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The ASTRI (Astrofisica con Specchi a Tecnologia Replicante Italiana) Mini-Array will be composed of 
nine imaging atmospheric Cherenkov telescopes at the Observatorio del Teide site. The array will be best 
suited for astrophysical observations in the 0.3–200 TeV range with an angular resolution of few arc-
minutes and an energy resolution of 10-15%. A core-science programme in the first four years will be 
devoted to a limited number of key targets, addressing the most important open scientific questions in 
the very-high energy domain. At the same time, thanks to a wide field of view of about 10◦ , ASTRI 
Mini-Array will observe many additional field sources, which will constitute the basis for the long-
term observatory programme that will eventually cover all the accessible sky. In this paper, we review 
different astrophysical Galactic environments, e.g. pulsar wind nebulae, supernova remnants, and gamma-
ray binaries, and show the results from a set of ASTRI Mini-Array simulations of some of these field 
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sources made to highlight the expected performance of the array (even at large offset angles) and the 
important additional observatory science that will complement the core-science program.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Italian National Institute for Astrophysics (INAF), together 
with international partners from South Africa and Brazil, in the 
last decade has led the construction of one class of the Small-Size 
Telescopes (SSTs) in the context of the Cherenkov Telescope Array 
(CTA) for its Southern site: the Astrofisica con Specchi a Tecnologia 
Replicante Italiana (ASTRI) telescope (Pareschi, 2016). An ASTRI pro-
totype (ASTRI-Horn) was built on Mt. Etna (Sicily) in 2014. The AS-
TRI collaboration adopted an end-to-end approach that comprised 
all aspects from design, construction and management of the en-
tire hardware and software system up to final scientific products. 
Following the successful validation of all the engineering aspects of 
the telescope and the successful matching of the expected scien-
tific performance by the ASTRI-Horn prototype, INAF has financed a 
larger project, that will lead to the construction of an array of nine 
SST ASTRI-like telescopes, implemented on the base of the proto-
type’s camera and structural design: the ASTRI Mini-Array that will 
be built at the Observatorio del Teide,1 located in the Canary island 
of Tenerife at 2390 m of altitude.

After the calibration phase and the validation of the expected 
performances, in the first years, the array will be run as an ex-
periment and the ASTRI Mini-Array Collaboration has defined an 
ambitious observational plan focused on key scientific questions 
(Science Pillars) anchored to a corresponding set of celestial objects 
to be observed extensively. Moreover, thanks to its large field of 
view (FoV) of 10◦ in diameter and good spatial resolution, the AS-
TRI Mini-Array will be able to observe large portions of the sky in 
a single observation, allowing deep monitoring of multiple targets 

1 https://www.iac .es /en /observatorios -de -canarias /teide -observatory.
140
at the same time and a great opportunity for catching transient 
and serendipitous events.

The work presented in this paper has three companion papers 
that will present each different aspects of the project. Scuderi et al. 
(2022, hereafter Paper I) will detail the current status of the ASTRI 
Project, namely the ASTRI Mini-Array technological solutions, the 
array lay-out and site characteristics. Vercellone et al. (2022, here-
after Paper II) will describe the Science Pillars targets that will be 
observed during the first years of operation. The aim of this paper 
(paper III) is to present the potentially interesting very high en-
ergy (VHE) Galactic targets that might be observed together with 
the pillar targets, because present in the same FoV, or from a long-
term planning. Saturni and Collaboration (2022, hereafter Paper IV)
will similarly present the base of the scientific long-term planning 
for the extragalactic science.

1.1. Scientific simulation setups

The instrument response function (IRF) used to produce the 
simulated event list files, and the subsequent high-level scien-
tific analyses presented in this work, was obtained from dedi-
cated Monte Carlo (MC) simulations and MC reconstruction analy-
sis which are fully detailed in Sect. 2.1 and 2.2 of Paper II.

Here, we briefly summarise the most important characteristics 
of this IRF (optimised for a 50 hours exposure) regarding energy 
and spatial resolution and sensitivity (see Sect. 2.3 of Paper II, for 
a comprehensive discussion). For an on-axis source, in the 1–200 
TeV band, the energy resolution is in the range 10-15%; the angu-
lar resolution is ∼ 8′ at 1 TeV, with a minimum value of ∼ 3′ at 
10 TeV, degrading very little up to 100 TeV. The differential sen-
sitivity curve for 50 hours has its minimum value of 7 × 10−13

erg cm−2 s−1 between 5 and 8 TeV. The dependence of this per-

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.iac.es/en/observatorios-de-canarias/teide-observatory
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Fig. 1. Sky distribution, in Galactic coordinates and Hammer-Aitoff projection, of the ASTRI Mini-Array Galactic targets presented in this paper (red triangles). The position in 
Galactic coordinates of the core-science targets described in Paper II (black stars) is also shown inside a 6◦ radius circle (green solid circles). The assumed limit on source 
declination for the objects visible by the ASTRI Mini-Array is 20◦ (purple line).
formance on the offset angle is contained within a factor ∼ 1.5 
degradation from the best nominal values up to 3◦; the degrada-
tion reaches a factor ∼ 2 for an offset angle of ∼ 5◦ .

In this paper we simulated the event list files associated with 
each source, or field, using the same simulation setup and tools de-
tailed in Paper II; briefly, we used ctools v.1.7.2 (Knödlseder et al., 
2016b) and the Gammapy package (v.0.17, Deil et al., 2017) to gen-
erate event lists, sky maps, spectra and to perform maximum like-
lihood fitting. For every source model, we have generally produced 
100 independent realisations and then averaged the best-fitting re-
sults (Romano et al., 2018, 2020). We did not take into account the 
energy dispersion of the IRF and any systematic error introduced 
at the IRF level. In the spectral fit, the background is treated us-
ing the IRF model. We did not take into account any model for 
the diffuse γ -ray emission. We will detail on data analysis of sin-
gle observations in the Feasibility and Simulations paragraph of each 
section. We also used heasoft v.6.262 and SAOImage ds93 for gen-
eral data extraction and analysis of spectra and images.

Additionally, in the Appendix of this paper, we will also show 
results for two pulsar wind nebulae (Vela X and HESS J1303-631), 
which were originally simulated within the ASTRI Comprehensive 
Data Challenge (ACDC) project (Pintore et al., 2020). Spectra for 
these sources were simulated with an IRF corresponding to an ar-
ray of nine ASTRI-like telescopes for the Paranal site. This IRF is 
sufficiently close (in terms of effective area, angular and spectral 
resolution) to the Teide IRF (differences in sensitivity less than 20% 
in the 2–100 TeV range), so that the analysis carried out on these 
two sources can be confidently used to illustrate the expected AS-
TRI Mini-Array performance for similarly extended pulsar wind 
nebulae in the Northern Hemisphere.

2. Overview of the Galaxy in the TeV band

The energy coverage, effective area and expected performances 
of the ASTRI Mini-Array make it an ideal observatory of the bright 
Galactic TeV sources. In this section, we briefly summarise the 

2 https://heasarc .gsfc .nasa .gov /docs /software /lheasoft/.
3 http://ds9 .si .edu /site /Home .html.
141
state-of-the-art population of Galactic TeV sources. A recent cen-
sus of the source classes and relative size of the populations is 
provided by the Galactic Plane survey (GPS) obtained with the 
High-Energy Stereoscopic System (H.E.S.S., H. E. S. S. Collaboration 
et al., 2018). While based on a scan of the plane best observed 
from the Southern hemisphere, it is reasonable to assume that the 
HESS GPS is representative of the source population also for the 
Northern sky. The H.E.S.S. survey gathers ∼ 2700 hours of observa-
tions covering the 65–250 deg longitude range for latitudes |b| <
3 deg, with 5′ angular resolution. With a sensitivity reaching 1.5% 
Crab, the survey yielded in a catalogue of 78 discrete sources. 31 
out of 78 sources have secure counterparts at other wavelengths 
and their nature is well established: 12 sources are pulsar wind 
nebulae (PWN), 16 sources are supernova remnants (SNRs, 8 with 
shell-like morphology and 8 with composite morphology) and 3 
sources are related to γ -ray binary systems, most likely hosting 
a neutron star (NS) as compact object. 36 out of 78 objects are 
likely associated either to a PWN or to a SNR, or to an energetic 
γ -ray pulsar. 11 of the remaining objects do not have a convinc-
ing counterpart, with one source of possible extra-galactic origin 
(HESS J1943+213, Archer et al., 2018). Apart from the 3 γ -ray bi-
naries, which appear as point-like sources, all other sources show 
spatially extended emission.

A view of the observable sky from the Observatorio del Teide to-
gether with the sky position of the sources analysed in this paper, 
is presented in Fig. 1.

For the Northern hemisphere, we find a similar distribution of 
sources among the different classes. Using the second TeVCat cat-
alogue4 we report in Table 1 all the Galactic TeV point sources 
observed from at least one of the three most important VHE 
IACT Northern observatories: MAGIC (Aleksić et al., 2016b), HAWC 
(Abeysekara et al., 2017b), and VERITAS (Staszak and VERITAS Col-
laboration, 2015). We note that the ASTRI Mini-Array can likely 
observe many other known sources, in addition to those listed in 
Table 1: for instance, many sources from the H.E.S.S. Galactic sur-
vey will be observable, although at higher zenith angles.

4 http://tevcat2 .uchicago .edu/.

https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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Table 1
List of identified TeV sources which were reported by at least one of the following observatories in the Northern hemisphere: MAGIC, VERITAS or HAWC. Sky positions, source 
identifications and fluxes reported according to the TeVCat (Wakely and Horan, 2008) catalogue. The 0◦− 45◦ and 45◦− 60◦ columns indicate the maximum available hours 
of visibility from the Observatorio del Teide site, in moonless conditions, for two zenith angle ranges.

Name RA Dec. Flux 0◦− 45◦ 45◦− 60◦ Notes Section
deg deg % Crab hr hr

Pulsar Wind Nebulae
HESS J1857+026 284.30 2.67 16% 370 170
2HWC J1953+294 298.06 29.42 10% 495 170

Shell Supernova Remnants
Tycho 6.34 64.14 1% 410 340 Paper II
Cas A 350.85 58.81 2% 470 280
HESS J1912+101 288.00 10.10 0.1% 420 160
SNR G106.3+02.7 336.9958 60.8769 5% 460 300 Paper II

Other Supernova Remnants
IC 443 94.21 22.50 3% 480 170 Sect. 4.1
W 51 290.96 14.10 3% 440 160 Cloud Paper II
SNR G015.4+00.1 274.02 -15.20 23% 100 300 Composite SNR

Mixed PWN/SNR
CTA 1 1.65 72.78 4% 70 690
3C 58 31.40 64.83 0.65% 400 360
Crab Nebula 83.633 22.0145 100% 470 170 Paper II
Geminga 98.48 17.77 23% 400 170 also TeV Halo Paper II
HESS J1813-178 273.36 -17.85 6% 0 370 Sect. 5.1
HESS J1825-137 276.55 -13.58 54% 150 260 also TeV Halo1

HESS J1831-098 277.85 -9.90 4% 230 220
HESS J1837-069 279.51 -6.93 53% 275 210
IGR J18490-0000 282.26 -0.02 1.5% 346 180
SNR G054.1+00.3 292.63 18.87 2.5% 460 160
MGRO J2019+37 305.02 36.72 67% 510 180
Boomerang 337.25 61.2 44% 450 300 Paper II

Source name RA Dec Flux 0-45 deg 45-60 deg Notes
(deg) (deg) Crab % hr hr

Gamma-ray binaries
LS 61+303 40.13 61.23 16% 440 310
HESS J0632+057 98.25 5.80 3% 400 170
LS 5039 276.56 -14.85 3% 130 280 Sect. 7.2
SS 433 287.96 4.98 1% 390 170 Sect. 7.1
PSR J2032+4127 308.05 41.46 1% 510 190 also PWN Sect. 5.2

TeV halos
HAWC J0635+070 98.71 7.00 400 170
HAWC J0543+233 85.78 23.40 480 170
2HWC J0700+143 105.12 14.30 450 170

1 The interpretation of HESS J1825-137 as a TeV Halo is discussed in Sudoh et al. (2019) and Aharonian (2004, 2013a).
In the following we illustrate the ASTRI Mini-Array expected 
performance on representative objects taken from all the main 
classes of sources identified in the H.E.S.S. GPS. We will start with 
the Cygnus region, an extended field crowded of multiple TeV ob-
jects, ideal for showing the ASTRI Mini-Array capabilities at de-
tecting known and serendipitous sources at different flux levels 
(Sect. 3).
We will then discuss the SNR class in Sect. 4, PWNe in Sect. 5, 
γ -ray pulsars and γ -ray binaries in Sect. 6 and in Sect. 7, respec-
tively. Other scientific cases, like search for dark matter signal in 
the Galactic Centre, possible detection of Novae, and VHE emission 
from a candidate Globular Cluster, are discussed in Sect. 8.

3. A survey of the Cygnus region

Scientific case The ASTRI Mini-Array wide FoV will cover large 
parts of the γ -ray sky in one observing night. Here, we present the 
expected outcome of such extensive coverage of the sky, as a possi-
ble mapper of both the persistent and transient Galactic population 
of VHE sources. For the Northern sky, the richest and most inter-
esting extended region to look at is the Cygnus region, a region of 
the Galaxy which extends from 64◦ to 84◦ in Galactic longitude l
and from -3◦ to 3◦ in Galactic latitude b. The region comprises the 
nearest and most massive star-forming regions of the Galaxy, with 
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a wealth of possible cosmic accelerators, among the many SNRs 
and PWNe.

Feasibility and simulations We simulated a possible survey of the 
Cygnus region assuming 50 different pointings, at the same Galac-
tic latitude and spaced by 0.4◦ in Galactic longitude, from (l, b) 
= (64,0) to (l, b) = (84,0). We tested three different exposures (1, 
2, and 4 hours) for each pointing, to assess the detection efficiency 
and parameter constraints as a function of the total observing time, 
which therefore resulted in a global (sum of all the pointings expo-
sures) observing time of 50, 100, and 200 hours, respectively. This 
strategy maximises the exposure at the centre of the field, whereas 
the boundary regions of the survey result much less covered. An 
exposure map of the region (normalised at 1 for the central re-
gions) computed for a reference energy of 10 TeV is shown in 
Fig. 2. For this sky simulation we use a list of TeV sources, with 
their spectra and morphology, as reported from the most recent 
HAWC catalogue (Albert et al., 2020). The spatial and spectral pa-
rameters are comprehensively reported in Table 2. Two sources 
from this list have been studied in much more detail: the PWN/γ -
ray-binary PSR J2032+4127 (Sect. 5.2 of this paper) and the SNR 
γ -Cygni (Paper II). For the sake of consistency, in the present anal-
ysis we adopted only the spectral and morphological parameters 
given by HAWC although most of these sources have been also 
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Fig. 2. Sky maps of the Cygnus region, showing the position of the simulated sources of Table 2. From top to bottom: normalised exposure map of the simulated field: each 
pointing shown as a circle of radius 4◦ , uniformly spanning the Galactic longitude from l = 64 deg to l = 84 deg; count maps assuming for each pointing an exposure of 1 hr 
(second panel), 2 hr (third panel)and 4 hr (fourth panel). Sky map units are counts/pixel.
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Table 2
List of HAWC TeV sources detected in the Cygnus region (Albert et al., 2020) together with spatial and spectral model parameters: RA and Dec. positions, radius (in case of 
extended sources), power-law spectral photon index and differential flux (pref actor) at the reference energy of 7 TeV.

Name RA Dec. Radius Index Prefactor Notes
deg deg deg [10−21 MeV−1 cm−2 s−1]

3HWC J1951+266 297.9 26.61 0.5 2.36 8.5
3HWC J1951+293 297.9 29.40 0.0 2.47 7.9
3HWC J1954+286 298.7 28.63 0.0 2.42 6.4
3HWC J1957+291 299.4 28.63 0.0 2.54 6.2
3HWC J2005+311 301.5 31.17 0.0 2.58 5.6
3HWC J2006+340 301.7 34.00 0.0 2.56 8.5
3HWC J2010+345 302.7 34.55 0.0 2.91 5.4
3HWC J2019+367 304.9 36.80 0.0 2.04 34.7
3HWC J2020+403 305.2 40.37 0.0 3.11 11.4 γ -Cygni (Paper II)
3HWC J2022+431 305.5 43.16 0.0 2.34 6.0
3HWC J2023+324 305.8 32.44 1.0 2.70 13.8 Sect. 5.2
3HWC J2031+415 307.9 41.51 0.0 2.36 30.7
3HWC J2043+443 310.9 44.30 0.5 2.33 9.7
investigated with facilities with better angular and spectral reso-
lution than HAWC. However, we note that the flux measured by 
HAWC tends to be generally higher than the other measurements: 
this might be due to the fact that HAWC uses a power-law spec-
tral model to fit the spectra, whereas most of these sources show 
a cut-off above 10 TeV. To avoid this high-energy flux bias in our 
detection estimates, we maintained a more conservative approach 
and performed an unbinned likelihood analysis in the restricted 
energy range 0.5–10 TeV. From the event list and best-fit models, 
we produced sky maps from the whole set of simulations and for 
the three overall exposures (50 hr, 100 hr and 200 hr) with the
ctskymap tool using the IRF subtraction method (Fig. 2).

Analysis and results We report in Table 3 the best-fitting values 
and associated uncertainties according to the three global expo-
sures of 50, 100 and 200 hr. Among the 13 simulated field sources, 
10 sources are always significantly detected even at the short-
est 50 hr exposure. In some cases, we obtained a Test Statistic 
(TS) < 9 (e.g. for 3HWC J1951+266, 3HWC J2022+431, and 3HWC 
J2043+443). The source 3HWC J1951+266 is never well detected 
even with 200 hr exposure. This is because of the survey strat-
egy: it can be noted also from the upper panel of Fig. 2 that these 
sources are at the edges of the exposure map. For detected sources, 
the relative errors on their positions are of the order of 1′ or less, 
thus indicating that a census of a VHE population at the sensitivity 
presently reached by HAWC can be obtained using just few tens of 
hours of exposure.

4. Supernova remnants

Supernova Remnants (SNRs) are sources of primary interest for 
High Energy Astrophysics: not only they are bright high energy ra-
diation sources but they are also thought to be the primary Cosmic 
Ray (CR) accelerators in the Galaxy (see e.g. Blasi, 2013; Amato, 
2014a, for some recent reviews). A SNR is a system composed of 
the debris of a Supernova (SN) explosion and of the material, ei-
ther interstellar or circumstellar, that the blast wave associated to 
the explosion progressively sweeps up depending on the type of 
explosion and on the evolutionary stage of the source. SNRs are 
characterised by the presence of at least two shock waves: the for-
ward shock, associated with the supersonic expansion of the SN 
ejecta in the surrounding medium, and the reverse shock, propa-
gating through the ejecta and back towards the explosion site. The 
processes of plasma heating and particle acceleration associated 
with these shock waves make SNRs bright sources throughout the 
entire electro-magnetic spectrum, from radio to VHE γ -rays. The 
latter are privileged messengers when it comes to probe the SNR-
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CR connection (Aharonian (2013b); see also Amato and Casanova 
(2021) for a very recent review of this subject).

Indeed, while the paradigm associating galactic CRs with SNRs 
has been in place for about 80 years, observational evidence of the 
connection is still only partial. X-ray observations of young SNRs 
reveal the presence of electrons accelerated to energies of several 
tens of TeV (Vink, 2012), suggesting that protons could be ac-
celerated beyond ∼ 100 TeV through Diffusive Shock Acceleration 
(DSA, see e.g. Malkov and Drury, 2001). However these high energy 
protons can only show their presence through nuclear collisions, 
ultimately producing π0-decay γ -rays. This emission is difficult to 
disentangle from leptonic Inverse-Compton scattering (ICS) radia-
tion contributing in the same energy band. Solid evidence of the 
presence of relativistic protons has only been found in middle-aged 
SNRs, as W44 and IC443 (Giuliani et al., 2011; Ackermann et al., 
2013; Cardillo et al., 2014; Funk, 2017), where the π0-decay sig-
nature is easier to recognise but where we do not find, nor expect, 
very high energy particles: the emission in these sources is cut 
off at energies consistent with protons below 100 TeV and with 
a steep spectrum. In addition, these particles could in principle 
be reaccelerated, rather than freshly accelerated at the SNR shock 
(Cardillo et al., 2016).

For the vast majority of γ -ray emitting SNRs, and most impor-
tantly in the young and most efficient ones, the γ -ray emission 
can be modelled as hadronic or leptonic just as well, in spite of 
the fact that the two interpretations usually imply two very differ-
ent scenarios in terms of the underlying properties of the source. 
A striking example in this sense is the remnant RX J1713.7-3946 
(Morlino et al., 2009; Zirakashvili and Aharonian, 2010).

The nature of the emission becomes however clear as soon as 
one moves in photon energy beyond a few tens of TeV: at these 
energies the ICS radiation is suppressed due to the transition to 
the Klein-Nishina scattering cross-section, so that emission beyond 
this energy must come from hadronic processes. At these very high 
energies one would be observing protons of energy close to 1 PeV, 
namely in the so-called knee region where a break in the CR spec-
trum is observed, presumably indicating the maximum achievable 
proton energy in galactic sources. Investigation of SNRs at energies 
around 100 TeV is then particularly topical, especially in light of 
the recent theoretical developments casting doubts on the ability 
of SNRs to accelerate protons up to the knee (Cardillo et al., 2015; 
Cristofari et al., 2020).

