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Abstract:

The Pierre Auger Collaboration has embraced the concept of open access to their re-
search data since its foundation, with the aim of giving access to the widest possi-
ble community. A gradual process of release began as early as 2007 when 1% of the
cosmic-ray data was made public, along with 100% of the space-weather information.
In February 2021, a portal was released containing 10% of cosmic-ray data collected
by the Pierre Auger Observatory from 2004 to 2018, during the first phase of opera-
tion of the Observatory. The Open Data Portal includes detailed documentation about
the detection and reconstruction procedures, analysis codes that can be easily used and
modified and, additionally, visualization tools. Since then, the Portal has been updated
and extended. In 2023, a catalog of the highest-energy cosmic-ray events examined in
depth has been included. A specific section dedicated to educational use has been de-
veloped with the expectation that these data will be explored by a wide and diverse
community, including professional and citizen scientists, and used for educational and
outreach initiatives. This paper describes the context, the spirit, and the technical im-
plementation of the release of data by the largest cosmic-ray detector ever built and
anticipates its future developments.
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1 Introduction

During almost 20 years of data taking, the Pierre Auger Observatory [1], the largest facility for the
measurement of ultra-high energy cosmic rays (UHECR), has detected more than 20 000 cosmic-
ray events per year with an energy above 2.5 EeV (1 EeV = 10'8 eV) providing, with unprece-
dented statistics and precision, major breakthroughs in the field.

The Observatory is located on a high-altitude plain near Malargiie, Mendoza Province, Ar-
gentina, at a mean altitude of about 1400 m, corresponding to an atmospheric overburden of
about 875 gcm~2. The site lies between latitudes 35.0°S and 35.3°S and between longitudes
69.0° W and 69.4° W. The Observatory combines two detection techniques for the detection of
extensive air showers (EAS). A Surface Detector array of 1600 water-Cherenkov detectors (WCD)
in a 1500 m triangular grid, SD-1500, yielding an effective area of 3000 km?, provides lateral sam-
pling of the EAS at the ground. A Fluorescence Detector (FD) comprising 24 telescopes grouped
at four sites (eyes) overlooks the array and detects the UV fluorescence light emitted by the de-
excitation of the nitrogen molecules previously excited by the charged particles from the EAS.

Lasers for atmospheric monitoring are located towards the center of the array, at the positions
marked as CLF (central laser facility) and XLF (extreme laser facility), see Fig. 1, left panel. The
layout includes the low energy extension array, SD-750, with a spacing of 750 m covering 24 km?,
and three high elevation telescopes (HEAT) installed at the FD-Coihueco site, see Fig. 1, right
bottom corner.

The official data-taking started on 1 January 2004 with the engineering and the pre-production
arrays of 154 surface detector stations and two operating fluorescence sites [2]. The installation of
the SD-1500 array was completed in June 2008. The operation of the Observatory has been stable
since then and is divided into two phases. During Phase I, completed on 31 December 2021, the
Observatory consisted of the original layout. In Phase II, the Observatory has been upgraded
with additional detectors, such as surface detector scintillators, underground muon detectors,
and radio antennas, as well as upgraded electronics added to each surface detector station [3].

The rich data harvested by the Collaboration covers different and complementary fields of re-
search. The main goal is to reveal the nature and origin of ultra-high energy cosmic rays, which
relies on measurements of the energy spectrum and mass composition and is complemented by
extensive searches for anisotropy in the distribution of the arrival directions at both large and
intermediate angular scales. Ultra-high energy cosmic rays offer the unique opportunity to in-
vestigate the nature of astrophysical sources and particle interactions in a kinematic and energy
region well beyond that covered by current particle accelerators. The main results include mea-
surements of the cosmic-ray arrival directions [4], energy spectrum [5], and mass composition [6]
along with their interpretation [7], the possible presence of neutral primaries such as photons
and neutrinos [8], and particle physics [9]. Moreover, its potential as a multi-messenger [10] and
multi-disciplinary [11, 12] observatory has been proven.

The Collaboration has embraced the concept of open access to research data from its founda-
tion. A gradual process of releasing data began as early as 2007 when the Observatory was almost
completed. A public event browser with 1% of data from the surface detector was created, and
the data have been updated every year for over 10 years [13]. Meant for educational purposes,
that portal was the first step towards making data publicly available at a time when there was
no data management plan in place, and only a few other astroparticle physics experiments were
releasing data before the end of their activities.

The Open Data Portal [14] was set up in February 2021, towards the end of the first phase
of operation of the Observatory. It contained 10% of the cosmic-ray data used for the analyses
presented in 2019 at the 36 International Cosmic Ray Conference in Madison, Wisconsin, US,
comprising around 25000 events from both the surface and the fluorescence detectors. Since
then, it has been regularly updated and expanded in both the quantity and diversity of data in
compliance with the Data open-access policy of the Pierre Auger Observatory [15].

Different sets of data were added to the original sample, starting with data from atmospheric
measurements, both preprocessed and raw data, and data acquired in the so called “scaler mode”,
recording the low-threshold counting rates of the surface detector stations. In December 2022,
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Figure 1: Map of the Observatory: left, surface detector stations (grey dots), position of the
fluorescence detector eyes and field of view of the telescopes (squares, dashed lines) along
with the footprint at the ground of one of the highest-energy multi-eye events in the released
data sample (color scale from green to red reflects the arrival time of the shower particles at
the ground). The positions of the atmospheric monitoring systems, XLF and CLEF, are also
shown. Right: footprint of an event detected by the SD-750 array in combination with the
HEAT-Coihueco fluorescence telescopes, same color code

10% of cosmic-ray data above 60° was released, thus allowing to extend the aperture to a sky-
coverage of 80%. A specific outreach section was included to engage the general public in cosmic-
ray physics by supporting and facilitating the use of scientific data. In March 2024, 10% of cosmic-
ray data detected by the low-energy extensions of the surface and fluorescence detectors was also
released thus lowering the energy range down to 10'7 eV.

