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Abstract:
space. GRBs were discovered more than a half century ago and now are observed across the whole

Gamma-ray bursts (GRBs) are short and intense flashes of y-rays coming from deep

electromagnetic spectrum from radio to very-high-energy gamma rays. They carry information about
the powerful energy release during the final stage of stellar evolution, as well as properties of matter
on the way to the observer. At present, space-based observatories detect on average approximately
one GRB per day. In this review, we summarize key space and ground facilities that contribute to the
GRB studies.

Keywords: gamma-ray bursts; instrumentation; detectors

1. Introduction

Gamma-ray bursts (GRBs) are the most powerful and luminous transient phenomena
in the Universe. Their high luminosity, up to 5 x 10°* erg s~! [1], makes them detectable
out to the edge of the visible spectrum, up to z ~ 9.4 [2]. The GRBs prompt emission,
bursts of gamma-rays lasting from shorter than one second to thousands of seconds, most
probably originated from the relativistic ejecta from the central engine: a newborn black
hole or magnetar. The following multiwavelength afterglow is produced by the interaction
of the ejecta with the interstellar medium.

As of now, two “physical” classes of GRBs are distinguished (see, e.g., [3]): merger-
origin GRBs (Type I) [4-8], which are usually short (with a duration of less than 2 s [9,10])
and spectrally hard (SGRBs); and collapsar-origin GRBs (Type II) [11-14], typically long
bursts (LGRBs).

GRBs give us a unique opportunity to probe the properties of high-redshift Universe:
they can shed light on the cosmic expansion and dark energy, help study the intergalactic
medium properties and the nature of first stars, help examine the reionization epoch, and
help probe the metal evolution of the intergalactic medium. LGRBs may be used to estimate
the star formation rate, which cannot be examined by current observations, i.e., GRBs can
help study early in a redshift range, which is almost out of the reach of other cosmological
probes [15]. In addition, one can test Einstein’s equivalence principle and constrain Lorentz
invariance violation using the GRB high-energy photons.

Several major milestones have marked GRB research. GRBs were discovered in the late
1960’s by the U.S. military satellites Vela, designed to monitor nuclear explosions forbidden
by the Nuclear Test Ban Treaty [16]. In 1979-1983, from about 150 GRB detections in the
Konus experiments on board the Venera 11-14 missions, the main observational character-
istics of GRB time profiles and their energy spectra were for the first time determined, and
it was established that the burst sources are randomly distributed over the celestial sphere,
without the concentration on the Galactic plane [9,17]. In 1992, the results obtained from the
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Burst and Transient Source Experiment (BATSE) on board the Compton «y-ray observatory
proved that GRBs do not originate from a thick disk of neutron stars in our own galaxy,
the Milky Way, suggesting the cosmological origin of GRBs [18]. In 1997, the cosmological
scale of distances to LGRBs was unambiguously determined by BeppoSAX [19], providing
indirect evidence of the connection of LGRBs with the deaths of massive stars (see, e.g., [20]).
In 2003, the insights made by the High Energy Explorer Satellite 2 (HETE-2) [21] securely
confirmed the GRB-supernova (SN) connection and the LGRB association with Type Ic
core-collapse SNe. Launched in 2004, the Neil Gehrels Swift Observatory revolutionized
the follow-up observations of GRBs, providing quick and precise GRB localizations and,
thus, enabling optical telescopes to acquire GRB afterglows in a timely manner. This led to
a significant increase of the number of measured GRB redshifts. At present, space-based
observatories detect approximately one GRB per day with flux above ~1 photons cm? s~!
(in the typical energy range of 10 keV-10 MeV). Finally, the detection in 2017 of a short
gamma-ray burst (GRB 170817A) in coincidence with the gravitational wave event (GW
170817) from a binary neutron star merger [22] inaugurated a new era of multimessenger
astrophysics.

