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The Pierre Auger Observatory, located near Malargiie, Argentina, is the world’s largest cosmic-ray
detector. It comprises a 3000 km? surface detector and 27 fluorescence telescopes, which measure
the lateral and longitudinal distributions of the many millions of air-shower particles produced
in the interactions initiated by a cosmic ray in the Earth’s atmosphere. The determination of the
nature of cosmic rays and studies of the detector performances rely on extensive Monte Carlo
simulations describing the physics processes occurring in extensive air showers and the detector
responses.

The aim of the Monte Carlo simulations task is to produce and provide the Auger Collaboration
with reference libraries used in a wide variety of analyses. All multipurpose detector simulations
are currently produced in local clusters using Slurm and HTCondor. The bulk of the shower
simulations are produced on the grid, via the Virtual Organization auger, using the DIRAC
middleware. The job submission is made via python scripts using the DIRAC-APIL.

The Auger site is undergoing a major upgrade, which includes the installation of new types of
detectors, demanding increased simulation resources. The novel detection of the radio component
of extensive air showers is the most challenging endeavor, requiring dedicated shower simulations
with very long computation times, not optimized for the grid production.

For data redundancy, the simulations are stored on the Lyon server and the grid Disk Pool Manager
and are accessible to the Auger members via iRODS and DIRAC, respectively. The CERN VM-
File System is used for software distribution where, soon, the Auger Offlin€ software will also be

made available.
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1. Introduction

Cosmic rays are mostly fully ionized atomic nuclei that permanently reach us from outside the
Solar system. More than one century has passed since their discovery [1]. However, their nature,
sources, and acceleration mechanisms are still largely unknown.

The cosmic-ray spectrum can be relatively well described over an extensive energy range by a
power-law whose spectral index slightly deviates from 3, showing remarkably very few distinctive
features [2]. Whereas at sub-GeV energies, the mass composition of cosmic rays can be measured
directly by balloon or space-borne experiments with isotope precision, and at multi-TeV with
elemental precision [3, 4], significant uncertainties rapidly arise as soon as direct detections cease
to be viable. Coincidently, around the same energy, the indirect detection of cosmic rays becomes
feasible thanks to the many millions of particles generated in a cascading process that initiates from
the interaction of the cosmic ray in the Earth’s atmosphere - a phenomenon called an extensive air
shower. In the latter, the cosmic-ray energy and mass composition have to be derived indirectly
from air shower and detector simulations.

However, at the highest energies, full shower simulations become computationally prohibitive
since the number of secondary particles produced in one extensive air shower, which scales linearly
with the energy of the primary cosmic ray, exceeds 10'% at 10! eV [5, 6]. These limitations were
overcome by the development of thinning algorithms, which allow reducing the number of simulated
particles with energies falling below a pre-defined threshold [7]. In this case, only a representative
fraction of the particles is simulated, and a weight indicating the number of ’thinned’ particles is
assigned. More recently, CPU (Central Process Unit) time-intensive air shower simulations, such as
the ones of showers without thinning, or those including the radio emission or the Cherenkov light,
became more accessible thanks to the parallelization of the Monte Carlo codes, see for instance [8].

Some Monte Carlo codes implementing the features described above are CORSIKA [9] and
AIRES [10]. Other codes which treat the particle transport and interactions with the medium used
to simulate the detector response are, for example, FLUKA [11, 12] and GEANT4 [13].

The interpretation of some properties of cosmic rays requires extensive simulation libraries
that can only be produced using local computing farms or grid computation.

2. Pierre Auger Observatory

Designed to study the most energetic particles in the Universe, the Pierre Auger Observatory is
the world’s largest cosmic-ray detector. It is located near the Argentinian city of Malargiie, province
of Mendoza, at a mean altitude of ~ 1400 m above sea level, corresponding to an atmospheric

overburden of ~ 875gcm™2.

