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3. Simulations versus Models

The following definitions capture well the two main types of numerical tools applied
in astroparticle physics: Simulation is the imitation of the behavior of some situ-
ation or process by means of a suitably analogous situation (e.g. on a computer).
A Model is a simplified or idealized description or conception of a particular sys-
tem, situation, or process, that is put forward as a basis for theoretical or empirical
understanding. It is a conceptual or mental representation of something.

Large and complex problems can usually be dissected in smaller and simpler, but
inter-dependent, sub-problems. The simulation provides then the numerical convo-
lution of these individual parts to a greater and more complex whole. Actually, this
is how nature works, and the analysis of ever more fundamental sub-processes is
one of the most successful strategies of science to advance our understanding. If
the sub-processes are known in all details, then the numerical simulation produces
the correct result, with all correlations, biases and selection effects, even with new
features emerging from the complex interplay of the sub-processes. If not all de-
tails are known or it is impractical to do a full simulation (which is often the case)
then models of reality are used employing simplifications, assumptions, or approx-
imations. But the more simplification are made, the more care is needed to ensure
that the model is good enough for the specific purpose and that the simplifications
do not affect the results. Therefore, the simulation of elementary processes is the
method of choice for a complex problem, such as the formation of air showers in
the atmosphere.

4. Air Shower Simulations and the CORSIKA Program

Air shower physics aims at the a priori unknown energy and mass of the primary
particles. These have to be reconstructed from the properties of the showers. Monte
Carlo methods, using random numbers, naturally account for the statistical nature
of the particle production and tracking processes, and give automatically the correct
fluctuations of air shower observables. The great challenge of air shower simulations
is that interactions of nuclei, nucleons, pions and all other particles that can be
produced in interactions with nuclei in the atmosphere need to be simulated for
energies from 1 MeV all the way up to > 10%° eV, and that nuclear and hadronic,
diffractive and non-diffractive, and low and high energy interactions are all modeled
in a consistent way. While many of the processes relevant to the shower develop-
ment (e.g. electromagnetic particle production, decays, particle transport, ...) are
well known and thus easy to simulate, the details of the high-energy nuclear and
hadronic interactions are uncertain. There is no fundamental theory underpinning
theses reactions and the energies of interest are orders of magnitude beyond what
is reached by man-made accelerators. Moreover, the huge number of secondaries
(> 10'2? secondaries in a 102"
ning), where only about 1 in 10° particles is followed, to reduce computing time

eV shower) requires statistical subsampling (thin-
and disk space. Thus, applications of models cannot be entirely avoided and it
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has to be checked what the effects of the largely extrapolated hadronic interaction
models and the drastically reduced particle sample, with its artificially enhanced
fluctuations, on the properties of the full shower are.

The most popular and general tool for air shower simulations is the CORSIKA
program [2, 3]. CORSIKA simulates the fully 4-dimensional development of air
showers by following each individual particle to its interaction or decay. The mass,
position, energy and direction of all particles arriving at the observation levels are
stored for subsequent analysis. CORSIKA is composed of a framework that treats
particle tracking, decays and in- and output and a series of interaction modules
that have been developed independently and are applied within CORSIKA. These
are the well-proven EGS4 package, for the simulation of all known electromagnetic
processes, the packages GHEISHA, FLUKA, UrQMD for low-energy hadronic inter-
actions and QGSJET, DPMJET, SIBYLL, neXus, models at low and high energies
(for references on the interaction models used see the CORSIKA documentation [3]).
The hadronic interaction packages have a considerable complexity of their own and
runtime and code size vary by factors 2-40. Currently, the recommended modules
are FLUKA and QGSJET II, as FLUKA describes the low-energy interaction in
greatest detail, and QGSJET seems to agree best (at the 20-30% level) with a va-
riety of astroparticle experiments from a wide range of energies. The availability of
several modules within CORSIKA allows the assessment of systematical errors due
to the choice of the model.

CORSIKA is used from GeV up to energies beyond 1020 eV, by experiments mea-
suring cosmic rays in emulsions, by ground-based gamma-ray experiments, cosmic
ray arrays of all sized and space experiments. Even underground experiments use
CORSIKA to investigate their background of atmospheric muons. Overall, good
agreement between experiments and simulations is found, indicating that cosmic
rays are nuclei of mixed composition (as for CR at lower energies) and not photons
or neutrinos. The differences between various hadronic primaries, i.e. proton to Fe,
are more difficult to measure. Differences in mass-sensitive observables, such as the
height of the shower maximum X, from the FD, the signal risetime or the shower
front curvature, both seen with the SD, are not much larger than the systematic
errors and the fluctuations, such that results on mass composition remain quite
uncertain. However, today a mixed nuclear composition seems consistent with mea-
surements over most of the energy range. This was not the case 15 years ago. Then
the state-of-the-art models predicted totally different showers than the measured
ones and could not be used to interpret the data. The agreement between models
and data is illustrated in Fig. 4 where predictions of the position of the shower
maximum Xp,.x for p, Fe and gamma-ray primaries are compared with experimen-
tal data. While the data clearly rule out a dominant fraction of gamma-rays at high
energies, they are well between the prediction for p and Fe. In view of the fact that
hadronic interaction models are not based on a fundamental theory, and that they
are tuned at energies below 10'2 ¢V and then extrapolated by 8 orders of magnitude
in energy, this agreement is remarkable.
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CORSIKA has options for very inclined and upward going showers, Cherenkov
and fluorescence light production, modified atmospheric profiles, detailed interac-
tion tests, electromagnetic pre-showering in the Earth magnetic field, and many
other special applications. There are also options to visualize the shower develop-
ment. Fig. 5 shows a simulated proton shower of 10'® eV at 45°. A rich structure
is visible and in the periphery of the shower individual particles and their reactions
can be seen. A collection of images and shower movies are available from Ref. 5.
They illustrate the complexity of the shower development and allow identification
of many physics processes implemented in the program.
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Fig. 4. Xmax as function of energy. Models are compared to experimental data. A mixed compo-
sition is consistent with the data, a large fraction of primary photons is not.