In this paper, we review the key GRB-dedicated missions focused on revealing GRB
emission mechanisms, hosts, and progenitor properties. We do not pursue the goal of
reviewing all instruments and missions detecting GRBs and focus only on some of them,
providing examples of modern (presently or recently active) instrumentation for GRB stud-
ies and a brief description of the main scientific achievements of each mission/observatory
up to now. The selection of the referenced projects was subjective. The paper is organized
as follows. First, we describe the detectors of soft y-emission including crucial missions that
revolutionized GRB science and have already been decommissioned. Second, we present
current key X-ray detectors contributing to the GRB research. Then, we give an idea about
the diversity of facilities operating in optics, giving examples of robotic telescopes, devices
for spectroscopy and photometry, and surveys. Lastly, we briefly review GRB observations
in the radio and very-high-energy (VHE) ranges and conclude the paper.

2. Gamma-Ray Facilities

All GRB detectors may be divided by the number of design concepts: (1) nearly
omnidirectional y-ray spectrometers (e.g., Konus-Wind, Fermi-GBM, AGILE-MCAL, HETE-
2/FREGATE); (2) imaging telescopes (e.g., Swift-BAT, INTEGRAL-IBIS/SPI); and (3) promis-
ing Compton polarimeters, which allow measuring photon polarization, spectrum, and
source position (e.g., POLAR, AstroSAT). The instruments of specified class are men-
tioned in parenthesis and will be discussed below. In particular, the most prolific ones
(2100 GRBs yr—!) recording GRB time profiles and spectral data in wide energy ranges are,
in order of launch, Konus-Wind, Swift-BAT, and Fermi-GBM. Table 1 provides a comparison
of their key properties.

In this section, we briefly review the design and main goals of decommissioned and
current instruments that detect GRB prompt emission. The section is concluded with
Figure 1, which illustrates the timeline of GRB missions; Figure 2, which presents a com-
parison of effective areas of different GRB detectors giving an overview of instrument
energy ranges (detectors with a large effective area collect more photons, providing higher
sensitivity); Figure 3, which gives an idea about the GRB detection timeline; and Table 2,
which summarizes the key parameters of the aforementioned GRB missions. The instru-
ments are listed below in the order of their launch, which does not reflect their priority nor
importance for GRB studies.
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Table 1. Comparison of Konus-Wind, Swift-BAT, and Fermi-GBM properties.
KW BAT GBM
Crystal Nal(Tl) CdZnTe Nal(Tl)/BGO
Number of detectors 2 -2 12/2
Diameter (cm) 12.7 - 12.7/12.7
Thickness(cm) 7.5 - 1.27/12.7
Approx. max. eff. 160 5200 120/110
area (cm©)
Energy range 20 keV-20 MeV P 14-150 keV © 8 keV-40 MeV
Approx. sensitivity 5% 1077 1x10°8 5% 1078
(ergem™s7")
FoV (sr) 47 144 >8
Operation time (yrs) 27 17 13
SGRB-to-LGRB rate 1:5 1:9 1:5

2; BAT is an assembly of 32,768 planar CdZnTe detectors (4 x 4 mm? large, 2 mm thick) to forma 1.2 m x 0.6 m

sensitive area; P: Drifts with time; : For coded FoV and up to 350 keV with no position information; d: For >50%
coded FoV; ~2.2 sr for >10% coded FoV.

Table 2. Past, present, and future space-based GRB detectors.

Mission Operation Instrument Energy Localization
Period Range Accuracy
Venera 11-14 1979-1983 Konus 20 keV-2 MeV 210°
CGRO 1991-2000 BATSE 20 keV-2 MeV >few deg
EGRET 20 MeV-30 GeV
Wind 1994—present Konus-Wind 20 keV-20 MeV
BeppoSAX 1996-2002 GRBM 40-700 keV 1-3/
WEC 2-26 keV
NFIs 0.1-300 keV
CXO 1999—present ACIS 0.5-8 keV <’
XMM-Newton 1999—present EPIC 0.1-15 keV <2
HETE-2 2000-2006 FREGATE 6-400 keV 3-15"
WXM 2-25keV
SXC 0.5-10 keV
INTEGRAL 2002—present SPI/ACS 20 keV-8 MeV 10-20
IBIS 15 keV-10 MeV <1
Swift 2004—present BAT 15-150 keV 1-3
XRT 0.2-10 keV 3"
UvoT 170-650 nm 0.3"”
Suzaku 2005-2015 WAM 50-5000 keV 5°-10°
AGILE 2007-present GRID 30 MeV-50 GeV 5-20/
SA 15-45 keV 1-3
. 20 MeV- R
Fermi 2008-present LAT >300 GeV 0.2-0.5
GBM 8 keV—40 MeV Zfew deg
MAXI 2009-present GSC 2-30 keV <6
SSC 0.5-10 keV <6
IKAROS 2010-2015 GAP 50-300 keV
NuSTAR 2012—present 3-79 keV
AstroSAT 2015-present SZTI 10-100 keV
CALET 2015—present CGBM 7 keV-20 MeV
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Table 2. Cont.

