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Gamma-ray astronomy is able to acquire large data volumes that astronomers use to draw
scientific conclusions from. Ensuring the possibility of accessing and utilizing this data also
after the lifetime of currently running experiments requires the use of a standardized data
format. Following the data standardization format proposed by the gamma-ray astronomy
community, we present 104 h of the first production of 166 h of data from the MAGIC Imaging
Air Cherenkov Telescopes in standardized data format. Six datasets were processed from which
three are presented, all of which have been analyzed and validated through comparison using the
open-source software Gammapy and the MAGIC analysis software MARS.

Furthermore, looking towards a large-scale production of standardized data and a legacy of the data
taken by the MAGIC experiment, we have developed and implemented the automated database-
driven MAGIC data reduction tool autoMAGIC which offers a reliable and reproducible way to
produce high-level datasets. By utilizing the automatization of parameter configuration choices,
the software allows for a reduction of human error as well as an acceleration in the production
of standardized data. Here, we also show comparable results for data processed with manual and
automatic methods.
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1. Introduction

The scientific community of very-high-energy (VHE) gamma-ray astronomy has historically per-
formed observations and analysis of data following an in-collaboration approach. This facilitated
the development of customized tools tailored to the requirements and capabilities of the telescope.
Parallel to the utilization of this practice, the exploration of analyses in the multi-wavelength (MWL)
and multi-messenger regime on the basis of collaboration with other astronomy communities yields
scientific gain, such as the development of a multi-messenger view of the Milky Way.[1] Follow-
ing the motivation to tap the full potential of MWL studies and the next-generation gamma-ray
telescope, the Cherenkov Telescope Array Observatory (CTAO), being designed as an open obser-
vatory, a demand for data standardization methods emerged within the VHE gamma-ray community.
On these grounds, the Data Formats for Gamma-ray Astronomy (GADF) initiative was founded,
initiating the discussion on advancing the development of specifications on data formats for high-
energy gamma-ray data.

While the development of data standardization methods and techniques is intrinsic to the develop-
ment of the CTAO, third-generation Imaging Air Cherenkov Telescopes, like the Major Atmospheric
Gamma-ray Imaging Cherenkov (MAGIC) Telescopes, have already performed data acquisition for
over two decades utilizing tailored solutions for data analysis. Concurrently, the large data fund
gathered represents a potential of scientific endeavor. However, this potential extends above the
capacities of the collaboration, offering the opportunity to yield scientific merit by opening access
to these funds. However, due to tailored data analysis pipelines, this calls for the development
and adoption of data standardization methods. Consequently, this striving for standardized data
formats requires the development of an open-source analysis tool linking existing pipelines to new
standardized formats as well as analysis tools building upon the new standardized data formats, such
as Gammapy, that enable the creation of high-level physics results such as spectra and lightcurves.[2]

Moreover, the perspective of third-generation IACTs finalizing their time of service in the near
future guides thoughts toward the long-term value of those experiments to the scientific community
after their retirement. One aspect of the experiment’s legacy value is represented by the data fund
of the telescopes, which in parallel exceeds existing capacities for long-term data curation without
data compression. Such a compressed legacy dataset likewise raises interest in a standardized data
format, ensuring interoperability with data structures of emerging telescopes and compliance with
the FAIR principles.[3] In addition, the data analysis and reduction necessary for the development
of a compressed legacy dataset, requires a data reduction tool that holds the capacity to perform
a consistent large-scale analysis of the data fund while concisely providing the metadata allowing
traceability of the configuration of the steps performed during the analysis.

We present the development of methods producing the first 166 h MAGIC standardized data set,
utilizing the magic_dl3 tool, presenting different scientific analysis cases demonstrating the efforts
towards the adoption of GADF standardized data criteria. In addition, we demonstrate the validation
of these methods against existing data analysis methods performed in the MAGIC collaboration.
Furthermore, we present the development of the database-driven tool autoMAGIC capable of the
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consistent analysis of large data volumes while ensuring traceability as well as reproducibility.
Comparably, we illustrate the validation of autoMAGIC on a data set representing a variety of
moonlight intensities.

2. Development of standardized MAGIC Data

The perspective of standardized data format guidelines has been shaped by the GADF recommen-
dations with the resulting concept of data level 3 (DL3).[4] DL3 is expected to include detector-
and calibration-independent data which are stored in the GADF-compliant Flexible Image Trans-
port System (FITS) file format, allowing for a stand-alone analysis towards higher-level scien-
tific products.[5] DL3 consists of two elements, an event-list of gamma-ray events as well as the
parametrization of the systems response, the so-called instrument response function. Utilizing these
two contents, detector-specific information such as event counts can be converted to experiment-
independent units such as the flux of gamma rays.