It is possible to classify SNRs on the basis of their morphol-
ogy. Traditionally, this classification comprises three main classes: 
shell-type SNRs, plerions, and composite SNRs (Vink, 2012). Shell-
type SNRs are clearly characterised by a patchy ring of X-rays 
emission around the centre of the explosion. This emission is usu-
ally observed with the same shape also at other frequencies (e.g. 
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Table 3
Best-fitting model parameters for the Cygnus sources according to the exposures (50 hr, 100 hr and 200 hr).

Name Exposure Radius RA Dec. Index Norm TS
hours deg deg deg 10−21 MeV−1 cm−2 s−1

3HWC J1951+293
50 – 297.988 ± 0.013 29.391 ± 0.010 2.58 ± 0.25 7.24 ± 2.6 59
100 – 297.994 ± 0.008 29.399 ± 0.007 2.46 ± 0.17 8.2 ± 1.9 123
200 – 297.994 ± 0.006 29.397 ± 0.005 2.44 ± 0.11 9.1 ± 1.4 291

3HWC J1954+286
50 – 298.699 ± 0.010 28.629 ± 0.011 2.47 ± 0.24 8.50 ± 2.8 59
100 – 298.698 ± 0.011 28.627 ± 0.010 2.4 ± 0.2 6.5 ± 1.8 77
200 – 298.689 ± 0.007 28.627 ± 0.006 2.35 ± 0.16 6.5 ± 1.3 140

3HWC J1957+291
50 – 299.362 ± 0.011 29.176 ± 0.011 2.58 ± 0.25 6.9 ± 2.5 62
100 – 299.370 ± 0.008 29.170 ± 0.008 2.30 ± 0.18 9 ± 2 128
200 – 299.362 ± 0.007 29.178 ± 0.005 2.46 ± 0.14 6.7 ± 1.2 197

3HWC J2005+311
50 – 301.465 ± 0.018 31.208 ± 0.011 2.70 ± 0.27 3.9 ± 1.6 34
100 – 301.461 ± 0.011 31.167 ± 0.010 2.73 ± 0.20 3.7 ± 1.1 72
200 – 301.466 ± 0.007 31.170 ± 0.005 2.53 ± 0.13 5.4 ± 1.0 193

3HWC J2006+340
50 – 301.736 ± 0.014 34.011 ± 0.011 2.60 ± 0.23 6.0 ± 2.0 65
100 – 301.738 ± 0.008 34.001 ± 0.006 2.73 ± 0.14 6.4 ± 1.3 191
200 – 301.720 ± 0.005 33.999 ± 0.004 2.50 ± 0.09 9.6 ± 1.2 464

3HWC J2010+345
50 – 302.694 ± 0.012 34.552 ± 0.010 3.11 ± 0.18 4.0 ± 1.3 103
100 – 302.695 ± 0.008 34.546 ± 0.006 2.95 ± 0.13 5.2 ± 1.1 225
200 – 302.693 ± 0.006 34.558 ± 0.005 3.18 ± 0.09 3.7 ± 0.6 456

3HWC J2019+367
50 – 304.937 ± 0.005 36.800 ± 0.004 2.12 ± 0.10 31 ± 4 472
100 – 304.939 ± 0.004 36.805 ± 0.003 2.02 ± 0.08 34.8 ± 3.2 965
200 – 304.943 ± 0.002 36.802 ± 0.002 2.02 ± 0.05 35.7 ± 2.2 2032

3HWC J2020+403
50 – 305.155 ± 0.006 40.376 ± 0.004 3.21 ± 0.09 11 ± 4 643
100 – 305.160 ± 0.005 40.372 ± 0.003 3.11 ± 0.06 12.9 ± 1.4 1169
200 – 305.161 ± 0.003 40.373 ± 0.002 3.14 ± 0.05 12.2 ± 1.0 2279

3HWC J2022+431
50 – – – – – < 9
100 – 305.525 ± 0.023 43.135 ± 0.018 2.5 ± 0.3 4.4 ± 1.9 29
200 – 305.531 ± 0.015 43.153 ± 0.010 2.48 ± 0.20 5.6 ± 1.4 84

3HWC J2023+324
50 0.94 ± 0.11 305.35 ± 0.17 32.56 ± 0.14 3.2 ± 0.5 8.2 ± 7.8 12
100 1.10 ± 0.08 306.01 ± 0.12 32.32 ± 0.10 2.6 ± 0.3 26 ± 8 24
200 0.96 ± 0.06 305.28 ± 0.10 32.54 ± 0.08 2.8 ± 0.3 11.2 ± 5.2 31

3HWC J2031+415
50 – 307.930 ± 0.006 41.506 ± 0.004 2.46 ± 0.09 27 ± 4 574
100 – 307.930 ± 0.004 41.506 ± 0.003 2.37 ± 0.06 31 ± 3 1226
200 – 307.929 ± 0.002 41.510 ± 0.002 2.32 ± 0.04 34.7 ± 2.1 2706

3HWC J2043+443
50 – – – – – < 9
100 0.32 ± 0.06 310.59 ± 0.10 44.33 ± 0.08 2.4 ± 0.5 7 ± 5 9
200 0.50 ± 0.07 310.85 ± 0.12 44.42 ± 0.09 2.2 ± 0.4 10 ± 5 11
in radio or in γ -ray) and is produced at the shock front of the 
blast wave. At the moment, 14 distinct sources are classified as 
shell-type SNRs in the TeVcat catalogue5 (note though that the 
north-east and south-west limbs of SN 1006 are listed as sepa-
rate entries). These sources are all young remnants with negligible 
fluxes at GeV energies. At the present date, only Cas A (Abdo et al., 
2010a), Tycho (Giordano et al., 2012), RX J1713.7-3946 (Abdo et al., 
2011), RX J0852-4622 (Tanaka et al., 2011), and RCW86 (Renaud et 
al., 2012) have been detected at GeV energies with Fermi-LAT. The 
spectral shape of these sources is usually well-fitted with a power-
law of photon-index in the range 2.3–3.0. Only three sources show 
a clear TeV cut-off in the spectrum: RCW 86 at 3.5 TeV, Vela Junior 
at 6.7 TeV, and RX J1713.7-3946 at 12.9 TeV. RX J1713.7-3946, be-
ing very bright and extended, is one of the best targets for detailed 
morphological studies. Recently, for the first time, H.E.S.S. observa-
tions have shown that the TeV emitting regions are not perfectly 
coincident with the X-ray emitting regions (H. E. S. S. Collabora-
tion et al., 2018c). The TeV region appears more radially extended, 
suggesting the existence of a leakage of the most energetic parti-
cles from the shock front. A quantitative observational assessment 
of the particle escape from SNRs, in terms of their spectrum and 

5 http://tevcat2 .uchicago .edu/.
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transport properties, would be of the utmost importance in view 
of probing the SNR-CR connection.

Plerions constitute another class of SNRs. They result from a 
core-collapse SN event and are characterised by a centre-filled 
morphology. The nebular emission is mainly due to a young and 
fast spinning NS, which releases its rotational energy in the form 
of a relativistic wind mainly made of electron-positron pairs and 
magnetic fields. This nebula of accelerated particles is named Pul-
sar Wind Nebula (PWN). The PWN energetics is mainly driven by 
the pulsar’s activity rather than the SNR blast wave, and, in most 
cases, it is difficult to clearly disentangle and assess the contribu-
tion of the primeval SNR explosion. PWNe constitute the majority 
of the firmly established Galactic TeV emitters (H. E. S. S. Collab-
oration et al., 2018) and, given their importance, we will focus on 
this class in the next section.
Finally, the composite SNRs show distinctively the contributions 
from the plerion and from the ring-shaped blast wave.

The HGPS survey lists eight firmly identified shell-like SNRs and 
eight plerion-composite SNRs. In Paper II, we showed how a deep 
observation of the prototypical shell-like SNR, Tycho, with ASTRI 
Mini-Array would conclusively prove or disprove the PeVatron na-
ture of this source. Similarly, other two SNRs suggested as possible 
PeVatron candidates are examined: the SNR G106.3 + 2.7 and SNR 

http://tevcat2.uchicago.edu/
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G40.4 - 0.5, associated to the VHE sources VER J2227 + 608 and VER 
J1907 + 062, respectively.

Another topic of special interest in the context of the SNR class, 
and their connection with galactic CRs, is how particles escape into 
the Galactic medium once they are accelerated at the shock front. 
This can be investigated through detailed spectral and morpholog-
ical studies of middle-aged SNRs. Paper II shows how outstanding 
issues regarding this topic can be successfully investigated with the 
ASTRI Mini-Array in two key-target objects: γ -Cygni and W 28.

Among the SNRs listed in Table 1, we will take as possible 
case-study the middle-aged SNR IC 433, as this source is in the 
field of two targets of the Science Pillars. For the long-term ob-
servatory programme, two bright SNRs will certainly receive par-
ticular attention: HESS J1912+101 and the SNR G015.4+0.1. The 
former (H. E. S. S. Collaboration et al., 2018a), also seen by HAWC 
(2HWC J1912+099, Abeysekara et al., 2017a), is a candidate shell 
SNR hosting the radio pulsar J1913+1011 (Chang et al., 2008). Re-
cent detection of extended GeV emission (Zhang et al., 2020) close 
to this TeV source led to speculation that this GeV/TeV emission 
is originated by a TeV halo. However this scenario is incompat-
ible with the shell-like TeV morphology hypothesis advanced by 
H.E.S.S. It is also possible that the TeV and GeV emission have dis-
tinct origins, from the SNR and the PWN, respectively, with the 
TeV emission from the PWN eclipsed by the SNR. The VHE source 
HESS J1818-154 (H. E. S. S. Collaboration et al., 2014), also seen 
by HAWC (2HWC J1819-150 Abeysekara et al., 2017a), has been 
observed in the centre of the shell-type SNR G 15.4+0.1. This TeV 
emission, coincident with the diffuse X-ray emission, is compati-
ble with a PWN scenario classifying the G 15.4+0.1 as a composite 
SNR. G 15.4+0.1 is, therefore, one of the few examples of this cat-
egory seen at TeV energies (as G 0.9+0.1 and G 21.5-0.9, see Archer 
et al., 2016; H. E. S. S. Collaboration et al., 2018d).

The ASTRI Mini-Array will give an important contribution to the 
study of these interesting sources. Thanks to their high flux, the 
ASTRI Mini-Array would allow the study of their spectral proper-
ties (such as the presence of a cut-off) up to tens of TeV with 
moderate exposure times (< 100 hrs). Moreover, both remnants 
are close to other sources of potential interest for the ASTRI Mini-
Array: HESS J1912+101 is at < 5◦ from the SNRs W51 and W49B, 
while HESS J1818-154 is at < 3◦ from the PWNe HESS J1813-178 
(Sect. 5.1), HESS J1825-137 and from the γ -ray binary LS 5039 
(Sect. 7.2).

4.1. VHE emission from a middle-age SNR: IC 443

Scientific case IC 443 (also known as G189.1 + 3.0) is a SNR located 
at 1.5 kpc with a ∼ 20′ angular radius (Welsh and Sallmen, 2003). 
The age of the SNR is still uncertain, with a possible range between 
∼ 3 kyr (Troja et al., 2008) and ∼ 30 kyr (Bykov et al., 2008). 
Recent 3D hydrodynamical simulations suggest an age of ∼ 8.4
kyr (Ustamujic et al., 2021). It is classified as a mixed-morphology 
SNR (MMSNR, Rho and Petre 1998), i.e. a remnant with a shell-like 
morphology visible in the radio band and a centrally filled ther-
mal X-ray emission. The environment around the remnant is rather 
complex: a dense molecular cloud in the northwest and southeast 
region (Cornett et al., 1977) forms a semi-toroidal structure that 
encloses IC 443 (Troja et al., 2006; Su et al., 2014) and an atomic 
cloud in the northeast (Denoyer, 1978) confines the remnant. The 
remnant has been observed through radio (Leahy, 2004; Lee et al., 
2008, 2012), infrared (Su et al., 2014) and X-rays (Troja et al., 2006, 
2008; Greco et al., 2018). Strong γ -ray emission is associated with 
the interaction of the SNR with the nearby molecular cloud at both 
HE (Tavani et al., 2010; Abdo et al., 2010c; Ackermann et al., 2013) 
and VHE (Albert et al., 2007; Acciari et al., 2009). Spectral features 
strictly related with the characteristic pion-bump (Ackermann et 
al., 2013) strongly suggest that IC 443 is a CR proton accelerator.
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Fig. 3. IC 443: γ -ray data from VERITAS (Acciari et al., 2009) (orange dots) and ASTRI 
Mini-Array (red dots). The solid black line shows the best-fit model for the com-
bined data-sets. We show for illustrative purposes the Crab spectrum as a dotted 
line.

Feasibility and simulations IC 433 is observable from the Teide site 
for about 470 hours per year with a zenith angle between 0°and 
45° and 165 hr per year with a zenith angle between 45° and 
60° in moonless conditions. In a region with 10° radius around 
IC 443, two key target sources of the Science Pillars are also located: 
the Crab PWN (∼ 10° angular separation) and the TeV halo of 
Geminga (∼ 6° angular separation). The vicinity to these promis-
ing sources on one hand and the large FoV of the ASTRI Mini-Array
on the other hand, will guarantee a long exposure for IC 443 in the 
first years of operation. Therefore, to understand what spectral and 
morphological constraints are achievable for reasonable observa-
tional exposures, we simulated the source for 100 and 200 hours. 
We adopted an extended spatial model (RadialDisk in ctools) as-
suming a radius of 0.16° (Acciari et al., 2009) and a position 3° 
off-axis from the pointing position; the spectrum is described as 
a power-law with an index of 2.99 (Acciari et al., 2009). We fit-
ted the data using a binned analysis likelihood in the 0.5–200 TeV 
range, according to standard procedures.

Analysis and results As a first step, we checked if it is possible 
to constrain the extended nature of the source. To this aim we 
compared the TS values computed using a point source (our null-
hypothesis) and an uniform disk spatial model for the fit. With 
100 hr of exposure, we found a �TS = 334 implying a significant 
improvement (> 18σ ) that increases to ∼ 25σ (TS = 664) for 200 
hours of exposure. In particular, for 200 hr of exposure, we might 
be able to constrain the photon index with a relative uncertainty 
of 2% (3.08 ± 0.07); a similar relative error is obtained for the disk 
radius (0.166 ± 0.004◦). Moreover, the last significant energy bin 
is filled at energies of ∼ 20 TeV, thus extending the current avail-
able SED (see Fig. 3) and allowing us to detect the presence of any 
possible cut-off in the 1–10 TeV range.

5. Pulsar wind nebulae

The majority of core-collapse SN events give birth to a fast spin-
ning, highly magnetised neutron star, which then spins down by 
emitting a highly relativistic magnetized wind, mainly composed 
of electron-positron pairs, efficiently produced via cascades in the 
pulsar magnetosphere. For several thousands of years after the 
SN explosion, the wind is confined by the surrounding SN ejecta, 
which are expanding at non-relativistic speed, and therefore it has 
to slow down. This occurs at a termination shock where the wind 
kinetic energy is dissipated and a large fraction of it (∼ 20% in 
the Crab Nebula) is converted into particle acceleration (Amato, 
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2014b). The Pulsar Wind Nebula (PWN) is the bubble of magne-
tised plasma that develops downstream of the termination shock 
(Gaensler and Slane, 2006). Particles are highly relativistic, with a 
non-thermal distribution, and emit synchrotron and Inverse Comp-
ton radiation over a very wide range of frequencies: synchrotron 
is typically the dominant emission process from radio to hard X-
rays/soft gamma-rays, while Inverse Compton is the primary pro-
cess at VHE. The size of the PWN is typically observed to shrink 
with increasing frequency from radio to X-rays, a fact that is eas-
ily understood in terms of synchrotron losses. However, since the 
VHE emission is mostly contributed by the particles that are re-
sponsible for radio/optical synchrotron emission, the nebular size 
is larger at TeV energies than in the X-rays.

Taking into account the results from the recent H.E.S.S. sur-
vey of PWNe, comprising 19 well-established sources and about 
10 bona fide candidates (H. E. S. S. Collaboration et al., 2018d), 
significant correlations have been found between the properties 
of the wind generating pulsar and the most important proper-
ties observed at TeV energies. PWNe emit a significant fraction of 
their power in the VHE band: the efficiency, defined as the ra-
tio of the 1–10 TeV luminosity and the present spin-down power, 
is 0.1–10%, thus resulting in a range of TeV inferred luminosities 
log10(LTeV[erg/s] = 32.3–35.9. PWNe are spatially extended sources 
by nature, although at TeV energies some of them could be difficult 
to resolve either because of their young age, or because of a large 
distance from Earth. For the H.E.S.S. PWN catalogue, this translates 
into inferred dimensions in the few pc, up to ∼ 40 pc range; for 
young PWNe, the nebular radius (RPWN) correlates with the age 
of the source and, as expected, anti-correlates with the spin-down 
power of the pulsar. Because of the interaction of the expanding 
bubble with the SNR reverse shock, and of the kick imparted to the 
NS at the time of the explosion, the centre of the PWN and the po-
sition of the NS show sometimes an offset, which becomes larger 
with age. In two PWNe, HESS J1303-631 and HESS J1825-137, this 
is also accompanied by a different, spatially-dependent, TeV spec-
trum along the path described by the pulsar in the nebula, with 
the most energetic photons more concentrated at the present posi-
tion of the NS. From a spectral point of view, PWNe typically show 
a power-law spectrum with a cut-off, generally below 10 TeV; the 
averaged spectral index is 2.3, although this value is possibly bi-
ased by the fact that softer indices are more difficult to constrain 
and the corresponding sources are more difficult to detect. Since 
the primary mechanism for the TeV emission is IC scattering, the 
cut-off is due to the onset of the Klein-Nishina regime for the IC 
scattering cross-section. The presence of a contribution from p-p 
processes is also possible (Amato et al., 2003), although it may re-
quire special environmental conditions to become detectable (see 
e.g. Horns et al., 2006). How well deep observations of the Crab 
PWN with the ASTRI Mini-Array might constrain this additional 
hadronic contribution is discussed in Paper II.

In recent years, detection of extended TeV emission around two 
PWNe showed that high-energy electrons and positrons can es-
cape from the PWN and become trapped in a larger region of 
suppressed diffusion; whether these sources constitute a separate 
class or a natural outcome of the PWN evolution is still a subject of 
debate (Giacinti et al., 2020). Detailed spectral-morphological stud-
ies above 10 TeV will help to shed light on the matter, as was 
shown in Paper II for the case of Geminga.

Among the many PWNe observable from Teide, we will dis-
cuss in detail the case of the moderately bright HESS J1813-178 
in Sect. 5.1 and of TeV J2032+4130, a PWN powered by a young 
NS likely belonging to a binary γ -ray system in Sect. 5.2. We also 
present in the appendix two PWNe, originally studied in the con-
text the ACDC project (Pintore et al., 2020). They offer a good 
benchmark for illustrating two characteristics of the analysis of 
this class of sources affecting in general the source emission of 
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PWN: their multi-wavelength (MWL) emission (as in the case of 
Vela X, see Sect. A.1) and the possible energy-dependent morphol-
ogy, shaped by their past emission (as in the case of the PWN HESS 
J1303 - 631, see Sect. A.2).

In addition to the simulated spectra of PWNe analysed in the 
Paper II and in this work, the PWN HESS J1825-137 deserves a spe-
cial mention. This bright nebula is powered by the energetic pulsar 
PSR J1826-1334 and, similarly to the case of PWN HESS J1303-631 
(Sect. A.2), the pulsar position is offset with respect to the centre 
of the nebula, because of the pulsar proper motion. The spec-
tral shape shows a dependence on the distance from the pulsar, 
thus suggesting that the highest energy electrons trace the pulsar 
proper motion (Aharonian et al., 2006b). The source is likely asso-
ciated with the source 2HWC 1825-134 (Abeysekara et al., 2017a), 
although HAWC angular resolution does not allow to clearly dis-
entangle the contribution from another close-by TeV source HESS 
J1826-130 (Angüner et al., 2017; Duvidovich et al., 2019). This lat-
ter source shows a hard spectrum above 1 TeV (� < 2) and a 
possible cut-off around 13 TeV. The combined spatial and spectral 
resolution of ASTRI Mini-Array will prove to be especially impor-
tant in crowded regions like this one.

5.1. A moderately bright PWN: HESS J1813-178

Scientific case We consider here the candidate PWN HESS J1813-
178, a source of moderate brightness (6% of Crab flux) but with a 
hard spectrum (� ∼ 2). The ASTRI Mini-Array improvement in the 
effective area at > 10 TeV, with respect to existing IACTs, will be 
essential.
HESS J1813-178 was discovered in 2005 by H.E.S.S. (Aharonian et 
al., 2005a) at TeV energies and then associated via positional coin-
cidence with the source SNR G 12.82–0.02, discovered in the radio 
and X-ray bands (Brogan et al., 2005; Ubertini et al., 2005). A 
few years later, Gotthelf and Halpern (2009) discovered the highly 
energetic pulsar PSR J1813-1749 within SNR G12.82-0.02. This pul-
sar has a spin-down luminosity Ė = (6.8 ± 2.7) × 1037 erg s−1, a 
characteristic age τc = 3.3 − 7.5 kyr, and it is certainly capable of 
powering the TeV emitting particles. The 4.7 kpc distance has been 
determined by the association of SNR G12.82-0.02 with a nearby 
young stellar cluster (Messineo et al., 2008). The age of the system 
is unknown but it is believed to be young due to the small radius 
of the SNR shell that is expanding in a regular interstellar medium 
(Brogan et al., 2005).

