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Several types of Galactic sources, like magnetars, microquasars, novae or pulsar wind nebulae
flares, display transient emission in the X-ray band. Some of these sources have also shown
emission at MeV–GeV energies. However, none of these Galactic transients have ever been
detected in the very-high-energy (VHE; E>100 GeV) regime by any Imaging Air Cherenkov
Telescope (IACT). The Galactic Transient task force is a part of the Transient Working group
of the Cherenkov Telescope Array (CTA) Consortium. The task force investigates the prospects
of detecting the VHE counterpart of such sources, as well as their study following Target of
Opportunity (ToO) observations. In this contribution, we will show some of the results of
exploring the capabilities of CTA to detect and observe Galactic transients; we assume different
array configurations and observing strategies.
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1. Introduction

Many different types of sources in the Galaxy exhibit transient signals. Such emission can
occur due to accretion/ejection processes, such as jets interactingwith the interstellarmedium (ISM),
strong winds and/or outflows. In these scenarios, particles may be accelerated up to relativistic
energies, leading to the production of high-energy (HE, E>100 MeV) and likely very-high-energy
(VHE, E>100 GeV) radiation, via leptonic or hadronic processes. While many Galactic sources
show variable periodic signals, we are interested in those that display irregular unpredictable
emission at different wavelengths.

Several types of Galactic transients exhibiting HE radiation have been detected in the past years
by satellites such as Fermi-LAT and AGILE. In 2011, AGILE discovered enhanced MeV emission
from the Crab Nebula pulsar wind nebula (PWN) [1], confirmed by Fermi-LAT[2]. This indicates
that this source, considered theVHE standard candle, is actually variable at lower energies. Recently,
a Galactic magnetar (SGR 1935 +2157) has been associated with a Fast Radio Burst (FRB) for the
first time [3]. This event was not detected in the gamma-ray regime. However, the Fermi-LAT has
recently discovered GeV emission from an extragalactic magnetar, located in the Sculptor galaxy,
which occurred during a giant flare [4]. Microquasars, which are binary systems hosting compact
objects -either neutron stars (NS) or black holes (BH)- accreting from a companion star, can lead
to the formation of a jet. Some microquasars have also been detected in the HE regime [5–7].
Additionally, novae, which are explosions associated to a white dwarf in a close binary system, have
been detected in the MeV regime [8]. Finally, transitional millisecond pulsars (tMSPs) are pulsars
in a binary system, which change from an accretion to a radio loud phase; such tMSPs have also
been detected in the MeV energy range [9].

The current generation of Imaging Air Cherenkov Telescopes (IACTs) are H.E.S.S. [10],
MAGIC [11], and VERITAS [12]. They have successfully discovered more than 200 VHE gamma-
ray sources, both of galactic and extragalactic origin. Highlights in the case of Galactic sources
include the discovery of gamma-ray binaries with variable emission [13–17], pulsations in the
GeV–TeV domain in the emission of pulsars, such as the Crab [18], Vela [19] or Geminga [19] or
emission from the Galactic centre, revealing it as the first PeVatron (source of cosmic rays with PeV
energies) in the Galaxy [20], among others. IACTs have been aiming at detecting other types of
transient emission, such as the aformentioned sources, without success [21–24].

The Cherenkov Telescope Array (CTA) will be the next-generation ground-based gamma-
ray observatory [25]. It will be the premier facility for VHE, multi-messenger, and transients
astrophysics in the next decade. CTA will comprise two observatories, one in the Northern
(Observatorio Roque de los Muchachos, La Palma) and one in the Southern hemisphere (Paranal,
Chile). CTAwill be able to perform unprecedented observations of VHE transient sources, covering
an energy range from 20 GeV to more than 100 TeV. The larger effective area of CTA, compared to
the current generation of IACTs, will result in high sensitivity1 at short timescales (see Fig.1) [26].
This will enable unique studies of the multi-messenger and transient sky [27], which is one of Key
Science Projects of the observatory [25]. It is correspondingly necessary to carefully understand
the capabilities of CTA to detect such sources (see Carosi, ICRC2021, id.833). In many cases, CTA
observations will be based on external triggers from various monitoring instruments (X-ray or HE

1CTA sensitivity: https://www.cta-observatory.org/science/cta-performance/
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Figure 1: The differential flux sensitivities of CTA and of Fermi-LAT for different energies as a function of
observation time.

satellites). Serendipitous discoveries can also take place, i.e., as part of the nominal observation
of the Galactic plane survey (GPS). The Science Alert Generation, which is a real-time very-short
timescale (from 1 to 100 seconds) analysis will play a key role in the follow-up of external triggers
and in the serendipitous discovery of transient events (see di Piano, ICRC2021, id.156).