Mission Operation Instrument Energy Localization
Period Range Accuracy
Lomonosov 2016-2019 BDRG 10-3000 keV Zfew deg
SHOK 330-820 nm
UBAT 5-200 keV
SMT 200-650 nm 0.5"”
Polar 20162017 50-500 keV
Insight-HXMT 2017-present HE 40 keV-3 MeV
20 keV-
ASIM 2018—present MXGS <20 MeV
GECAM 2020-present 6 keV-5 MeV Zfew deg
SVOM 2023 ECLAIRs 4-250 keV >12/
GRM 15 keV-5 MeV
MXT 0.2-10 keV 1
VT 450-1000 nm <1”
Einstein Probe 2023 WXT 0.5-4.0 keV <1
FXT 0.5-4.0 keV <10”
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Figure 1. Main past, present, and future space-based missions for GRB science. Based on Figure 1
from [23] with permission from Elsevier.



Universe 2022, 8, 373

5 of 51

I | I
1. Swift/BAT
2. CGRO/BATSE (a) LAD, (b) SD
3. Suzaku/WAM |
4. Fermi/LAT (a) standard, (b) LLE
5. Fermi/GBM (a) Nal, (b) BGO
= 10° 6. Konus-WIND
[&]
i
=
<
(]
2
~—
3
e
2= B Y
o 10?
10 keV 100 keV 1 MeV 10 MeV

Photon energy

Figure 2. Comparison of the on-axis effective area of gamma-ray instruments with wide fields of

view adapted from [24].
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Figure 3. Sample GRB observation timeline. The figure shows the approximate time of observations
obtained for GRB 140801A by the different facilities. For IPN and Fermi GBM, the time of GCN
circular publication is shown. Adopted from Figure 2 in [25].

2.1. Past Missions
2.1.1. Konus (Venera 11-14)

Cosmic gamma-ray bursts (GRBs) were discovered in 1967-1973 by the U.S. Vela
military satellites equipped with small (10 cm®) CsI detectors [16]. By the beginning of the
1970s, the Vela satellites had observed several dozen gamma-ray events of an unknown
nature. Directions to the sources, roughly estimated by analyzing arrival times of the bursts
as detected by different satellites, eliminated terrestrial or solar origin of the events. One
of the first independent confirmations of the discovery of cosmic GRBs came from the
Kosmos-461 satellite [26].

The early GRB studies showed clearly that progress in obtaining new information
on this unusual astrophysical phenomenon can be achieved only by employing specially
designed instrumentation, which would be able not only to detect GRBs, but also to measure
with adequate resolution the time profile and spectral composition of the radiation, as well
as to determine the direction to the source.

The first comprehensive studies of the GRB phenomenon were performed in the
Konus experiments on board the Soviet Venera 11-14 interplanetary missions in 1979-1983.
Each spacecraft was equipped with an omnidirectional array of six Nal(T1) scintillation
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detectors, 80 mm in diameter and 30 mm thick, with anisotropic angular sensitivity. The
instruments operated in the 20 keV-2 MeV energy range and recorded GRB light curves
with time resolution starting from 1/64 s and measured 16-channel energy spectra in eight
successive intervals of 4 s each. The detectors were placed along the positive and negative
directions of the Cartesian coordinate system of the spacecraft, thus enabling autonomous
GRB localization. In addition, the Venera spacecraft were separated by distances of several
million kilometers, which enabled a high-precision localization of GRBs by the triangulation
method and provided an independent determination of their coordinates.