Even before the pulsar discovery, Funk et al. (2007) proposed 
a composite SNR scenario for the multi-wavelength emission of 
HESS J1813-178, where the γ -rays could arise either from a young 
PWN in the core or from the SNR shell, or both. The radius of the 
SNR shell – and subsequently the radius of the PWN – is relatively 
small (∼ 3′) and, given the typical angular resolution of IACT ob-
servatories, it is not possible to understand where the emission 
comes from. Funk et al. (2007) and Fang and Zhang (2010) tried to 
model its MWL emission considering two different scenarios, one 
where the TeV emission mostly comes from leptons accelerated in 
the PWN and one where this emission mostly comes from hadrons 
in the SNR shell. However, neither of the two studies could point 
on a preferred scenario.

A possible way to make progress on the subject is through ob-
servations in the GeV band, where the emission properties are ex-
pected to be different for hadrons and leptons. Acero et al. (2013)
made a detailed search for GeV emission with Fermi-LAT in the di-
rection of HESS J1813-178 but could only put upper limits. These 
upper limits were used to constrain the models by Funk et al. 
(2007) and Fang and Zhang (2010), but no conclusion could be 
reached on the nature of HESS J1813-178. In a more recent work, 
Araya (2018) analysed more years of Fermi-LAT data in the direc-
tion of the source and found an extended GeV emission (uniform 
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radial disc with RGeV = 0.6 deg) plus a small excess near the cen-
tre of the TeV source. However, the GeV emission turned out to be 
much more extended than the TeV source and might be associated 
with the nearby star-forming region (Araya, 2018). As a result, still 
no conclusion can be drawn for the TeV emission of HESS J1813-
178.

A complementary strategy to unveil the nature of the source is 
to look in the highest-energy part of the TeV spectrum. From the 
models of Funk et al. (2007) and Fang and Zhang (2010), it is clear 
that a population of protons is expected to have a lower energy 
cut-off with respect to a population of electrons. The quality of the 
currently available data from H.E.S.S. above 10 TeV is not sufficient 
to discriminate between the models.

The ASTRI Mini-Array could give a major contribution in clari-
fying the nature of this source, by improving its detected spectrum 
up to, and above, 100 TeV. To test this expectation we have used 
for our simulations the models from Funk et al. (2007) and Fang 
and Zhang (2010).

For the PWN scenario, both studies used a time-dependent lep-
tonic model (for more detail see e.g. Fiori et al., 2020) to describe 
the MWL emission, with the difference that Funk et al. (2007) con-
sidered a power-law shape for the injection spectrum, while Fang 
and Zhang (2010) used a Maxwellian plus a power-law tail injec-
tion spectrum. Furthermore for the SNR scenario the two studies 
used a similar approach, where the TeV emission originates from 
the interaction of protons accelerated in or near the SNR shell. An 
additional difference is in the underlying particle distribution: in 
Funk et al. (2007) a power-law with a spectral index of 2.1 is con-
sidered, whereas in Fang and Zhang (2010) the protons spectrum 
is computed from a semi-analytical non-linear model.

Feasibility and simulations HESS J1813-178 is observable from 
Teide for ∼ 370 hr/yr only at large zenith angle (between 40◦ and 
60◦). This will lead to an increase of the lower energy threshold 
for the observations, but also an increase of the effective area of 
the array in the highest energy band (see e.g. the studies made for 
the MAGIC telescopes; Aleksić et al., 2016a).

We simulated with ctools the observations with the ASTRI 
Mini-Array in the energy range 0.5 − 200 TeV. As spatial model for 
the source, we used the best-fit radial Gaussian with σ = 0.049◦ as 
reported in H. E. S. S. Collaboration et al. (2018). We simulated 4 
different cases using the spectral models described in the previous 
section.

To derive the minimum amount of time needed to obtain sta-
tistically significant spectral bins above 10 TeV, we performed the 
simulations with 50, 100 and 200 hours of observing times. The 
latter, very large duration of the observations, takes into account 
the fact that the source is located at about ∼ 6◦ from W28, one of 
the sources that will be extensively observed during the first years 
of the activities of the ASTRI Mini-Array as part of the core science 
program (Paper II).

Analysis and results We performed an unbinned maximum like-
lihood analysis on the simulated data with ctools to obtain the 
best-fit models and from the latter we extracted the spectral data 
points.

In all the simulated cases, we found that the quality of data 
is always better than the currently available H.E.S.S. data; we ob-
tain meaningful results already with 50 hours of observations. Data 
points simulated with the two models by Fang and Zhang (2010)
– that predict slightly higher fluxes compared to the Funk et al. 
(2007) models – are already well separated with 50 hours, and it 
would be possible to select a preferred scenario. In the case of the 
two different models by Funk et al. (2007), 50 hours are not suf-
ficient to distinguish them but we need at least of 100 hours of 
observations. Interestingly, we found that the source can be de-
148
tected above 100 TeV already with 50 – 100 hours of observations 
in the case of leptonic origin of the emission, while in the hadronic 
scenario the maximum energy is well below this value (even when 
increasing the observing time up to 500 hours).

In Fig. 4 we report the simulated ASTRI Mini-Array spectral 
points for 50 and 200 hours of exposure, together with the tem-
plate models and the available data from H.E.S.S. (Aharonian et al., 
2005a). We note that they always follow the corresponding input 
models and allow us to discriminate between the different scenar-
ios, while this is not possible taking into account only the H.E.S.S. 
data.

We conclude that for HESS J1813-178 an observation made 
with the ASTRI Mini-Array will be crucial. Moreover, a clear pref-
erence among the proposed models can be obtained within a rea-
sonable amount of time.

5.2. A γ -ray-binary in a PWN: the strange case of TeV J2032+4130

Scientific case TeV J2032 + 4130 is an extended source, located in 
the Cygnus OB2 stellar association (d = 1.7 kpc). It was discov-
ered as a steady extended TeV source by HEGRA (Aharonian et al., 
2002), and later detected by Whipple (Lang et al., 2004), Milagro 
(Abdo et al., 2007), MAGIC (Albert et al., 2008), VERITAS (Wein-
stein, 2009), ARGO-YBJ (Bartoli et al., 2012), and HAWC (Albert 
et al., 2020). It partially overlaps with the position of the binary 
pulsar PSR J2032+4127 (a young and energetic NS with a period 
of P = 143 ms, Abdo et al., 2009), that likely powers the PWN. 
The companion star, MT91 213, is a B0Ve star with a mass of 
M� = 15M� . During the last periastron passage, which occurred 
on 2017 November 13, the X-ray flux increased by a factor of ∼ 20 
compared to 2010 and ∼ 70 compared to 2002 (Ho et al., 2017). 
The GeV emission from the system, as detected by Fermi-LAT, was 
found to be almost steady during the periastron passage, possibly 
because the interaction of the binary members is hidden behind 
the dominant magnetospheric emission from the pulsar (Li et al., 
2018). MAGIC and VERITAS observed the system during the pe-
riastron (Abeysekara et al., 2018c), discovering significant excess 
point-like emission from the location of the pulsar/Be-star system, 
at the boundary of the extended emission from TeV J2032 + 4130. 
The MAGIC and VERITAS observations led to independent spectral 
analyses of the emission before the periastron (“baseline”, pre-
2017) and during and immediately after the periastron. The results 
show a simple power-law emission, possibly related to the persis-
tent and steady PWN, far from the periastron. For the periastron 
phase the spectra were fitted adding another component to the 
PWN model, possibly related to the interaction between the pulsar 
wind and the Be star wind. The best-fitting spectral shape of this 
new component was found to have an exponential cut-off around 
1 TeV, for both MAGIC and VERITAS datasets.

The observations of TeV J2032 + 4130 with the ASTRI Mini-Array 
will provide crucial information on the VHE γ -ray emission of this 
extended source, especially when the pulsar is far from the perias-
tron and the VHE emission could be ascribed entirely to the PWN. 
The observation above 10 TeV will shed new light on the emis-
sion spectrum, constraining the presence and nature of a possible 
cut-off: this could reflect the maximum energy of the acceler-
ated particles in the nebula and/or the onset of the Klein-Nishina 
regime for the IC cross-section. The source exhibits a very hard 
spectrum, and a cut-off at energy of tens of TeV is expected in 
a PWN scenario (Aliu et al., 2014b). Moreover, the spectral shape 
at the highest energy could provide important constraints on the 
emission models for this source, and help discriminate the nature 
of the VHE γ -ray emission. In addition to an in-depth analysis of 
the source spectrum, a continuous monitoring of TeV J2032 + 4130 
over the years, along its eccentric orbit, could put constraints on 
the variability of the VHE γ -ray flux far from the periastron.
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Fig. 4. Simulated ASTRI Mini-Array spectral points (red filled circles for leptonic models, open red circles for hadronic models) for 50 hours (left panels) and 200 hours (right 
panels) of observing times, together with the input models (solid lines for leptonic models, dotted lines for hadronic models) and the available data from H.E.S.S. (green 
stars; Aharonian et al., 2005a), for the leptonic and hadronic models from Funk et al. (2007) (upper panels) and Fang and Zhang (2010) (lower panels). The points with the 
dashed red error-bars are the upper limits found in the case of the hadronic models.
Feasibility and simulations According to existing TeV observations, 
the extended emission from this source represents one of brightest 
VHE γ -ray signals from the Cygnus region at energies above 1 TeV 
(Popkow and VERITAS Collaboration, 2015). Nevertheless, in order 
to properly investigate the angular and spectral characteristics of 
the source, long exposure times are still required (see Table 1 for 
its maximum visibility from Teide).

We carried out our simulations with ctools with 200 hours 
exposure. We assumed as template spectral and spatial model 
for TeV J2032 + 4130 in our simulations the MAGIC best-fit model 
(Abeysekara et al., 2018c). The spectral shape is a simple power 
law with a photon index � = 2.06, a normalisation N0 = 2.63 ×
10−20 photons cm−2 s−1 MeV−1 at a pivot energy E0 = 3.5 TeV. For 
the morphology, we assumed an elliptical disk morphology centred 
at (R.A., Dec) = (307◦ .92, 41◦ .57), major semi-axis = 0◦.125, minor 
semi-axis = 0◦.080, and position angle = 326◦ (counterclockwise 
from North).

Analysis and results We performed an unbinned analysis in the 
energy band 0.5–200 TeV for 100 independent realisations. We 
left both the spectral and morphological parameters free to vary, 
and, using the template model, we found an average TS = 362 ±
47, which corresponds to a detection significance of (19 ± 7) 
σ . The best-fitting mean values for the spectral parameters are: 
� = 2.06 ±0.09, N0 = (2.6 ±0.2) ×10−20 photons cm−2 s−1 MeV−1. 
The mean morphological parameters for the extended source are: 
R.A. = 307◦.919 ± 0◦.009, Dec. = 41◦.572 ± 0◦.003, major semi-axis 
= 0◦.082 ± 0◦.008, minor semi-axis = 0◦.078 ± 0◦.008, while the 
position angle was kept fixed in the analysis. In Fig. 5 we show the 
resulting spectral points, obtained dividing the whole energy range 
in 10 logarithmically-spaced bins. The ASTRI Mini-Array spectral 
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Fig. 5. SED for TeV J2032+4130. Baseline spectrum, as observed by MAGIC (blue 
triangles and blue dotted curve) and VERITAS (yellow squares) arrays (Abeysekara 
et al., 2018c). Spectral points from a 200 hr ASTRI Mini-Array simulation (values 
averaged over 100 independent realisations) are shown in red and best-fit curve in 
cyan.

bins are shown together with real data obtained by the MAGIC 
and VERITAS Collaborations Abeysekara et al. (2018c).

We assumed that the emission has no spectral cut-off up to 
∼ 200 TeV (the pulsar potential drop corresponds to ∼ 500 TeV). 
However, a spectrum with no cut-off appears unrealistic; therefore, 
to assess the capability of detecting a possible high-energy cut-off, 
we adopted the following method (see also Sect. 7.1). For a given 
spectrum generated using a power-law template model, we found 
the corresponding associated TSmax; then, we fitted the same data 
with an exponential cut-off spectral model, where the Ecut param-
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Fig. 6. TS versus Ecut for a given simulation. The magenta horizontal dashed line 
marks the maximum TS value for the simulation (in this case, TSmax = 324). The 
magenta horizontal solid line indicates the value of TSmax - 9. The vertical magenta 
line is the corresponding value of Ecut (in this case, Ecut = 50 TeV).

eter is fixed on a grid of values, while the other parameters were 
left free to adjust to new values; by varying the Ecut value (gener-
ally in the range 20–80 TeV), we kept note of each new TS value. 
As shown in Fig. 6, we obtained the Ecut vs. TS trend and the �TS 
value corresponding to a decrease by 9 from its maximum. This 
provides a 3 σ upper limit on the possible lowest detectable en-
ergy cut-off given this exposure time.

We repeated this procedure for the 100 different realisations 
and computed the mean of this threshold value for the cut-off 
energy, obtaining Ecut = (60 ± 13) TeV, which is well above the 
expected limit usually observed for PWNe (see Sect. 5). Therefore 
it appears very likely that ASTRI Mini-Array will be able to detect 
a possible curvature in the spectrum of this source.
Moreover, a monitoring of the source over the years will allow us 
to investigate a possible low-level flux instability of the VHE γ -ray 
flux along the orbit of the binary system. Repeated observations of 
the Cygnus field with the ASTRI Mini-Array will allow a study of 
its flux variability and provide precious information about the na-
ture of the pulsar-stellar wind interaction, possibly emerging over 
the PWN emission.

We finally note that recently the LHAASO Collaboration re-
ported on a significant detection of VHE emission above 100 TeV 
from the direction of this source (Cao, 2021); if the emission is 
of hadronic origin, as seems likely, the highest energy photons de-
tected come from ∼ 15 PeV protons. The derived position of the 
LHAASO source is about half degree from TeV J2032+4130 (but 
still consistent with it). The authors propose the OB2 Cygnus as-
sociation as the likely cradle for this highly energetic hadron pop-
ulation, but the region encompasses several potential accelerators. 
Given the ASTRI Mini-Array spatial resolution of ∼0.08◦ above 100 
TeV, with a deep exposure of the region we expect to be able to 
eventually disentangle the contributions from the different candi-
date sources (PSR, PWN and OB stars), thus confirming or rejecting 
such hypothesis.

6. TeV pulsars

At the centre of most PWNe, energetic pulsars produce pulsed
radiation in a broad energy range: from radio up to extremely 
energetic gamma-rays. Electrons and positrons accelerated to rel-
ativistic energies within the pulsar magnetosphere are believed to 
produce high-energy radiation (Arons, 1983; Cheng et al., 1986). 
To date, more than 200 γ -ray pulsars have been detected above 
100 MeV with the Fermi-LAT (Abdo et al., 2013), and significant 
emission from four of them has been recently observed with the 
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currently operating IACTs (Aliu et al., 2011; Ansoldi et al., 2016; H. 
E. S. S. Collaboration et al., 2018f; Spir-Jacob et al., 2019; MAGIC 
Collaboration et al., 2020). The Crab and Vela pulsars show the 
VHE gamma-ray emission up to TeV energies. Detection of pulsed 
emission in this energy range provides evidence for possible ac-
celeration even outside the NS magnetosphere (Aharonian et al., 
2012).

In this section, we explore and discuss the prospects for the AS-
TRI Mini-Array to detect pulsed emission from the most promising 
γ -ray pulsars visible from Teide.

Scientific case The detection of pulsations from the Crab pulsar 
at TeV energies (Ansoldi et al., 2016) strongly suggests IC scatter-
ing as the main emission mechanism. In this interpretation, low-
energy photons are upscattered by the relativistic magnetospheric 
electrons and positrons in regions close to the light cylinder of 
the pulsar. The VHE spectrum has a power-law shape with a spec-
tral index of about 3.3, which can be smoothly connected with 
the spectrum measured above 10 GeV with the Fermi-LAT. Recently 
detected TeV pulsations from the Vela pulsar most probably corre-
spond to a different spectral component of unknown origin. The 
detailed properties of this component are yet to be published. The 
detection of pulsed emission above 1 TeV from pulsars will allow 
us to determine the maximum energy of the accelerated electrons 
and positrons, and to also put constraints to the geometry of the 
emission region and to the physical mechanism producing pulses 
at VHE. Additionally, new discoveries will clarify whether the VHE 
components discovered so far in the Crab and Vela pulsars are 
common also to other γ -ray pulsars (see e.g. Burtovoi et al., 2017).

Feasibility and simulations To investigate the prospects for the de-
tection of γ -ray pulsars with the ASTRI Mini-Array, we selected 
pulsars from the Third Catalogue of Hard Fermi-LAT Sources (3FHL, 
Ajello et al., 2017) visible from the Northern hemisphere with the 
highest energy events probably coming from the source Epulsar >

25 GeV (for details see 3FHL). Assuming a Crab-like VHE spec-
tral component, we extrapolated 3FHL spectra6 up to 200 TeV and 
compared them with the ASTRI Mini-Array 500 h sensitivity curve. 
As shown in Fig. 7, even in this very optimistic case when there 
is no cut-off in the pulsars spectra up to 200 TeV, 500 hr are not 
sufficient for a statistically significant detection of pulsars. We es-
timated the minimum exposure time necessary for the significant 
detection of the most favourable candidate targets, which have the 
hard spectra and high gamma-ray flux: PSR 3FHL J1833.6-1034 
(� = 2.68) and the Crab pulsar (� = 3.32). To this aim, we car-
ried out a number of simulations7 with the ctools, considering 
the energy range 0.9–199 TeV. Both pulsars were simulated as a 
point-like source which has a power-law spectra taken from the 
3FHL catalogue – for PSR 3FHL J1833.6-1034, and from Ansoldi et 
al. (2016) – for the Crab pulsar. As a background we considered 
the contribution from the cosmic-rays and from the surrounding 
pulsar wind nebulae (HESS J1833-105, H. E. S. S. Collaboration et 
al. 2018e, and the Crab nebula, Aleksić et al. 2015, respectively). 
Performing the maximum likelihood analysis in the binned mode, 
we fit the simulated emission from the pulsar with a power-law 
function and obtained its detection significance. A 5-sigma de-
tection of the pulsar 3FHL J1833.6-1034 above ∼1 TeV would be 
obtained in ∼ 2000 h. In order to improve the detection sensitiv-
ity, we carried out similar simulations with a reduced background 
contamination to mimic the results expected from an analysis of 

6 For the Crab Pulsar we extrapolated the spectrum obtained with MAGIC (An-
soldi et al., 2016).

7 The simulations were repeated 100 times in order to take in account the statis-
tical fluctuations of the simulated data.
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Fig. 7. Spectral energy distribution of pulsars observable from the northern hemi-
sphere over-imposed to the ASTRI Mini-Array 500 h sensitivity curve. Pulsar spectra 
are taken from the Third Catalogue of Hard Fermi-LAT Sources (3FHL) and extrapo-
lated up to 200 TeV.

the sole on-peak phase intervals.8 With this, it is possible to take 
into account different duty cycles of the pulsars, normalising the 
background contribution to the on-peak phase interval. The duty 
cycle of the pulsar 3FHL J1833.6-1034 is taken to be equal to 0.35 
(Kerr et al., 2015). In this case, the resulting time required for 
the 5-sigma detection would be ∼ 700 h. We note that PSR 3FHL 
J1833.6-1034 (RA = 278.41, Dec. = −10.57) is visible from Teide for 
about 220 hr/yr for a zenith angle range 0–45 deg (in moonless 
conditions). A similar amount of hours is available for the higher 
zenith angle range 45–60 deg. Finally, we obtained that the Crab 
pulsar is not expected to be detectable with ASTRI Mini-Array even 
in ∼ 10000 h.

7. γ -ray binaries

Unlike X-ray and radio emitting binaries, γ -ray binaries are a 
small group of sources (known to date only nine persistent sources, 
see Chernyakova et al., 2019) composed of a giant OB star and 
a compact object. Their essential characteristic is a peak in their 
spectral energy distribution above 1 MeV. Only for three sources is 
the compact object firmly identified as a NS thanks to the detec-
tion of their pulsed emission: PSR B1259-63, PSR J2032+4127 and, 
only recently, for LS I 61+303 (Weng et al., 2022)., In the remaining 
sources the nature of the compact object is still debated. Besides 
the TeV emitting binaries mentioned above, there are also three 
microquasars (binaries with accretion and jet emission), that show 
γ -ray emission up to tens of GeV (Cyg X-1, Cyg X-3, and SS 443). 
In the case of SS 433, additional TeV emission has been detected 
from the interaction regions between the jet and the surrounding 
nebula, far from the central microquasar, which implies an emis-
sion scenario different from the rest of the sources (Abeysekara et 
al., 2018a). Establishing the nature of the compact object is im-
portant, as different mechanisms can be envisaged for the VHE 
emission depending on the nature of the compact object. In the 
case of a NS, the wind of the pulsar interacts with the wind of 
the companion, producing two different shock regions. Particles at 

8 Phase intervals which correspond to prominent and sharp emission peak(s).
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the shock fronts can be re-accelerated and transfer part of their ki-
netic energy to background photons via IC. If the compact object 
is a black-hole, some authors also proposed an extended micro-
quasar scenario for the whole class of the γ -ray binaries. In this 
case, some mass transfer should be taking place and a jet should 
be present at the site for photon IC scattering (Dubus, 2013). It is 
however extremely difficult to build a homogeneous scenario for 
these systems, because the emitting processes (be they leptonic or 
hadronic) are heavily modulated by several additional and variable 
aspects, such as e.g. the absorption of TeV photons by the compan-
ion photon field, or the system line of sight and inclination. Indeed, 
there are still unexplained discrepancies among the sources as far 
as their X-ray, GeV, and TeV emission and correlations are con-
cerned (Dubus, 2013). We chose to focus for an in-depth discussion 
on the microquasar source SS 433 in Sect. 7.1.