While certain objects show persistent emission and/or periodically emit variable radiation, in
this contribution we will mainly focus on those emitters on those emitters which display irregular
and unpredictable transient emission at different wavelengths. We will summarize the work of
the Galactic transients task force of the CTA Consortium, which is focused in understanding the
capabilities of CTA for detecting transient sources of Galactic origin. The results shown in this
contribution will be discussed in more detail in an upcoming CTA Consortium paper.

2. Sensitivity in the Galactic plane

It is important to understand the performance of the CTA Northern and Southern arrays,
especially in the Galactic plane, where many TeV sources are located. The sensitivity of the
Southern array is illustrated in Fig. 2 for different perspective source locations, and is defined as the
minimal flux of a source, such that the source is detectable at 5f significance within a given energy
range. We define the variable S, which stands for the sensitivity multiplied by the energy squared.
For the current example, we estimate the performance of CTA for short observation intervals of
60 seconds, within the 100–200 GeV energy range.

As it can be inferred from the figure, upward fluctuations of the sensitivity (worse performance
of CTA), are correlated with the simulated Galactic emission. The flux of the expected steady
Galactic foreground in the chosen energy range is mostly below the level of a few 10−11 erg cm2 s−1.
This is of the same order as the nominal sensitivity of the observatory in the absence of foregrounds.
Correspondingly, the overall degradation in sensitivity for detection of new sources is not significant;
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at worst, it amounts to a relative increase of the flux threshold of 5–10%, and only when coinciding
with strong Galactic emitters.

As part of our upcoming publication, we will explore the performance along the Galactic plane
for different energy ranges and observation times. Given the assumed properties of known Galactic
sources, the performance is not expected to significantly diverge from the nominal capabilities of
CTA, which are shown in Fig. 1.
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Figure 2: Flux sensitivity (() of CTA-S within 100–200 GeV for 60 s observation intervals, considering
different perspective source locations along the Galactic plane. The bottom panel shows a simulation of
�>10−12

gal , the Galactic emission above a threshold of 10−12 erg cm2 s−1. The emission is integrated within
0.25◦ radial regions around each position, corresponding to different Galactic longitudes, lon, and latitudes,
lat. The next panel above shows the corresponding CTA sensitivity. In the third panel we present the
median of ( for different longitudes within the range, −4 < lat < 4 deg, where the shaded uncertainty
region represents the 1f variance of (. Finally, the top panel shows the relative 1f variance, X(, derived
for two ranges in latitude, as indicated. The variance away from the Galactic Plane (3 < |lat| < 4 deg)
represents the intrinsic statistical uncertainty of the sensitivity calculation. The variance in the inner Galactic
region (|lat| < 1 deg) includes the intrinsic uncertainty, as well as the additional effect of the steady Galactic
foregrounds, which are concentrated in this region.

3. Detecting Galactic transients with CTA

We have tested the capabilities of CTA to detect transient VHE emission for different kinds of
Galactic sources. We have assumed different array configurations, namely the full CTA Northern

4
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(CTA-N), and CTA Southern (CTA-S) arrays, as well as different sub-arrays of CTA telescopes,
different observing strategies, etc. Below we illustrate our findings with three source examples,
microquasars, flaring PWNe and tMSPs, which are sources that are known to show MeV emission.

3.1 Microquasars

Microquasars are binary systems composed of a compact object (BH or NS) which accretes
matter from a companion star. Depending on the mass of the companion, they can be divided into
high-mass or low-mass systems. Microquasars normally present an accretion disk, and can produce
collimated jets of plasma. These jets are normally active during the so-called hard state.

We have studied three microquasars located in the Cygnus region: the two high-mass systems
Cyg X-1 and Cyg X-3 and low-mass binary V404 Cyg. Both Cyg X-1 and Cyg X-3 are sources
of HE gamma rays [5–7], although the nature of their emission mechanisms (hadronic or leptonic)
is still uncertain. Correspondingly, the emission may be attributed to a jet interacting with the
surrounding interstellar material (ISM), or from the coronal region of the accretion flow. The latter
scenario is quite interesting, indicating that microquasars are potential accelerators of cosmic rays
via magnetic reconnection [28].

Searches for both transient and persistent VHE emission from microquasars have not resulted
in detections, either from the binaries themselves, or from jet–ISM interactions [29, 30]. Only,
a hint of transient emission from Cyg X-1 was observed by the MAGIC telescopes in 2006, over
an 80-minute observation interval [31]. The low-mass binary V404 Cyg displayed a major flaring
episode in X-rays in June 2015, after 26 years in quiescence; unfortunately, only 4f evidence
was observed by Fermi-LAT [32], falling short of a correlated detection. No VHE emission was
observed either [33].

We have tested different scenarios in which we would expect transient and persistent emission
from any of these binary systems. CTA will not be able to detect a flare from V404 Cyg. However,
our simulations indicate that CTA will detect transient emission in both Cyg X-1 and Cyg X-3,
where we wish to highlight the expected detection of Cyg X-1 in only 0.5 h, as shown in Fig.3.

