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ABSTRACT

The analysis and combination of data from different gamma-ray instruments involves the use of collaboration proprietary software and case-by-
case methods. The effort of defining a common data format for high-level data, namely event lists and instrument response functions (IRFs),
has recently started for very-high-energy gamma-ray instruments, driven by the upcoming Cherenkov Telescope Array (CTA). In this work we
implemented this prototypical data format for a small set of MAGIC, VERITAS, FACT, and H.E.S.S. Crab nebula observations, and we analyzed
them with the open-source gammapy software package. By combining data from Fermi-LAT, and from four of the currently operating imaging
atmospheric Cherenkov telescopes, we produced a joint maximum likelihood fit of the Crab nebula spectrum. Aspects of the statistical errors and
the evaluation of systematic uncertainty are also commented upon, along with the release format of spectral measurements. The results presented
in this work are obtained using open-access on-line assets that allow for a long-term reproducibility of the results.
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1. Introduction

The opening of new astronomical windows at different wave-
lengths in the last decades has made evident that many as-
trophysical puzzles could be solved only by combining im-
ages obtained by different facilities. In the late 1970s a
common format was developed to facilitate the image inter-
change between observatories, hence overcoming incompat-
ibilities between the numerous operating systems. The Flex-
ible Image Transport System (FITS) format was standard-
ized in 1980 (Wells et al. 1981) and formally endorsed in
1982 by the International Astronomical Union (IAU), that in
1988 formed a FITS working group (IAUFWG) entrusted to
maintain the format and review future extensions. In the mid-
1990s the NASA high energy astrophysics science archive re-
search center (HEASARC) FITS Working Group, also known
as the OGIP (Office of Guest Investigator Programs), pro-
moted multi-mission standards for the format of FITS data
files in high-energy astrophysics and produced a number of
documents and recommendations that were subsequently in-
corporated into the FITS standard format definition. Since its
conception, the FITS format has been been updated regularly
to address new types of metadata conventions, the diversity of
research projects and data product types. The last version of
the FITS Standard document (4.0) was released in 20181.

Today the FITS format is in widespread use among as-
tronomers of all observing bands, from radio frequencies
to gamma rays. For instance, the high-energy gamma-ray
(HE, E>100 MeV) Large Area Telescope (LAT, Atwood et al.
2009), on board of the Fermi satellite, publicly releases all
its high-level analysis data in FITS format, that, processed
with the science tools, are used to obtain scientific products

⋆Send offprint requests to: C. Nigro, cosimo.nigro@desy.de
1https://fits.gsfc.nasa.gov/fits_standard.html

as spectra, light-curves and sky-maps. However, as a branch
of astroparticle physics, very-high-energy (VHE, E>100 GeV)
gamma-ray astronomy inherited its methodologies and stan-
dards from particle physics, where the ROOT2 framework
(Brun & Rademakers 1997) and its associated file format is
commonly used. Despite the common container format neither
the internal data structure nor the software is shared among
the different experiments. VHE gamma-ray astronomy is con-
ducted by ground-based telescopes, with the Imaging atmo-
spheric Cherenkov telescopes (IACTs) among the most suc-
cessful ones (de Naurois & Mazin 2015). Data from four of
the currently operating IACTs were used in this project: the
Major Atmospheric Gamma Imaging Cherenkov Telescopes
(MAGIC, Aleksić et al. 2016), the Very Energetic Radiation
Imaging Telescope Array System (VERITAS, Holder et al.
2006), the First G-APD Cherenkov Telescope (FACT, Ander-
hub et al. 2013) and the High Energy Stereoscopic System
(H.E.S.S., Hinton et al. 2004). Each of them is described in
section 2.