The spectra of all the γ -ray binaries extend to the TeV range, 
although the spectral shape and the intensity of this emission is 
strongly correlated with the orbital phase (orbital periods vary 
from days to years) or with super-orbital modulations (as in the 
case of the binary LS I +61◦ 303, Ahnen et al., 2016). Five known 
γ -ray binaries can be easily observed from Teide and they are 
listed in Table 1. In these sources a key goal is the study of their 
variability; we will show in Sect. 7.2 how, in the case of LS 5039 
(which has an orbital period of 3.9 days), the ASTRI Mini-Array 
at this level of luminosity can trace with great accuracy its VHE 
modulation, and at the same time possible spectral changes (see 
Pintore et al., 2020, for the spectral changes at different orbital 
phases). A peculiar and interesting case among the binaries is the 
source TeV J2032+4130, where the compact object has recently 
displayed a flare in TeV emission when the source passed its pe-
riastron. Out of this phase the emission seems dominated by the 
pulsar’s wind inflated nebula, so that the object displays character-
istics more commonly attributed to the PWN class. Given the next 
periastron passage will be around 2067, we studied this source in 
the context of PWNe as reported in Sect. 5.2.

7.1. VHE emission from Galactic microquasars: SS 433

Scientific case SS 433 is one of the most peculiar Galactic bi-
nary systems currently known and the prototype of micro-quasars 
(Mirabel and Rodríguez, 1999). It contains a supergiant star that 
provides super-critical accretion onto a compact object (neutron 
star or black hole) via Roche lobe overflow. It is extremely bright 
(Lbol ∼ 1040 erg s−1, at 5.5 kpc) with the most powerful jets known 
in our Galaxy (Ljet >1039 erg s−1, bulk velocity ∼ 0.26 c). The two 
jets, perpendicular to the line of sight, terminate inside the radio 
shell of W 50, a large 2◦ × 1◦ nebula catalogued as SNR G39.7−2.0. 
The jets precess every 162.4 d (Margon and Anderson, 1989), while 
the orbital period of the system is 13.1 d. Several X-ray hot-spots 
located west (w1, w2) and east (e1, e2, e3) of the central binary are 
observed where the jets interact with the ambient medium (Safi-
Harb and Ögelman, 1997). Radio lobes are also observed, east and 
west of the nebula. Radio to soft γ -ray photons are believed to be 
due to synchrotron emission from the relativistic electrons in the 
jets. Bordas et al. (2015) reported for the first time GeV emission 
tentatively associated to SS 433/W 50 using five years of Fermi-LAT 
data. More recent Fermi results (using ten years of data) reported 
GeV emission around the w1 region (but not in the east region, 
Xing et al., 2019), while Sun et al. (2019), also using ten years of 
Fermi data, reported a spatially extended emission consistent with 
the extent of the nebula W 50 (suggesting that the GeV emission 
may originate from the SNR). Rasul et al. (2019) reported the first 
evidence for modulation at the jets precession period of 162.4 d 
(but not at the orbital period) in Fermi data.
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Table 4
The VHE spectrum of SS 433: results for the e1 hot-spot (100 hr per configuration). SS 433 e1 has always been detected in both configurations. See text for details. Notes: (a) 
Simulated sigma of the RadialGaussian model in ctools. (b) At 7 TeV in units of 10−15 ph cm−2 s−1 TeV−1 (c) 10−12 erg cm−2 s−1 in 0.7-190 TeV (d) Fixed in the analysis.

Config. Simul. radius (a) TS Gamma Prefactor (b) Flux (c) Ecut Reconst. radius
[deg] [TeV] [deg]

A1 0.001 321±43 2.4±0.1 6.3±0.5 2.8±0.2 > 10 < 0.04
(d) (90% cases) (90% cases)

A2 0.125 61±15 2.3±0.1 6.7±1.0 3.0±0.4 > 2 0.05 < R < 0.24
(d) (90% cases) (90% cases)

Fig. 8. Cut-off energy investigation in SS 433 (simulated as point-like). Left: TS versus high energy cut-off for a given simulation. The magenta horizontal dashed line marks 
the maximum TS value for the simulation. The magenta horizontal solid line indicates the value of TSmax - 9. The vertical magenta line is the corresponding value of Ecut (in 
this case, Ecut = 50 TeV). Right: distribution of all the 50 lower limits obtained for Ecut considering a TS decreases of 9 (i.e. 3σ ) from its maximum (one per simulation). In 
90% of the cases, Ecut below 10 TeV is excluded at a 3σ level. This value is given as result in Table 4.
More recently, based on accurate background determination Li 
et al. (2020) was able to definitively confirm the w1 emission from 
the w1 region and the associated precessional variability.

No evidence of VHE γ -ray emission was found either from the 
central binary system or from the eastern and western interaction 
regions using MAGIC and H.E.S.S. observations (MAGIC Collabora-
tion et al., 2018). Abeysekara et al. (2018b) reported VHE emission 
(∼20 TeV) from the eastern/western regions using HAWC. They 
characterised the e1 and w1 emission as point-like with an upper 
limit on the size of 0.25◦ and 0.35◦ (90% confidence), respectively 
(see Fig. 1 of their paper).

The authors propose that the broad band (radio to TeV) emis-
sion of SS 433/W 50 is consistent with a single population of 
electrons with energies extending to at least 100 TeV in a mag-
netic field of about 16 μG (synchrotron and IC scattering of ambi-
ent photon fields). More recently, the third HAWC Catalog of VHE 
Gamma-ray Sources (Albert et al., 2020) reported an updated spec-
trum of the e1 lobe as a power-law of index � = 2.37 and a 7 TeV 
prefactor N = 6.8 × 10−15 photons cm−2 s−1 TeV−1 in the 5.9–144 
TeV energy range.

SS 433 is a unique laboratory to spatially resolve particle accel-
eration in jets. Furthermore, sources with relativistic Galactic jets 
could contribute to the cosmic ray spectrum (Heinz and Sunyaev, 
2002). Indeed, it appears that SNR may not accelerate cosmic rays 
up to the knee of the spectrum (Amato and Blasi, 2018). The high-
est energy of accelerated particles is limited by the requirements 
that the size of the accelerator must be larger than their Larmor 
radius (Blasi, 2013); hence it is important to constrain the size of 
the TeV emitting region. Observations with the ASTRI Mini-Array 
will address these two fundamental issues:

• obtaining a meaningful broad-band (0.7–200 TeV) spectrum of 
the eastern source lobe, with the aim of constraining its slope 
and energy cut-off;

• investigating the radial extension of the TeV lobe emission.
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Feasibility and simulations SS 433 position is 1.4◦ from the PeVa-
tron candidate eHWC J1907+063 (see Sect. 4.1.3 in Vercellone et 
al., 2022) and the ASTRI Mini-Array large field of view would al-
low a simultaneous investigation of these two important sources 
at once. The e1 and w1 regions are located at about 2◦ from the 
Galactic Plane (l = -2.7◦ and b = -2◦ , respectively), so the contamina-
tion from the Galactic diffuse emission is expected to be negligible, 
especially in the ASTRI Mini-Array energy range. The following re-
sults are presented for the East e1 region alone, since its position 
makes it also less contaminated by the nearby extended source 
MGRO J1908+06. The latter has an estimated size <0.44◦ (Aliu et 
al., 2014a), it is 1.75◦ away and undetected at the e1 position.
We considered the spectral model based on the 3HAWC publica-
tion: a power-law of index � = 2.37 and a prefactor N = 6.8 × 10−15

photons cm−2 s−1 TeV−1 at 7 TeV (that corresponds to a 0.7–200 
TeV flux of about 3 × 10−12 erg cm−2 s−1). We have performed 50 
simulations (of 100 h exposure each) for two configurations: point-
like emission (as considered by HAWC) with radius of 0.001◦ and 
extended emission. In the latter case, we have used a Gaussian 
model with width compatible with the maximum value allowed 
by HAWC: 0.25◦ in size – 0.125◦ radius – 90% confidence.

Analysis and results
The VHE spectrum of the source
In this part of the work, aimed at studying the spectrum, the spa-
tial parameters (position and extension) have been kept frozen to 
the simulated values during the analysis. The final TS and best-fit 
values of the spectral slope, prefactor and flux are given in Table 4
(columns 1 to 6). The final values are obtained as average from the 
simulations in which the source was detected (i.e. all of them in 
both point-like and extended configuration); the associated errors 
are one standard deviation of the distribution and are compatible 
with the 1σ uncertainties in each realisation as given by the like-
lihood (ctlike in ctools).

To explore possible constraints on the high-energy cut-off 
(Ecut), we adopted the same approach outlined in Sect. 5.2. This 
resulted in plots like the one shown in Fig. 8 (left panel) where the 



A. D’Aì, E. Amato, A. Burtovoi et al. Journal of High Energy Astrophysics 35 (2022) 139–175
Fig. 9. Example of a radial result for SS 433. The source has been simulated with a 
0.125◦ radius and then fit with a grid of different fixed sizes (shown with ‘+’), each 
resulting in its own TS. A 3 σ (i.e. decrease of 9 from the TS maximum value) lower 
and upper limit on the source Gaussian radius are obtained in this simulation.

trend of the TS with respect to Ecut is obtained (the plot relates 
to a single simulation). The grid of Ecut values used is shown with 
crosses, while the filled diamond symbol shows the level at which 
�TS = 9 from its maximum, (thus, roughly providing the relative 
3σ limit). The final values given in Table 4, column 7, are obtained 
as the ones containing 90% of the results (see Fig. 8, right).
The radial extension of the VHE lobe emission
In the second part of our work, we investigated the extension of 
SS 433 e1. The starting point is the same as for the former analysis: 
the 50 simulations with the power-law spectrum already described 
and two spatial configurations, point-like (R = 0.001◦) and extended 
(R = 0.125◦). In this case, no energy cut-off has been included in the 
fitting spectral model and the approach used is similar to what 
described above for the Ecut investigation: for each simulation, a 
grid of different fixed radii was used, each resulting in its own 
TS. Fig. 9 shows an example of the trend of TS with respect to 
the source extension when simulated as extended: a 3σ lower and 
upper limit on the source Gaussian radius are obtained, i.e. indeed 
the simulated source is detected as extended. Table 4, last column, 
shows the results obtained.

Fig. 10 shows two realisations of the ASTRI Mini-Array spectra 
obtained for SS 433 e1 in a 100 hr simulation.

In summary, if the TeV extension of SS 433 e1 is below the AS-
TRI Mini-Array angular resolution (configuration A1 in Table 4), 
then a 100 hr observation will allow us to study its spectrum, with 
Fig. 10. Examples of simulated spectra of the East e1 hot-spot of SS 433 (100 hr). Data poi
Right: assuming extended source morphology (0.25◦ size). Best-fit power-law models sh
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particular attention to the spectral attenuation at higher energies 
that has not been investigated yet. Indeed, the source is consis-
tently detected in the 0.7-200 TeV energy range with a ∼ 4% error 
on the spectral slope (1 σ ), and a 3 σ lower limit of Ecut ∼10 TeV. 
The source will be reconstructed as point-like.

In the case of an extended emission (A2, R = 0.125◦), SS 433 e1
is characterised with a ∼ 4% error on the spectral slope (1 σ ), and a 
3 σ lower limit of Ecut ∼2 TeV. The source is indeed reconstructed 
as extended, allowing for larger radii than the instrumental angu-
lar sensitivity (0.05 < R < 0.24◦ , example shown in Fig. 9 for one 
particular case).

The ASTRI Mini-Array will allow us to investigate the spec-
trum and source extension of SS 433 e1 in a 100 hr observation, 
constraining the physical properties and size of the TeV emitting 
region, where the most energetic cosmic rays are accelerated.

7.2. Periodic variability in the TeV range: the γ -ray binary LS 5039

Scientific case LS 5039 was discovered as an X-ray source in 1997 
(Motch et al., 1997). An early detection in the radio band (Marti et 
al., 1998) unveiled a system in which particle acceleration occurs. 
The nature of the compact object orbiting a massive O-type stellar 
companion is still unknown, and currently the young non-accreting 
pulsar scenario (similarly to PSR B1259−63 and PSR J2032+4127) 
is preferred over the microquasar (i.e. black hole) one (Dubus, 
2013, and references therein). Very recently, this scenario was re-
inforced by the results obtained by Yoneda et al. (2020), who an-
alyzed the HXD data of a Suzaku observation performed in 2007 
and revealed a pulsation with period P � 8.96 s; moreover, they 
also detected a potential pulsation at P � 9.05 s in the data col-
lected with NuSTAR during an observation performed in 2016. The 
difference between the two periods would imply a fast spin-down 
of the pulsar, and suggests a magnetar nature for the compact 
object in LS 5039. However, a new analysis of the same data per-
formed by Volkov et al. (2021) resulted in a very low statistical 
significance of this periodic signal, which casts doubts on its firm 
detection. This means that, if the compact object in LS 5039 is 
indeed a young neutron star, the intrabinary shock emission domi-
nates the X-ray pulsations. Since the X-ray spectrum of this source 
can be described with a simple power-law model, without any hint 
of spectral lines or exponential cut off up to 70 keV, the candidate 
neutron star should not be accreting. The alternative scenario of 
black hole is less likely, due to the lack of flux variability and Fe 
Kα lines.
nts are at a 3 σ threshold. Left: spectrum assuming source morphology as point-like.
own as thick black lines.



A. D’Aì, E. Amato, A. Burtovoi et al. Journal of High Energy Astrophysics 35 (2022) 139–175
The first very high energy (> 0.1 TeV) detection has been re-
ported by Aharonian et al. (2005b) using H.E.S.S. Further H.E.S.S. 
observations (Aharonian et al., 2006c) revealed the first orbital 
modulation at TeV energies with a period of ∼ 3.9 days, the short-
est currently known among γ -ray binaries (e.g. Chernyakova et 
al., 2019, and references therein). Using H.E.S.S. data Aharonian 
et al. (2006c) showed that LS 5039 presented two different spec-
tral states at TeV energies: a high-state in the orbital phase range 
0.45–0.9 (luminosity L0.2−10 TeV = 1.1×1034 erg s−1, assuming a dis-
tance of 2.5 kpc), and a low-state for the remaining part of the 
orbit (L0.2−10 TeV = 4.2 × 1033 erg s−1). The high-state spectrum 
can be well described with a power-law model with exponen-
tial cut-off: � = 1.85±0.06stat ± 0.1syst and Ecut = 8.7 ± 2.0 TeV. On 
the contrary, the low-state is consistent with a power-law (� =
2.53 ± 0.07stat ± 0.1syst) without a cut off.

Feasibility and simulations LS 5039 is located at (l, b) = (16.88, 
-1.29) and can be observed from the Northern hemisphere at a 
minimum zenith angle of 43◦ . In the ACDC project we simulated 
a source observation with 300 h of total exposure, 250 of which 
in the dim low state and the remaining 50 in the high state (for 
detailed results and considerations on the two average spectra we 
refer the reader to Pintore et al., 2020). We recall here that the 
ASTRI Mini-Array can disentangle among the two spectral states 
in 300 h: on one hand, the high state spectrum cannot be equally 
well fit with a simple power-law; on the other hand, the low state 
spectrum, once the slope is fixed to the H.E.S.S. value, gives a lower 
limit Ecut > 46 TeV on the energy cutoff. A plausible scenario could 
be that the energy of the cut off increases from the high-state 
(around 9 TeV) to higher energies in the low state.

In this work, we show how the orbital modulation of LS 5039 
can be constrained using the ASTRI Mini-Array. We assumed the 
same, orbit averaged, spectrum for each phase bin: a power-
law model with exponential cutoff with � = 2.06 ± 0.05stat and 
Ecut = 13.0 ± 4.1 TeV (Aharonian et al., 2006c), as more compli-
cated models could not be constrained given the short exposure 
times. Starting from the orbital modulation detected by H.E.S.S. in 
2005, we simulated ten different spectra, one per orbital phase bin, 
by varying the normalization value as to reproduce the modulation 
obtained by H.E.S.S.9 We considered a fixed exposure time of 10 h 
for each phase bin. The new simulations and the analysis were 
performed as described in Sect. 1.

Analysis and results In Fig. 11 we report the orbital modulation 
obtained with the ASTRI Mini-Array with 10 h per orbital bin. 
It shows that, even during the low state of the source, the esti-
mated source flux is fully consistent with the flux expected from 
the simulated model. Fig. 12 shows the one sigma uncertainty that 
is obtained on the spectral index. For 90% of the orbital phase 
this uncertainty is between 0.1 and 0.25, while only in the case 
of the lowest-flux bin (phase range 0.1-0.2) it value rises up to 
about 0.4.

LS 5039 is among the few γ -ray binaries where TeV emis-
sion is detected along the whole orbital period. The MeV and TeV 
emissions appear to anti-correlate with the GeV one (Chang et al., 
2016). A possible explanation for this behaviour could be that the 
X-ray/MeV emission is due to synchrotron emission from a highly 
relativistic particle population and the TeV one due to IC of stellar 
photons by the same particle population. In this scenario, the GeV 
emission would be the secondary result of TeV photons that are 
absorbed via pair-production when the compact object approaches 
the strong stellar wind of the companion (e.g. Chernyakova et al., 
2019, and references therein). A pulsar-wind-driven interpretation 

9 The power-law pivot energy is fixed at 3 TeV.
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Fig. 11. LS 5039: orbital modulation obtained with 10 h observation per bin. The 
open squares are the expected fluxes from the simulated models while the filled 
circles are the obtained flux in 0.8-200 TeV with error bars at one sigma.

Fig. 12. LS 5039: one sigma uncertainty on the spectral index obtained for 10 h 
observations per orbital bin.

of the HE and VHE emission of LS 5039 is also supported by the 
results obtained by Huber et al. (2021), who reproduced the main 
spectral features of the observed multiband emission of LS 5039 
with a numerical model for the non-thermal emission of shock-
accelerated particles.

A new monitoring of the orbital modulation of LS 5039 at TeV 
energies is very important to address this point: it will allow us 
to evaluate the stability of the processes that accelerate the rela-
tivistic particles responsible for the TeV emission (acceleration in 
winds or jets, according to the scenario at play), together with 
the involved geometry (absorption, inclination, etc). The simula-
tions performed show that with a total of 100 hours (10 h for 10 
orbital bins) it will be possible to build a good TeV orbital light-
curve (Fig. 11) to be compared to the ones presented by H.E.S.S. in 
2005 (Aharonian et al., 2006c, simulated in this work) and in 2015 
(Mariaud et al., 2015). Concerning the phase resolved spectroscopy 
(Fig. 12), with a 10 h bin time the spectral index can be con-
strained with a relative uncertainty of about 5% in the high state 
and of about 10% in the low state, with the only expectation of the 
phase range corresponding to the minimum flux; in this case, the 
relative uncertainty increases up to about 20%. This implies that a 
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deeper coverage (∼40 h) in the low state is needed to reach a 10% 
accuracy. We note that the bright phase of the modulation is of 
particular interest: the two-peaked shape (that has been observed 
only in LS 5039 up to now) can be interpreted in terms of the ro-
tating hollow cone model (Neronov and Chernyakova, 2008). In this 
model, an anisotropy pattern is produced when relativistic parti-
cles interact with a radiation field such as the one produced by a 
massive companion star in a binary system. Maxima in the light-
curve (flux versus orbital phase or versus the true anomaly) are 
expected when the line of sight passes through the rotating hol-
low cone. A reliable constraint on the relative position and height 
of the two peaks would enable to reconstruct the system geome-
try (inclination angle, position of the TeV emitting region, etc). In 
the case of LS 5039, as observed by Aharonian et al. (2006c), the 
difference between the peaks and φ = 0.7 (where the inferior con-
junction occurs) is ∼10%. Should it be confirmed, it could be easily 
studied with the ASTRI Mini-Array.

7.3. Further observations of γ -ray binaries and microquasars

Regarding compact binaries, the ASTRI Mini-Array will help un-
veil some intriguing issues like the TeV-detection of SS 433 by 
HAWC. X-ray binary sources hosting a black-hole as a compact ob-
ject show powerful jets as revealed in the radio band (e.g. Cyg 
X-1 and Cyg X-3, Romero et al., 2017), and there are also clear 
examples of binary systems containing a neutron star, that have 
recently, and surprisingly, observed to launch extremely powerful 
jets (see e.g. van den Eijnden et al., 2018). Although jets seem a 
general ubiquitous phenomenon in many compact Galactic bina-
ries, an issue which is yet to be explored is how efficiently the 
kinetic power of particles in jets is converted via IC in the VHE 
domain, and which is the overall contribution of these injections 
of relativistic particles in the Galactic medium.