For a small number ofmicroquasars, the jets are persistent, such as for SS433. Thismicroquasar
has been detected in the MeV range by Fermi-LAT [34]; it is the only one also detected in the TeV
range, as reported by HAWC [17]. The observed extended TeV emission is due to the interaction
between the jet and the surrounding nebula (the so-called lobes), while the central binary remains
undetected. To date, this source has not been detected by an IACT [35], which would have
helped to fill in the as-yet unexplored GeV–TeV energy range between Fermi-LAT and HAWC. Our
simulations indicate that both the CTA-N and CTA-S arrays will be able to detect the central binary
SS433 and its lobes with high significance. CTA will thus provide crucial insight into the emission
models of microquasars, and advance our understanding of jet formation.

3.2 Flares from PWNe

The discovery of MeV flares from the Crab Nebula [1, 2] revealed that PWNe can also display
transient variable emission, even if most of these systems are detected as steady sources. These
flares, however, have never been detected in the GeV–TeV regime. The CTA observatory will
advance our understanding of the origin of the Crab Nebula flares. The low-energy threshold of
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CTA will allow sampling of the Fermi-LAT spectral shape. Complementary observations in the
TeV regime will be used to explore a possible inverse Compton (IC) component of the emission,
which might arise via the off-scattering of the MeV flares.

We have tested how the Northern CTA array will detect such flaring episodes, using two array
configurations. The first is the full CTA array (CTA-N), including four Large Size Telescopes
(LSTs) and 15 Medium Size Telescopes (MSTs). The second configuration is a partial sub-array
of telescopes, composed exclusively of four LSTs (CTA-N LSTs), which dominate the low-energy
sensitivity range of the observatory. Our conclusion is that CTA will be able to detect these flares
in less than 5 h, even if only the reduced 4-LST sub-array is available. The results for detecting
flaring episodes with different flux levels is show in Fig.3.

Figure 3: Left: Spectral energy distribution of Cyg X-1 during a flaring episode similar to that reported
in [31] (magenta points). CTA will detect this binary in 30 minutes of observation (black points; model
in cyan). Right: simulation of different flaring models (black lines), result of the synchrotron (green) and
IC (purple) contributions. The red lines correspond to the sensitivities of CTA-North and the 4 Large Size
Telescopes (LSTs) of CTA-North (for 5 h). The steady Crab spectrum is plotted for comparison (gray shaded
area). Figures extracted from the CTA Consortium paper on Galactic transients (in prep.)

3.3 Transitional millisecond pulsars (tMSPs)

tMPS are binaries composed of a low-mass star and a pulsar with amillisecond-duration period.
These systems change from an accretion-powered phase to a radio loud phase. Three tMSPs have
been detected at HE by Fermi-LAT during the accretion-powered phase [9]. Transitions between
the two states can occur on timescales from days to weeks, producing variability in the whole
electromagnetic spectrum. We have tested whether CTA could detect emission from two systems,
PSR J1023+0038 and XSS J1227-48538, which are detected with Fermi-LAT in the 0.1–10 GeV
energy range during the accretion phase. We show that the full CTA array will be able to detect
persistent emission from these sources by performing long integration-time observations (>50h).

4. Summary

CTA will perform real-time TeV studies of the variable Galactic sky. Its unique sensitivity to
short-timescale events and its low energy threshold make this observatory a powerful and efficient

6
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instrument to detect and discover new transient sources. The observational strategy of CTA includes
both follow-up of externally triggered events, and serendipitous discoveries, taking place e.g., while
conducting a Galactic plane Survey. CTA will be able to detect microquasars such as Cyg X-1, Cyg
X-3 and SS433 in the GeV-TeV domain for the first time. It will also be able to probe the flaring
episodes of PWNe (namely the Crab Nebula) at VHE. CTA will detect for the first time the VHE
component of tMSPs, by performing dedicated long-time observations (>50h) during the accretion
state.

The unique capabilities of CTA will also likely result in the detection of other large variety
of Galactic transients, such as novae, flares from known gamma-ray/X-ray binaries and magnetars.
Serendipitous discoveries are also possible. CTA will play a key role in identifying the nature of
new transients by performing follow-up observations of wide field-of-view instruments. CTA will
help to reveal their most energetic counterpart, and to unveil the acceleration mechanisms at work.
The real-time analysis Science Alert Generationwill play a key role in the follow-up and observation
strategies of externally triggered events and also in the serendipitous discovery of transient events.

