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Abstract: The most common way to simplify extensive Monte-Carlo simulations ofteiwers is the
thinning approximation. We study its effect on the physical parametemstructed from simulated
showers. To this end, we created a library of showers simulated withiuiirlg with energies from
10'7 eV to 10'® eV, different zenith angles and primaries. This library is publicly availaMarious
physically interesting applications of the showers simulated without thinnendiacussed. Observables
reconstructed from these showers are compared to those obtainedenttinthing approximation. The
amount of artificial fluctuations introduced by thinning is estimated. A sim@thod, multisampling, is
suggested which results in controllable suppression of artificial fluctuatidrsimultaneously conserves
computational resources as compared to the usual thinning.

Introduction and therefore reduce the precision of the deter
nation of physical parameters.

Experimental information about cosmic particles Both the central value and the width of the dist
at very high energies is obtained through the study pution of the observed quantity are important f
of atmospheric showers induced by these parti- physical applications. The width of the distributic

cles and is hence indirect. A necessary ingredi- obtained in simulations arises from two sourc:
ent of these studies is therefore good understand-physical fluctuations and artificial fluctuations il

ing of a shower initiated by a primary particle troduced by thinning.

with given parameters. Since the shower develop- 1,4 goal of the present work is to estimate the 1

gwerln ISa C(l)m_pllcated raf?dom pr(;)cess, t(l;eIMonte- ative size of these artificial fluctuations and to ¢
arlo simulations are often used to model atmo- o5, an efficient resource-saving method to s

spheric showerts Physpal parameters are then re- press them in realistic calculations.
constructed from the simulations and compared to e .
All artificial showers used in present study are pt

real data.

) ) licly available athttp://livni.inr.ac.ru [4]. Library
At very h.'gh energ|es,_however, the number. of “Livni” contains artificial showers simulated witl
particles in a shower is so large that the sim- CORSIKA [5] without thinning.

ulations start to require unrealistic computer re-

sources. Among several ways to simplify the prob-

lem and to reduce the computational time, the thin- Size of artificial fluctuations due to thin-
ning approximation [2, 3] is currently the most ning

popular one. Its key idea is to track only a rep-

resentative set of particles; while very efficient in Having at hand a library of showers simulat

calculations and prowdlng correct vglues of ob- ithout thinning, we may compare the obser
servables on average, this method introduces ar-___

tificial fluctuations because the number of tracked 1. A completely different approach [1] is to combir
particles is reduced by several orders of magnitude. partial Monte-Carlo with analytical solutions of casca

These artificial fluctuations mix with natural ones €duations and pre-simulated subshower libraries in
framework ofhybrid codes.
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Figure 1 Distribution of Figure 2: Distribution of
S(GOO)/S(GOO)no thinning where 5(600) is S(Goo)average/s(GOO)no thinning where
reconstructed from 500 showers simulated with S(600)average IS the average of reconstructe
e = 107* and the same random seed as the S(600) over a sample of 500 showers simulat

correspondingg = 0 shower, for three different
artificial showers, induced by0'® eV protons at
the AGASA location.

with ¢ = 10~* and the same random seed
the corresponding = 0 shower, for 20 different
random seeds. Showers are vertical, induced

10'7 eV protons at the Telescope Array location

ables reconstructed from showers with and without
thinning and estimate the effect of the approxima- For each of them, 500 showers with= 10—*
tion. To do that, for each shower without thinning \ere simulated with the same first interaction

(e = 0) we simulated a number of showers with the corresponding = 0 shower. The values o
different thinning levels{ # 0). All initial param-  the observable averaged over 500 thinned shov
eters (including the random seed numbers) were approximate the “exact’S(600)uo thinning With
kept the same as in the= 0 simulation, which  the accuracy of abo%, which is consistent with
enabled us to reproduce exactly the same first in- the level of statistical fluctuations,/ /500 ~ 4%.
teraction in the entire set of showers. Three im- \we have found the same distributions for ott
portant observables — the signal density at 600 m ghservables considereg), (1000) andX pmax.

from the shower aX|§(600), the muon density at To estimate the effect of thinning on the distrib
1000 m from the axig,,(1000), and the depth of tion of observables, we simulate samples of shc

the maximal dehOWGI’ SE\f/erl]opmheJXLnaxf] were h ers with fixed initial conditions but different rar
reconstructed for each of the showers following the 1, seads for various thinning levels, includil

data-processing operation adopted by the AGASA ¢ — 0. We consider samples &t — 10'7 eV

exFen(rjner?th[GZ]H -LhT de;eétggliﬁ_qunsT was cgl- vertical proton-induced showers consisting of
culated with the help o simulations In g1, vers withe — 0, 100 showers witlt = 1075,

Ref. [8]. 100 showers witlt = 10~5 and weight limitation,
Figure 1 shows the distribution of the recon- 100 showers witkk = 10— and 100 showers witt
structed S(600) for showers with thinning sim- ¢ — 10—4 and weight limitation.

t"k:ate(ihw'th the :artng t'n't'alt, randomthseed (and Figure 3 illustrates the widths of the distributiol
us the same first interaction) as three repre- obtained at different. Artificial fluctuations in

sggta?vee :_ OlOLJ\inthhoyversih TS_OLthS ?wte S5(600) due to thinning are clearly seen by cor
wide for ¢ = Inning, the distributions paringe = 10~* case with others.

of 5(600)/5(600)xo thinning are well centered at

unity. 2. For the Telescope Array [7], we used the same

cedure as for the AGASA experiment with straightfc
ward modifications taking into account the thickness
scintillator detectors.