It is worthwhile to emphasize that the data from the Observatory are the result of vast and
long-term human and financial investment by the international community. The Collaboration is
committed to their public release and provides accompanying software tools to offer to a wider
community, including professional and citizen scientists, a unique opportunity to explore and
analyse the data at various levels of complexity. This is in accordance with the Berlin declaration
on Open Data and Open Access, inspired by the FAIR (Findable, Accessible, Interoperable, and
Reusable) principles [16] for scientific data ”as open as possible and as closed as necessary”. The
Collaboration upholds the principle that open access to the data and associated software will, in
the long term, allow the full scientific potential of the data to be realised.

This paper is conceived as follows: in Section 2 a description of the general structure and
content of the Portal is given, while in Section 3, the several available datasets are described along
with detailed tables with the files semantics provided in A. In Section 4 the event visualization
is introduced, and, in Section 5, the tools for data analysis are presented. The catalog of the
highest energy cosmic-ray events detected at the Observatory is described in Section 6. Section 7
is dedicated to the outreach page and the activities connected to Open Data. Finally, in Section 8,
the experience of the Collaboration, after three years of monitoring the access and the use of
the open data, is summarized, and the intentions for the future development of the open-access
program are outlined.



*  Pierre Auger Observ_atory Open Data

The Pierre Auger Open Data is the public release of 10% of the Pierre Auger Observatory cosmic-ay data published in recent scientific papers and
at International conferences , following the Auger Collaboration Open Data Policy. The release also includes 100% of weather and space-weather
data collected until 31 December 2020. This website hosts the datasets for download. Brief overviews of the Pierre Auger Observatory and of the
Auger Open Data are set out below. An online event display to explore the released cosmic-ray events, and example analysis codes are provided. An
outreach section dedicated to the general public is also available.

Datasets Visualize Outreach

the an online apage
released look at the - dedicated
datasets to the
and their
complementary raw
data cosmic-ray

data

datasets

Figure 2: Screenshot of the main page of the Portal [14], with the links to the five different
sections displayed. For more details see [17, 18]

2 The Portal

The Portal [14, 17, 18] is aimed at sharing a sensible fraction of the collected data and the asso-
ciated knowledge with the scientific community. This can start from either raw experimental or
simulated data through reconstructed events and datasets of higher level generated by analysis
workflows, all the way up to data presented in scientific publications.

2.1 Portal Organization

An introductory main page provides links to the different cards via the navigation bar. This page
also displays a comprehensive overview of the Observatory, regarding the main detectors and
their working principles. Appropriate references are given for further investigation. Subsections
explaining the details of the atmospheric monitoring program and the potential of the space-
weather monitoring and observation of ionospheric phenomena are also provided. Finally, it
includes the technical and copyright information. A screenshot of the main page is displayed in
Fig. 2.

The Datasets card contains the list of releases, along with the available files and a detailed
description of their structure and content. It also links to an exhaustive explanation of the data,
and the conditions under which they were taken, reconstructed and selected, with links to the
downloadable files (see Section 3).

The Visualization card provides a user-friendly interface for selecting and browsing each of the
public events by specifying an event ID or a range of reconstructed variables, such as the energy
or the zenith angle. Some exemplary events, such as the highest energy or multiplicity event, are
pre-selected for inspection and available through a dedicated menu (see Section 4).

The Analysis card provides users with several tutorial codes to browse and analyse the data.
Simple scripts for plotting histograms and graphs with the reconstructed variables and advanced
routines based on the main Auger published results are available for download or can be run
online (see Section 5).



The UHECR Catalog card implements a browser for the 100 highest-energy events recorded
by the surface detector, along with the nine highest-energy hybrid events used for their calibra-
tion [19] (see Section 6).

The Outreach card, aimed at a wider audience, has been translated into several languages,
providing a unique opportunity to share the excitement of cosmic-ray physics with the general
public (see Section 7).

Finally, the Portal includes a Contact link giving the user additional support via answers to fre-
quently asked questions about potential technical or content-related issues that might be raised.
A dedicated e-mail address for contacting the Collaboration is given.

The datasets are released under the (CC BY-SA 4.0) International License [20], and they have
a unique Digital Object Identifier (DOI) always pointing to the current version [21]. The user is
requested to cite the general link or the specific version of the used data in any applications or
publications. The DOIs of the specific released versions are detailed in Table 1.

Release Tag | Date Content Specific DOI
Release 3.0 March 20, 2024 | 10% cosmic-ray data, low en- | 10.5281/zenodo.10488964
ergy sample

Release 2.0 Dec 22, 2022 10% cosmic-ray data, in- | 10.5281/zenodo.6867688
clined sample (60°-80°),
Outreach section with differ-
ent languages

Release 1.1 Oct 26, 2021 100% atmospheric data and | 10.5281/zenodo.5588460
scaler data
Release 1.0 Feb 15, 2021 10% cosmic-ray data, vertical | 10.5281/zenodo.4487613
sample (0°-60°) and auxil-
iary files, ready-to-use event
display, analysis examples

Table 1: List of specific releases on the Open Data Portal [14] with the corresponding DOIs

3 Datasets

Different types of data are provided via the Portal including cosmic-ray data, weather and space-
weather data and other resources. Detailed explanations of the datasets, and the conditions under
which data were collected and selected, are provided in the Datasets page together with the de-
scription of the available files and of all the data fields. Tables with the files semantics are given
in A.

3.1 Cosmic-ray data

The cosmic-ray dataset comprises in total 81121 showers 3348 of which are hybrid events, i.e.
recorded in combination with the fluorescence detectors. The data are calibrated and partially
cleaned to reduce the level of detailed understanding of the detectors required. The events are
subjected to the reconstruction procedures implemented in the official software [22]. They are
processed with the most up-to-date software at the time of the release and the software version is
propagated in the files metadata. A set of selection criteria is applied to the detected cosmic-ray
events in order to ensure an adequate sampling of the shower and the reliable performance of
ground operation of the surface detector as well as of stable conditions of individual stations.