From about 150 GRB detections in the Konus-Venera experiments, the main observa-
tional characteristics of GRB time profiles and their energy spectra were for the first time
determined [9,17], including the existence of a separate class of short-duration GRBs and
the presence of hardness-intensity correlation in GRB pulses. It was established that the
burst sources are randomly distributed over the celestial sphere, without the concentration
on the Galactic plane. About ten years later, the key results of the Konus experiments
were confirmed with larger statistics of events by the next major GRB mission, the BATSE
experiment on board the NASA Compton Gamma-Ray Observatory.

2.1.2. CGRO-BATSE

The Compton Gamma-Ray Observatory (CGRO) was launched to low-Earth orbit
(~400 km) on 5 April 1991 and deorbited on 4 June 2000. The Burst and Transient Source
Experiment (BATSE) was one of four experiments on board the satellite. Being the first large
detector system dedicated to GRB studies, it consisted of eight modules operating in the
~10 keV-8 MeV energy range and installed in each of eight corners of the satellite, allowing
the maximum field of view (FoV) =~ 2.6 sr for a low-Earth orbit spacecraft. Each module
comprised two Nal(Tl) scintillators, a large area detector (LAD), a Nal crystal ~51 cm in
diameter and ~1.3 cm thick, which recorded the data with high temporal resolution, and
a spectroscopy detector (SD), which collected the data with high-energy resolution. The
instrument was able to estimate GRB localization comparing the relative count rates in the
detectors (usually, three or four) that observed the burst [27].

The ultimate catalog, 5B [28], comprises 2145 GRBs detected with BATSE during its
entire period of operation (1991-2000). BATSE enabled several breakthroughs in the field:
observation of the sky distribution and intensity distribution of numerous GRBs provided
strong evidence for the cosmological distances to GRBs [18]; definitive separation between
the short/hard and the long/soft classes of GRBs [10]; evidence that many GRB spectra are
nicely fit by a function of two power laws, continuous and smoothly joined (so-called Band
function) [29]; and the “hard-to-soft” evolution of GRB spectra [30].

The other three experiments on CGRO were the Oriented Scintillation Spectrometer Ex-
periment (OSSE), Compton Telescope (COMPTEL), and Energetic Gamma Ray Experiment
(EGRET), covering the energy ranges 100 keV-10 MeV, 1 MeV-30 MeV, and 20 MeV-30 GeV,
respectively.

2.1.3. BeppoSAX

The X-ray astronomy satellite Satellite per Astronomia X, “Beppo” (BeppoSAX, in
honor of Giuseppe Occhialini [31]), was a project of the Italian Space Agency with the par-
ticipation of the Netherlands Agency for Aerospace Programs. The mission was launched
on 30 April 1996, and deactivated on 30 April 2002. The main scientific characteristic
of the BeppoSAX mission was the wide spectral coverage, ranging from 0.1 keV to over
200 keV. The BeppoSAX payload comprised five instruments: Low Energy Concentrator
Spectrometer (LECS); Medium Energy Concentrator Spectrometer (MECS); High Pressure
Gas Scintillation Proportional Counter (HPGSPC); Phoswich Detector System (PDS); and
Wide Field Camera (WFC).

The Wide Field Cameras (WFCs) onboard BeppoSAX consisted of two coded aperture
cameras, pointing 180° away from each other, perpendicular to the Sun vector and to the
other instruments, each with a FoV of 40° x 40° (full width at zero response) and an angular
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resolution of 5. They operated in normal mode with 31 energy channels in 2-28 keV and
0.5 ms time resolution [32].

The main scientific highlights of the mission are: (1) the first rapid arc-minute local-
ization and first X-ray follow-up observations of GRB 970228 [19,33]; (2) enabling the first
direct redshift measurements of the optical afterglow of GRB 970508 with ground-based
telescopes [34,35]. The detection of the first GRB afterglow (GRB 970228) and its association
with a distant (z = 0.695) host galaxy allowed unveiling the 30-year mystery of GRB origin
and further measurements of GRB redshifts [36]. Among other discoveries made possible
by BeppoSAX are the GRB/SN connection [37] and the existence of a hardness—intensity
correlation of GRB prompt emission in the rest frame (the “Amati” relation [38]).