It is a hybrid detector, which combines a Surface Detector (SD)
array extending over a 3000 km? area with a Fluorescence Detector (FD), comprising four sites at
the array periphery, housing a total of 27 fluorescence telescopes. A detailed description of the

Observatory can be found in [14].
2.1 AugerPrime

In operation since 2004, the Pierre Auger Observatory was completed in 2008. Currently, the
Auger site is undergoing a major upgrade, called AugerPrime, which consists of an enhancement
of its SD stations, along with an extension of the FD duty cycle from 15% to about 30%.
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The main objective of AugerPrime is to improve the determination of the mass composition of
the highest energy cosmic rays with the SD array on an event-by-event basis. Such measurements
will allow us to understand the origin of the flux suppression and determine the fraction of light
elements at the highest energies. Also, the potential of studying multi-particle physics at the
Vs ~ 100 TeV scale will be pursued [15, 16].

The key feature towards an improved mass composition with the SD is to disentangle the
electromagnetic and muonic signals measured by the water-Cherenkov detectors. Hence, a surface
scintillator detector (SSD) and a radio detector (RD) are being installed on top of the SD stations.
Both detectors are complementary since the SSDs are mostly sensitive to showers with zenith angles
up to 45°, while the RD works better for air showers with zenith angles above 60°. In Figure 1,
schematic sketches of the Pierre Auger Observatory (left) and the AugerPrime detector stations
(right) are shown. Additionally, an electronics board capable of connecting all the detectors, with
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Figure 1: Left: Schematic sketch of the Pierre Auger Observatory. Right: Schematic sketch of an
AugerPrime station with the SSD and RD mounted on top of the water-Cherenkov detector.

3 times higher time resolution, and the installation of a small PMT inside the tank, will allow
measuring the lateral distribution of the shower particles as close as 250 m from the shower axis,
improving the event reconstruction. Finally, underneath an area of 25 km? within the Observatory,
an underground muon detector operating in the energy range 10! - 10'° eV, will allow a direct
measurement of the muon component with E, > 1GeV for showers with zenith angles below
45° [17].

3. Virtual Organization auger

The VO auger was created in 2006 by the Czech group in cooperation with the CESNET
Metacentrum [18-20]. The CESNET Metacentrum provides and maintains the central resources
such as the registration portal and the VOMS (Virtual Organization Membership Service) server.

All members of the Pierre Auger Collaboration can apply for membership by filling a regis-
tration form which has to be approved by the VO manager. The membership has a validity of one
year, after which it can be renewed under request. As of May 2021, the VO auger had 32 individual
members.


https://www.metacentrum.cz/en/VO/auger/
https://www.cesnet.cz/sluzby/metacentrum/
https://www.cesnet.cz/sluzby/metacentrum/
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The VO auger comprises 23 grid sites in 11 countries. More than 1.3 million files are registered
in the DIRAC File Catalog; these files are stored on 13 different sites and occupy 210 TB of disk
space from a total of 1.4 PB storage capacity.

3.1 DIRAC interware

In 2014 the VO auger adopted the DIRAC (Distributed Infrastructure with Remote Agent
Control) interware for the job submission, monitoring, and file catalog management [21, 22]. The
DIRAC server, at https://dirac.france-grilles.fr/DIRAC/, runs on the France Grilles
Infrastructure [23]. Its usage only requires having a running DIRAC client installed. A client
version is provided in the DIRAC CVMES [24] repository dirac.egi.eu (see Section 4).

3.2 Grid computing in 2020

According to the EGI - European Grid Infrastructure accounting portal [25], in 2020, the VO
auger ran nearly 10° single-core jobs which used more than 60 million hours (normalized elapsed
time). The jobs ran in 6 grid sites from 5 different regions. The bulk of the jobs, which had
a stringent requirement of 10’ CPU seconds walltime, the maximum allowed limit, may greatly
justify the small number of sites accepting our jobs. The production started to ramp up in the
second quarter of the year, reaching an average of 1000 used cores in the second semester, primarily
due to the COREAS [26] jobs for the work presented in [27]. When excluding the LHCb, pheno,
and Fermilab groups’ contributions, which we do not consider as belonging to the Astrophysics
category, the VO auger used an amount of normalized walltime comparable to other Astrophysics
VOs (see Figure 2).
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Figure 2: Relative elapsed time of the Astrophysics VOs in 2020, according to the EGI accountig portal [25].
The contributions of the LHCb, pheno, and Fermilab groups were excluded.
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4. Monte Carlo simulations Task

The main objectives of the Monte Carlo simulations task are to produce multipurpose reference
air shower and detector simulation libraries, see [28—30] for some usage examples, and also extensive
and CPU-intensive simulations when requested, as in [27]. The task also collaborates closely with
the Offline team, helping to test new features that require numerous simulations, particularly in
relatively short time scales. Below, a description of the computing resources, production framework,
and multipurpose simulation libraries are given.