A new era in VHE gamma-ray astronomy is expected
to start with the future Cherenkov Telescope Array (CTA,
Acharya et al. 2013), the next generation IACT instrument,
which is currently under construction. The future operation
of CTA as an observatory calls for its data format and anal-
ysis software to be available to a wide astronomical commu-
nity. This requirement led to a standardization of the IACT
data format, adopting the FITS standard, and the develop-
ment of open-source science tools, initiating the integration
of the VHE discipline into multi-instrument astronomy. A
first attempt to define a common data format for the VHE
gamma-ray data is being carried out within the “Data for-

2https://root.cern.ch/
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mats for gamma-ray astronomy”3 forum (Deil et al. 2017b,
2018). This is a community effort clustering together mem-
bers of different IACT collaborations with CTA as driving
force. In this paper we implement this prototypical data for-
mat for data samples by MAGIC, VERITAS, FACT, and
H.E.S.S. and we combine, for the first time, observations by
Fermi-LAT and these four IACTs relying for the scientific
analysis solely on open-source software, in particular on the
gammapy4 project (Donath et al. 2015; Deil et al. 2017a). We
provide the reader not only with the datasets but also with
all the scripts and an interactive environment to reproduce
all the results. They are available at https://github.com/
open-gamma-ray-astro/joint-crab and will be referred
to, from now on, as online material. This allows to fully re-
produce the results presented in the paper. The Crab nebula is
selected as a target source for this work, being the reference
source in the VHE gamma-ray astronomy (Aharonian et al.
2004, 2006; Albert et al. 2008; Aleksić et al. 2012; Aleksić
et al. 2016) due to its brightness, apparent flux steadiness and
visibility from all the considered observatories.

The paper is structured as follows: we describe the se-
lected datasets in Section 2, the process of extracting the spec-
tral information with some considerations on the handling of
statistical and systematic uncertainties in Section 3. In Sec-
tion 4 we present the resources we use to ensure the analysis
reproducibility, and in Section 5 we provide some prospects
for the reuse of the methodologies of data release discussed
and implemented in this work. This report is a technical paper
to show the ease of multi-instrument results once the format
standardization is reached: we do not seek to draw any sci-
entific conclusion on the physics of the Crab nebula, and of
pulsar wind nebulae, in general.

2. Datasets

Differently than other astronomical telescopes, instruments for
gamma astronomy cannot directly scatter or reflect gamma
rays, being photon-matter interactions dominated by pair pro-
duction for Eγ > 30 MeV. The experimental techniques, ei-
ther space-borne or ground-based (Funk 2015), rely on the di-
rect detection of secondary charged particles or on the indirect
detection of the Cherenkov emission of a cascade of charged
secondaries they produce in the atmosphere. A detection, or
event, cannot be unambiguously discriminated from the irre-
ducible charged cosmic ray background, but can only be clas-
sified with a certain probability as a primary photon. Gamma-
ray astronomy could therefore be labelled as “event-based”
in contrast to the “image-based” astronomy where charge-
coupled devices (CCDs) act as detectors. The input for the
high-level analysis of gamma-ray astronomy data is typically
constituted by two elements. The first one is a list of events
that are classified (according to selection cuts) as gamma rays,
along with their estimated direction, P

′, estimated energy, E′,
and arrival time. The second element consists of the instru-
ment response functions (IRFs), quantifying the performance
of the detector and connecting estimated quantities (E′, P

′)
with their true, physical, values (E, P). IRFs components are:

– effective area, representing the effective collection area of
the instrument, Aeff(E, P);

– energy dispersion, the probability density function of the
energy estimator fE(E′|E, P);

3https://gamma-astro-data-formats.readthedocs.io
4https://gammapy.org/

– point spread function (PSF), the spatial probability distri-
bution of the estimated event directions for a point source,
fP(P

′|E, P).