Figure 1: A structural float chart of the MAGIC data levels illustrating the visualized data in each step of
the data analysis. Blue boxes describe the levels of data analysis with magic_dl3 highlighted as the tool to
produce standardized data following the GADF guidelines. Below the blue boxes, bold black terms describe
MAGIC subprogram executables performed utilizing MARS. White boxes present the configuration input
that is given to autoMAGIC specifying the analysis characteristics.[6]

Following Figure 1, the chain of data analysis steps in MAGIC is illustrated. In that, the last blue
box "shower parameters" represents the final data analysis step before scientific results are obtained
utilizing the program flute in the MAGIC structure. Since the GADF-compliant DL3 data level
acts as a standardized data format from which scientific results can be acquired, it is necessary
to develop a dedicated method that sources information from the "shower parameters" level and
provides GADF-complained standardized data.

Since none of the data-reduction steps performed by the MAGIC proprietary analysis software MARS
[9] result in a GADF-compliant data format, the tool magic_dl3 was developed. The magic_dl3 tool
is a C++ analysis library that is built on ROOT [8], MARS, and CFITSIO [10] providing MAGIC
DL3 data on the basis of the proprietary MARS melibea data level and converting them towards the
FITS file format. magic_dl3 obtains the first component of the information required for DL3 by
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applying a cut on the "gammaness" score resulting from the appliance of a trained random forest
to the event information. The second component, the IRF, is obtained through building histograms
that describe the collection area as well as the probability distribution from Monte Carlo simulations
following the appliance of cuts identical to the performed data cuts.

3. autoMAGIC

In order to address the challenge of performing the analysis steps up to the melibea data level
shown in Figure 1 that are necessary for the basis of the magic_dl3 library and to tackle the task
of producing a consistent legacy data set, the database-driven automation tool autoMAGIC has
been developed. autoMAGIC is able to adapt analysis configurations dependent on the respective
observation conditions utilizing tables that connect the observation conditions with predefined
configurations. Therefore, work-intensive manual adjustments of configurations for conditions such
as sky brightness, atmospheric condition, or weather throughout the whole analysis time frame are
automatized, otherwise resulting in high numbers of adjustable parameters required for performing
a MARS data analysis. This effaces the possible human errors in the choice of parameters and
allows for a more time-efficient analysis.

Figure 2: Description of the autoMAGIC operation procedure. Data that characterizes the analysis is inserted
into the database, which stores respective information, by requesting it from the PIC cluster. The PIC cluster
draws the information from the PIC File System and returns it to the database. Jobs are created and inserted
into the database based on the available data in the PIC File System and the existence of jobs in the database
mirroring the analysis configuration of requested jobs. Jobs are submitted based on their status in the database
and based on the workload of the PIC Cluster. [7]

In the process, autoMAGIC performs the choice of simulation data as well as background data
following criteria for their source composition while scanning a multi-year data set, which is then
used for the training of random forests. Subsequently, autoMAGIC trains these random forests and
applies them to obtain the information level of melibea data. To perform these steps, autoMAGIC
solely requires one input configuration featuring information such as the source name, the zenith
range, the time range, the weather, and the sky brightness. Based on that information and subsequent
information derived from the autoMAGIC database tables, autoMAGIC automatizes the creation of
configuration files for executables of the MARS software. Following the illustration of Figure 2,
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autoMAGIC runs its computing tasks at the Port d’Informació Cientifica (PIC). Thus, autoMAGIC
exploits the advantage of precreation of the configuration files while utilizing the capacities of the
PIC and its ability to parallel compute large amounts of analysis steps. Such analysis steps for which
all necessary information has been computed will be, if computing resources allow, submitted to
the cluster. Hence, the submission of jobs is always automatically performed at the earliest possible
moment, allowing for significant savings in the required time.

4. Method Validation

To validate the magic_dl3 and the autoMAGIC tool, different data samples were chosen, addressing
different aspects of gamma-ray data analysis and allowing for a thorough validation of the presented
tools. Firstly, the number of counts with respect to the events’ energy is validated, visualizing
deviations of the shape of counts between data analyzed with the MARS pipeline and the pipeline
utilizing magic_dl3 together with Gammapy. Similarly, the effective area and the energy dispersion
are examined to validate the IRF both methods provide. This approach is shown for the on and off
region for a 0.4◦ single-offset 30 h Crab Nebula sample. Figure 3 shows these four comparisons and
agreement can be found on all plots. It is to be considered that the last data point of the effective
area is due to a difference in the Gammapy and MARS interpolation methods.