4.1 Computing resources

The data storage requirements for the whole set of Auger data and simulations currently amounts
from several to many hundreds of TB, a reasonably modest output compared to other high-energy
physics (HEP) experiments.

The total volume dedicated to Monte Carlo simulations undoubtedly comprises the bulk of
disk storage. However, its actual dimension is hard to determine since it is scattered among many
groups’ computing farms and in the grid Disk Pool Manager (DPM), consult [31] for the full list.
In particular, the Monte Carlo Simulations task alone has produced more than 200 TB only in grid
productions.

CORSIKA files, which have typical outputs of several hundreds of MB, occupy the most
significant fraction of the storage volume. For redundancy, in the most recent productions, all files
are stored in the IN2P3 Computing Center in Lyon [32], where all Auger members can access them
via iRODS - integrated Rule-Oriented Data System [33].

In its turn, the total data volume required to store all data produced at the Pierre Auger
Observatory is of the order of 50 TB. These data are divided into three main categories: raw,
monitoring, and Offline, i.e., high-level data typically used in all the physics analyses [34]. All
raw data, comprising about 46 TB, are stored locally in Malargiie and mirrored every 3 hours to
the IN2P3 Computing Center in Lyon. Monitoring data accounts for ~ 5 TB, and are mirrored at
different sites. Finally, all data processed with the Offline framework [34], namely, raw data and
simulations, comprises the tiniest fraction of disk space since typical file sizes are of the order of
1 MB.

4.2 CERN Virtual Machine - File System

The CERN Virtual Machine — File System (CVMEFES) provides a scalable, reliable, and low-
maintenance software distribution service [24]. It aims to provide a complete and portable environ-
ment for running LHC and HEP data analysis on any end-user computer and the grid, independently
of the operating system platforms. Each user community defines the procedures for building,
installing, and validating software [35].

Auger has its own CVMES repository, under the name of auger.egi.eu, where its relevant
software is installed. Only CORSIKA is currently available. There are ongoing efforts to have an
Offline installation in the Auger CVMFS repository soon. In our setup, the CVEMS is essentially
used to run the task’s jobs, providing a uniform configuration that can be used in a heterogeneous
network of local computing farms and the grid. As soon as the Offlin€ becomes available in the
CVMES, the bulk of the productions will be transferred to the grid, leaving the local computing
farms free for processing CPU-time demanding jobs that cannot run on the grid mainly due to
walltime limitations.


https://cc.in2p3.fr/
https://irods.org/
https://cernvm.cern.ch/fs/
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4.3 Production framework

Efforts are being made towards creating a uniform environment across all Auger computing
systems. CentOS7, from Community Enterprise Operating System, is the chosen operating sys-
tem [36]. Systems must also have CVMFS [24] installed for software distribution, HTCondor [37]
for local job submission, and the DIRAC server [21] for grid usage.

Currently, there is no centralized system to submit jobs to the local computing farms. Each
group has its own set of scripts, or programs, tailored for their own use.

4.3.1 Grid production

In the task, a bundle of Python 2.7 scripts is used to submit jobs to the grid, using the DIRAC -
API (Application Programming Interface) functionalities, which are easily adapted to run jobs in
the local computing farms using HTCondor or Slurm. These scripts will be readily available for
sharing within the Collaboration. CORSIKA [9] and AIRES [10] scripts for DIRAC, HTCondor,
and Slurm currently exist.

The bulk of the grid jobs uses this Python script bundle since a small team runs a fraction of
the productions. Thus, homogeneity is a requirement for the consistency of the simulations. All
jobs consist of only one CORSIKA file per job since typical run times can vary from several hours
to more than one week if the radio component of air showers is activated.