A total of 25086 events measured with the SD-1500 have been selected. This set includes
both vertical events, with a zenith angle less than 60°, and inclined events in the zenith interval
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60° — 80°. Their reconstructed energies are above 2.5 EeV and 4 EeV respectively, to guarantee
operation in an energy regime where detection with the surface array is fully efficient. Hybrid
events are selected by imposing a set of criteria on the status of the hardware, reconstruction of
shower geometry, shower profile, and atmospheric quality. Furthermore, specific fiducial volume
cuts are applied for different analyses (energy spectrum, calibration, composition) to achieve uni-
form acceptance and minimize the uncertainties on the corresponding observables, with events
being flagged accordingly.

The low energy sample comprises 54481 events detected with the SD-750 array and recon-
structed with a zenith angle less than 40° and energy above 0.1 EeV. Moreover, 197 low-energy
hybrid events detected in combination with the HEAT-Coihueco telescopes and used for the en-
ergy calibration are also released. Further details of the currently released cosmic-ray samples
are given in the specific sections of the Datasets page.

Each event is downloadable as pre-processed data in JavaScript Object Notation (JSON) files,
structuring, in a compact format, the meta-data on the reconstruction along with blocks of data
dedicated to each of the detectors involved in the event, see Table 2. The reconstructed parame-
ters with their uncertainties and the list of the participating stations with the corresponding pho-
tomultiplier tubes (PMTs) traces are available. When an event is detected simultaneously with
the fluorescence detector, the participating telescopes with the associated reconstructed energy-
deposit profile and the signal recorded in the triggered pixels are provided. All the high-level
reconstructed parameters from the surface and fluorescence detectors, such as energy, arrival di-
rection, impact point at the ground, and depth of shower maximum (Xmax), are also given in a
summary comma-separated (CSV) file. Details of the files semantics are given in Table 3.

Finally, auxiliary data files are also distributed, in particular for listing the positions of the sur-
face detector stations and the angular field of view of the fluorescence detector pixels. The surface
detector exposure and the parameters required to calculate the fluorescence detector acceptance
for specific analyses are also provided. For details see Table 4.

3.2 Atmospheric data

The Observatory is a giant calorimeter, which includes the atmosphere as an important com-
ponent. Therefore, a monitoring system has been set up at the detection site to measure local
atmospheric parameters affecting the shower development, thus providing the knowledge re-
quired for the accurate reconstruction of observed air showers [23]. Changes in the atmospheric
pressure lead to changes in the rates of recorded showers. At fixed pressure, if the temperature
increases, the particles in the shower will spread out more as the distance travelled between each
scattering rises. Variations in atmospheric properties also have significant effects on the rate of
nitrogen fluorescence emission, as well as on the transmission of light.

The files produced by the atmospheric monitoring system include values of temperature,
pressure, humidity, and wind speed recorded every five or ten minutes by five weather stations
located at each fluorescence detector site and at the center of the array. In addition, the data set
used to calculate the weather correction of the energy estimator derived from the surface detec-
tor, included in the standard reconstruction procedure, has also been released. The corresponding
file, obtained by merging data from the weather stations, also contains the average value of the
air density. Details about atmospheric data files are displayed in Table 5.

3.3 Space-weather data

Measurements of the background flux of secondary particles, produced mainly by low-energy
cosmic rays (primary energies from 10 GeV to a few TeV) can be performed at the Observatory
by exploiting scaler-mode data. The scaler mode is a particle counter mode, which is imple-
mented for all the detectors of the surface array. These data are recorded for every station each
second, reaching typical counting rates of 3 MHz. The temporal behavior of the number of counts
is modulated by terrestrial and extraterrestrial phenomena and can thus be employed, for exam-
ple, in studies of solar transient events like Forbush decreases and identification of modulations



related to the solar cycle [12]. From September 2005, the scaler mode has been used to count, in
each of the 1600 detectors, the number of times the amplitude of the signals satisfies threshold
conditions corresponding to an energy deposit of between 15 MeV and 100 MeV. The current data
consists of more than 10" signal counts detected until December 2020. Details about the scalers
file content are given in Table 6.

4 Visualization

The characteristics of any shower in the dataset can be browsed via the Visualization page. It is
possible to inspect the most interesting events from a menu, such as the highest-energy events,
the highest multiplicity events, and multi-eye hybrid events. In addition, a browser allows to
select events by their energy, zenith angle, number of triggered stations, and arrival time. Once
an event is selected, its components can be browsed using different tabs. The event files can also
be directly downloaded and further processed with the provided tutorial codes.

The ground array view tab displays a detailed map of the Observatory at the time of the event
detection, showing the shower footprint at ground (color scale from green to red reflects the ar-
rival time of the shower particles at the ground). The event shown in Fig. 1 with id 081847956000
is one of the highest energy multi-eye hybrid events in the released sample, with an energy of
about 57 EeV and a zenith angle of 54°. It was detected on 03 July 2008 with 24 surface detector
stations and simultaneously with two sites of the fluorescence detector. Further details of this
exemplary event are shown in Fig. 3, Fig. 4, and Fig. 5.
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Figure 3: Visualization: the exemplary event, id 081847956000 (see text for details). Left panel:
FADCs traces of the PMTs signals in two WCD stations participating in the event. Right: fall-
off of the signal as a function of distance from the shower axis, the so-called lateral distribution
function (LDF)

The flash analog-to-digital converters (FADCs) traces of the signals of the photomultiplier
tubes of all triggered stations are displayed in the SD traces tab: the FADC traces from the PMTs
of two WCD stations participating in the event are shown in Fig. 3, left panel. A fit of the signal
fall-off as a function of distance from the shower impact point at the ground, the so-called lateral
distribution function (LDF), provides the value of the energy estimator, the signal S(7opt) at an
optimal distance rqpt from the shower impact point on the ground in the plane perpendicular to
the shower axis [24]. The LDF of the exemplary event recorded by the SD-1500 array is shown
in Fig. 3, right panel. ropt equals 1000 m for the SD-1500 array and 450 m for the SD-750 array,
respectively.