Their formal definition is shared with lower-energy instru-
ments (e.g. x-ray, Davis 2001) and they are computed from
Monte Carlo simulations. Since the detector response is not
uniform across the field of view (FoV), the IRFs generally de-
pend on the radial offset from the FoV center (full-enclosure
IRFs). When this dependency is not taken into account, and
a cut on the direction offset of the simulated events is ap-
plied, the IRFs are suited only for the analysis of a point-
like source sitting at an a priori defined position in the FoV
(point-like IRFs). IRFs components, in this case, do not have
a dependency on the event coordinate, P, but only on the en-
ergy and the PSF component is not specified. The differences
between full-enclosure and point-like IRFs are illustrated in
the interactive notebook 1_data.ipynb in the online mate-
rial. For this publication we will use all the datasets to per-
form a point-like analysis. In the IACT terminology, event lists
and IRFs are dubbed Data Level 3 (DL3) products (Contreras
et al. 2015). The datasets used in this work include observa-
tions of the Crab nebula by Fermi-LAT, MAGIC, VERITAS,
FACT, and H.E.S.S. following the format specifications avail-
able in the “Data formats for gamma-ray astronomy” forum
(Deil et al. 2017b). The IACT DL3 datasets were produced
with proprietary codes that extracted the event lists, and IRFs,
and saved them in the requested format5. They are released in
chunks, typically of 20-30 minutes, of data acquisition, named
runs. IACTs are ground-based, pointing instruments and their
response varies with the observing conditions (atmospheric
transmission, zenith angle, night sky background level, posi-
tion of the source in the FoV) therefore their data come with
per-run IRFs. The Fermi-LAT telescope, orbiting around the
Earth at ∼ 600 km, is generally operating in survey mode and
has a stable set of IRFs shipped with the science tools. We
use the Fermi-LAT science tools and gammapy to make these
datasets spec-compliant. This work constitutes the first joint
release of datasets from different instruments in VHE gamma-
ray astronomy.
An interactive notebook illustrating the content of the datasets,
1_data.ipynb, is available in the online material. The
datasets are presented in what follows in order of increasing
instrument energy threshold (see Table 1).

Table 1. Crab nebula datasets used in this work. Tobs stands for obser-
vation time, Emin and Emax identify the energy range of the analysis,
Non and Nbkg the number of total and background events, respectively,
estimated in the circular signal region with a radius Ron.

Dataset Tobs Emin Emax Non Nbkg Ron

TeV TeV deg

Fermi-LAT ∼7 yr 0.03 2 578 1.2 0.30
MAGIC 0.66 h 0.08 30 784 129.9 0.14
VERITAS 0.67 h 0.16 30 289 13.7 0.10
FACT 10.33 h 0.45 30 691 272.8 0.17
H.E.S.S. 1.87 h 0.71 30 459 27.5 0.11

5All the FACT software used to generate DL3 datasets is open-
source.
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each of them with a duration of 28 min. They were taken in
wobble mode at zenith angles between 45◦ and 50◦, half of
them with a 0.5◦, and the other half with a 1.5◦ offset angle.
These data are the Crab runs part of the first FITS test data re-
lease (Abdalla et al. 2018)8. H.E.S.S. released full-enclosure
IRFs (Deil et al. 2017b), i.e. no directional cut is applied on
the simulated events.

3. Data analysis

In this section we present a spectral analysis of the gamma-
ray datasets described in Section 2. First, the gamma-ray event
data and IRFs are reduced for each instrument (Section 3.1).
Then, in Section 3.2, we preform a spectral likelihood fit, un-
der the assumption of a log-parabola analytic model, for each
datasets separately, and for all the datasets together (joint fit).
Finally, we present an analysis that includes a systematic error
term, representing the uncertainty on the energy scale of each
instrument, in a modified likelihood function.

3.1. Spectrum extraction

In order to estimate the energy spectrum of a gamma-ray

source (
dφ

dE
(E;Λ), with Λ a the set of spectral parameters),

a binned maximum likelihood method, with nE′ bins in es-
timated energy E′ is used. The observed data D for such a
likelihood function are the number of events in a circular sig-
nal region (labeled as ON) containing the gamma-ray source
and in a control region (labeled as OFF) measuring the back-
ground to be subtracted from the ON. Considering nruns obser-
vation runs from ninstr different instruments (or datasets), we
can write the likelihood as:

L(Λ|D) =

ninstr
∏

i=1

Li(Λ|{Non,i jk,Noff,i jk} j=1,...,nruns;k=1,...,nE′
) (1)

with each instrument contributing with a term:

Li(Λ|{Non,i jk,Noff,i jk} j=1,...,nruns;k=1,...,nE′
) =

nruns
∏

j=1

nE′
∏

k=1

Pois(gi jk(Λ) + bi jk; Non,i jk) × Pois(bi jk/αi j; Noff,i jk),

(2)

where:

– Non,i jk and Noff,i jk are the number of observed events within
the ON and OFF regions, respectively, in the energy bin k
in the run j for the i-th instrument. They are both charac-
terized by a Poisson distribution;

– gi jk(Λ) and bi jk are the expected number of signal and
background events, respectively, in the energy bin k in the
run j for the i-th instrument. gi jk is computed with the for-
ward folding technique: for a point-like analysis the as-

sumed spectrum
dφ

dE
is convolved with the effective area

and energy dispersion IRFs component. bi jk, in absence
of a background spectral model, is treated as a nuisance

parameter and fixed to the value returning ∂L
∂bi jk
= 0, for

the mathematical details of gi jk and bi jk evaluation see Ap-
pendix A in Piron et al. (2001).