2.1.4. HETE-2

The High Energy Transient Explorer (HETE-2) mission was devoted to the study
of GRBs using soft X-ray, medium X-ray, and y-ray instruments mounted on a compact
spacecraft. The HETE-2 satellite was launched into equatorial low-Earth orbit on 9 October
2000, and deactivated on March 2008 [39]. The satellite payload included three instruments.
The French Gamma Telescope (FREGATE) was a set of omnidirectional y-ray spectrometers
designed to detect and conduct spectroscopy on GRBs. The instrument covered an energy
range from 6 to 400 keV with a spectral resolution of ~25% at 20 keV and ~9% at 662 keV.
The field of view was 3 sr, and the time resolution was 10 ps. The Wide Field X-Ray Monitor
(WXM) consisted of two orthogonal one-dimensional X-ray detectors covering an energy
range from 2 to 25 keV with the spectral resolution ~22% at 8 keV and 90% at 5 keV. The
instrument had 1.6 sr FoV and the 1 ms time resolution. The Soft X-Ray Camera (SXC), as
well as WXM, was designed to detect GRBs and to measure the intensities, time variation,
and spectra of X-ray bursts and black hole X-ray transients. The SXC consisted of two
orthogonal sets of one-dimensional coded aperture X-ray imagers. The imagers covered a
range from 0.5 to 14 keV with a spectral resolution of 46 eV at 525 eV and 129 eV at 5.9 keV.
The instrument had 0.91 sr FoV and 1.2 s time resolution. The goal of the mission was
to continuously scan the sky and detect GRBs, establish precise locations, and transmit
coordinates in near-real time (<10 s).

The HETE-2 mission observed more than 250 GRBs, localizing 25-30 GRBs per year.
HETE-2 placed severe constraints on any X-ray or optical afterglow of a short GRB, leading
to a firm establishment of the cosmological origin of this subclass of GRBs. It made it
possible to explore the previously unknown behavior of optical afterglows at very early
times and opened up the era of high-resolution spectroscopy of GRB optical afterglows.
A new subclass of GRBs, the less-energetic X-ray flashes (XRFs), and their first optical
counterparts were discovered. It also solved the mystery of “optically dark” GRBs and
revealed the nature of XRFs ([40] and the references therein).

2.1.5. Suzaku-WAM

The Wide-band All-sky Monitor (WAM; [41]) on board the Japan—-US Suzaku satel-
lite [42] launched on 10 July 2005, and deactivated on 30 May 2015, was a large and thick
BGO (bismuth germanate: BisGe3zO1;) active lateral shield for the Suzaku Hard X-ray
Detector (HXD), used mainly for rejecting its detector background, but it also worked as an
all-sky monitor for soft gamma-ray transients. The WAM consisted of four perpendicular
walls, each with a geometrical area of ~800 cm?. The instrument operated in a wide nomi-
nal energy range of ~50-5000 keV, which depended on the gain of the photo-multipliers;
in a wide, about half of the sky, field of view. The WAM detected more than 1400 GRBs
and 300 bursts from SGRs, observing GRBs at a rate of 140 events per year including both
triggered and untriggered events, and this detection number was comparable to that of
other GRB-specific instruments. The coincident rate with the Konus-Wind and the Swift-
BAT triggers was ~70 and ~14 per year, respectively. The GRB localization capability was
25°-10° using the WAM alone.
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2.1.6. IKAROS-GAP

The first polarimeter dedicated to the GRB polarization measurements, the Gamma-
Ray Burst Polarimeter (GAP) aboard the Interplanetary Kite-craft Accelerated by Radiation
Of the Sun (IKAROS) solar sail, was launched in 21 May 2010, by JAXA [43]. Contact with
the spacecraft was lost on 20 May 2015. Being a moderate-size detector of 3.8 kg weight
and 17 cm size operating in the 50-300 keV band, it comprised two coaxial detectors: a
plastic scintillator and Csl crystals. The instrument measured y-ray polarization based on
the anisotropy of the Compton scattering: the Compton-scattering angle, expected to be
angular-dependent if polarization is present, can be obtained from the coincidence between
the central plastic medium and Csl detectors surrounding the plastic Compton-scattering
medium. The scientific highlights from GAP include the observation of GRB 100826A in
the 70-300 keV band and fitting its modulation curve with a Monte Carlo model of the
experiment [44], as well as a marginal (2.90") observation of a time variable polarized signal
and a measurement of polarization of GRB 110301A and GRB 110721A.