As can be noted from the Table 1, the list of potential γ -ray 
binary targets comprehends two more important objects: HESS 
J0632+057 and LS I 61+303. The former has an average VHE flux 
similar to that of LS 5039. As shown in Sect. 7.2, the ASTRI Mini-
Array on the long-term is able to well track this TeV variability 
along the orbit; in the case of HESS J0632+057 the orbital pe-
riod is 316.7 ± 4.4 days with a pronounced peak at phase ∼ 0.3 
when the source reaches 6% of the Crab flux (Adams et al., 2021), 
thus allowing a possible detection and spectral characterisation in 
the TeV range. The other important γ -ray binary is LS I 61+303, 
also high-mass binary hosting a 0.27 sec radio pulsar (Weng et 
al., 2022). The orbital period is 26.5 days and it shows jet emis-
sion, which is known to precess with a similar period, giving rise 
to a longer, super-orbital modulation of ∼ 4.5 years (Ahnen et al., 
2016). The TeV light curve is strongly modulated along the or-
bit, with over-imposed transient exceptionally bright flares, which 
arrive at ∼ 16% Crab units (Archambault et al., 2016) at certain 
orbital phases. The origin of these TeV flares is still to be fully un-
derstood.

8. Other possible Galactic targets

8.1. The Galactic Center: diffuse emission and dark matter search

The Galactic Center (GC) is possibly the most interesting, and at 
the same time, the most complex region of our Galaxy in the VHE 
domain. The presence of the super-massive black-hole Sgr A� at its 
centre, the high density of star-forming regions, active pulsars and 
PWNe, SNRs and giant molecular clouds all contribute to bright 
and diffuse patterns of gamma-ray emission. In Paper II, we exam-
ined how ASTRI Mini-Array can well constrain the diffuse emission 
along the ridge up and beyond 100 TeV, thus giving us the oppor-
tunity to study the energetic hadron population and connect it to 
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the CR population observed at Earth. We mention here two more 
important scientific cases that can be at the same time addressed 
by deep observations of this region: the possible detection of dark 
matter signals and the study of the VHE emission from Globular 
Clusters.

Part of the diffuse emission from the GC and the halo could be 
due to self-interaction, through annihilation or decay (Bergström et 
al., 1998) of particle dark matter (DM; Zwicky, 1933). Originally in-
troduced to explain the flat rotation curves of spiral galaxies, DM is 
also required to justify ∼ 30% of the Universe’s energy content (see 
e.g. Planck Collaboration et al., 2014, and refs. therein). The main 
physical property of DM is that it does not couple with radiation 
as baryonic matter. Such a feature is required in order to explain 
DM invisibility to traditional astronomical observations, which pre-
vents astrophysicists to directly obtain data on its components. 
A framework for astronomical indirect DM searches arises from the 
possibility that weakly-interacting massive DM particles (WIMPs) 
annihilate or decay to produce standard model pairs. Such pairs 
subsequently annihilate into final-state products, among which γ -
ray photons. A detailed description of the theoretical γ -ray flux 
produced from DM interactions is made in a companion paper 
for the extragalactic targets (Paper IV); here, we simply recall that 
the average velocity-weighted cross sections of such processes are 
expected to be of the order of magnitude typical of electroweak 
interactions (〈σ v〉 ∼ 3 × 10−26 cm3 s−1; e.g., Roszkowski et al., 
2014).

The possible detection of a significant γ -ray flux from DM in-
teractions with the currently hypothesised physical parameters of 
the DM particles would require 
1000 h observations even for 
the most favourable targets, i.e. the Galactic centre itself. Further-
more, the standard DM analysis takes advantage of a full-likelihood 
method (Aleksić et al., 2012) derived from common VHE likeli-
hood maximisation procedures, which require (i) a detailed knowl-
edge of the astrophysical processes producing the foreground γ -
ray emission (Fermi bubbles, unresolved point sources) to be sub-
tracted from the GC exposures, and (ii) the production of dedicated 
2D maps of spatial extension of the Galactic DM halo from Monte-
Carlo analyses of the kinematic properties of Milky Way’s baryonic 
matter (e.g., Bonnivard et al., 2015; Hayashi et al., 2016). Search of 
γ -ray signals from DM annihilation or decay is a challenging task, 
though worth to be pursued in multi-TeV deep observations of 
the GC and halo with the ASTRI Mini-Array. This is a core-science 
case (see Paper II). However, given the large amount of observ-
ing hours needed to reach the sensitivities at which a theoretical 
γ -ray flux from DM would be detected, an upper limit is more 
likely to be drawn. Therefore, the immediate expected result will 
be a firmer constraint of the DM parameters (particle mass, anni-
hilation cross section, particle lifetime) related to the limits on the 
expected γ -ray signal from DM annihilation or decay at E � 10
TeV, at which the ASTRI Mini-Array expected sensitivity reaches its 
maximum. Furthermore, the stacked exposures could in principle 
be combined with observations from other Cherenkov facilities to 
obtain deeper sensitivities to DM signals. Finally, synergy with ob-
servatories at shorter wavelengths is foreseen to produce updated 
estimates on the structure and DM content of the DM Galactic 
halo starting from observable astrophysical quantities (e.g., Galac-
tic rotation curves, stellar kinematic samples, intra-galaxy medium 
distributions).

The observations of diffuse signals from the GC and halo will 
also take advantage from the very large zenith angle at which 
such sky regions are viewed from the Observatorio del Teide site 
(ZA ∼ 60◦), as observations at larger zenith angles lead to a larger 
effective area and sensitivity in the highest energy band (see Pa-
per II), allowing us to probe DM particle masses mχ � 10 TeV. 
Furthermore, the ASTRI Mini-Array large FoV will easily allow us 
to integrate wide regions of the Galactic halo, increasing the col-
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lected amount of signal from single pointed exposures. Finally, the 
combined good ASTRI Mini-Array spectral and angular resolution 
can allow the search for exotic signals from DM interactions such 
as monochromatic γ -ray emission lines, whose expected flux can 
be enhanced by fundamental physics mechanisms (see e.g. Sect. 
4.1.5 of Cherenkov Telescope Array Consortium et al., 2019, and 
references therein) at the highest energies accessible to the ASTRI 
Mini-Array.

8.2. Serendipitous science: the case of novae

Observations of novae at high-energies is a field of research that 
is still in his infancy. Nova stars, and more generally nova-like ob-
jects, were discovered as gamma-ray sources a few years ago (Abdo 
et al., 2010b; Ackermann et al., 2014). To date about a dozen of no-
vae and symbiotic systems have been detected in gamma-rays at 
GeV levels. The physical origin of this emission is not yet clear, but 
it is likely due to the inverse Compton scattering of the compan-
ion star radiation by electrons accelerated at the nova shock which 
originates when the dense nova ejecta collide with the interstel-
lar medium or the wind from the secondary (Martin and Dubus, 
2013). As an alternative the shocks might be produced by the in-
teraction of a fast wind, radiatively driven by the nuclear burning 
on the white dwarf (Martin et al., 2018) with inhomogeneity blobs 
formed into the expanding shells of the nova ejecta.

However, Sitarek and Bednarek 2012 have hypothesized that 
also protons are accelerated in the shocks and their interactions 
with the ambient medium or inhomogeneities into the nova shells 
might be able to produce observables fluxes of TeV γ -rays (and 
neutrinos). In general, the current nova rate per year in the Milky 
Way is estimated to be in the range 20-40 novae/yr (Della Valle 
and Izzo, 2020). This figure implies that about 3-6 novae/yr are 
potential targets for the ASTRI Mini-Array. For example, very re-
cently H.E.S.S. and MAGIC detected very high energy γ -rays fluxes 
(up to 0.1–0.2 TeV) from the recurrent nova RS Ophiuchi, up to 
1 month after its 2021 outburst (H. E. S. S. Collaboration, 2022; 
Acciari et al., 2022, respectively).

8.3. VHE emission from globular clusters: the case Terzan 5

Scientific case Globular clusters (GlCs) have a density of millisec-
ond pulsars (MSPs) per unit mass about 1000 higher than the one 
present in the Galactic disk. This is due to the large stellar densi-
ties in the cores of GlCs that favour dynamical interactions, such 
as exchange interactions and tidal captures. The process lead to 
the formation of X-ray binary systems, where neutron stars are 
spun-up during the accretion process. The GlC Terzan 5 contains 
37 known MSP (Cadelano et al., 2018) and it is by far the MSP 
richest GlC. Prager et al. (2017) has recently argued that this MSP 
over-population might be due to Terzan 5 being a past fragment 
of the Milky Way’s proto-bulge, and a much more massive GlC in 
the past. Observations with the Fermi satellite detected a γ -ray 
source consistent with the position of Terzan 5 in the 0.5–20 GeV 
range. The emission was explained as the convoluted effect from 
the emission of the whole MSP population (Kong et al., 2010). The 
GeV spectrum is well described by a cut-off power-law of index 
1.4 and cut-off energy of 2.6 GeV. Similar GeV emission from many 
other GlCs has been detected in the last years and the scenario of 
the MSP population as the source of this emission is now firmly 
established (Tam et al., 2016).

H. E. S. S. Collaboration et al. (2011) detected a TeV source, 
HESS J1747-248, at a distance of 4′ to the centre of Terzan 5. The 
positional H.E.S.S. uncertainty translates to an offset of ∼2 σ with 
respect to the GlC core centre. The TeV source is extended with 
an elliptical shape (9.6′ × 1.8′) and it only partially overlaps with 
the GlC, which has an inner half-core radius of only 0.15′ and a 
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tidal radius of 4.6′ . H. E. S. S. Collaboration et al. (2011) showed 
that the chance coincidence of the new source with the GlC is 
only 10−4 and favoured the association with one, or more, GlC 
sources. However, the significant displacement of the TeV emission 
from the GlC centre opens an intriguing question about its ori-
gin. A possible explanation was proposed by Bednarek and Sobczak 
(2014), who hypothesised that the winds from normal stars and 
MSPs by interacting with the more dense medium of the Galactic 
disk form a bow shock, that is naturally misaligned with respect 
to the GlC. The shock traps high-energetic leptons escaping from 
the GlC, which in turn interact with background photons through 
inverse-Compton producing the TeV emission. In a second scenario, 
Domainko (2011) proposed that energetic leptons and hadrons, 
produced by the explosion of a past supernova, or through a neu-
tron star-neutron star collision in a kilonova explosion, decay after 
interaction with ambient nuclei into other massive particles, like 
the π0, which eventually decay into two energetic γ photons. Al-
though the first scenario appears more likely, as it does not involve 
any ad-hoc event, the lack of TeV emission in an extensive search 
with H.E.S.S. for other GlCs (H. E. S. S. Collaboration et al., 2013) 
poses a difficult conundrum, as the Terzan 5 TeV emission appears 
in this context a unique and unexplained case.

Feasibility and simulations HESS J1747-248 is 4.2◦ away from the 
Galactic Centre, 1.7◦ above the Galactic plane, in a region where 
the central contribution of the Galactic Centre is negligible (H. E. 
S. S. Collaboration et al., 2018b). The Galactic Centre is part of the 
Science Core Programme in the first operational years of the ASTRI 
Mini-Array (see Paper II) and, for this reason, it is likely that HESS 
J1747-248 will benefit from long exposures, although at large off-
set angles. The TeV emission from HESS J1747-248 was simulated 
according to the morphology and spectral shape from H. E. S. S. 
Collaboration et al. (2011); the spectrum in the 0.8–50 TeV range 
was consistent with a simple power-law of photon index 2.5 and 
integrated photon flux of (1.2 ± 0.3) × 10−12 cm−2 s−1, or 1.5% of 
the Crab flux. We simulated three different event lists for 100, 200 
and 400 hours of observations, assuming a pointing direction 3◦
away from the source.

Analysis and results HESS J1747-248 is a good benchmark to test 
the detection efficiency of the ASTRI Mini-Array for a faint, slightly 
extended source, with a moderate hard spectrum. We performed 
an unbinned likelihood analysis (ctlike task in ctools) in the 
0.7–200 TeV range for 100 independent realisations and for the 
three exposure times. The averaged best-fitting results are shown 
in Table 5. Reported errors represent the standard deviation of the 
ensemble of the best-fitting parameter results.

Finally we also show a combined analysis of the ASTRI Mini-
Array spectral points obtained for the 400 hr exposure and the 
data published in 2011 by the H.E.S.S. Collaboration (H. E. S. S. Col-
laboration et al., 2011). A power-law model fit of these data results 
in the determination of the photon index 2.51±0.08 and a normal-
isation value at 1 TeV of 5.1±0.4. In Fig. 13, we show the simulated 
400 h ASTRI Mini-Array spectrum of HESS J1747-248 together with 
the H.E.S.S. data (H. E. S. S. Collaboration et al., 2011) and the 
combined best-fitting model (butterfly diagram). ASTRI Mini-Array 
would obtain a detection up to ∼ 20 TeV in case of no cut-off in 
the spectrum. For this specific case, the possibility to set a lower 
limit on the cut-off energy could be of great importance for distin-
guishing a leptonic scenario, where the effects of the reduction in 
the cross-section due to the Klein-Nishina correction predict a cur-
vature in the energy range above 10 TeV, from the hadronic one, 
which predicts no significant curvature above 10 TeV (see also dis-
cussion in Bednarek et al., 2016). We adopted the same approach 
outlined in Sect. 5.2 and in Sect. 7.1 to estimate the sensitivity in 
detecting an energy cut-off in the spectrum for the 400 hr ex-
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Table 5
Best-fitting results for HESS J1747-248 using three different exposures with the ASTRI Mini-Array. Last column reports H.E.S.S. values and uncertainties for an immediate 
comparison.

ASTRI-MA H.E.S.S.1

100 hr 200 hr 400 hr

TS 73±19 144±28 282±37

Spectral Model
No

2 5.0±1.3 4.9±1.0 4.8±0.6 5.2±1.1
� 2.47±0.18 2.47±0.14 2.47±0.09 2.5±0.3

Spatial Model
R.A. (deg) 266.95±0.02 266.96±0.01 266.95±0.009 267.95±0.03
Dec. (deg) -24.81±0.01 -24.81±0.006 -24.81±0.004 -24.81±0.01
PA3 (deg) 90±46 83±64 92±5 92±6
Rmax (arcmin) 9.6±3.0 9.6±1.8 9.6±0.6 9.6±2.4
Rmin (arcmin) 2.0±2.0 1.9±1.8 2.0±1.8 1.8±1.2

1 Value taken from H. E. S. S. Collaboration et al. (2011).
2 The spectral best-fitting model is a power-law with normalisation N0 calculated at the reference energy of 1 TeV in units of 10−13 photons cm−2 s−1 TeV−1.
3 Positional Angle counted counterclockwise from North.
Fig. 13. A combined fit of the spectrum obtained by H.E.S.S. (H. E. S. S. Collaboration 
et al., 2011, green points) and spectral data points obtained with a possible 400 hr 
observation with the ASTRI Mini-Array (red points). A butterfly diagram, showing 
the envelope of all spectral models that are statistically compatible with the data, 
is marked by the grey lines.

posure; for 10 random realisations, simulated with a power-law 
model with a corresponding T Smax value, we found by fitting the 
data with a cut-off power-law model the cut-off energy that corre-
sponded to a decrease of this value of nine by varying the cut-off 
energy in each fit. Taking the average threshold value from this 
sample, we found we might be able to constrain the presence of a 
cutoff if it is below 12±2 TeV.

9. Conclusions

In this work, we have presented a list of scientific cases that 
the ASTRI Mini-Array will be able to address in a long-term plan-
ning of observations of the Northern Galactic sky. A companion 
paper, Paper II, presented the core-science program envisioned for 
the first years of operations. These campaigns will focus on a short 
list of targets that will be observed in depth to answer primary 
and outstanding scientific questions. Furthermore, the large FoV of 
the array will allow the simultaneous observations of many close-
by VHE targets that will constitute the initial base for the ASTRI 
Mini-Array observatory science programme, and we have shown 
how significant improvements can be obtained for a small subset 
of representative field targets.
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Moreover, since, as shown in Table 1, the number of expected 
detectable sources is of order a few tens, it is likely that most, if 
not all of them, will be observed at least for few hours, or few tens 
of hours, during the first years of operation. The sources that have 
been simulated and analysed in this paper illustrate how ASTRI 
Mini-Array observations will allow to derive spatial and spectral 
constraints on a wide range of different classes of galactic γ -rays 
emitters.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgments

This work was conducted in the context of the ASTRI Project. 
This work is supported by the Italian Ministry of Education, Uni-
versity and Research (MIUR) with funds specifically assigned to 
the Italian National Institute of Astrophysics (INAF). We acknowl-
edge support from the Brazilian Funding Agency FAPESP (Grant 
2013/10559-5) and from the South African Department of Sci-
ence and Technology through Funding Agreement 0227/2014 for 
the South African Gamma-Ray Astronomy Programme. This work 
has been supported by H2020-ASTERICS, a project funded by the 
European Commission Framework Programme Horizon 2020 Re-
search and Innovation action under grant agreement n. 653477. 
IAC is supported by the Spanish Ministry of Science and Innova-
tion (MICIU). The ASTRI project is becoming a reality thanks to 
Giovanni “Nanni” Bignami, Nicolò “Nichi” D’Amico two outstand-
ing scientists who, in their capability of INAF Presidents, provided 
continuous support and invaluable guidance. While Nanni was in-
strumental to start the ASTRI telescope, Nichi transformed it into 
the Mini Array in Tenerife. Now the project is being built owing 
to the unfaltering support of Marco Tavani, the current INAF Pres-
ident. Paolo Vettolani and Filippo Zerbi, the past and current INAF 
Science Directors, as well as Massimo Cappi, the Coordinator of the 
High Energy branch of INAF, have been also very supportive to our 
work. We are very grateful to all of them. Nanni and Nichi, unfor-
tunately, passed away but their vision is still guiding us.

This research made use of ctools (Knödlseder et al., 2016b), a 
community-developed analysis package for Imaging Air Cherenkov 
Telescope data. ctools is based on GammaLib, a community-
developed toolbox for the scientific analysis of astronomical γ -ray 
data (Knödlseder, 2011; Knödlseder et al., 2016a).



A. D’Aì, E. Amato, A. Burtovoi et al. Journal of High Energy Astrophysics 35 (2022) 139–175

Fig. 14. X-ray (left panel) and radio (right panel) templates of the extended Vela X emission. x- and y-axes represent right ascension and declination, respectively. Colour bars 
represent the normalised brightness. Circles have radii of 0.8◦ and 1.2◦ , respectively. The cross marks the Vela pulsar position. Colour map units in counts/pixel.
This research made use of Gammapy,10 a community-developed 
core Python package for TeV γ -ray astronomy (Deil et al., 2017; 
Nigro et al., 2019).

Appendix A

This Appendix presents results for two bright PWNe, which 
were originally studied in the context of the ACDC science project 
(see details in Pintore et al., 2020). They well illustrate scientific 
aspects of notable interest in the PWN field and the expected per-
formance of the ASTRI Mini-Array in this context: the Vela X PWN 
is a prototype of a bright extended nebula and we will show how 
the VHE morphology could be matched with template morphology 
maps obtained in the radio and in the X-ray bands; the moderately 
bright and extended PWN HESS J1303-631 has an energy depen-
dent morphology, which is indicative of the path the NS and its 
associated nebula has travelled since the SN explosion.

A.1. A bright extended PWN: Vela X

Scientific case Vela X is a relatively evolved PWN with an esti-
mated age of �104 years (Lyne et al., 1996), emitting across all 
the electromagnetic spectrum. It is one of the brightest TeV sources 
detected with H.E.S.S. (Aharonian et al., 2006a; Abramowski et al., 
2012). In the VHE band Vela X has an extended morphology in-
termediate between that at radio wavelengths (see e.g. Frail et 
al. 1997; Bock et al. 1998) and that in the X-rays (Markwardt 
and Ögelman, 1995): the inner part of the TeV emission region 
coincides with the central X-ray cocoon, whereas the VHE ex-
tended wings (along the right ascension) are consistent with the 
radio morphology. Abramowski et al. (2012) showed that the VHE 
gamma-ray morphology of the Vela PWN can be accounted for by 
a radio-like component emitting 65% of the flux and by an X-ray-
like component emitting the remaining 35% of the flux.

Feasibility and simulations We simulated 100 hours of observations 
with the ASTRI Mini-Array of Vela X in the context of the ACDC 
project (Pintore et al., 2020), to probe the performance of this fa-
cility for a relatively large, complex and bright benchmark case. 
Although Vela X is not visible from Teide, this analysis is rele-
vant to the investigation of other similar extended and bright TeV 
sources that, instead, might be observed. Following Abramowski et 

10 https://www.gammapy.org.
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al. (2012), we modelled the VHE morphology of the Vela PWN as 
a superposition of radio and X-ray brightness maps, accounting for 
the 65% and 35% of the TeV flux, respectively.

To fully test the resolving capabilities of the ASTRI Mini-Array, 
we simulated VHE emission from these components, creating radio 
and X-ray templates from archival high-resolution observations.

For the X-ray spatial template, we used the ROSAT image of 
Vela X in the 0.4–2.4 keV energy range (Voges et al., 1999), which 
has an angular resolution of ∼ 0.0167◦ .11

The radio spatial template was created adopting the exposures 
taken during the second Molongo Galactic Plane Survey (MGPS - 2) 
at 843 MHz with the MOST radio telescope (Bock et al., 1999; Mur-
phy et al., 2007), whose angular resolution is ∼ 0.0167 degrees. In 
order to convert both adopted images to an appropriate template 
for the VHE simulations, we subtracted the diffuse background un-
related to the Vela X extended source, and then we removed the 
contribution of bright point sources in the field (including the Vela 
pulsar). Abramowski et al. (2012) determined the spectral parame-
ters of Vela X at VHE in two regions both centred at RA = 128.75◦
and Dec = −45.6◦ . We selected in our spatial templates the same 
two regions: a circle with radius of 0.8◦ and a ring with inner 
and outer radii of 0.8◦ and 1.2◦ , respectively. The final circular and 
ring-shaped X-ray and radio spatial templates of the extended Vela 
PWN emission are shown in Fig. 14.