For hybrid events, the FD camera view and FD reconstruction tabs contain information from the
fluorescence telescopes. The sky view of the cameras and the reconstructed energy deposit as a
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Figure 4: Visualization: the exemplary event, id 081847956000 (see text for details). Left panel:
camera view of the fluorescence detector; the cosmic-ray shower is seen as a trace that moves
along the pixels of the camera, from early (green) to late (red) pixels. Right panel: recon-
structed energy deposit as a function of atmospheric depth as measured with the two tele-
scopes participating in the event

function of atmospheric depth, the so-called longitudinal shower profile, are shown in Fig. 4, left
and right panels, respectively. The energy deposited per unit depth in the atmosphere, dE/dX,
increases at first, along with the multiplication of particles in the cascade, and then decreases as
the rate of energy loss by ionisation starts to exceed that by radiative processes. This behavior
gives rise to a universal profile shape [25], where the position of the maximum Xmnax depends
mainly on the primary particle type (and its energy). The integration of the profile provides a
calorimetric measurement of the total energy of the primary cosmic ray [26].

The 3D view tab provides an interface to a 3-dimensional view of the events from different
perspectives. An interactive and immersive view of the events and access to all reconstructed
values and graphs are provided. A screenshot of the three-dimensional display for the exemplary
event is shown in Fig. 5.

5 Analysis

The Open Data can be analyzed using Python Jupyter Notebooks [27]. Examples are provided
in the Portal, together with a tutorial introducing the Python programming language and its use
with the Open Data. These Notebooks are mostly designed to require only the core Python analy-
sis packages and can be downloaded or run online in a web browser via the Kaggle platform [28].

Each cosmic-ray event can be processed via a simple Notebook exploring the content of the
associated JSON file. Depending on the file structure and the data source, different plots can be
produced, such as the PMTs signals of each surface detector station, the shower footprint at the
ground, or the reconstructed profile of the energy deposited in the atmosphere.

Tutorials have been developed to show how to read the CSV summary files and the JSON
files and produce plots using both pseudo-raw and higher-level data. The examples demonstrate
how to produce histograms and plot the trend of variables as a function of time or energy, how
to produce maps of the array and of arrival directions in the sky, and how to correlate the values
of two variables. More advanced analysis codes are simplified re-implementations of parts of
analyses published by the Collaboration, as detailed below.

The example analyses use the most-updated version of the Auger data sets and software,
which may differ slightly from those used for associated publications because of improvements
to the reconstruction and calibration procedures. The codes provided maintain the spirit of the
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Figure 5: Visualization: a screenshot of the 3-dimensional display for the exemplary multi-eye
hybrid event id 081847956000 (see text for details)

original analyses and provide insights as to how the results were obtained. They are simplified
by omitting some more advanced analysis details that the user can find in the published papers.
Even if the statistical significance is reduced with respect to what can be achieved with the full
data set, the number of events is comparable to what was used in some of the first scientific
publications by the Collaboration, see for example [29].

The energy calibration: The energy estimation for the vertical events recorded using the sur-
face detector relies on the calibration of the energy estimator, S(7opt). S(7opt) is first corrected for
the the zenith-dependent attenuation, deriving the signal that a shower would have produced
when coming from the median of the zenith angle distribution (38° for the SD-1500 and 35° for
the SD-750 sample). The calibration of the estimator is then performed by exploiting the calori-
metric measurement of the energy made with the fluorescence detector for a sub-sample of high-
quality hybrid events [5]. The correlation between the SD estimator and the energy measured
with the fluorescence detector, Erp, is plotted in Fig. 6, top left panel.

The energy spectrum: The estimation of the energy spectrum of cosmic rays detected with
the surface detector is derived by counting the number of observed showers in differential en-
ergy bins and dividing it by the detector exposure. The bin size is constant in the logarithm of
the energy, and the bin width corresponds approximately to the energy resolution. The energy
threshold is fixed at 2.5 EeV for vertical events (zenith angle < 60°), 4 EeV for inclined events
(60° < zenith angle < 80°) and 1 EeV for the low energy sample, as this is the energy above
which the surface detector acceptance becomes independent of the mass and energy of the pri-
mary cosmic ray. The energy spectra are shown in Fig. 6, top right panel. Further details are
given in [5, 30, 31].

The depth of the shower maximum: The estimation of the atmospheric depth at which the
deposited energy for a cosmic-ray shower as a function of atmospheric depth reaches its maxi-
mum relies on the reconstruction of the longitudinal profile of events measured by the fluores-
cence detector, and at least one coincident surface detector station (hybrid events) [6]. The Xmax
distributions in differential energy bins above 1 EeV for events with a zenith angle less than 75°
are built, and the energy dependence of their mean and standard deviation is derived. These
can be compared to those obtained from simulations of showers produced by proton and iron
primaries. The rate of change of the mean Xnax per decade of energy, the so-called elongation
rate, is indicated in Fig. 6, bottom left panel.

12



1038

=

o
~
T

S3g [VEM]

1037

JFa¥(E) [km=2 x E3sr~! yr! ev?]

¢ vertical sample 0°- 60°
inclined sample 60°- 80"

1018 1(;19 1020
Erp [eV]

) ‘10‘]9 i ) i T iU‘ZD

—— broken line fit

Kmax)/lgfcm?)
g

17.5 18.0 18.5 19.0 19.5 0.32 0.34 0.36 0.38 0.40 0.42 0.44
lg(Efev) Flux [km=2sr-1yr-1]

Figure 6: Analysis tab: exemplary plots resulting from the Python notebooks provided. Top
left panel: energy calibration of the SD energy estimator (S3g for the SD-1500 array); top right
panel: energy spectrum for vertical and inclined sample; bottom left panel: depth of shower
maximum as a function of primary energy; bottom right panel: flux map for events with
energy above 8 EeV

The measurement of the p-air cross-section: The proton-air cross section for particle produc-
tion at a center-of-mass energy per nucleon of 57 TeV can be estimated by studying the shape
of the distribution of Xmax. The attenuation length of primary cosmic ray protons in the atmo-
sphere is reflected in the tail of the distribution at very high values of Xmax, which follows an
exponential law [9].