Figure 3: Comparison of the DL3 components as outlined in section 2. The most left plot depicts the
histogram of counts in the on-region with the second left plot depicting the histogram of counts in the
off-region. The most right plot depicts the bias and the resolution of the energy dispersion while the second
right plot depicts the effective area. All plots include a ratio demonstrating the dispersion of both methods.[6]

In a second validation step, the impact of wobble-offsets [11] is analyzed, addressing the aspect of
validating the observation of diffuse sources. Seven different wobble-offsets have been chosen with
a total of 42 h of Crab Nebula data. A set of 30 h and [5°, 35°] zenith range with a wobble-offset
of 0.4◦ is chosen and six sets of 20 h and [5°, 50°] are chosen with wobble-offsets of: 0.2◦, 0.35◦,
0.4◦, 0.7◦, 1.0◦, 1.4◦. For the spectrum, we assume a log-parabola spectral model with 𝐸0 = 1 TeV.

𝑑𝜙

𝑑𝐸
(𝐸 ; 𝜙0, 𝛼, 𝛽, 𝐸0) = 𝜙0

( 𝐸
𝐸0

)−𝛼−𝛽 log10 ( 𝐸
𝐸0

)
(1)

Following the log-likelihood fit of 1, we obtain the spectra depicted in Figure 4. We observe good
agreement of both pipelines in all offset subplots. Furthermore, we obtain a light curve in Figure
5 of the overall dataset. Both binnings, run- and week-wise, show good agreement, examining
deviations illustrated in ratio plots of less than 5 % for the week-wise binning and less than 20 %
for the night-wise binning.
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Figure 4: Obtained SEDs of the Crab Nebula with the left-side plot showing the SED of a 0.4◦ wobble-
offset. The six subplots on the right side depict the SED depending on the wobble-offset ranging from 0.2◦

in the top-left to 1.4◦ in the bottom right. In all plots, red describes the novel pipeline using magic_dl3 and
Gammapy, black using the proprietary MARS approach, and blue showing the reference value.[6]

Figure 5: The light curve over the whole 42 h data set. Therein, the run-wise light curve is shown in
transparent points and the weekly lightcurve is shown in solid points. The blue dots represent the reference
from MAGIC. [13] [6]

Thirdly, testing the analysis of the flux of a highly variable source, a dataset of 42 h from 2014 of
Mrk421 in the zenith range of [5°, 70°] has been chosen. This data has already been analyzed in
[12], allowing for comparison with the manual method. The light curve presented in Figure 6 shows
good agreement between the proprietary MAGIC software and the DL3 software with the ratio of
the flux never exceeding a deviation of 0.2.
The validation of autoMAGIC requires addressing those aspects of autoMAGIC that differ from
manual analysis. Hence, a dataset of 20 h of varying moonlight conditions of the Crab Nebula
between 11-2018 and 09-2019 in a zenith range of [5°, 50°] was chosen, addressing the automation
of performing moonlight analysis specifications appropriately. For this validation, the high-level
analysis of the manual and the autoMAGIC dataset have both been performed on DL3 data utilizing
Gammapy. Following [14], the data has been divided into four bins of night sky background (NSB)
rates. Figure 7 shows the spectra for both methods in the four background bins. All four bins
show similar observation times with discrepancies of less than 5 %. We observe good agreement
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between the spectra obtained through the usage of autoMAGIC and the spectra obtained manually.
Moreover, in the two higher bins, NSB 3-5 and NSB 5-8, an overall underestimation of the Crab
Nebula data is observed, agreeing with a dedicated study of moon impacts. [14]

Figure 6: Depiction of the lightcurve of 42 h of Mrk421 data, showing the calculated run-wise values for
both analysis pipelines. Ratios of the flux and the signal indicate low deviations. [6]

Figure 7: Illustration of the spectra of Crab Nebula data obtained with the manual method, marked in black,
and the autoMAGIC method, marked in red. A reference to the analyzed data is shown in blue.[13] The
top-left plot depicts the spectrum with the lowest NSB bin. The top-right plot shows the spectra calculated
on data of the second lowest NSB bin with the bottom-left and the bottom-right showing the third and fourth
lowest NSB bin. [6]
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5. Summary

We presented the first production of MAGIC data in a GADF-compliant and standardized format,
demonstrating the efforts to convert to standardized data formats and magic_dl3 as the MAGIC
library facilitating this change. Furthermore, we address the need for a consistent tool for the
automatized and reliable analysis of MAGIC data by presenting autoMAGIC. We validated the
methods utilizing three different datasets for different scientific purposes and received overall good
results, comparing autoMAGIC as well as magic_dl3 with Gammapy with the proprietary MAGIC
software MARS.
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