For the VHE spectra of the circular and ring-shaped parts of 
the Vela PWN, we adopted the power-law models with an expo-
nential cut-off, obtained for the same regions in the analysis of the 
H.E.S.S. data between 0.75–70 TeV (Abramowski et al., 2012), and 
extrapolated them up to 100 TeV. We also took into account emis-
sion from the Vela pulsar, simulating it as a point source with a 
power-law spectral model taken from Burtovoi et al. (2017, Table 
4).

We extrapolated this spectrum to the VHE range as well, as-
suming the absence of a cut-off.12

We simulated the ASTRI Mini-Array observations which cover 
a circular area of radius 2.5◦ , centred at α0 = 128.75◦ and δ0 =
−45.6◦ , with an overall exposure time of 100 h. In our analysis we 
considered two different energy ranges: E>1 and E>10 TeV.

11 The half-power radius corresponds to an encircled energy of about 50%.
12 Similarly to what was found in the spectrum of the Crab pulsar up to a few TeV 

(Ansoldi et al., 2016).

https://www.gammapy.org
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Fig. 15. VHE Vela X background-subtracted maps simulated assuming 65%-contribution from the radio template and 35%-contribution from the X-ray template. The exposure 
time is 100 h. Energy ranges are E > 1 TeV (left panel) and E > 10 TeV (right panel). x- and y-axes are right ascension and declination. All maps are smoothed according to 
the size of the corresponding PSF (white circles). Green circles have radii of 0.8◦ and 1.2◦ , respectively. The cross marks the Vela pulsar position. The colour bars represent 
residual number of counts per pixel.
Analysis and results The resulting VHE background subtracted 
maps, obtained using the task ctskymap,13 are shown in Fig. 15. 
All images are smoothed using the angular resolution of the AS-
TRI Mini-Array at different energies. The smoothing radius adopted 
here is equal to the 68% of the containment radius (r68) of the 
gamma-ray PSF at the lower limit of the corresponding energy 
range.14

We fitted the simulated data using a multi-component model, 
which contains radio and X-ray circular and ring-shaped com-
ponents of the extended Vela PWN emission, with free spectral 
parameters. We estimated the detection significance for these com-
ponents using the task ctlike in binned mode. ctlike calculates 
the value of the Test Statistics15 (TS) for each source in the spec-
tral model, performing a maximum likelihood analysis of the data. 
In order to account for the statistical fluctuations, we repeated the 
simulations 50 times, fitting the distribution of the TS values with 
a Gaussian function.16 The resulting mean values of TS, together 
with corresponding values of standard deviation, for different com-
ponents of the Vela PWN, after 100 h of observation at E > 1 TeV, 
are as follows:

• for the radio circular component TS = 2060 (100 σ ),
• for the radio ring-shaped component TS = 719 (70 σ ),
• for the X-ray circular component TS = 609 (50 σ ),
• for the X-ray ring-shaped component TS = 168 (18 σ ).

In order to determine to what extent the contributions from 
the spectral components of the Vela PWN are distinguishable with 
the ASTRI Mini-Array, we repeated the simulations and analyses 
described above assuming different ratios between the radio and 
X-ray templates. Our goal was to determine the minimum contri-
bution of radio/X-ray spectral components (assuming that the Vela 
X morphology is defined by the templates) that can be significantly 
detected with the ASTRI Mini-Array.

13 The task ctskymap was used in the IRF mode, i.e. the background template pro-
vided with the Instrument Response Functions was subtracted from the map.
14 For the ASTRI Mini-Array r68= 0.20◦ at 1 TeV and r68= 0.13◦ at 10 TeV.
15 Test Statistics is twice the difference between the maximum log likelihood value 

for a model with an additional source and that for a model without the additional 
source.
16 To decrease the computational time, the energy dispersion was not considered 

in these simulations.
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Table 6
Best-fitting spectral parameters of the Vela PWN for the simulated ASTRI Mini-
Array observations.

Exposure (h) 50 100
TS 9372 18922

Spectral model parameters
N0 9.6±0.4 9.5±0.3
� 1.25±0.04 1.24±0.03
Ecut (TeV) 12.6±0.6 12.4±0.4

Normalization N0 is in units of 10−12 photons/cm2/s/TeV. Reference energy is 1 
TeV.

Assuming that emission from the radio and X-ray spectral com-
ponents are distinguished if both of them are detected with a 
significance TS>25, we found that, at energies E > 1 TeV, the 
ASTRI Mini-Array would distinguish VHE emission from the cir-
cular radio and X-ray components, if the contribution from one of 
them is more than 8% of the total flux. The ring-shaped compo-
nents with a softer spectrum can be significantly detected if their 
contribution is more than ∼15%. At higher energies (E > 10 TeV) 
the components would be distinguishable with the ASTRI Mini-
Array if their contribution is more than ∼ 16% for the circular 
and ∼ 30% for the ring-shaped components, respectively. In addi-
tion, we evaluated how the statistical uncertainties for the spectral 
model parameters, as obtained for a 50 h and 100 h ASTRI Mini-
Array observations, compare with the results obtained in 50 hr by 
H.E.S.S. (Abramowski et al., 2012). To this aim, we performed a 
maximum likelihood spectral analysis in the 2.5–90 TeV range, us-
ing 25 logarithmically spaced bins. In this analysis, we froze the 
spatial model adopting a uniform radial disk of radius of 0.8◦ cen-
tred at RA = 128.75◦ , DEC = -45.6◦ . The resulting best-fitting spectral 
parameters are reported in Table 6, whereas the spectral energy 
distribution of the Vela PWN obtained from a simulated 100 h ex-
posure is shown in Fig. 16. Upper limits are shown for those bins 
for which TS<9. The butterfly diagram is obtained with the task
ctbutterfly which, for each energy bin, calculates an intensity 
envelope (the minimum and maximum values) of the best fitted 
spectral model compatible with the data. In Fig. 17 we show how 
the relative errors on the photon index (in red) and on the cut-off 
energy Ecut (in blue) decrease as a function of the exposure time. 
The H.E.S.S. measurements are also shown for comparison (see tri-
angles in Fig. 17). We note that only statistical uncertainties are 
taken into account here.
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Fig. 16. Spectral energy distribution (SED) of the Vela PWN for the 2.5 < E < 90 TeV 
energy range. The solid black line shows the best-fitting model with an exponential 
cut-off power-law. The green zone shows the 1-sigma butterfly uncertainty of the 
best-fitting model.

Fig. 17. Relative error of the photon index � (in red) and cut-off energy Ecut (in 
blue) as a function of the total observation time for the ASTRI Mini-Array simula-
tions (dots). H.E.S.S. constraints are shown here for comparison as triangles.

Finally, we noted that 100 h observations are not sufficient for a 
significant detection of the Vela pulsar at energies E > 1 TeV even 
assuming no VHE cut-off in its spectrum.

A.2. Energy-dependent morphology: the PWN HESS J1303-631

Scientific case We consider here the case of the PWN HESS J1303-
631 whose energy dependent morphology constitutes an impor-
tant test-case to probe the capabilities of the ASTRI Mini-Array to 
disentangle softer or harder emission zones from the same nebula. 
Although this particular source cannot be observed from Teide, the 
aim is to show the feasibility of such studies for similar PWNe. We 
also show, comparatively, the constraints that can be obtained on 
the averaged spectral emission. The PWN HESS J1303-631 was one 
of the first so-called dark sources discovered by H.E.S.S. (Aharonian 
et al., 2005c), namely a source which lacked an obvious counter-
part at longer wavelengths. It was later realised that the extended 
morphology of such TeV sources could be explained within the 
PWN scenario, but with a parent, runaway pulsar at the edge of 
the nebula, or, alternatively, with the expanding bubble of ener-
getic relativistic particles, shaped by strong density gradients in 
the surrounding ISM, so that the emission becomes strongly asym-
metrical. For HESS J1303-631, the parent pulsar (PSR J1301-6305, 
Manchester et al., 2005) is located at 0.6◦ North of the nebula, it 
160
is relatively young (11 kyr) with a spin period of 184 ms and a 
spin-down luminosity Ė = 1.7×1036 erg s−1. Based on an estimated 
distance of 6.6 kpc, the overall TeV luminosity amounts to ∼ 4% of 
the total spin down luminosity. Observations with the Fermi/LAT 
instrument constrained with some difficulty the MeV/GeV region 
of the spectrum, due to contamination of the nearby source SNR 
Kes 17 (Acero et al., 2013). It appears, however, that a single one-
zone leptonic model based on observed fluxes in the radio, X-ray 
and TeV bands (H. E. S. S. Collaboration et al., 2012) underpre-
dicts the observed Fermi flux. Recently, Sushch et al. (2017), using 
deeper observations in the radio bands at 5.5 GHz and 7.5 GHz 
with ATCA, did not find evidence for an extended radio nebula 
around the pulsar, contrary to what could be expected based on 
the X-ray and HE/VHE maps.

Feasibility and simulations For the ASTRI Mini-Array simulations 
we adopted the morphology and the spectral shape based on the 
H. E. S. S. Collaboration et al. (2012) data (parameter values and 
their uncertainties are listed in Table 7) for a total exposure time 
of 300 hours. In our simulation we also took into account the pres-
ence of other TeV sources in the field of view (e.g. the source PSR 
B1259–63/LS 2883, at a distance of only 0.75◦ from HESS J1303-
631, H. E. S. S. Collaboration et al., 2020). In H. E. S. S. Collaboration 
et al. (2012), an analysis of the events selected by energy range re-
vealed an energy-dependent shape of the emission, where events 
of higher energy, above 10 TeV, were found preferentially closer 
to the present pulsar’s position, whereas events of lower energy 
showed an offset of ∼ 0.14◦ . This result was obtained based on 
the distance distribution of the events from the pulsar position. To 
test the capability of the ASTRI Mini-Array to detect such energy-
dependent morphology, we also made an ad-hoc simulation. In this 
case, we simulated the extended emission of HESS J1303-631 as 
the superposition of two point sources at a distance of 0.14◦ from 
one another. One point source (labelled PSRsource) is placed at the 
coordinates of PSR J1301-6305 and has a power-law spectrum with 
no cut-off; the second point source (labelled Nebula) is placed at 
the centre of the nebula, and has a spectral cut-off at Ecut = 4 TeV. 
In both cases, we assumed the power-law photon index to be -
1.5, adjusting the normalization of each component so that each 
point source contributes half of the 1–100 TeV flux observed from 
H.E.S.S. (H. E. S. S. Collaboration et al., 2012).

Analysis and results We performed a binned likelihood analysis us-
ing 15 logarithmically spaced energy bins in the 2.5–90 TeV energy 
band and a pixel size of 0.015◦ . The source has an extension which 
is slightly larger than the overall ASTRI Mini-Array PSF (e.g. 68% 
PSF at a reference value of 5 TeV is 0.15◦). If we assumed a point 
source for the spatial model of the source, significant residuals 
would appear in the residual map, as it can be comparatively ob-
served in Fig. 18.
The statistical uncertainties of the spatial and spectral parameters 
are comparable with the values given by H. E. S. S. Collaboration et 
al. (2012), and, as expected, they become better for our assumed 
exposure time of 300 hr (see Table 7).

In Fig. 19, we show the H.E.S.S. spectral data points and the AS-
TRI Mini-Array simulated spectrum based on a sub-sample of data 
corresponding to 110 hours of observations. Using the same ob-
serving time, the quality of the data is comparable in the 2–10 
TeV range, while the larger collecting area above 10 TeV for AS-
TRI Mini-Array allows for a better characterisation of the spectral 
curvature beyond the cut-off energy.

To show the capabilities of the ASTRI Mini-Array to detect 
possible spatial-dependent spectral variations, where the variation 
length is of the same order of the PSF for energies of few TeV, we 
adopted the very simple baseline model illustrated in the previ-
ous paragraph, as two point sources separated by ∼ 8.5′ and with 
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Fig. 18. Left panel: background-subtracted sky map of the region around HESS J1303-631 from a 300 h ASTRI Mini-Array simulation in the 1–100 TeV band. The only other 
source in the field is the γ -ray binary HESS J1302-638, that we modelled as a point source. Centre panel: residual map of the HESS J1303-631 region when a point-source 
spatial model is adopted. The large residuals in the map clearly indicate that the extended emission can be resolved by the ASTRI Mini-Array. Right panel: residual map 
around HESS J1303-631 adopting the template model (see results in Table 7). Sky maps units are counts/pixel.
Fig. 19. HESS J1303-632 spectrum: ASTRI Mini-Array data-points in red; H.E.S.S. data 
from H. E. S. S. Collaboration et al. (2012) in blue. The butterfly diagram shows the 
best-fit and the 68% confidence contour as derived from the minimum likelihood 
estimate of 110 hours ASTRI Mini-Array simulations.

Table 7
Likelihood results for HESS J1303-631. Comparison of ASTRI Mini-Array results with 
H.E.S.S. values and uncertainties. The spectral model is an exponentially cut-off 
power-law model. The spatial model is an elliptical disk model, which assumes uni-
form intensity distribution within the ellipse.

ASTRI Mini-Array H.E.S.S.1

Exposure (hr) 300 108.3

Spectral Model
No

2 4.6±0.1 5.6±0.5
� 1.52±0.04 1.5±0.2
Ecut (TeV) 8.5±0.5 7.7±2.2

Spatial Model
R.A. (deg) 195.703±0.005 195.7000±0.0008
DEC (deg) -63.176±0.002 -63.178±0.007
PA3 (deg) 146±2 147±6
Rmax (arcmin) 0.198±0.003 0.194±0.008
Rmin (arcmin) 0.149±0.002 0.145±0.006

1 Value taken from H. E. S. S. Collaboration et al. (2012).
2 N0 calculated at the reference energy of 1 TeV in units of 10−12 pho-

tons cm−2 s−1 TeV−1.
3 PA is the positional angle, measured counterclockwise from North.

different spectral shapes; however, we reproduced as closely as 
possible the expected rate and flux from HESS J1303-631. Adopting 
the template model of the two-source emission, we performed an 
unbinned likelihood analysis. For the source Nebula we obtained 
the following best-fit values for its position: RA = 195.699±0.012, 
Dec. = -63.17±0.05, while for PSR source RA = 195.44 ± 0.03, Dec. = -
161
Fig. 20. Colour map for the energy-dependent (red and blue, respectively) are over-
imposed. Circles around the position of the PSR source and for the extended Nebula
show the positional uncertainties as derived from a maximum likelihood fit. Colour 
map units are counts/pixel.

63.088 ± 0.013. The Nebula and the PSR source positions have an 
average uncertainty less than 3′ . Considering the assumed radial 
distance, both sources can be therefore clearly resolved. The com-
posite image using two IRF-background subtracted sky maps in 
two energy ranges (a soft one, below 10 TeV and a hard one above 
this energy range) in Fig. 20 shows the two simulated sources 
together with their error regions (circle radii correspond to the 
largest value between the error in R.A. and in declination).
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Kluźniak, W., Kolitzus, D., Komin, N., Kosack, K., Krakau, S., Kraus, M., Krüger, P.P., 
Laffon, H., Lamanna, G., Lau, J., Lees, J.P., Lefaucheur, J., Lefranc, V., Lemière, A., 
Lemoine-Goumard, M., Lenain, J.P., Leser, E., Lohse, T., Lorentz, M., Liu, R., López-
Coto, R., Lypova, I., Marandon, V., Marcowith, A., Mariaud, C., Marx, R., Maurin, 
G., Maxted, N., Mayer, M., Meintjes, P.J., Meyer, M., Mitchell, A.M.W., Moderski, 
R., Mohamed, M., Mohrmann, L., Morå, K., Moulin, E., Murach, T., Nakashima, 
S., de Naurois, M., Niederwanger, F., Niemiec, J., Oakes, L., O’Brien, P., Odaka, H., 
Ohm, S., Ostrowski, M., Oya, I., Padovani, M., Panter, M., Parsons, R.D., Pekeur, 
N.W., Pelletier, G., Perennes, C., Petrucci, P.O., Peyaud, B., Piel, Q., Pita, S., Poon, 
H., Prokhorov, D., Prokoph, H., Pühlhofer, G., Punch, M., Quirrenbach, A., Raab, 
S., Rauth, R., Reimer, A., Reimer, O., Renaud, M., de los Reyes, R., Richter, S., 
Rieger, F., Romoli, C., Rowell, G., Rudak, B., Rulten, C.B., Sahakian, V., Saito, S., 
Salek, D., Sanchez, D.A., Santangelo, A., Sasaki, M., Schlickeiser, R., Schüssler, F., 
Schulz, A., Schwanke, U., Schwemmer, S., Seglar-Arroyo, M., Settimo, M., Seyf-
fert, A.S., Shafi, N., Shilon, I., Simoni, R., Sol, H., Spanier, F., Spengler, G., Spies, F., 
Stawarz, Ł., Steenkamp, R., Stegmann, C., Stycz, K., Sushch, I., Takahashi, T., Tav-
ernet, J.P., Tavernier, T., Taylor, A.M., Terrier, R., Tibaldo, L., Tiziani, D., Tluczykont, 
M., Trichard, C., Tsuji, N., Tuffs, R., Uchiyama, Y., van der Walt, D.J., van Eldik, C., 
van Rensburg, C., van Soelen, B., Vasileiadis, G., Veh, J., Venter, C., Viana, A., Vin-
cent, P., Vink, J., Voisin, F., Völk, H.J., Vuillaume, T., Wadiasingh, Z., Wagner, S.J., 
Wagner, P., Wagner, R.M., White, R., Wierzcholska, A., Willmann, P., Wörnlein, 
A., Wouters, D., Yang, R., Zaborov, D., Zacharias, M., Zanin, R., Zdziarski, A.A., 
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K., Katz, U., Kerszberg, D., Khélifi, B., Kieffer, M., King, J., Klepser, S., Klochkov, D., 
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Kluźniak, W., Kolitzus, D., Komin, N., Kosack, K., Krakau, S., Kraus, M., Krayzel, 
F., Krüger, P.P., Laffon, H., Lamanna, G., Lau, J., Lees, J.P., Lefaucheur, J., Lefranc, 
V., Lemière, A., Lemoine-Goumard, M., Lenain, J.P., Leser, E., Lohse, T., Lorentz, 
M., Liu, R., López-Coto, R., Lypova, I., Marandon, V., Marcowith, A., Mariaud, C., 
Marx, R., Maurin, G., Maxted, N., Mayer, M., Meintjes, P.J., Meyer, M., Mitchell, 
A.M.W., Moderski, R., Mohamed, M., Mohrmann, L., Morå, K., Moulin, E., Murach, 
T., de Naurois, M., Niederwanger, F., Niemiec, J., Oakes, L., O’Brien, P., Odaka, H., 
Öttl, S., Ohm, S., de Oña Wilhelmi, E., Ostrowski, M., Oya, I., Padovani, M., Pan-
ter, M., Parsons, R.D., Paz Arribas, M., Pekeur, N.W., Pelletier, G., Perennes, C., 
Petrucci, P.O., Peyaud, B., Pita, S., Poon, H., Prokhorov, D., Prokoph, H., Pühlhofer, 
G., Punch, M., Quirrenbach, A., Raab, S., Reimer, A., Reimer, O., Renaud, M., de 
los Reyes, R., Rieger, F., Romoli, C., Rosier-Lees, S., Rowell, G., Rudak, B., Rulten, 
C.B., Sahakian, V., Salek, D., Sanchez, D.A., Santangelo, A., Sasaki, M., Schlickeiser, 
R., Schüssler, F., Schulz, A., Schwanke, U., Schwemmer, S., Settimo, M., Seyffert, 
A.S., Shafi, N., Shilon, I., Simoni, R., Sol, H., Spanier, F., Spengler, G., Spies, F., 
Stawarz, Ł., Steenkamp, R., Stegmann, C., Stinzing, F., Stycz, K., Sushch, I., Taver-
net, J.P., Tavernier, T., Taylor, A.M., Terrier, R., Tibaldo, L., Tiziani, D., Tluczykont, 
M., Trichard, C., Tuffs, R., Uchiyama, Y., Valerius, K., van der Walt, D.J., van El-
dik, C., van Soelen, B., Vasileiadis, G., Veh, J., Venter, C., Viana, A., Vincent, P., 
Vink, J., Voisin, F., Völk, H.J., Vuillaume, T., Wadiasingh, Z., Wagner, S.J., Wag-
ner, P., Wagner, R.M., White, R., Wierzcholska, A., Willmann, P., Wörnlein, A., 
Wouters, D., Yang, R., Zabalza, V., Zaborov, D., Zacharias, M., Zdziarski, A.A., Zech, 
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Zorn, J., Żywucka, N., 2018e. The H.E.S.S. Galactic plane survey. Astron. Astro-
phys. 612, A1. https://doi .org /10 .1051 /0004 -6361 /201732098. arXiv:1804 .02432.