The UHECR sky: The distribution of the reconstructed arrival directions of cosmic rays de-
tected by the surface detector is studied to search for anisotropies at large angular scales [4].
The search is carried out by looking for non-uniformities in right ascension, as, for arrays that
operate with close to 100% efficiency, the total exposure as a function of this angle is almost con-
stant. A search for the first harmonic modulation in right ascension is performed by applying
the Rayleigh formalism [32]. In Fig. 6, bottom right panel, the resulting smoothed flux map in
Galactic coordinates for events with energies above 8 EeV is shown.

6 Catalog of the highest-energy cosmic-ray events

In 2023, the Pierre Auger Collaboration published a catalog of the 100 highest-energy cosmic-ray
events [19] collected during Phase I of the data taking, along with the nine highest-energy hybrid
events used for their calibration, demonstrating the quality of the data underlying the physics
measurements carried out at the Observatory. In the paper, the instrumentation and the methods
used to detect and reconstruct cosmic rays are also described.

The events are available for inspection and download from the UHECR Catalog page in the
Portal. For each event, a summary of the reconstructed parameters and further details about the
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Figure 72 UHECR Catalog: the highest energy multi-eye hybrid event, PAO100815 (id
102266222400). Top left panel: footprint with respect to the shower plane; top right panel:
lateral distribution of the signals as a function of the distance from the shower axis. Bottom
left panel: time delays of the signals with respect to a fit with a plane shower front; bottom
right panel: reconstructed energy deposited in the atmosphere

surface and fluorescence detector measurements are shown. The FADC traces of the photomulti-
pliers of all triggered SD stations are also displayed in a dedicated tab.

In Fig. 7, the main characteristics of the highest energy multi-eye hybrid event in the catalog,
PAO100815 (id 102266222400), that occurred on 15 August 2010, are shown. This event had a
measured energy of 82 EeV and zenith angle of 53°, and it was hitting 22 surface detector sta-
tions and all four sites of the fluorescence detector. The footprint in a plane perpendicular to
the shower arrival direction (top left panel) and the lateral distribution of the recorded signal as
a function of the distance to the shower core in the log-log scale (top right panel) are also plot-
ted. The user can view the time delays in nanoseconds with respect to a fit that assumes a plane
shower front for the triggered stations (bottom left panel) and the reconstructed energy deposited
in the atmosphere as measured by the fluorescence telescopes (bottom right panel).

7 Outreach

For many years the Pierre Auger Collaboration has carried out an extensive education and out-
reach program for disseminating its physics results, both locally and world-wide.

With the aim of facilitating its use by the general public, the Portal includes an Outreach page
which is a “mini-framework” built in the same spirit as the research part, but with a simplified
format. The same types of data are available in the outreach framework (cosmic rays, scalers,
and meteorological data) and provided in summary CSV files. The page is implementing a mul-
tilingual “in-a-nutshell” description of the physics behind UHECR research and the techniques
for observing extensive air showers at the ground. An overview of the Observatory detectors
and their working principles is provided, with the help of some explanatory videos, along with
a simplified description of the main achievements of the Collaboration. Exemplary tutorial and
analysis tools have been developed and are linked to exercises dedicated to students, teachers,
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Figure 8: Toy model for the development of an electromagnetic cascade in the atmosphere

and citizen scientists in the general public, providing the necessary resources to understand the
data and an invitation to use them for their own inquiry by developing original education and
outreach activities. Some of the exercises are described below.

Exercise using surface detector data: The energy spectrum of cosmic-rays as detected by the
surface detector is presented in this exercise, guiding the user to plot a histogram of the number
of events detected in differential energy bins and normalizing it by the detector exposure. The
exercise answers some of the questions the reader might have when approaching cosmic-ray
physics: how the energy of a cosmic-ray primary particle relates to everyday life quantities, how
rare are cosmic rays at these energies, and what is the energy carried by cosmic rays.

Exercise using hybrid data: This Notebook provides an example of how to carry out a sim-
ple analysis of the relative composition differences between cosmic rays coming from different
parts of the sky. Data collected with the surface and the fluorescence detectors simultaneously,
the so-called hybrid events, can be used to extract information related to primary cosmic-ray
composition. The result is shown in a sky-map in Galactic coordinates.

Exercises using non cosmic-ray data: Two Notebooks are dedicated to non cosmic-ray data:
atmospheric and space-weather data. Weather-station data are used to study the atmospheric
conditions at the Observatory site. In particular, the exercise focuses on how to exploit weather
stations data to calculate the value of air-density in different zones of the detection site. Data
acquired via the so-called “scaler mode” can be used for space-weather science. In this Notebook
the user can see how the event rate depends on the local weather conditions, such as pressure,
temperature, and wind speed.

Exercise on the shower development: A simple toy-model for the description of the develop-
ment of an extensive air shower is presented in this Notebook. An interactive example can be run
to understand the process of particle multiplication occurring during shower development from
the first interaction to reach billions of particles at the observation level. The sketch of the devel-
opment of an electromagnetic cascade is shown in Fig. 8. A colour histogram of the longitudinal
shower profile is plotted on the right hand-side.
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8 Outlook

The Pierre Auger Collaboration has been committed, since the foundation of the Observatory, to
opening the access to its data.

Data from the Observatory come from a variety of instruments and take many forms, starting
from raw experimental data, through reconstructed events and datasets of higher level gener-
ated by analysis workflows all the way to data presented in scientific publications. Given the
complexity and the diversity of the experimental data involved, the process of releasing them
had to be started gradually.

The first step towards public data dates back to 2007 with a public event browser of 1% of
cosmic-ray data. The Open Data Portal, firstly set up in February 2021 with 10% of the cosmic-
ray events, has been updated and extended by including other types of data and a catalog of the
highest-energy cosmic-ray events detected with the surface and the fluorescence detectors in the
first phase of operation of the Observatory.

To facilitate the continued effort of the Portal maintenance, a task for Open Data has been cre-
ated under the responsibility of the Project Management and in synergy with the related physics
tasks. A standardized procedure has been designed to produce the simplified and portable for-
mat for Open Data from collaboration-internal, proprietary binary files. Code libraries are main-
tained within the Collaboration’s software repository. Open Data are processed with the most
up-to-date reconstruction software. Changes are propagated into updates of the released data,
and identified in the metadata of the released files by the relative software version number. The
validation of the data samples and the codes to be released is performed under the supervision
of analysis and detector experts and certified by the related physics tasks. Finally, the accompa-
nying documentation follows the standard internal review for publication.