2.1.7. Lomonosov

The Lomonosov satellite operated by Moscow State University was launched to the
heliosynchronous orbit on 28 April 2016, and deactivated on 14 January 2019. The mission
allowed the simultaneous observation of GRBs in y-ray, X-ray, and optical bands with three
onboard payloads: directed in three axes GRB monitors (BDRG [45]); SHOK wide-field
optical cameras; and the Ultra-Fast Flash Observatory (UFFO) payload [46,47].

The monitor BDRG was designed to obtain temporal and spectral information about
GRBs in the 10-3000 keV energy range, as well as to provide GRB triggers for the SHOK
and UFFO instruments. The GRB localization technique used by BDRG was based on
the same concept as Veneras 11-14 (Konus), CGRO (BATSE), and Fermi (GBM)), utilizing
the ratio of count rates from all three detectors to determine burst location. The three-
detector configuration of BDRG provided a field of view equivalent to at least a half
of the entire celestial sphere. The main advantages of the instrument were a high time
resolution (~15 ms) and the use of phoswich Nal(T1)/CsI(T1) detectors, which provided
active shielding against the -ray background and the ability to distinguish GRB signals
from electron precipitation and other geophysical phenomena occurring in near-Earth
space. The BDRG instrument operated in two main observational modes: the monitor, or
continuous observation, and event modes. The optical and y-ray GRB light curves were
recorded simultaneously, allowing detection of prompt GRB emission, as well as GRB
precursors in the optical band [48]. The UFFO payload included the wide-field coded mask
X-ray Burst Alert and Trigger Telescope (UBAT) and the optical /UV telescope. The UBAT
had an ~190 cm? effective area, 90.2° x 90.2° FoV, and 15-150 keV energy band.

BDRG detected 20 GRBs; no GRB was in the SHOK FoV during the time when the
instrument was operating. The joint observations of BDRG and MASTER (see Section 4.1.10)
of robotic telescopes allowed for comparing optical and <-ray light curves of two long-
duration and the most powerful bursts, GRB 160625B and GRB 1610174, at different phases
of their activity. These observations allowed clarifying the details of the birth of rapidly
rotating black holes of stellar mass [49].

2.1.8. Polar

The POLAR was a dedicated GRB polarimeter developed by a Swiss/Chinese/Polish
collaboration. The instrument was launched on board the second Chinese Space Lab,
the Tiangong-2, in September 2016 after which it took 6 months of scientific data [50].
Composed of 1600 plastic scintillators, the Compton telescope operated in the 50-500 keV
band and covered a wide (235% of the sky) FoV with good polarimetric capability.

The instrument recorded light curves of 55 GRBs, including five events bright enough
to conduct studies of polarization, which showed a low polarization fraction ~10%. How-
ever, the time-resolved analysis of the brighter bursts revealed a 28% polarization, which
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may indicate that the polarization degree decreases due to the polarization angle change
during the burst [51].

2.2. Current Missions
2.2.1. Konus-Wind

Launched on 1 November 1994, Wind is a spin-stabilized spacecraft placed in a
Lissajous orbit around the L1 Lagrange point of the Earth-Sun system. Konus-Wind
(KW [52]) is a y-ray spectrometer onboard Wind aimed at studies of temporal and spectral
parameters of GRBs, solar flares (SFs), soft gamma repeaters (SGRs), and other transients.
Comprising two identical Nal(Tl) detectors with a 7.5 cm thickness, 12.7 cm diameter, and
~80-160 cm? effective area, the instrument continuously covers all-sky over a wide energy
range (~20 keV-15 MeV) in stable background conditions.