Acknowledgements: This research made use of ctools, 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 gamma-ray data.
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2 : Institute for Cosmic RayResearch, University of Tokyo, 5-1-5, Kashiwa-no-ha, Kashiwa, Chiba 277-8582,
Japan
3 : Pontificia Universidad Católica de Chile, Av. Libertador Bernardo O’Higgins 340, Santiago, Chile
4 : AIM, CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité, CEA Paris-
Saclay, IRFU/DAp, Bat 709, Orme des Merisiers, 91191 Gif-sur-Yvette, France
5 : Centre for Advanced Instrumentation, Dept. of Physics, Durham University, South Road, Durham DH1
3LE, United Kingdom
6 : Port d’Informació Científica, Edifici D, Carrer de l’Albareda, 08193 Bellaterrra (Cerdanyola del Vallès),
Spain
7 : School of Physics and Astronomy, Monash University, Melbourne, Victoria 3800, Australia
8 : Laboratoire Leprince-Ringuet, École Polytechnique (UMR 7638, CNRS/IN2P3, Institut Polytechnique
de Paris), 91128 Palaiseau, France
9 : Department of Physics, Columbia University, 538 West 120th Street, New York, NY 10027, USA
10 : University of Oslo, Department of Physics, Sem Saelandsvei 24 - PO Box 1048 Blindern, N-0316 Oslo,
Norway
11 : EMFTEL department and IPARCOS, Universidad Complutense de Madrid, 28040 Madrid, Spain
12 : Instituto de Astrofísica de Andalucía-CSIC, Glorieta de la Astronomía s/n, 18008, Granada, Spain
13 : Institute of Space Sciences (ICE-CSIC), and Institut d’Estudis Espacials de Catalunya (IEEC), and
Institució Catalana de Recerca I Estudis Avançats (ICREA), Campus UAB, Carrer de Can Magrans, s/n
08193 Cerdanyola del Vallés, Spain
14 : Instituto de Física Teórica UAM/CSIC and Departamento de Física Teórica, Universidad Autónoma de
Madrid, c/ Nicolás Cabrera 13-15, Campus de Cantoblanco UAM, 28049 Madrid, Spain
15 : Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin 2, Ireland
16 : Universidad Nacional Autónoma de México, Delegación Coyoacán, 04510 Ciudad de México, Mexico
17 : University of Geneva - Département de physique nucléaire et corpusculaire, 24 rue du Général-Dufour,
1211 Genève 4, Switzerland
18 : INFN Dipartimento di Scienze Fisiche e Chimiche - Università degli Studi dell’Aquila and Gran Sasso
Science Institute, Via Vetoio 1, Viale Crispi 7, 67100 L’Aquila, Italy
19 : Instituto de Astronomia, Geofísico, e Ciências Atmosféricas - Universidade de São Paulo, Cidade
Universitária, R. do Matão, 1226, CEP 05508-090, São Paulo, SP, Brazil
20 : LUTH, GEPI and LERMA, Observatoire de Paris, CNRS, PSL University, 5 place Jules Janssen, 92190,
Meudon, France
21 : INAF - Osservatorio di Astrofisica e Scienza dello spazio di Bologna, Via Piero Gobetti 93/3, 40129
Bologna, Italy
22 : INAF - Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5 - 50125 Firenze, Italy
23 : INFN Sezione di Perugia and Università degli Studi di Perugia, Via A. Pascoli, 06123 Perugia, Italy
24 : INFN Sezione di Napoli, Via Cintia, ed. G, 80126 Napoli, Italy
25 : INFN Sezione di Roma Tor Vergata, Via della Ricerca Scientifica 1, 00133 Rome, Italy
26 : Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA
27 : Aix-Marseille Université, CNRS/IN2P3, CPPM, 163 Avenue de Luminy, 13288 Marseille cedex 09,
France
28 : INAF - Osservatorio Astronomico di Roma, Via di Frascati 33, 00040, Monteporzio Catone, Italy
29 : INAF - Osservatorio Astrofisico di Catania, Via S. Sofia, 78, 95123 Catania, Italy
30 : Grupo de Electronica, Universidad Complutense de Madrid, Av. Complutense s/n, 28040Madrid, Spain
31 : National Astronomical Research Institute of Thailand, 191 Huay Kaew Rd., Suthep, Muang, Chiang
Mai, 50200, Thailand
32 : Instituto de Astrofísica de Canarias and Departamento de Astrofísica, Universidad de La Laguna, La
Laguna, Tenerife, Spain
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33 : FZU - Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21 Praha 8,
Czech Republic
34 : Astronomical Institute of the CzechAcademy of Sciences, Bocni II 1401 - 14100 Prague, Czech Republic
35 : CCTVal, Universidad Técnica Federico Santa María, Avenida España 1680, Valparaíso, Chile
36 : ETH Zurich, Institute for Particle Physics, Schafmattstr. 20, CH-8093 Zurich, Switzerland
37 : The University of Manitoba, Dept of Physics and Astronomy, Winnipeg, Manitoba R3T 2N2, Canada