Although only few scientific papers using the Open Data have appeared on journals or the
ArXiv [33] so far, the visits to the Portal, tracked via Zenodo [34] and Matomo [35], number
more than 40000, while downloads of cosmic-ray samples number more than 3000 since its first
publication in 2021.

Open Data offer the basis for developing diverse activities dedicated to high-school and
higher-level students and to the general public, focused on learning physics and enjoying pro-
gramming and data analysis. The Collaboration actively participates in various projects to en-
gage the general public in cosmic-ray science and the physics of the Observatory by providing
open-access to cosmic-ray data and tools for astro-particle physics dissemination. In this context,
we quote the International Cosmic Day and the events carried out for the International Mas-
terclasses program, organized within the IPPOG [36] consortium, involving thousands of high
school students in different countries each year. For further details, please refer to [37].

In June 2023, the Collaboration Board approved the increase of the fraction of released cosmic-
ray data to 30%, planned for 2024, to mark the 20th anniversary of the official start of data taking
at the Observatory, that will be applied to the whole Phase I data of the Observatory. The mem-
bers of the Collaboration are convinced that this will further boost the interest in and the use
of the Observatory data. Future data from the upgraded Observatory, including new detectors,
such as surface detector scintillators, underground muon detectors, and radio antennas, can be
easily integrated into this framework to produce Phase II open data, to the release of which the
Collaboration will undoubtedly maintain its commitment.
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A Tables of file semantics

Section | Variable Range, units and description
meta type Name of the release
release Version of the release: it defines the event sample
format Version of data format
reconstruction software, version | Software framework used for the event reconstruc-
tion and its version
info id Event identification number: YYDDDSSSSSXX
- YY: last 2 digits of year
- DDD: day number between 1 and 366
- 5555S: second of the current day between 0 and
86399
- XX: order of the event at the current second.
Time is expressed in UTC+12h, i.e., the day start-
ing at noon
sdid Event number from data acquisition
gpstime GPS time
date Date and time in ISO 8601 format
flags sd1500 [0,1] 1: eventis used in SD1500 array analysis
sd750 [0,1] 1:eventis used in SD750 array analysis
hdSpectrum [0,1] 1: event used for hybrid energy spectrum
analysis
hdCalib [0,1] 1: event used for hybrid energy calibration
analysis
hdXmax [0,1] 1: event used for hybrid Xmax analysis
multiEye [0,1] 1: amulti-eye event
fdrec id [1-6] Indicates the FD site:
"1: Los Leones
"2’: Los Morados
’3": Loma Amarilla
"4’: Coihueco
'5’: HEAT
’6”: HEAT-Coihueco
gpsnhanotime [ns]  The GPS time of the event within its GPS
second
hdSpectrumEye [0,1] 1: Eye used for the spectrum analysis
hdCalibEye [0,1] 1: Eye used for energy calibration analysis
hdXmaxEye [0,1] 1: Eye used for Xmax analysis
theta, phi [deg] The zenith and azimuth angles
dtheta, dphi [deg] Uncertainties in zenith and azimuth angles
Lb [deg] Galactic longitude and latitude of the
event
ra, dec [deg] Right ascension and declination of the
event
totalEnergy [EeV] Total energy of the primary particle initi-
ating the event
dtotalEnergy [EeV]  Uncertainty in the total energy of the
event
calEnergy [EeV] Calorimetric energy of the event
dcalEnergy [EeV] Uncertainty in the calorimetric energy of
the event

18




xmax
dxmax
heightXmax
distXmax
dEdXmax
ddEdXmax
X, V, Z

dx, dy, dz

easting, northing, altitude

[g/cm?] Position of the maximum of the shower
longitudinal development in the atmosphere
[g/cm?] Uncertainty in the position of the max-
imum of the shower longitudinal development in
the atmosphere

[mas.l] Heightof Xmax above sea level

[m] Distance of Xmax to FD eye

[PeV/(g/cm?)] Maximum energy deposit
[PeV/(g/cm?)] Uncertainty in the maximum en-
ergy deposit

[m] Coordinates of the shower core projected at
ground level (site coordinates system)

[m] Uncertainty in the coordinates of the shower
core projected at ground level (site coordinates
system)

[m] Eastward, northward, and altitude coordi-
nate of the shower core projected at ground level
(UTM coordinates system)

cherenkovFraction Fraction of detected light from Cherenkov emis-
sion
minViewAngle [deg] Light emission angle from the shower to-
wards the FD eye
uspL [g/cm?]  Universal shower profile shape param-
eter L
uspR Universal shower profile shape parameter R
duspL [g/cm?]  Uncertainty in the Universal Shower
Profile parameter L
duspR Uncertainty in the Universal Shower Profile pa-
rameter R
hottestStationld Id of the SD station with the highest recorded sig-
nal
distSdpStation [m] Distance of the hottest station to the shower
detector plane (SDP), that includes the shower axis
and the eye position
distAxisStation [m] Distance of hottest station to the recon-
structed shower axis in the shower plane
eyes id [1-6] Id of the FD site:
"1": Los Leones
"2": Los Morados
’3’: Loma Amarilla
’4’: Coihueco
'5’: HEAT
'6”: HEAT-Coihueco
name Name of the FD site
atmDepthProf [g/cm?] Array of slant depth points measured
energyDepositProf [PeV/(g/cm?)] Array of energy deposit at each
slant depth, obtained from the shower profile fit
denergyDepositProf [PeV/(g/cm?)]  Array of the uncertainty in the
energy deposit at each slant depth, obtained from
the shower profile fit
pixellD [1-3960] Array of the pixel ids in the fluorescence

site
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pixelTime [100 ns bin]  Array of the times of the signal cen-
troid in each pixel
pixelCharge [n ph] Array of the light detected in each pixel
(number of photons at telescope aperture)
pixelStatus [0-4] Array that indicates the status of the pixel
0: Background
1: Triggered
2: Pulse
3: SDP (shower detector plane)
4: TimeFit
sdrec gpsnanotime [ns] GPS time
theta, dtheta [deg] Zenith angle and its uncertainty
phi, dphi [deg] Azimuth angle and its uncertainty
energy [EeV] Energy
denergy [EeV] Uncertainty in the energy
b [deg] Galactic longitude and latitude
ra, dec [deg] Right ascension and declination
X,V, 2 [m] Coordinate of the shower core (site coordi-
nate system)
dx, dy [m] Uncertainty in the coordinates of the shower

easting, northing, altitude

R
dR

51000

ds1000
s450

ds450
s38

s35
nl19

dnl19
n68

dn68

georr

wcorr
beta,gamma
chi2

ndf

geochi2
geondf
nbstat

core (site c. s.)