The instrument operates in two modes: waiting and triggered. In both modes, the
event light curves in three energy windows: G1 (~20-80 keV), G2 (~80-300 keV), and G3
(~300-1200 keV), are recorded with a fine (2-256 ms, triggered mode) or coarse (2.944 s,
waiting mode) time resolution. In the triggered mode, the instrument also measures 64
energy spectra over 63 pseudo-logarithmic channels in each of two overlapping energy
intervals, PHA1 (~20-1200 keV) and PHA2 (~400 keV-15 MeV). The detector energy scale
is calibrated in flight using the 1460 keV line of “°K and the 511 keV e*e™ annihilation line.
A more detailed discussion of the KW instrument can be found in [53-55].

As of 2022 May, KW has triggered ~5200 times on different transients, including
~3450 GRBs, providing the trigger rate of ~130 GRBs per year. Moreover, a search in the
KW waiting mode data revealed ~2500 untriggered GRBs detected simultaneously by
CGRO, BeppoSAX, Swift, and Fermi [56]. Various KW catalogs and databases, including
those of short bursts along with their IPN localization maps, GRBs with known redshifts,
SGR flares, and SFs, can be found at the KW web page'. There were several instruments
similar to Konus-Wind operating in 1995-2009: Konus-A [57] on board the Cosmos 2326
spacecraft (1995-1997); Konus-A2 (Cosmos 2367, 1999-2001); HELICON (KORONAS-F,
2001-2005); Konus-A3 (Cosmos 2421, 2006-2008); Konus-RF (the Coronas-Photon solar
observatory, 2009).

2.2.2. INTEGRAL

The INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) was launched
by ESA on 17 October 2002 to a highly elliptical orbit. INTEGRAL was designed to perform
observations in the hard X-ray/soft y-ray energy range over a ~30° x 30° FoV with two
main instruments: Imager on Board the INTEGRAL Satellite (IBIS), optimized for high
angular resolution [58], and SPectrometer aboard INTEGRAL (SPI), which provides a high
spectral resolution [59]. Even though INTEGRAL was not developed as a GRB-dedicated
mission, its main instruments detect bursts every 1-2 months, while the Anticoincidence
Shield of the SPI instrument (SPI-ACS; 512 kg BGO crystals) detects approximately one
GRB per every two days, nevertheless not providing spatial or spectral information on the
events [60].

The IBIS instrument can localize GRBs in its imaging FoV of ~30° x 30° with arcmin
accuracy, and the IBAS localizes GRBs using the imaging data from the IBIS/ISGRI detector,
while the large collecting area of the SPI-ACS allows recording GRB light curves from
almost any position of the sky. Both INTEGRAL main telescopes can work as polarimeters.
Polarization measurements are based on the detection of multiple events (when a photon
deposits energy in several detectors) in the range above ~100 keV and further Monte Carlo
simulations of the SPI response to polarized emissions in GEANT 4. The two position-
sensitive detectors of IBIS, ISGRI (made of CdTe crystals and sensitive in the 15-1000 keV
range) and PICsIT (made of Csl bars and sensitive in the 200 keV-10 MeV band), allowed
using the telescope as a Compton polarimeter as well. See [61] for further details on the
polarization measurements.
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The main highlights for INTEGRAL include the localization and spectrum measure-
ments for an off-axis GRB 030406 using the Compton scattering between ISGRI and PIC-
sIT [62]; the detection of 127 GRBs in the IBIS FoV (as for July 2019) [63]; the sampling of
the population of the faintest GRBs (down to the peak fluxes below ~0.1 photons cm~2 s~ 1)
thanks to the high sensitivity of IBIS; the detection of six SGRBs [63]; the SPI-ACS detection
of about 300 GRBs per year outside the FoV of the main instruments [64].