38 : Department of Astronomy, University of Geneva, Chemin d’Ecogia 16, CH-1290 Versoix, Switzerland
39 : Laboratoire Univers et Particules deMontpellier, Université deMontpellier, CNRS/IN2P3, CC 72, Place
Eugène Bataillon, F-34095 Montpellier Cedex 5, France
40 : Centro Brasileiro de Pesquisas Físicas, Rua Xavier Sigaud 150, RJ 22290-180, Rio de Janeiro, Brazil
41 : Institut de Fisica d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus
UAB, 08193 Bellaterra (Barcelona), Spain
42 : University of Groningen, KVI - Center for Advanced Radiation Technology, Zernikelaan 25, 9747 AA
Groningen, The Netherlands
43 : School of Physics, University of New South Wales, Sydney NSW 2052, Australia
44 : INAF - Osservatorio Astrofisico di Torino, Strada Osservatorio 20, 10025 Pino Torinese (TO), Italy
45 : Univ. Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules - IN2P3, 74000
Annecy, France
46 : Department of Physics, TU Dortmund University, Otto-Hahn-Str. 4, 44221 Dortmund, Germany
47 : University of Zagreb, Faculty of electrical engineering and computing, Unska 3, 10000 Zagreb, Croatia
48 : University of Namibia, Department of Physics, 340 Mandume Ndemufayo Ave., Pioneerspark, Wind-
hoek, Namibia
49 : Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, ul. Bartycka 18, 00-716
Warsaw, Poland
50 : UniversitätHamburg, Institut für Experimentalphysik, LuruperChaussee 149, 22761Hamburg, Germany
51 : Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
52 : Deutsches Elektronen-Synchrotron, Platanenallee 6, 15738 Zeuthen, Germany
53 : Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
54 : RIKEN, Institute of Physical and Chemical Research, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan
55 : INFN Sezione di Padova and Università degli Studi di Padova, Via Marzolo 8, 35131 Padova, Italy
56 : Escuela Politécnica Superior de Jaén, Universidad de Jaén, Campus Las Lagunillas s/n, Edif. A3, 23071
Jaén, Spain
57 : Department of Physics and Electrical Engineering, Linnaeus University, 351 95 Växjö, Sweden
58 : University of the Witwatersrand, 1 Jan Smuts Avenue, Braamfontein, 2000 Johannesburg, South Africa
59 : Institut für Theoretische Physik, Lehrstuhl IV: Plasma-Astroteilchenphysik, Ruhr-Universität Bochum,
Universitätsstraße 150, 44801 Bochum, Germany
60 : Faculty of Physics and Applied Computer Science, University of Lódź, ul. Pomorska 149-153, 90-236
Lódź, Poland
61 : INAF - Istituto di Astrofisica Spaziale e Fisica Cosmica di Milano, Via A. Corti 12, 20133 Milano, Italy
62 : INFN and Università degli Studi di Siena, Dipartimento di Scienze Fisiche, della Terra e dell’Ambiente
(DSFTA), Sezione di Fisica, Via Roma 56, 53100 Siena, Italy
63 : Center for Astrophysics | Harvard & Smithsonian, 60 Garden St, Cambridge, MA 02180, USA
64 : INFN Sezione di Torino, Via P. Giuria 1, 10125 Torino, Italy
65 : Finnish Centre for Astronomy with ESO, University of Turku, Finland, FI-20014 University of Turku,
Finland
66 : Pidstryhach Institute for Applied Problems in Mechanics and Mathematics NASU, 3B Naukova Street,
Lviv, 79060, Ukraine
67 : Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India
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68 : Center for Astrophysics and Cosmology, University of Nova Gorica, Vipavska 11c, 5270 Ajdovščina,
Slovenia
69 : Institut für Astronomie und Astrophysik, Universität Tübingen, Sand 1, 72076 Tübingen, Germany
70 : Research School of Astronomy and Astrophysics, Australian National University, Canberra ACT 0200,
Australia
71 : Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
72 : INFN Sezione di Bari and Politecnico di Bari, via Orabona 4, 70124 Bari, Italy
73 : Laboratoire de Physique des 2 infinis, Irene Joliot-Curie,IN2P3/CNRS, Université Paris-Saclay, Univer-
sité de Paris, 15 rue Georges Clemenceau, 91406 Orsay, Cedex, France
74 : INFN Sezione di Pisa, Largo Pontecorvo 3, 56217 Pisa, Italy
75 : IRFU/DEDIP, CEA, Université Paris-Saclay, Bat 141, 91191 Gif-sur-Yvette, France
76 : INAF - Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy
77 : INAF - Osservatorio Astronomico di Palermo "G.S. Vaiana", Piazza del Parlamento 1, 90134 Palermo,
Italy
78 : School of Physics, University of Sydney, Sydney NSW 2006, Australia