H. E. S. S. Collaboration, Abdalla, H., Aharonian, F., Ait Benkhali, F., Angüner, 
E.O., Arakawa, M., Arcaro, C., Armand, C., Arrieta, M., Backes, M., Barnard, M., 
Becherini, Y., Becker Tjus, J., Berge, D., Bernhard, S., Bernlöhr, K., Blackwell, R., 
Böttcher, M., Boisson, C., Bolmont, J., Bonnefoy, S., Bordas, P., Bregeon, J., Brun, 
F., Brun, P., Bryan, M., Büchele, M., Bulik, T., Bylund, T., Capasso, M., Caroff, 
S., Carosi, A., Casanova, S., Cerruti, M., Chakraborty, N., Chandra, S., Chaves, 
R.C.G., Chen, A., Colafrancesco, S., Condon, B., Davids, I.D., Deil, C., Devin, J., 
deWilt, P., Dirson, L., Djannati-Ataï, A., Dmytriiev, A., Donath, A., Doroshenko, 
V., Drury, L.O.C., Dyks, J., Egberts, K., Emery, G., Ernenwein, J.P., Eschbach, S., Fe-
gan, S., Fiasson, A., Fontaine, G., Funk, S., Füßling, M., Gabici, S., Gallant, Y.A., 
Gaté, F., Giavitto, G., Glawion, D., Glicenstein, J.F., Gottschall, D., Grondin, M.H., 
Hahn, J., Haupt, M., Heinzelmann, G., Henri, G., Hermann, G., Hinton, J.A., Hof-
mann, W., Hoischen, C., Holch, T.L., Holler, M., Horns, D., Huber, D., Iwasaki, 
H., Jacholkowska, A., Jamrozy, M., Jankowsky, D., Jankowsky, F., Jouvin, L., Jung-
Richardt, I., Kastendieck, M.A., Katarzyński, K., Katsuragawa, M., Katz, U., Ker-
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Kaufmann, S., Khélifi, B., Klochkov, D., Kluźniak, W., Kneiske, T., Komin, N., Ko-
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Khélifi, B., Klepser, S., Klochkov, D., Kluźniak, W., Kneiske, T., Kolitzus, D., Komin, 
N., Kosack, K., Kossakowski, R., Krayzel, F., Krüger, P.P., Laffon, H., Lamanna, G., 
Lefaucheur, J., Lemoine-Goumard, M., Lenain, J.P., Lennarz, D., Lohse, T., Lopatin, 
A., Lu, C.C., Marandon, V., Marcowith, A., Masbou, J., Maurin, G., Maxted, N., 
Mayer, M., McComb, T.J.L., Medina, M.C., Méhault, J., Menzler, U., Moderski, 
R., Mohamed, M., Moulin, E., Naumann, C.L., Naumann-Godo, M., de Naurois, 
M., Nedbal, D., Nguyen, N., Niemiec, J., Nolan, S.J., Ohm, S., de Oña Wilhelmi, 
E., Opitz, B., Ostrowski, M., Oya, I., Panter, M., Parsons, R.D., Paz Arribas, M., 
Pekeur, N.W., Pelletier, G., Perez, J., Petrucci, P.O., Peyaud, B., Pita, S., Pühlhofer, 
G., Punch, M., Quirrenbach, A., Raab, S., Raue, M., Reimer, A., Reimer, O., Re-
naud, M., de los Reyes, R., Rieger, F., Ripken, J., Rob, L., Rosier-Lees, S., Rowell, 
G., Rudak, B., Rulten, C.B., Sahakian, V., Sanchez, D.A., Santangelo, A., Schlick-
eiser, R., Schulz, A., Schwanke, U., Schwarzburg, S., Schwemmer, S., Sheidaei, F., 
Skilton, J.L., Sol, H., Spengler, G., Stawarz, Ł., Steenkamp, R., Stegmann, C., Stinz-
ing, F., Stycz, K., Sushch, I., Szostek, A., Tavernet, J.P., Terrier, R., Tluczykont, M., 
Trichard, C., Valerius, K., van Eldik, C., Vasileiadis, G., Venter, C., Viana, A., Vin-
cent, P., Völk, H.J., Volpe, F., Vorobiov, S., Vorster, M., Wagner, S.J., Ward, M., 
White, R., Wierzcholska, A., Wouters, D., Zacharias, M., Zajczyk, A., Zdziarski, 
A.A., Zech, A., Zechlin, H.S.G., 2013. Search for very-high-energy γ -ray emission 
from Galactic globular clusters with H.E.S.S. Astron. Astrophys. 551, A26. https://
doi .org /10 .1051 /0004 -6361 /201220719. arXiv:1301.1678.

H. E. S. S. Collaboration, Abramowski, A., Aharonian, F., Ait Benkhali, F., Akhper-
janian, A.G., Angüner, E., Anton, G., Balenderan, S., Balzer, A., Barnacka, A., 
Becherini, Y., Becker Tjus, J., Bernlöhr, K., Birsin, E., Bissaldi, E., Biteau, J., 
Böttcher, M., Boisson, C., Bolmont, J., Bordas, P., Brucker, J., Brun, F., Brun, P., 
166
Bulik, T., Carrigan, S., Casanova, S., Cerruti, M., Chadwick, P.M., Chalme-Calvet, 
R., Chaves, R.C.G., Cheesebrough, A., Chrétien, M., Colafrancesco, S., Cologna, G., 
Conrad, J., Couturier, C., Cui, Y., Dalton, M., Daniel, M.K., Davids, I.D., Degrange, 
B., Deil, C., deWilt, P., Dickinson, H.J., Djannati-Ataï, A., Domainko, W., Drury, 
L.O., Dubus, G., Dutson, K., Dyks, J., Dyrda, M., Edwards, T., Egberts, K., Eger, 
P., Espigat, P., Farnier, C., Fegan, S., Feinstein, F., Fernandes, M.V., Fernandez, D., 
Fiasson, A., Fontaine, G., Förster, A., Füßling, M., Gajdus, M., Gallant, Y.A., Gar-
rigoux, T., Giavitto, G., Giebels, B., Glicenstein, J.F., Grondin, M.H., Grudzińska, M., 
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K., Baack, D., Babić, A., Baquero, A., Barres de Almeida, U., Barrio, J.A., Becerra 
González, J., Bednarek, W., Bellizzi, L., Bernardini, E., Bernardos, M., Berti, A., Be-
senrieder, J., Bhattacharyya, W., Bigongiari, C., Biland, A., Blanch, O., Bonnoli, G., 
Bošnjak, Ž., Busetto, G., Carosi, R., Ceribella, G., Cerruti, M., Chai, Y., Chilingar-
ian, A., Cikota, S., Colak, S.M., Colombo, E., Contreras, J.L., Cortina, J., Covino, S., 
D’Amico, G., D’Elia, V., da Vela, P., Dazzi, F., de Angelis, A., de Lotto, B., Delfino, 
M., Delgado, J., Delgado Mendez, C., Depaoli, D., di Girolamo, T., di Pierro, F., 
di Venere, L., Do Souto Espiñeira, E., Dominis Prester, D., Donini, A., Dorner, 
D., Doro, M., Elsaesser, D., Fallah Ramazani, V., Fattorini, A., Ferrara, G., Foffano, 
L., Fonseca, M.V., Font, L., Fruck, C., Fukami, S., García López, R.J., Garczarczyk, 
M., Gasparyan, S., Gaug, M., Giglietto, N., Giordano, F., Gliwny, P., Godinović, N., 
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Casandjian, J.M., Cecchi, C., Çelik, Ö., Charles, E., Chaty, S., Chaves, R.C.G., Chekht-
man, A., Cheung, C.C., Chiang, J., Chiaro, G., Cillis, A.N., Ciprini, S., Claus, R., 
Cohen-Tanugi, J., Cominsky, L.R., Conrad, J., Corbel, S., Cutini, S., D’Ammando, F., 
de Angelis, A., de Palma, F., Dermer, C.D., do Couto e Silva, E., Drell, P.S., Drlica-
Wagner, A., Falletti, L., Favuzzi, C., Ferrara, E.C., Franckowiak, A., Fukazawa, Y., 
Funk, S., Fusco, P., Gargano, F., Germani, S., Giglietto, N., Giommi, P., Giordano, 
F., Giroletti, M., Glanzman, T., Godfrey, G., Grenier, I.A., Grondin, M.H., Grove, 
J.E., Guiriec, S., Hadasch, D., Hanabata, Y., Harding, A.K., Hayashida, M., Hayashi, 
K., Hays, E., Hewitt, J.W., Hill, A.B., Hughes, R.E., Jackson, M.S., Jogler, T., Jóhan-
nesson, G., Johnson, A.S., Kamae, T., Kataoka, J., Katsuta, J., Knödlseder, J., Kuss, 
M., Lande, J., Larsson, S., Latronico, L., Lemoine-Goumard, M., Longo, F., Loparco, 
F., Lovellette, M.N., Lubrano, P., Madejski, G.M., Massaro, F., Mayer, M., Mazz-
iotta, M.N., McEnery, J.E., Mehault, J., Michelson, P.F., Mignani, R.P., Mitthumsiri, 
W., Mizuno, T., Moiseev, A.A., Monzani, M.E., Morselli, A., Moskalenko, I.V., Mur-
gia, S., Nakamori, T., Nemmen, R., Nuss, E., Ohno, M., Ohsugi, T., Omodei, N., 
Orienti, M., Orlando, E., Ormes, J.F., Paneque, D., Perkins, J.S., Pesce-Rollins, M., 
Piron, F., Pivato, G., Rainò, S., Rando, R., Razzano, M., Razzaque, S., Reimer, A., 
Reimer, O., Ritz, S., Romoli, C., Sánchez-Conde, M., Schulz, A., Sgrò, C., Simeon, 
P.E., Siskind, E.J., Smith, D.A., Spandre, G., Spinelli, P., Stecker, F.W., Strong, A.W., 
Suson, D.J., Tajima, H., Takahashi, H., Takahashi, T., Tanaka, T., Thayer, J.G., Thayer, 
J.B., Thompson, D.J., Thorsett, S.E., Tibaldo, L., Tibolla, O., Tinivella, M., Troja, E., 
Uchiyama, Y., Usher, T.L., Vandenbroucke, J., Vasileiou, V., Vianello, G., Vitale, V., 
Waite, A.P., Werner, M., Winer, B.L., Wood, K.S., Wood, M., Yamazaki, R., Yang, Z., 
Zimmer, S., 2013. Detection of the characteristic pion-decay signature in super-
nova remnants. Science 339, 807–811. https://doi .org /10 .1126 /science .1231160. 
arXiv:1302 .3307.

Ackermann, M., Ajello, M., Albert, A., Baldini, L., Ballet, J., Barbiellini, G., Bastieri, 
D., Bellazzini, R., Bissaldi, E., Blandford, R.D., Bloom, E.D., Bottacini, E., Brandt, 
T.J., Bregeon, J., Bruel, P., Buehler, R., Buson, S., Caliandro, G.A., Cameron, R.A., 
Caragiulo, M., Caraveo, P.A., Cavazzuti, E., Charles, E., Chekhtman, A., Cheung, 
C.C., Chiang, J., Chiaro, G., Ciprini, S., Claus, R., Cohen-Tanugi, J., Conrad, J., Cor-
bel, S., D’Ammando, F., de Angelis, A., den Hartog, P.R., de Palma, F., Dermer, 
C.D., Desiante, R., Digel, S.W., Di Venere, L., do Couto e Silva, E., Donato, D., 
Drell, P.S., Drlica-Wagner, A., Favuzzi, C., Ferrara, E.C., Focke, W.B., Franckowiak, 
A., Fuhrmann, L., Fukazawa, Y., Fusco, P., Gargano, F., Gasparrini, D., Germani, 
S., Giglietto, N., Giordano, F., Giroletti, M., Glanzman, T., Godfrey, G., Grenier, 
I.A., Grove, J.E., Guiriec, S., Hadasch, D., Harding, A.K., Hayashida, M., Hays, E., 
Hewitt, J.W., Hill, A.B., Hou, X., Jean, P., Jogler, T., Jóhannesson, G., Johnson, 
A.S., Johnson, W.N., Kerr, M., Knödlseder, J., Kuss, M., Larsson, S., Latronico, L., 
Lemoine-Goumard, M., Longo, F., Loparco, F., Lott, B., Lovellette, M.N., Lubrano, 
P., Manfreda, A., Martin, P., Massaro, F., Mayer, M., Mazziotta, M.N., McEnery, 
J.E., Michelson, P.F., Mitthumsiri, W., Mizuno, T., Monzani, M.E., Morselli, A., 
Moskalenko, I.V., Murgia, S., Nemmen, R., Nuss, E., Ohsugi, T., Omodei, N., Ori-
enti, M., Orlando, E., Ormes, J.F., Paneque, D., Panetta, J.H., Perkins, J.S., Pesce-
Rollins, M., Piron, F., Pivato, G., Porter, T.A., Rainò, S., Rando, R., Razzano, M., 
Razzaque, S., Reimer, A., Reimer, O., Reposeur, T., Saz Parkinson, P.M., Schaal, 
M., Schulz, A., Sgrò, C., Siskind, E.J., Spandre, G., Spinelli, P., Stawarz, Ł., Suson, 
D.J., Takahashi, H., Tanaka, T., Thayer, J.G., Thayer, J.B., Thompson, D.J., Tibaldo, 
L., Tinivella, M., Torres, D.F., Tosti, G., Troja, E., Uchiyama, Y., Vianello, G., Winer, 
B.L., Wolff, M.T., Wood, D.L., Wood, K.S., Wood, M., Charbonnel, S., Corbet, R.H.D., 
De Gennaro Aquino, I., Edlin, J.P., Mason, E., Schwarz, G.J., Shore, S.N., Starrfield, 
S., Teyssier, F., Fermi-LAT Collaboration, 2014. Fermi establishes classical no-
vae as a distinct class of gamma-ray sources. Science 345, 554–558. https://
doi .org /10 .1126 /science .1253947. arXiv:1408 .0735.

Adams, C.B., Benbow, W., Brill, A., Buckley, J.H., Capasso, M., Chromey, A.J., Errando, 
M., Falcone, A., Farrell, K.A., Feng, Q., Finley, J.P., Foote, G.M., Fortson, L., Furniss, 
A., Gent, A., Gillanders, G.H., Giuri, C., Gueta, O., Hanna, D., Hassan, T., Hervet, 
O., Holder, J., Hona, B., Humensky, T.B., Jin, W., Kaaret, P., Kertzman, M., Kieda, 
D., Kleiner, T.K., Krennrich, F., Kumar, S., Lang, M.J., Lundy, M., Maier, G., Mc-
Grath, C.E., Moriarty, P., Mukherjee, R., Nieto, D., Nievas-Rosillo, M., O’Brien, S., 
Ong, R.A., Otte, A.N., Park, N., Patel, S., Pfrang, K., Pichel, A., Pohl, M., Prado, R.R., 
Quinn, J., Ragan, K., Reynolds, P.T., Ribeiro, D., Roache, E., Rovero, A.C., Ryan, J.L., 
Santander, M., Schlenstedt, S., Sembroski, G.H., Shang, R., Tak, D., Vassiliev, V.V., 
Weinstein, A., Williams, D.A., Williamson, T.J., Williamson, T.J., Acciari, V.A., An-
soldi, S., Antonelli, L.A., Arbet Engels, A., Artero, M., Asano, K., Baack, D., Babić, 
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nikov, P., Terzić, T., Tescaro, D., Teshima, M., Thaele, J., Torres, D.F., Toyama, T., 
Treves, A., Ward, J., Will, M., Zanin, R., 2016. Teraelectronvolt pulsed emission 
from the Crab pulsar detected by MAGIC. Astron. Astrophys. 585, A133. https://
doi .org /10 .1051 /0004 -6361 /201526853. arXiv:1510 .07048.

Araya, M., 2018. GeV emission in the region of HESS J1809-193 and HESS J1813-
178: is HESS J1809-193 a proton pevatron? Astrophys. J. 859, 69. https://doi .
org /10 .3847 /1538 -4357 /aabd7e. arXiv:1804 .03325.

Archambault, S., Archer, A., Aune, T., Barnacka, A., Benbow, W., Bird, R., Buchovecky, 
M., Buckley, J.H., Bugaev, V., Byrum, K., Cardenzana, J.V., Cerruti, M., Chen, X., 
Ciupik, L., Collins-Hughes, E., Connolly, M.P., Cui, W., Dickinson, H.J., Dumm, J., 
Eisch, J.D., Falcone, A., Feng, Q., Finley, J.P., Fleischhack, H., Flinders, A., Fortin, 
P., Fortson, L., Furniss, A., Gillanders, G.H., Griffin, S., Grube, J., Gyuk, G., Hütten, 
M., Håkansson, N., Hanna, D., Holder, J., Humensky, T.B., Johnson, C.A., Kaaret, P., 
Kar, P., Kelley-Hoskins, N., Kertzman, M., Khassen, Y., Kieda, D., Krause, M., Kren-
nrich, F., Kumar, S., Lang, M.J., Maier, G., McArthur, S., McCann, A., Meagher, K., 
Millis, J., Moriarty, P., Mukherjee, R., Nieto, D., O’Brien, S., O’Faoláin de Bhróithe, 
A., Ong, R.A., Otte, A.N., Pandel, D., Park, N., Pelassa, V., Pohl, M., Popkow, A., 
Pueschel, E., Quinn, J., Ragan, K., Reynolds, P.T., Richards, G.T., Roache, E., Rous-
selle, J., Rulten, C., Santander, M., Sembroski, G.H., Shahinyan, K., Smith, A.W., 
Staszak, D., Telezhinsky, I., Tucci, J.V., Tyler, J., Vincent, S., Wakely, S.P., Weiner, 
O.M., Weinstein, A., Wilhelm, A., Williams, D.A., Zitzer, B., 2016. Exceptionally 
bright TeV flares from the binary LS I +61 303. Astrophys. J. Lett. 817, L7. https://
doi .org /10 .3847 /2041 -8205 /817 /1 /L7. arXiv:1601.01812.

Archer, A., Benbow, W., Bird, R., Buchovecky, M., Buckley, J.H., Bugaev, V., Byrum, 
K., Cardenzana, J.V., Cerruti, M., Chen, X., Ciupik, L., Collins-Hughes, E., Connolly, 
M.P., Eisch, J.D., Falcone, A., Feng, Q., Finley, J.P., Fleischhack, H., Flinders, A., Fort-
son, L., Furniss, A., Gilland ers, G.H., Griffin, S., Grube, J., Gyuk, G., Håkansson, N., 
Hanna, D., Holder, J., Humensky, T.B., Hütten, M., Johnson, C.A., Kaaret, P., Kar, P., 
Kelley-Hoskins, N., Kertzman, M., Kieda, D., Krause, M., Krennrich, F., Kumar, S., 
172
Lang, M.J., McArthur, S., McCann, A., Meagher, K., Millis, J., Moriarty, P., Mukher-
jee, R., Nieto, D., Ong, R.A., Park, N., Pelassa, V., Pohl, M., Popkow, A., Pueschel, 
E., Quinn, J., Ragan, K., Ratliff, G., Reynolds, P.T., Richards, G.T., Roache, E., Rous-
selle, J., Santander, M., Sembroski, G.H., Shahinyan, K., Smith, A.W., Staszak, D., 
Telezhinsky, I., Tucci, J.V., Tyler, J., Vassiliev, V.V., Wakely, S.P., Weiner, O.M., We-
instein, A., Wilhelm, A., Williams, D.A., Zitzer, B., Yusef-Zadeh, F., 2016. TeV 
gamma-ray observations of the galactic center ridge by VERITAS. Astrophys. 
J. 821, 129. https://doi .org /10 .3847 /0004 -637X /821 /2 /129. arXiv:1602 .08522.

Archer, A., Benbow, W., Bird, R., Brose, R., Buchovecky, M., Bugaev, V., Cui, W., Daniel, 
M.K., Falcone, A., Feng, Q., Finley, J.P., Flinders, A., Fortson, L., Furniss, A., Gillan-
ders, G.H., Hütten, M., Hanna, D., Hervet, O., Holder, J., Hughes, G., Humensky, 
T.B., Johnson, C.A., Kaaret, P., Kar, P., Kelley-Hoskins, N., Kieda, D., Krause, M., 
Krennrich, F., Kumar, S., Lang, M.J., Lin, T.T.Y., McArthur, S., Moriarty, P., Mukher-
jee, R., Nieto, D., O’Brien, S., Ong, R.A., Otte, A.N., Park, N., Petrashyk, A., Pohl, 
M., Popkow, A., Pueschel, E., Quinn, J., Ragan, K., Reynolds, P.T., Richards, G.T., 
Roache, E., Rulten, C., Sadeh, I., Sembroski, G.H., Shahinyan, K., Tyler, J., Wakely, 
S.P., Weiner, O.M., Weinstein, A., Wells, R.M., Wilcox, P., Wilhelm, A., Williams, 
D.A., VERITAS Collaboration, Brisken, W.F., Pontrelli, P., 2018. HESS J1943+213: 
an extreme blazar shining through the galactic plane. Astrophys. J. 862, 41. 
https://doi .org /10 .3847 /1538 -4357 /aacbd0. arXiv:1806 .04144.

Arons, J., 1983. Pair creation above pulsar polar caps - geometrical structure and en-
ergetics of slot gaps. Astrophys. J. 266, 215–241. https://doi .org /10 .1086 /160771.