[m] Eastward, northward coordinates and alti-
tude of the shower core (UTM coordinates system)
[m] Radius of curvature of the shower

[m] Uncertainty in the radius of curvature of the
shower

[VEM] Expected signal at 1000 m from the core
(SD1500 array)

[VEM] Uncertainty in S(1000)

[VEM] Expected signal at 450 m from the core
(SD750 array)

[VEM] Uncertainty in S(450)

[VEM] Signal produced at 1000 m by a shower
with a zenith angle of 38°

[VEM] Signal produced at 450 m by a shower with
a zenith angle of 35°

Energy estimator, N19, of a shower with a zenith
angle > 60°

Uncertainty in N19

N19, that a shower would have produced had it
arrived at 68°

Uncertainty in N68

[%] Geomagnetic correction to S(1000)

[%] Weather correction to S(1000)

Slope parameters of the fitted LDF

Chi-square value of the LDF fit

Number of degrees of freedom in the LDF fit
Chi-square value of the geometric fit

Number of degrees of freedom in the geometric fit
Number of triggered stations used in reconstruc-
tion
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recstations List of ids of the triggered stations used in recon-
struction
stations | id Id of the station
name Name of the station
X,y,Z [m] Coordinates of the station
t [ns] Start time of the signal
dt [ns] Uncertainty in the start time
signalStartBin,signalStopBin FADC trace bins that indicate the start and stop of
the signal
signal [VEM] Integrated signal in the FADC traces
dsignal [VEM] Uncertainty in the integrated signal
sat [0-2] 0: high-gain and low-gain channels not sat-
urated
1: high-gain channel saturated
2: high-gain and low-gain channels satu-
rated
isSelected [0-1] 1: the station is used in the reconstruction
spDistance [m] Distance of the station to the core in the plane
perpendicular to the shower axis (shower plane)
dspDistance [m] Uncertainty in spDistance
pmtl,pmt2,pmt3 [VEM] FADC traces from each photomultiplier.
The length of each FADC trace is 768 bins. A bin
corresponds to 25 ns
Table 2: Cosmic-ray dataset - content of the JSON file
Filename Variable Range, units and description
dataSummarySD1500.csv

dataSummarylInclned.csv | id

dataSummarySD750.csv

sdid
gpstime

sd750

multiEye

sd_energy

sd_gpsnanotime

sd_theta, sd_phi
sd_dtheta, sd_dphi

sd_denergy

Event identification number:  YYD-
DDSSSSSXX

- YY: last 2 digits of year

- DDD: day number between 1 and 366

- 5555S: second of the current day be-
tween 0 and 86399

- XX: order of the event at the current
second. Time is expressed in UTC+12h,
i.e., the day starting at noon
Event number from data acquisition
GPS time of the eventad 1: event is used
in SD1500 array analysis

[0,1] 1: event is used in SD750 array
analysis
[0,1] 1: a multi-eye event

[ns] The GPS time of the event within
its GPS second

[deg] The zenith and azimuth angles
deg] Uncertainties in the zenith and az-
imuth angles

[EeV] Total energy of the primary parti-
cle initiating the event

[EeV] Uncertainty in the total energy of
the event
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sd_l, sd_b
sd_ra, sd_dec
sd_x, sd_y sd_z

sd_dx, sd_dy

sd_easting, sd_northing

sd_altitude

sd_R
sd_dR

sd_s1000

sd_ds1000
sd_s38

sd_gcorr

sd_wcorr

sd_beta, sd_gamma
sd_chi2

sd_ndf

sd_geochi2
sd_geondf

sd_nbstat

fd_id
fd_gpsnanotime

fd_hdSpectrumEye
fd_hdCalibEye
fd_hdXmaxEye
fd_theta, fd_phi
fd_dtheta, fd_dphi
fd_l, fd_b

fd_ra, fd_dec
fd_totalEnergy
fd_dtotalEnergy

fd_calEnergy
fd_dcalEnergy

[deg] Galactic longitude and latitude
[deg] Right ascension and declination
[m] Coordinates of the shower core (site
coordinates system)

[m] Uncertainties in the x, y coordinates
of the shower core

[m] Eastward and northward coordi-
nates of the shower core (UTM c.s.)

[m] Altitude of the shower core (UTM
coordinates system)

[m] Radius of curvature of the shower
[m] Uncertainty in the radius of curva-
ture of the shower

[VEM] Expected signal at 1000 m from
the core

[VEM] Uncertainty in S(1000)

[VEM] Signal produced at 1000 m by a
shower with a zenith angle of 38°
Geomagnetic correction to S(1000)
Weather correction to S(1000)

Slope parameters of the fitted LDF
Chi-square value of the LDF fit

Number of degrees of freedom in the LDF
fit

Chi-square value of the geometric fit
Number of degrees of freedom in the geo-
metric fit

Number of triggered stations used in re-
construction

[1-6] Indicates the FD site

[ns] The GPS time of the event within
its GPS second

[0,1] 1: Eye used for the spectrum anal-

ysis
[0,1] 1: Eye used for energy calibration
analysis

[0,1] 1: Eye used for Xmax analysis
[deg] The zenith and azimuth angles
[deg] Uncertainties in zenith and az-
imuth angles