5. Some Selected Details
Decay versus interaction

A simple example to illustrate the workings of the Monte Carlo method is the
calculation of the point of the next interaction for a particle where both, inelastic
collision and decay compete (e.g. for the 7%). The distribution of decay times is
given by ‘Z—JX o et/ (107 where 7y is the lifetime of the particle at rest and ~ is
its Lorentz factor. From this distribution a specific ¢ is picked at random which
can be directly translated into a decay length sq (in units of cm) via sq = Sct.
Then, an interaction path length x is picked at random from the interaction length
distribution % o e~ %Mo where Ag is the interaction mean free path (in units of
g/cm?). z is then converted into an interaction distance s; (in cm) via s; = z/p, with

p being the height-dependent density of the atmosphere. As decay and interaction
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Fig. 5. A simulated shower of a 10'® eV proton at 45° zenith angle. The full height of the image
is 30 km.

are independent of each other, the process with the shorter distance will happen.
If s; < sq the particle is tracked for s; cm and then an interaction is performed,
otherwise it is tracked for sq cm and a decay is simulated. This is a very simple and
fast algorithm that mimics exactly the process in nature, including the energy and
density dependent ratio between interaction and decay and the fluctuations in path
length.

Random Numbers

The Monte Carlo method relies on the use of random numbers to select specific val-
ues from an allowed range with a given distribution. While random numbers could
be produced from truly random processes, such as radioactive decays or electronic
noise, this is not practical for computer programs as they have to run in a repro-
ducible way in order to search for programming errors. Therefore, algorithms are
used to create pseudo-random numbers in a deterministic way, which behave in all
respects like true random numbers, i.e. all digits and all combinations of digits ap-
pear with equal probability and there are no correlations within the sequence. But
pseudo-random number sequences are not really random and have by construction
a finite sequence length (period). For a good overview of random number generation
see Ref. 4. Random number generators usually create numbers which are uniformly
distributed between 0 and 1. From these it is then easy to create numbers with any
other distribution. A very simple uniform generator is the linear congruent gener-
ator. It starts with a seed Ry and creates random numbers U; recursively via the
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simple formulae R; = a(R;j—1 +b) mod m, and U; = R;/m. It has 3 free parame-
ters: a, b and m, which are all integers. R; are then integers between 0 and m — 1
and U; are the real pseudo-random numbers between 0 and 1. The maximum period
is m, but the actual period depends on choice of a and b. It is not clear a priori
which choice of @ and b gives a good performance. Typical period lengths are 10! to
10'®, which is not enough for serious applications. Moreover, random numbers from
this generator are correlated: k-tupels of random numbers usually lie on (k-1)-dim
hyper planes and the less significant bits are usually less random. More complex
generators are designed by combining two or more simpler methods. For instance,
one can combine two random numbers from different generators with “+47, “-”,
“exclusive or” bit operations, or use the random number sequence of one genera-
tor as address to pick the random number from a second sequence. These methods
produce much better randomness and far larger sequence lengths. In CORSIKA
the generator RANMAR (from the CERN software library) is used. It produces
32-bit floating point numbers uniformly distributed between 0 and 1, and allows
for 900.000.000 independent sequences of = 2144 = 1043 period length each. There
are even better generators, but the better the random number generator, the more

or

computing time it requires. CORSIKA needs about 5 x 10° random numbers per
hour of shower simulations. This amounts already to about 30% of the computing
time.

Thinning

The runtime and disk space needed for one shower scales roughly with energy: it
is about 1 h x E/10 eV (on a modern workstation) and 300 MB x E/10'5 eV,
respectively. This makes the simulation of showers above about 106 eV very diffi-
cult. A shower of 102° eV, which contains about 10'? secondary particles, would run
for 11 years and produce 30 TB output. Therefore, a speed-up mechanism is intro-
duced, whereby only a statistical subset of particles is followed. The particles that
are followed acquire a weight to account for the discarded particles. This procedure
is called statistical thinning. It is very similar to election polls, where the final elec-
tion result is forecast from questioning a small, but representative, sub-sample of
voters. Thinning accelerates the simulation typically by a factor of 10°, leaving the
energy conserved, and the average particle numbers and distributions unchanged in
regions where still enough particles are present. However, by thinning the fluctua-
tions are artificially enhanced, which becomes noticeable in sparsely populated tails
of the distribution. The statistical weights of the particles at observation level have
to be removed by a suitable re-sampling procedure before the detector response can
be simulated.

6. Outlook

The current uncertainty for most of the observables in an air shower is below 30%.
Data from the new accelerators RHIC and LHC on nuclear and hadronic interac-
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tion cross-sections and particle production, at higher energies than available before,
will constrain hadronic interaction models and thereby improve the extrapolation.
Therefore, the residual systematic uncertainties may become soon smaller. However,
there are many uncertainties on the 10% level in various part of the simulation pro-
grams, such that an overall precision of 10% seems very difficult to achieve.
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