8https://www.mpi-hd.mpg.de/hfm/HESS/pages/

dl3-dr1/

– αi j is the ON to OFF exposures ratio, constant with energy
in our case, in the run j for the i-th instrument.

The size of the circular ON region per each dataset is given as
Ron in Table 1, the OFF region can be defined either as mul-
tiple regions mirroring the ON symmetrically with respect to
the telescope pointing position (reflected regions background
Aharonian et al. 2001; Berge, D. et al. 2007) or as a ring
around the source position (ring background method in Berge,
D. et al. 2007). Given the wobble mode observation strategy,
and the small FoV, the reflected regions method is naturally
suitable for the IACTs datasets. On the other hand, the ring
background method is used for the Fermi-LAT datasets, in this
analysis with a circular signal region of 0.3◦ radius and a back-
ground ring with inner and outer radius of 1◦ and 2◦, respec-
tively. We choose, for all the instruments, 20 bins per decade
for the estimated energy between 10 GeV and 100 TeV. For a
given instrument i and run j the likelihood values are not com-
puted in the energy bins outside the range [Emin, Emax] given in
Table 1. The choice of the energy range for Fermi-LAT is al-
ready discussed in Section 2.1. For the IACT datasets, Emin is a
safe energy threshold for the spectrum extraction computed by
the collaboration software and hard coded in the DL3 files. It
is mostly dependent on the experiment performance and on the
zenith angle of the observations. FACT has an energy thresh-
old of 450 GeV, higher than MAGIC and VERITAS despite
the observations carried out in the same zenith angle range,
due to its limited light-collection area and the single telescope
observations. The larger zenith angle of the H.E.S.S. datasets
is due to the low altitude at which the source culminates at the
H.E.S.S. site. This yields an energy threshold of ∼ 700 GeV,
higher than any other IACT. The maximum energy Emax is
fixed to 30 TeV for all the IACTs and it is chosen to cover the
whole energy range containing events.
The mean number of signal events, labeled as excess events,
can be estimated via the equation Nex,i jk = Non,i jk − αi jNoff,i jk.
The distribution of the excess events in each estimated en-
ergy bin, summed over all the observational runs per each in-
strument (

∑nruns

j=1
Nex,i jk) is shown in Figure 1. Table 1 reports

also the total number of observed events in the ON region
(NON =

∑

i jk Non,i jk) per each experiment, and the number
of background events in the ON region per each experiment,
obtained scaling the OFF events with the exposures ratio αi j

(Nbkg =
∑

i jk αi jNoff,i jk).
To perform a joint point-like analysis we reduce the Fermi-
LAT and H.E.S.S. full-enclosure IRFs to a point-like format,
removing the dependency from the source position in the FoV.
For Fermi-LAT, under the assumption that the acceptance is
uniform in a small sky region close to our target, we obtained
a point-like effective area by taking the value at the source po-
sition. In each energy bin we corrected the effective area with
a containment fraction computed integrating the PSF over the
signal region. Similarly for the H.E.S.S. IRFs the value at the
source offset is taken and a correction based on the PSF con-
tainment fraction is computed.

3.2. Spectral model fit

We assumed a spectral model of log-parabolic form:

dφ

dE
= φ0

(

E

E0

)−Γ−β log10

(

E
E0

)

,

(3)

since it was suggested as the best-function approximation for
the Crab nebula spectrum in such a wide energy range (Alek-
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(Astropy Collaboration 2013) and sherpa (Freeman et al. 2001). The au-
thors are indebted to Abelardo Moralejo and Hans Dembinski for their useful
suggestions on the statistical and systematic uncertainty estimation. We are
grateful to the anonymous referee for improving the paper with his helpful
comments.
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