[deg] Galactic longitude and latitude of
the event

[deg] Rightascension and declination of
the event

[EeV] Total energy of the primary parti-
cle initiating the event

[EeV] Uncertainty in the total energy of
the event

[EeV] Calorimetric energy of the event
[EeV]  Uncertainty in the calorimetric
energy of the event
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fd _xmax

fd_dxmax
fd_heightXmax

fd_distXmax
fd_dEdXmax

fd_ddEdXmax

fdx, fd_y, fd =z

fd_dx, fd_dy

fd_altitude

fd_minViewAngle
fd_uspL, fd_duspL
fd_uspR, fd_duspR
fd_hottestStationld
fd_distSdpStation
fd_distAxisStation

sd_exposure

[g/cm?] Position of the maximum of the
shower longitudinal development in the
atmosphere

[g/cm?] Uncertainty in xmax

[m a.s.l] Height of Xmax above sea
level

[m] Distance of Xmax to FD eye
[PeV/(g/cm?)] Maximum energy de-
posit

[PeV/(g/cm?)] Uncertainty in the maxi-
mum energy deposit

[m] Coordinates of the shower core pro-
jected at ground level (site coordinates
system)

[m] Uncertainty in the coordinates of
the shower core projected at ground level
(site coordinates system)

td_easting, fd_northing | [m] Eastward and northward coordi-

nates of the shower core projected at
ground level (UTM coordinates system)
[m] Altitude of the shower core pro-
jected at ground level (UTM coordinates
system)

fd_cherenkovFraction Fraction of detected light from Cherenkov

emission

[deg] Light emission angle from the
shower towards the FD

[g/cm?] Universal shower profile shape
parameter L and its uncertainty
Universal shower profile shape parameter
R and its uncertainty

Id of the SD station with the highest
recorded signal (hottest)

[m] Distance of the hottest station to the
shower detector plane

[m] Distance of hottest station to the re-
constructed shower axis

Value of the exposure (for the SD1500
or SD750 array) at the time of the event
rescaled by the data release fraction

Table 3: Cosmic-ray dataset - content of the summary CSV files

File name Variable Description
sdMap.csv id Identification number of the station
northing [m] UTC coordinates: northing
easting [m] UTC coordinates: easting
altitude [m] UTC coordinates: altitude
start GPS time of the first event detected by the station
stop GPS time of the last event detected by the station
sd1500 [0,1] 1: station is part of the SD1500 array
sd750 [0,1] 1: station is part of the SD750 array
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fdPixelMap.csv

pixel [0-3959] Identification number of the pixel in a
FD site
eye [1-6] Identification number of the FD site
pixelTel [1-440] Identification number of the pixel in a FD
telescope
tel [1-6] Identification number of the telescope
col [1-22] Number of column of the pixel in the tele-
scope
row [1-20] Number of row of the pixel in the tele-
scope
backwallAngle | [deg] Angle of the right wall of the FD site with
respect to the East
elevation [deg] Pointing direction of the pixel: elevation
azimuth [deg] Pointing direction of the pixel: azimuth
sd1500exposure.csv,
sd1500exposurelnclined.csv, | gpstime GPS time
sd750exposure.csv sd_exposure [km?sryr] Value of the exposure for the SD1500

sd_exposure_all

array above threshold (2.5 EeV for events below
60°, 4 EeV for events above 60°) and for the SD750
array (0.1 EeV for events below 40°) integrated at
the corresponding GPS time, rescaled for the frac-
tion of released data

[km?sryr] Full exposure for the SD1500 (SD750)
array above threshold integrated at the corre-
sponding GPS time, without rescaling for the frac-
tion of released data

fdXmaxAcceptance.csv

energyBin Index of the energy bin

lgMinEnergy [log(E/eV)] Start of energy bin

lgMaxEnergy [log(E/eV)] End of energy bin

Xaccl [g/cm?] Xmax below which acceptance effects
become relevant

Xacclerr [g/cm?] Statistical error on the parameter Xaccl

Xacc2 [g/cm?] Xmax above which acceptance effects
become relevant

Xacc2err [g/cm?] Statistical error on the parameter Xacc2

lambdal [g/cm?] Exponential slope of acceptance for
Xmax < Xaccl

lambdalerr [g/cm?] Statistical error on lambdal

lambda2 [g/cm?] Exponential slope of acceptance for
Xmax > Xacc2

lambda2err [g/cm?] Statistical error on lambda2

fdXmaxResolution.csv energyBin Index of the energy bin

lgMinEnergy [log(E/eV)] Start of energy bin

lgMaxEnergy [log(E/eV)] End of energy bin

sigmal [g/cm?] Width of first Gaussian

sigmalErr [g/cm?] Statistical error on sigmal

sigma?2 [g/cm?] Width of second Gaussian

sigma2Err [g/cm?] Statistical error on sigma2

f Relative weight between the two Gaussians

Table 4: Cosmic-ray dataset - content of the auxiliary files
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File name Variable Description

weather.csv
time [s] Unix time (seconds since 1st Jan 1970, w/o
leap seconds)
temperature [°C] Air temperature
pressure [hPa] Barometric pressure
density [kg/m3] Air density

hours earlier

avgDensity2HoursBefore | [kg/ m3] Value of air-density measured two

wsLosLeones.csv,

wsLosMorados.csv, time [s] Unix time (seconds since 1st Jan 1970, w/o
leap seconds)
wsLomaAmarilla.csv, | temperature [°C] Air temperature
wsCoihueco.csv, humidity [%] Relative humidity
wsCLF.csv windSpeed [km/h] Average wind speed
pressure [hPa] Barometric pressure

Table 5: Atmospheric dataset - content of the weather stations files

File name | Variable Description

scalers.csv
time [s] Unix time (seconds since 1st Jan 1970, w/o leap seconds)
rateCorr [counts/m?/s] Corrected scaler rate
arrayFraction | [%] Fraction of array in operation
rateUncorr [counts/s] Average detector scaler rate, uncorrected
pressure [hPa] barometric pressure

Table 6: Scaler dataset - content of the scaler mode file
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