4.3.2 Local computing farm production

For illustration, we give examples of the submission of jobs in local computing farms. In
some cases, a C++ program is used to submit CORSIKA and Offline jobs through the batch system
Slurm. This program receives as input a set of parameters which allow to steer the CORSIKA and
Offline simulations, and define the number of jobs. At the end, bash scripts check the simulation
outputs and resubmit the failed jobs.

Instead, other groups typically use bash or python scripts to handle their local production. Re-
cently, CORSIKA jobs use the recent Python 2.7 script bundle adapted from DIRAC to HTCondor,
using the HTCondor - API, Offline simulations are submitted by a bash script. Similarly, in the end,
according to the type of simulation, Python 2.7 or bash scripts check the integrity of the output files
and recover the failed simulations. For Offline simulations, each batch also includes the application
of standard FD and SD event selection criteria and production of accompanying documentation
with the plots characterizing the performances of the reconstruction, which is placed to a dedicated
wikipage of the library.

While standard CORSIKA simulations have CPU memory requirements of the order of 1 GB
if FLUKA [11, 12] is used to simulate the low-energy hadronic interactions, typical Offline jobs
require several hundreds of MB of memory and less than one hour of processing time.

4.4 Reference simulation libraries

The reference simulation libraries consist of CORSIKA [9] extensive air shower simulations
later injected into Offline [34], where the simulation of the detector’s response and event reconstruc-
tion occurs. The libraries are continuously updated, and several CORSIKA and Offline versions
were used over the years.

Per CORSIKA version, three high-energy hadronic interaction models are simulated: EPOS-
LHC [38, 39], QGSJetII-0.4 [40, 41], and Sibyll 2.3* [42—44], and four hadronic species, namely:
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Hydrogen, Helium, Oxygen, and Iron. FLUKA [11, 12] is used to treat elastic and inelastic
hadronic interactions below 80 GeV in air. The library comprises air shower simulations ranging
from 101 — 10?92 eV, with zenith angles below 65° uniformly distributed in sin @ cos 6, arranged
in energy bins of width log,, (E/eV) = 0.5, except for the highest energy bin, with a spectral index
of —1. There are 5000 showers per bin simulated with an optimal thinning [9] of 107®. Up to 4
different Malargiie atmospheres can be found in the simulations.

Finally, there are plenty of simulations for photon primaries with pre-shower activated for
energies above 10'°eV. The standard photon simulations follow a similar structure as the one
described above. In this case, there are 10000 showers per energy bin.

The Offline reconstruction is only performed for energies above 10'7 eV, using the same
reconstruction chains like the ones for acquired data. In each Offline job, one CORSIKA shower
is processed by throwing it multiple times at random positions of the SD array. To increase the
number of reconstructed events, the number of resamplings varies from 5 to 30, depending on the
energy of the primary particle.

All Auger data and a subset of the simulations produced are stored in the IN2P3 Computing
Center in Lyon, France. iRODS is the preferred system to download simulations from the Lyon
Computing Center [33]. All the task’s simulations and many others produced by several Auger
groups are shared with the whole Collaboration this way.

5. Next productions

In the dawn of the multi-messenger era and on the advent of AugerPrime, the production of two
major simulation libraries is about to start. These are the production of reference neutrino libraries
for neutral and charged-current interaction modes in all Auger detection channels, accompanied by
a library of inclined air showers with zenith angles ranging from 50° < 6 < 89° in which the radio
component of air showers is included.

Studies to run CORSIKA jobs using Message Passing Interface (MPI) are ongoing since most
grid sites do not accept jobs that take longer than three days. Also, in the future, we plan to start
our CORSIKA 8 simulation libraries [45].

Finally, when the Offline version for AugerPrime is finalized [46], we will start producing
reference Offline libraries for AugerPrime.

6. Conclusions

AugerPrime progresses at a good pace, and some data is already being acquired, from which
updated reference libraries are very much required.

Simulations for the radio component of air showers pose many challenges due to the long CPU
time required to simulate a single shower. Therefore, we are studying the possibility of using the
parallelization of the CORSIKA code [8] to provide enough simulations for the radio studies and
see if it can be used in the grid.

The grid usage in 2020 doubled when compared with the previous year. We aim to increase
the simulation budget this year with the two new productions.
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