Bartoli, B., Bernardini, P., Bi, X.J., Bleve, C., Bolognino, I., Branchini, P., Budano, A., 
Calabrese Melcarne, A.K., Camarri, P., Cao, Z., Cardarelli, R., Catalanotti, S., Cat-
taneo, C., Chen, S.Z., Chen, T.L., Chen, Y., Creti, P., Cui, S.W., Dai, B.Z., D’AlíStaiti, 
G., Danzengluobu, Dattoli, M., De Mitri, I., D’Ettorre Piazzoli, B., Di Girolamo, T., 
Ding, X.H., Di Sciascio, G., Feng, C.F., Feng, Z., Feng, Z., Galeazzi, F., Giroletti, E., 
Gou, Q.B., Guo, Y.Q., He, H.H., Hu, H., Hu, H., Huang, Q., Iacovacci, M., Iuppa, R., 
James, I., Jia, H.Y., Labaciren, Li, H.J., Li, J.Y., Li, X.X., Liguori, G., Liu, C., Liu, C.Q., 
Liu, J., Liu, M.Y., Lu, H., Ma, L.L., Ma, X.H., Mancarella, G., Mari, S.M., Marsella, 
G., Martello, D., Mastroianni, S., Montini, P., Ning, C.C., Pagliaro, A., Panareo, M., 
Panico, B., Perrone, L., Pistilli, P., Ruggieri, F., Salvini, P., Santonico, R., Shen, P.R., 
Sheng, X.D., Shi, F., Stanescu, C., Surdo, A., Tan, Y.H., Vallania, P., Vernetto, S., 
Vigorito, C., Wang, B., Wang, H., Wu, C.Y., Wu, H.R., Xu, B., Xue, L., Yang, Q.Y., 
Yang, X.C., Yao, Z.G., Yuan, A.F., Zha, M., Zhang, H.M., Zhang, J., Zhang, J., Zhang, 
L., Zhang, P., Zhang, X.Y., Zhang, Y., Zhao, J., Zhaxiciren, Zhaxisangzhu, Zhou, X.X., 
Zhu, F.R., Zhu, Q.Q., Zizzi, G., ARGO-YBJ Collaboration, 2012. Observation of TeV 
gamma rays from the Cygnus region with the ARGO-YBJ experiment. Astrophys. 
J. Lett. 745, L22. https://doi .org /10 .1088 /2041 -8205 /745 /2 /L22. arXiv:1201.1973.

Bednarek, W., Sobczak, T., 2014. Misaligned TeV γ -ray sources in the vicinity of 
globular clusters. Mon. Not. R. Astron. Soc. 445, 2842–2847. https://doi .org /10 .
1093 /mnras /stu1966. arXiv:1409 .7921.

Bednarek, W., Sitarek, J., Sobczak, T., 2016. TeV gamma-ray emission initiated by the 
population or individual millisecond pulsars within globular clusters. Mon. Not. 
R. Astron. Soc. 458, 1083–1095. https://doi .org /10 .1093 /mnras /stw367. arXiv:
1602 .03629.

Bergström, L., Ullio, P., Buckley, J.H., 1998. Observability of γ rays from dark mat-
ter neutralino annihilations in the Milky Way halo. Astropart. Phys. 9, 137–162. 
https://doi .org /10 .1016 /S0927 -6505(98 )00015 -2. arXiv:astro -ph /9712318.

Blasi, P., 2013. The origin of galactic cosmic rays. Astron. Astrophys. Rev. 21, 70. 
https://doi .org /10 .1007 /s00159 -013 -0070 -7. arXiv:1311.7346.

Bock, D.C.J., Turtle, A.J., Green, A.J., 1998. A high-resolution radio survey of the VELA 
supernova remnant. Astron. J. 116, 1886–1896. https://doi .org /10 .1086 /300563. 
arXiv:astro -ph /9807125.

Bock, D.C.J., Large, M.I., Sadler, E.M., 1999. SUMSS: a wide-field radio imaging survey 
of the southern sky. I. Science goals, survey design, and instrumentation. Astron. 
J. 117, 1578–1593. https://doi .org /10 .1086 /300786. arXiv:astro -ph /9812083.

Bonnivard, V., Combet, C., Maurin, D., Walker, M.G., 2015. Spherical Jeans analysis for 
dark matter indirect detection in dwarf spheroidal galaxies - impact of physical 
parameters and triaxiality. Mon. Not. R. Astron. Soc. 446, 3002–3021. https://
doi .org /10 .1093 /mnras /stu2296. arXiv:1407.7822.

Bordas, P., Yang, R., Kafexhiu, E., Aharonian, F., 2015. Detection of persistent gamma-
ray emission toward SS433/W50. Astrophys. J. Lett. 807, L8. https://doi .org /10 .
1088 /2041 -8205 /807 /1 /L8. arXiv:1411.7413.

Brogan, C.L., Gaensler, B.M., Gelfand, J.D., Lazendic, J.S., Lazio, T.J.W., Kassim, N.E., 
McClure-Griffiths, N.M., 2005. Discovery of a radio supernova remnant and non-
thermal X-rays coincident with the TeV source HESS J1813-178. Astrophys. J. 
Lett. 629, L105–L108. https://doi .org /10 .1086 /491471. arXiv:astro -ph /0505145.

Burtovoi, A., Saito, T.Y., Zampieri, L., Hassan, T., 2017. Prospects for the detection of 
high-energy (E > 25 GeV) Fermi pulsars with the Cherenkov Telescope Array. 
Mon. Not. R. Astron. Soc. 471, 431–446. https://doi .org /10 .1093 /mnras /stx1582. 
arXiv:1706 .07228.

Bykov, A.M., Krassilchtchikov, A.M., Uvarov, Y.A., Bloemen, H., Bocchino, F., Dubner, 
G.M., Giacani, E.B., Pavlov, G.G., 2008. Isolated X-ray-infrared sources in the re-
gion of interaction of the supernova remnant IC 443 with a molecular cloud. 
Astrophys. J. 676, 1050–1063. https://doi .org /10 .1086 /529117. arXiv:0801.1255.

Cadelano, M., Ransom, S.M., Freire, P.C.C., Ferraro, F.R., Hessels, J.W.T., Lanzoni, 
B., Pallanca, C., Stairs, I.H., 2018. Discovery of three new millisecond pulsars 
in Terzan 5. Astrophys. J. 855, 125. https://doi .org /10 .3847 /1538 -4357 /aaac2a. 
arXiv:1801.09929.

https://doi.org/10.1088/0004-637X/783/1/16
https://doi.org/10.1142/S0218271814300134
http://refhub.elsevier.com/S2214-4048(22)00035-0/bib8D198554BF1099AD82084FE8B0745929s1
http://refhub.elsevier.com/S2214-4048(22)00035-0/bib8D198554BF1099AD82084FE8B0745929s1
https://doi.org/10.1016/j.asr.2017.04.019
https://doi.org/10.1017/S0022377821000064
https://doi.org/10.1017/S0022377821000064
https://doi.org/10.1051/0004-6361:20030279
https://doi.org/10.1051/0004-6361:20030279
http://refhub.elsevier.com/S2214-4048(22)00035-0/bibB0F4066D661A18CC902373F2224FFA37s1
http://refhub.elsevier.com/S2214-4048(22)00035-0/bibB0F4066D661A18CC902373F2224FFA37s1
http://refhub.elsevier.com/S2214-4048(22)00035-0/bibB0F4066D661A18CC902373F2224FFA37s1
https://doi.org/10.1051/0004-6361/201526853
https://doi.org/10.1051/0004-6361/201526853
https://doi.org/10.3847/1538-4357/aabd7e
https://doi.org/10.3847/1538-4357/aabd7e
https://doi.org/10.3847/2041-8205/817/1/L7
https://doi.org/10.3847/2041-8205/817/1/L7
https://doi.org/10.3847/0004-637X/821/2/129
https://doi.org/10.3847/1538-4357/aacbd0
https://doi.org/10.1086/160771
https://doi.org/10.1088/2041-8205/745/2/L22
https://doi.org/10.1093/mnras/stu1966
https://doi.org/10.1093/mnras/stu1966
https://doi.org/10.1093/mnras/stw367
https://doi.org/10.1016/S0927-6505(98)00015-2
https://doi.org/10.1007/s00159-013-0070-7
https://doi.org/10.1086/300563
https://doi.org/10.1086/300786
https://doi.org/10.1093/mnras/stu2296
https://doi.org/10.1093/mnras/stu2296
https://doi.org/10.1088/2041-8205/807/1/L8
https://doi.org/10.1088/2041-8205/807/1/L8
https://doi.org/10.1086/491471
https://doi.org/10.1093/mnras/stx1582
https://doi.org/10.1086/529117
https://doi.org/10.3847/1538-4357/aaac2a


A. D’Aì, E. Amato, A. Burtovoi et al. Journal of High Energy Astrophysics 35 (2022) 139–175
Cao, Z., 2021. Ultrahigh-energy photons up to 1.4 petaelectronvolts from 12 γ -ray 
Galactic sources. Nature.

Cardillo, M., Tavani, M., Giuliani, A., Yoshiike, S., Sano, H., Fukuda, T., Fukui, Y., 
Castelletti, G., Dubner, G., 2014. The supernova remnant W44: confirmations 
and challenges for cosmic-ray acceleration. Astron. Astrophys. 565, A74. https://
doi .org /10 .1051 /0004 -6361 /201322685. arXiv:1403 .1250.

Cardillo, M., Amato, E., Blasi, P., 2015. On the cosmic ray spectrum from type II 
supernovae expanding in their red giant presupernova wind. Astropart. Phys. 69, 
1–10. https://doi .org /10 .1016 /j .astropartphys .2015 .03 .002. arXiv:1503 .03001.

Cardillo, M., Amato, E., Blasi, P., 2016. Supernova remnant W44: a case of cosmic-ray 
reacceleration. Astron. Astrophys. 595, A58. https://doi .org /10 .1051 /0004 -6361 /
201628669. arXiv:1604 .02321.

Chang, C., Konopelko, A., Cui, W., 2008. Search for pulsar wind nebula associations 
with unidentified TeV γ -ray sources. Astrophys. J. 682, 1177–1184. https://doi .
org /10 .1086 /589225. arXiv:0709 .3614.

Chang, Z., Zhang, S., Ji, L., Chen, Y.P., Kretschmar, P., Kuulkers, E., Collmar, W., Liu, 
C.Z., 2016. Investigation of the energy dependence of the orbital light curve in 
LS 5039. Mon. Not. R. Astron. Soc. 463, 495–501. https://doi .org /10 .1093 /mnras /
stw2009. arXiv:1608 .04589.

Cheng, K.S., Ho, C., Ruderman, M., 1986. Energetic radiation from rapidly spinning 
pulsars. I - Outer magnetosphere gaps. II - VELA and Crab. Astrophys. J. 300, 
500–539. https://doi .org /10 .1086 /163829.

Chernyakova, M., Malyshev, D., Paizis, A., La Palombara, N., Balbo, M., Walter, R., 
Hnatyk, B., van Soelen, B., Romano, P., Munar-Adrover, P., Vovk, I., Piano, G., 
Capitanio, F., Falceta-Goncalves, D., Landoni, M., Luque-Escamilla, P.L., Marti, J., 
Paredes, J.M., Ribo, M., Safi-Harb, S., Saha, L., Sidoli, L., Vercellone, S., 2019. 
Overview of non-transient gamma-ray binaries and prospects for the Cherenkov 
Telescope Array. arXiv:1909 .11018.

Cornett, R.H., Chin, G., Knapp, G.R., 1977. Observations of CO emission from a dense 
cloud associated with the supernova remnant IC 443. Astron. Astrophys. 54, 
889–894.

Cristofari, P., Blasi, P., Amato, E., 2020. The low rate of Galactic pevatrons. As-
tropart. Phys. 123, 102492. https://doi .org /10 .1016 /j .astropartphys .2020 .102492. 
arXiv:2007.04294.

Deil, C., Zanin, R., Lefaucheur, J., Boisson, C., Khelifi, B., Terrier, R., Wood, M., 
Mohrmann, L., Chakraborty, N., Watson, J., Lopez-Coto, R., Klepser, S., Cerruti, 
M., Lenain, J.P., Acero, F., Djannati-Ataï, A., Pita, S., Bosnjak, Z., Trichard, C., Vuil-
laume, T., Donath, A., Consortium, C., King, J., Jouvin, L., Owen, E., Sipocz, B., 
Lennarz, D., Voruganti, A., Spir-Jacob, M., Ruiz, J.E., Arribas, M.P., 2017. Gammapy 
- a prototype for the CTA science tools. In: 35th International Cosmic Ray Con-
ference (ICRC2017), p. 766. arXiv:1709 .01751.

Della Valle, M., Izzo, L., 2020. Observations of galactic and extragalactic novae. As-
tron. Astrophys. Rev. 28, 3. https://doi .org /10 .1007 /s00159 -020 -0124 -6. arXiv:
2004 .06540.

Denoyer, L.K., 1978. Observations of the negative velocity hydrogen in IC 443. Mon. 
Not. R. Astron. Soc. 183, 187–193. https://doi .org /10 .1093 /mnras /183 .2 .187.

Domainko, W.F., 2011. Finding short GRB remnants in globular clusters: the VHE 
gamma-ray source in Terzan 5. Astron. Astrophys. 533, L5. https://doi .org /10 .
1051 /0004 -6361 /201117538. arXiv:1106 .4397.

Dubus, G., 2013. Gamma-ray binaries and related systems. Astron. Astrophys. 
Rev. 21, 64. https://doi .org /10 .1007 /s00159 -013 -0064 -5. arXiv:1307.7083.

Duvidovich, L., Giacani, E., Castelletti, G., Petriella, A., Supán, L., 2019. A new study 
towards PSR J1826-1334 and PSR J1826-1256 in the region of HESS J1825-
137 and HESS J1826-130. Astron. Astrophys. 623, A115. https://doi .org /10 .1051 /
0004 -6361 /201834590. arXiv:1902 .02215.

Fang, J., Zhang, L., 2010. Multiband nonthermal radiative properties of HESS J1813-
178. Astrophys. J. 718, 467–473. https://doi .org /10 .1088 /0004 -637X /718 /1 /467. 
arXiv:1005 .3386.

Fiori, M., Zampieri, L., Burtovoi, A., Caraveo, P., Tibaldo, L., 2020. Constraining mod-
els of the pulsar wind nebula in SNR G0.9+0.1 via simulation of its detection 
properties using the Cherenkov Telescope Array. Mon. Not. R. Astron. Soc. 499, 
3494–3509. https://doi .org /10 .1093 /mnras /staa3039. arXiv:2009 .14520.

Frail, D.A., Bietenholz, M.F., Markwardt, C.B., 1997. A radio/X-ray comparison of the 
Vela X region. Astrophys. J. 475, 224–230. https://doi .org /10 .1086 /303537.

Funk, S., 2017. High-Energy Gamma Rays from Supernova Remnants, p. 1737.
Funk, S., Hinton, J.A., Moriguchi, Y., Aharonian, F.A., Fukui, Y., Hofmann, W., Horns, 

D., Pühlhofer, G., Reimer, O., Rowell, G., Terrier, R., Vink, J., Wagner, S.J., 2007. 
XMM-Newton observations of HESS J1813-178 reveal a composite supernova 
remnant. Astron. Astrophys. 470, 249–257. https://doi .org /10 .1051 /0004 -6361 :
20066779. arXiv:astro -ph /0611646.

Gaensler, B.M., Slane, P.O., 2006. The evolution and structure of pulsar wind nebulae. 
Annu. Rev. Astron. Astrophys. 44, 17–47. https://doi .org /10 .1146 /annurev.astro .
44 .051905 .092528. arXiv:astro -ph /0601081.

Giacinti, G., Mitchell, A.M.W., López-Coto, R., Joshi, V., Parsons, R.D., Hinton, J.A., 
2020. Halo fraction in TeV-bright pulsar wind nebulae. Astron. Astrophys. 636, 
A113. https://doi .org /10 .1051 /0004 -6361 /201936505. arXiv:1907.12121.

Giordano, F., Naumann-Godo, M., Ballet, J., Bechtol, K., Funk, S., Lande, J., Mazziotta, 
M.N., Rainò, S., Tanaka, T., Tibolla, O., Uchiyama, Y., 2012. Fermi large area tele-
scope detection of the young supernova remnant Tycho. Astrophys. J. Lett. 744, 
L2. https://doi .org /10 .1088 /2041 -8205 /744 /1 /L2. arXiv:1108 .0265.
173
Giuliani, A., Cardillo, M., Tavani, M., Fukui, Y., Yoshiike, S., Torii, K., Dubner, G., 
Castelletti, G., Barbiellini, G., Bulgarelli, A., Caraveo, P., Costa, E., Cattaneo, P.W., 
Chen, A., Contessi, T., Del Monte, E., Donnarumma, I., Evangelista, Y., Feroci, M., 
Gianotti, F., Lazzarotto, F., Lucarelli, F., Longo, F., Marisaldi, M., Mereghetti, S., 
Pacciani, L., Pellizzoni, A., Piano, G., Picozza, P., Pittori, C., Pucella, G., Rapisarda, 
M., Rappoldi, A., Sabatini, S., Soffitta, P., Striani, E., Trifoglio, M., Trois, A., Ver-
cellone, S., Verrecchia, F., Vittorini, V., Colafrancesco, S., Giommi, P., Bignami, G., 
2011. Neutral pion emission from accelerated protons in the supernova remnant 
W44. Astrophys. J. Lett. 742, L30. https://doi .org /10 .1088 /2041 -8205 /742 /2 /L30. 
arXiv:1111.4868.

Gotthelf, E.V., Halpern, J.P., 2009. Discovery of a highly energetic X-ray pulsar 
powering HESS J1813-178 in the young supernova remnant G12.82-0.02. As-
trophys. J. Lett. 700, L158–L161. https://doi .org /10 .1088 /0004 -637X /700 /2 /L158. 
arXiv:0907.0137.

Greco, E., Miceli, M., Orlando, S., Peres, G., Troja, E., Bocchino, F., 2018. Discovery 
of a jet-like structure with overionized plasma in the SNR IC 443. Astron. As-
trophys. 615, A157. https://doi .org /10 .1051 /0004 -6361 /201832733. arXiv:1804 .
06714.

Hayashi, K., Ichikawa, K., Matsumoto, S., Ibe, M., Ishigaki, M.N., Sugai, H., 2016. 
Dark matter annihilation and decay from non-spherical dark halos in galactic 
dwarf satellites. Mon. Not. R. Astron. Soc. 461, 2914–2928. https://doi .org /10 .
1093 /mnras /stw1457. arXiv:1603 .08046.

Heinz, S., Sunyaev, R., 2002. Cosmic rays from microquasars: a narrow component 
to the CR spectrum? Astron. Astrophys. 390, 751–766. https://doi .org /10 .1051 /
0004 -6361 :20020615. arXiv:astro -ph /0204183.

Ho, W.C.G., Ng, C.Y., Lyne, A.G., Stappers, B.W., Coe, M.J., Halpern, J.P., Johnson, T.J., 
Steele, I.A., 2017. Multiwavelength monitoring and X-ray brightening of Be X-
ray binary PSR J2032+4127/MT91 213 on its approach to periastron. Mon. Not. 
R. Astron. Soc. 464, 1211–1219. https://doi .org /10 .1093 /mnras /stw2420. arXiv:
1609 .06328.

Horns, D., Aharonian, F., Santangelo, A., Hoffmann, A.I.D., Masterson, C., 2006. Nu-
cleonic gamma-ray production in <ASTROBJ>Vela X</ASTROBJ>. Astron. Astro-
phys. 451, L51–L54. https://doi .org /10 .1051 /0004 -6361 :20065116.

Huber, D., Kissmann, R., Reimer, O., 2021. Relativistic fluid modelling of gamma-ray 
binaries. II. Application to LS 5039. arXiv:2103 .00995.

Kerr, M., Ray, P.S., Johnston, S., Shannon, R.M., Camilo, F., 2015. Timing gamma-
ray pulsars with the Fermi large area telescope: timing noise and astrome-
try. Astrophys. J. 814, 128. https://doi .org /10 .1088 /0004 -637X /814 /2 /128. arXiv:
1510 .05099.

Knödlseder, J., 2011. GammaLib: Toolbox for High-Level Analysis of Astronomical 
Gamma-Ray Data.

Knödlseder, J., Mayer, M., Deil, C., Buehler, R., Bregeon, J., Martin, P., 2016a. ctools: 
Cherenkov Telescope Science Analysis Software.

Knödlseder, J., Mayer, M., Deil, C., Cayrou, J.B., Owen, E., Kelley-Hoskins, N., Lu, C.C., 
Buehler, R., Forest, F., Louge, T., Siejkowski, H., Kosack, K., Gerard, L., Schulz, A., 
Martin, P., Sanchez, D., Ohm, S., Hassan, T., Brau-Nogué, S., 2016b. GammaLib 
and ctools. A software framework for the analysis of astronomical gamma-ray 
data. Astron. Astrophys. 593, A1. https://doi .org /10 .1051 /0004 -6361 /201628822. 
arXiv:1606 .00393.

Kong, A.K.H., Hui, C.Y., Cheng, K.S., 2010. Fermi discovery of gamma-ray emission 
from the globular cluster Terzan 5. Astrophys. J. Lett. 712, L36–L39. https://doi .
org /10 .1088 /2041 -8205 /712 /1 /L36. arXiv:1002 .2431.

Lang, M.J., Carter-Lewis, D.A., Fegan, D.J., Fegan, S.J., Hillas, A.M., Lamb, R.C., Punch, 
M., Reynolds, P.T., Weekes, T.C., 2004. Evidence for TeV gamma ray emission 
from TeV J2032+4130 in Whipple archival data. Astron. Astrophys. 423, 415–419. 
https://doi .org /10 .1051 /0004 -6361 :20041021. arXiv:astro -ph /0405513.

Leahy, D.A., 2004. 1420 and 408 MHz continuum observations of the IC 
443/G189.6+3.3 region. Astron. J. 127, 2277–2283. https://doi .org /10 .1086 /
382241.

Lee, J.J., Koo, B.C., Yun, M.S., Stanimirović, S., Heiles, C., Heyer, M., 2008. A 21 cm 
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