79 : Sorbonne Université, Université Paris Diderot, Sorbonne Paris Cité, CNRS/IN2P3, Laboratoire de
Physique Nucléaire et de Hautes Energies, LPNHE, 4 Place Jussieu, F-75005 Paris, France
80 : Instituto de Física de São Carlos, Universidade de São Paulo, Av. Trabalhador São-carlense, 400 - CEP
13566-590, São Carlos, SP, Brazil
81 : Departament de Física Quàntica i Astrofísica, Institut de Ciències del Cosmos, Universitat de Barcelona,
IEEC-UB, Martí i Franquès, 1, 08028, Barcelona, Spain
82 : Department of Physics, Washington University, St. Louis, MO 63130, USA
83 : Saha Institute of Nuclear Physics, Bidhannagar, Kolkata-700 064, India
84 : INAF - Osservatorio Astronomico di Capodimonte, Via Salita Moiariello 16, 80131 Napoli, Italy
85 : Université de Paris, CNRS, Astroparticule et Cosmologie, 10, rue Alice Domon et Léonie Duquet,
75013 Paris Cedex 13, France
86 : Astronomy Department of Faculty of Physics, Sofia University, 5 James Bourchier Str., 1164 Sofia,
Bulgaria
87 : Institut de Recherche en Astrophysique et Planétologie, CNRS-INSU, Université Paul Sabatier, 9 avenue
Colonel Roche, BP 44346, 31028 Toulouse Cedex 4, France
88 : School of Physics and Astronomy, University of Minnesota, 116 Church Street S.E. Minneapolis,
Minnesota 55455-0112, USA
89 : IRFU, CEA, Université Paris-Saclay, Bât 141, 91191 Gif-sur-Yvette, France
90 : INAF - Istituto di Radioastronomia, Via Gobetti 101, 40129 Bologna, Italy
91 : INAF - Istituto di Astrofisica Spaziale e Fisica Cosmica di Palermo, Via U. La Malfa 153, 90146
Palermo, Italy
92 : Astronomical Observatory, Department of Physics, University of Warsaw, Aleje Ujazdowskie 4, 00478
Warsaw, Poland
93 : Armagh Observatory and Planetarium, College Hill, Armagh BT61 9DG, United Kingdom
94 : INFN Sezione di Catania, Via S. Sofia 64, 95123 Catania, Italy
95 : INAF - Osservatorio Astronomico di Brera, Via Brera 28, 20121 Milano, Italy
96 : Kavli Institute for Particle Astrophysics and Cosmology, Department of Physics and SLAC National
Accelerator Laboratory, Stanford University, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
97 : Universidade Cruzeiro do Sul, Núcleo de Astrofísica Teórica (NAT/UCS), Rua Galvão Bueno 8687,
Bloco B, sala 16, Libertade 01506-000 - São Paulo, Brazil
98 : Universidad de Valparaíso, Blanco 951, Valparaiso, Chile
99 : INAF - Istituto di Astrofisica e Planetologia Spaziali (IAPS), Via del Fosso del Cavaliere 100, 00133
Roma, Italy
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100 : Lund Observatory, Lund University, Box 43, SE-22100 Lund, Sweden
101 : TheHenrykNiewodniczański Institute ofNuclear Physics, PolishAcademyof Sciences, ul. Radzikowskiego
152, 31-342 Cracow, Poland
102 : Escola de Engenharia de Lorena, Universidade de São Paulo, Área I - Estrada Municipal do Campinho,
s/n°, CEP 12602-810, Pte. Nova, Lorena, Brazil
103 : INFN Sezione di Trieste and Università degli Studi di Udine, Via delle Scienze 208, 33100 Udine, Italy
104 : Palacky University Olomouc, Faculty of Science, RCPTM, 17. listopadu 1192/12, 771 46 Olomouc,
Czech Republic
105 : Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 München, Germany
106 : CENBG, Univ. Bordeaux, CNRS-IN2P3, UMR 5797, 19 Chemin du Solarium, CS 10120, F-33175
Gradignan Cedex, France
107 : Dublin City University, Glasnevin, Dublin 9, Ireland
108 : Dipartimento di Fisica - Universitá degli Studi di Torino, Via Pietro Giuria 1 - 10125 Torino, Italy
109 : Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400005, India
110 : Universitá degli Studi di Napoli "Federico II" - Dipartimento di Fisica "E. Pancini", Complesso
universitario di Monte Sant’Angelo, Via Cintia - 80126 Napoli, Italy
111 : Oskar Klein Centre, Department of Physics, University of Stockholm, Albanova, SE-10691, Sweden
112 : Yale University, Department of Physics and Astronomy, 260 Whitney Avenue, New Haven, CT
06520-8101, USA
113 : CIEMAT, Avda. Complutense 40, 28040 Madrid, Spain
114 : University of Oxford, Department of Physics, Denys Wilkinson Building, Keble Road, Oxford OX1
3RH, United Kingdom
115 : School of Physics & Astronomy, University of Southampton, University Road, Southampton SO17
1BJ, United Kingdom
116 : Department of Physics and Technology, University of Bergen, Museplass 1, 5007 Bergen, Norway