The distribution of the mean values of
S5(600)/5(600)no thinning  fOr the ensembles
of the thinned showers is presented in Fig. 2 for a
uniform sample of twenty differert= 0 showers.
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S(600) e instead of a single shower with= 0, sim-
no thinning glateN showers with some = ¢, # 0 and
fixed random seed;
107°
' . e reconstruct the observable for each &f
optimal 10 showers, average over thea3erealizations
107 and keep this average value which appro
mates the result for a single shower withc
optimal 1074 thlnnlng,

-15% 5% 5% 15% . .
e repeat the procedur®/ times for different

random seeds to mimic a simulation &f
showers without thinning and obtain the r
quired distribution of the observable.

Figure 3: Width of theS(600) distribution for
10'7 eV vertical proton showers simulated with
and without thinning for the Telescope Array ob-

servational conditions. We will refer to this procedure aswultisampling

(N x e). Even for relatively large:, averag-
Multisampling: an economical method  ing over sufficiently large number of showerS’

to suppress artificial fluctuations gives a good approximation to ag = 0 value
of an observable; the largéy the better the ap

proximation. Required value aV may be esti-
mated as follows. Consider the distribution of .
observable reconstructed from showers simule
with the thinning level close te, for a given initial
random seed. Assume that the distribution is Ga
sian with the widths (though the qualitative con
clusions do not depend on the exact form of the ¢
tribution, we note that in practice it is indeed ve
close to Gaussian [10]); then one neddsmea-
surements to know the mean value with the p

We see from the results of the previous section
that the use of thinning is well motivated when
one is interested in the reconstruction of the cen-
tral values of fluctuating observables. On the other
hand, its use may limit the precision of compo-
sition studies, where the observed value of some
quantity is compared to the simulated distributions
of the same quantity for different primaries, and
the width of these distributions is of crucial impor-

tance (see e.g. the proton—iron comparison in ex- > . .
( g P P cision~ o¢/+/N. Numerical results for the Livn

amples of Ref. [9]). . .
) ) showers demonstrate th@’ x ey) multisampling
As it has been pointed out above, the effect of ¢y v o 15 99 ande, ~ 104 results in the

physical fluctuations on the distribution of an ob- precision of3 = 4% in reconstruction of$(600)
servgble q'uantlty should be in p.rlnC|pIe estimated £,,(1000) and X . of the originale = 0 showers.
by simulating a set of showers with the same phys-
ical parameters, with different random seeds and ;| . . : - ‘
butions obtained with the usual thinning and wi

without thinning. As we may conclude from the i ling forZ — 5 1019 eV vertical prot
previous section average of an observable over amuttisampling fork = 5- eV vertical proton-

sample of thinned showers with fixed initial ran- induced showers; the limited statistics (we us

dom seed approximates the value of the same ob—:‘ :t 201‘0 sbhovillers) |mpI|e7$(7therta’E[Et|cal unce1
servable for anr = 0 shower with the same ran- @Yy Of abou /v ~ T%. For the case o

019 . C :
dom seed with a good accuracy. The distribution of 5 107" eV the multisampled distribution (whicl

observables for = 0 showers with different ran- 'S expected to mimic the = 0 dist_ribution Wit.h
dom seeds is then approximated by a distribution a good a<_:<_:u_racy) aIIOV.VS us to est|m_ate_ the slz¢
of these approximated observables calculated for PUre ly artificial fluctuatlon§ due to th|n_n N9 V.Vh'CI
samples with random seeds varying from one sam- for instance, foe = 10" with weights limitations

ple to another but fixed inside a sample. A practical r>ema|n at the level of 10% for S(600) and of
way to do this is: 2 12% for p,,(1000).

The CPU time is very sensitive to the choice of t
hadronic interaction model: since thinning starts

In Figure 4 we present the widths of the dist
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Figure 4: Width of theS(600) distribution for 200
showers initiated by - 10 eV vertical protons
simulated with thinning and with multisampling

for the Telescope Array observational conditions.

work when the number of particles is large enough,
the first few interactions are simulated in full even
for relatively largee. If the high-energy model is
slow, then the effect of multisampling on the com-
putational time is not so pronounced. By varia-
tions of the hadronic interaction models, we esti-
mated the average time consumed by QGSJET II,
SYBILL, FLUKA and GHEISHA for simulations

of showers at energid$'” eV and5 - 10'° eV. For

5 - 10 eV vertical proton showers2{ x 10~%)
multisampling is about 5 times faster than—>
thinning with weights limitation for SYBILL while
for (very slow) QGSJET I, both take roughly the
same time.

Discussion and conclusions

Artificial showers simulated without thinning were
used for a quantitative direct study of the effect
of thinning on the reconstruction of signd)(and
muon(p,,) densities at the ground level as well as
on the depth¥,, ., of the maximal shower develop-
ment. We demonstrated that thinning does not in-

troduce systematic shifts into these observables, as

was conjectured but never explicitly checked. We
estimated the size of artificial fluctuations which
appear due to the reduction of the number of par-
ticles in the framework of the thinning approxima-
tion; these unphysical fluctuations may affect the
precision, e.g., of the composition studies. For in-
stance, at the energies®10'? eV for vertical pro-
ton primaries, artificial fluctuations are about 10%
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in the signal density at 600 m and about 12%
the muon density at 1000 m fer = 10~° thin-
ning with weight limitations. An effective metho
to suppress these artificial fluctuations, multisa
pling, is suggested and studied. The method d
not invoke any changes in simulation codes |
only in the parameters of, say, the CORSIKA i
put. Compared to the0 > thinning with weights
limitations, it gives similar precision but allow
one to gain an order of magnitude decrease in
required disk space. Gain in the CPU time depe
on the speed of the high-energy interaction moc
it is of order5 = 10 for fast ones (SYBILL) and of
order one for slow ones (QGSJET II).
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