmically withE0, however at
an energy typically10 ELPM, ∆θ ∼ E−0.30±0.08

0

confirming for the first time in a 3D MC simulation
the scaling relation obtained in [2].

Conclusions

We have successfully demonstrated that thin sam-
pling can be adapted to Monte Carlo simulations

of EeV electromagnetic showers for the purpose
of calculating coherent Cherenkov radiation. The
time saved allows more precise 3D calculations of
the spectrum to be performed at higher energies
and in a variety of media. We have confirmed the
scaling relationships derived from 1D simulations
in ice, and their applicability to the lunar regolith.
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