117 : Western Sydney University, Locked Bag 1797, Penrith, NSW 2751, Australia
118 : School of Physical Sciences, University of Adelaide, Adelaide SA 5005, Australia
119 : INFN Sezione di Roma La Sapienza, P.le Aldo Moro, 2 - 00185 Roma, Italy
120 : INFN Sezione di Bari, via Orabona 4, 70126 Bari, Italy
121 : University of Rĳeka, Department of Physics, Radmile Matejcic 2, 51000 Rĳeka, Croatia
122 : Institute for Theoretical Physics and Astrophysics, Universität Würzburg, Campus Hubland Nord,
Emil-Fischer-Str. 31, 97074 Würzburg, Germany
123 : Universidade Federal Do Paraná - Setor Palotina, Departamento de Engenharias e Exatas, Rua Pioneiro,
2153, Jardim Dallas, CEP: 85950-000 Palotina, Paraná, Brazil
124 : Dept. of Physics and Astronomy, University of Leicester, Leicester, LE1 7RH, United Kingdom
125 : Univ. Grenoble Alpes, CNRS, IPAG, 414 rue de la Piscine, Domaine Universitaire, 38041 Grenoble
Cedex 9, France
126 : National Centre for nuclear research (Narodowe Centrum Badań Jądrowych), Ul. Andrzeja Sołtana7,
05-400 Otwock, Świerk, Poland
127 : Enrico Fermi Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637, USA
128 : Institut für Physik &Astronomie, Universität Potsdam, Karl-Liebknecht-Strasse 24/25, 14476 Potsdam,
Germany
129 : Department of Physics and Astronomy, Iowa State University, Zaffarano Hall, Ames, IA 50011-3160,
USA
130 : School of Physics, Aristotle University, Thessaloniki, 54124 Thessaloniki, Greece
131 : King’s College London, Strand, London, WC2R 2LS, United Kingdom
132 : Escola de Artes, Ciências e Humanidades, Universidade de São Paulo, Rua Arlindo Bettio, CEP
03828-000, 1000 São Paulo, Brazil
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133 : Dept. of Astronomy & Astrophysics, Pennsylvania State University, University Park, PA 16802, USA
134 : National Technical University of Athens, Department of Physics, Zografos 9, 15780 Athens, Greece
135 : University of Wisconsin, Madison, 500 Lincoln Drive, Madison, WI, 53706, USA
136 : Astronomical Observatory of Taras Shevchenko National University of Kyiv, 3 Observatorna Street,
Kyiv, 04053, Ukraine
137 : Department of Physics, Purdue University, West Lafayette, IN 47907, USA
138 : Unitat de Física de les Radiacions, Departament de Física, and CERES-IEEC, Universitat Autònoma
de Barcelona, Edifici C3, Campus UAB, 08193 Bellaterra, Spain
139 : Institute for Space-Earth Environmental Research, Nagoya University, Chikusa-ku, Nagoya 464-8601,
Japan
140 : Department of Physical Science, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526,
Japan
141 : Department of Physics, Nagoya University, Chikusa-ku, Nagoya, 464-8602, Japan
142 : Friedrich-Alexander-Universität Erlangen-Nürnberg, ErlangenCentre forAstroparticle Physics (ECAP),
Erwin-Rommel-Str. 1, 91058 Erlangen, Germany
143 : Santa Cruz Institute for Particle Physics and Department of Physics, University of California, Santa
Cruz, 1156 High Street, Santa Cruz, CA 95064, USA
144 : IRFU / DIS, CEA, Université de Paris-Saclay, Bat 123, 91191 Gif-sur-Yvette, France
145 : INFN Sezione di Trieste and Università degli Studi di Trieste, Via Valerio 2 I, 34127 Trieste, Italy
146 : School of Physics & Center for Relativistic Astrophysics, Georgia Institute of Technology, 837 State
Street, Atlanta, Georgia, 30332-0430, USA
147 : Alikhanyan National Science Laboratory, Yerevan Physics Institute, 2 Alikhanyan Brothers St., 0036,
Yerevan, Armenia
148 : INAF - Telescopio Nazionale Galileo, Roche de los Muchachos Astronomical Observatory, 38787
Garafia, TF, Italy
149 : INFN Sezione di Bari and Università degli Studi di Bari, via Orabona 4, 70124 Bari, Italy
150 : University of Split - FESB, R. Boskovica 32, 21 000 Split, Croatia
151 : Universidad Andres Bello, República 252, Santiago, Chile
152 : Academic Computer Centre CYFRONET AGH, ul. Nawojki 11, 30-950 Cracow, Poland
153 : University of Liverpool, Oliver Lodge Laboratory, Liverpool L69 7ZE, United Kingdom
154 : Department of Physics, Yamagata University, Yamagata, Yamagata 990-8560, Japan
155 : Astronomy Department, Adler Planetarium and Astronomy Museum, Chicago, IL 60605, USA
156 : Faculty ofManagement Information, Yamanashi-Gakuin University, Kofu, Yamanashi 400-8575, Japan
157 : Department of Physics, Tokai University, 4-1-1, Kita-Kaname, Hiratsuka, Kanagawa 259-1292, Japan
158 : Centre for Astrophysics Research, Science & Technology Research Institute, University of Hertford-
shire, College Lane, Hertfordshire AL10 9AB, United Kingdom
159 : Cherenkov Telescope Array Observatory, Saupfercheckweg 1, 69117 Heidelberg, Germany
160 : Tohoku University, Astronomical Institute, Aobaku, Sendai 980-8578, Japan
161 : Department of Physics, Rikkyo University, 3-34-1 Nishi-Ikebukuro, Toshima-ku, Tokyo, Japan
162 : Department of Physics and Astronomy and the Bartol Research Institute, University of Delaware,
Newark, DE 19716, USA
163 : Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Technikerstr. 25/8, 6020 Inns-
bruck, Austria
164 : Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112-0830, USA
165 : IMAPP, Radboud University Nĳmegen, P.O. Box 9010, 6500 GL Nĳmegen, The Netherlands
166 : Josip Juraj Strossmayer University of Osĳek, Trg Ljudevita Gaja 6, 31000 Osĳek, Croatia
167 : Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka
560-0043, Japan
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168 : Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
169 : Astronomical Observatory, Jagiellonian University, ul. Orla 171, 30-244 Cracow, Poland
170 : Landessternwarte, Zentrum für Astronomie der Universität Heidelberg, Königstuhl 12, 69117 Heidel-
berg, Germany
171 : University of Alabama, Tuscaloosa, Department of Physics and Astronomy, Gallalee Hall, Box 870324
Tuscaloosa, AL 35487-0324, USA
172 : Department of Physics, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom
173 : University of Iowa, Department of Physics and Astronomy, Van Allen Hall, Iowa City, IA 52242, USA
174 : Anton Pannekoek Institute/GRAPPA, University of Amsterdam, Science Park 904 1098 XH Amster-
dam, The Netherlands
175 : Faculty of Computer Science, Electronics and Telecommunications, AGH University of Science and
Technology, Kraków, al. Mickiewicza 30, 30-059 Cracow, Poland
176 : Faculty of Science, Ibaraki University, Mito, Ibaraki, 310-8512, Japan
177 : Faculty of Science and Engineering, Waseda University, Shinjuku, Tokyo 169-8555, Japan
178 : Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University
in Toruń, ul. Grudziądzka 5, 87-100 Toruń, Poland
179 : Graduate School of Science and Engineering, Saitama University, 255 Simo-Ohkubo, Sakura-ku,
Saitama city, Saitama 338-8570, Japan
180 : Division of Physics and Astronomy, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto,
606-8502, Japan
181 : Centre for Quantum Technologies, National University Singapore, Block S15, 3 Science Drive 2,
Singapore 117543, Singapore
182 : Institute of Particle and Nuclear Studies, KEK (High Energy Accelerator Research Organization), 1-1
Oho, Tsukuba, 305-0801, Japan
183 : Department of Physics and Astronomy, University of Sheffield, Hounsfield Road, Sheffield S3 7RH,
United Kingdom
184 : Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Av. dos Estados, 5001, CEP:
09.210-580, Santo André - SP, Brazil
185 : Dipartimento di Fisica e Astronomia, Sezione Astrofisica, Universitá di Catania, Via S. Sofia 78,
I-95123 Catania, Italy
186 : Department of Physics, Humboldt University Berlin, Newtonstr. 15, 12489 Berlin, Germany
187 : Texas Tech University, 2500 Broadway, Lubbock, Texas 79409-1035, USA
188 : University of Zielona Góra, ul. Licealna 9, 65-417 Zielona Góra, Poland
189 : Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, 72 boul. Tsari-
gradsko chaussee, 1784 Sofia, Bulgaria
190 : University of Białystok, Faculty of Physics, ul. K. Ciołkowskiego 1L, 15-254 Białystok, Poland
191 : Faculty of Physics, National and Kapodestrian University of Athens, Panepistimiopolis, 15771 Ilissia,
Athens, Greece
192 : Universidad de Chile, Av. Libertador Bernardo O’Higgins 1058, Santiago, Chile
193 : Hiroshima Astrophysical Science Center, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-
8526, Japan
194 : Department of Applied Physics, University of Miyazaki, 1-1 Gakuen Kibana-dai Nishi, Miyazaki,
889-2192, Japan
195 : School of Allied Health Sciences, Kitasato University, Sagamihara, Kanagawa 228-8555, Japan
196 : Departamento de Astronomía, Universidad de Concepción, Barrio Universitario S/N, Concepción,
Chile
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