2.2.3. Swift-BAT

The Neil Gehrels Swift Observatory, dedicated to GRB studies, was launched on 20
November 2004 [65], to a low-Earth orbit. The Swift payload comprises three instruments
working together to provide rapid (within a few hundred seconds after the trigger) GRB
identification and multiwavelength follow-up: the Burst Alert Telescope (BAT; [66]), the
X-ray Telescope (XRT [67,68]; see Section 3.3), and the UV-Optical Telescope (UVOT [69];
see Section 4.1.19). Once a GRB has triggered BAT, the spacecraft slews to the GRB position
and starts observations of the GRB counterpart with the XRT and the UVOT telescopes,
which can further refine the localization to <1”. Comprising a detector plane with 32,768
CdZnTe (CZT) detectors and a coded-aperture mask with ~52,000 lead tiles, BAT is a highly
sensitive, large-FoV (1.4 sr for >50% coded FoV and 2.2 sr for >10% coded FoV) telescope
that operates in the 14-150 keV? energy range. Further details on the instrument, including
the in-orbit calibrations, can be found in [66] and the BAT GRB catalogs [70-72].

The precise and quick GRB localization allows multiwavelength follow-ups and es-
timation of GRB redshifts, which are necessary to use GRBs as cosmological tools. As of
May 2022, the instrument has detected ~1500 GRBs, of which ~410 events have redshift
measurements’, ranging from z = 0.03 to z = 9.38 [72]. The Swift data products are
publicly available at the mission web page®.

2.2.4. AGILE-MCAL

The Astrorivelatore Gamma ad Immagini LEggero (AGILE) is an Italian space mission
dedicated to high-energy astrophysics launched in low-Earth orbit on 23 April 2007 [73].
The AGILE payload comprises three instruments able to conduct broad-band (20 keV-
50 GeV) observations of Galactic and extragalactic objects: a tungsten-silicon tracker (ST)
with imaging capability, operating in the 30 MeV-50 GeV band; a coded mask hard X-ray
imager SuperAGILE (SA), acquiring data in the 18-60 keV band; and a CsI(Tl) all-sky
MiniCALorimeter (MCAL), working in the 0.4-100 MeV energy range. ST and MCAL
together form the Gamma-Ray Imaging Detector (GRID). AGILE has an anti-coincidence
(AC) system and plastic scintillation detectors surrounding the main detectors, sensitive to
the y-rays in the ~50-200 keV band. Due to a failure of the onboard reaction wheel after
two years since the launch, AGILE lost its capability to point at a certain position in the
sky. It also started to spin around its Sun-pointing axis, which can affect spectral analysis,
as the incident angle varies in time, which requires correction of the DRM for the events
lasting more than several tens of seconds or minutes. Only a few very long-lasting GRBs
have been detected in the “spinning period” and required a special approach [74].

A non-imaging y-ray scintillator, MCAL [75] comprises 30 CsI(T1) scintillator bars
(15 x 23 x 375 mm? each) with a total on-axis geometrical area of ~1400 cm? and operates
in the 400 keV-100 MeV energy band. MCAL cannot localize GRBs and can only provide
a rough (>30°) reconstruction of the incident photon direction for some angles. However,
the AGILE-MCAL is part of the IPN. The incoming photons can be discriminated from
the high-energy particles using the tracks in the detector bars produced by the incident
photons. Unlike GRID or SuperAGILE, MCAL observes all-sky, only constrained by Earth
occultations. MCAL can operate in one of two modes (or in both simultaneously): in
the GRID mode, MCAL acts as a secondary instrument lead by ST; in the BURST mode,
MCAL works as an independent self-triggering detector and is able to collect the data down
to an ~300 ps timescale, providing studies of very fast transients, e.g., submillisecond
TGFs [76,77].
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As of November 2020, MCAL detected 503 GRBs (394 recorded with high time reso-
lution), 44% of which are SGRBs and the rest are LGRBs. Moreover, 109 bursts triggered
partial MCAL onboard data acquisitions, allowing further joint analyses or triangulations.
AGILE Scientific RateMeters (RMs) detected > 90% of these GRBs, allowing simultaneous
observations in the 20 keV-100 MeV range [74].

2.2.5. Fermi-GBM

The Fermi Gamma-ray Space Telescope, dedicated to studying transient y-ray sources,
was launched in June 2008 to a low-Earth orbit. It harbors two scientific instruments: the
Gamma-ray Burst Monitor (GBM [78]) and the Large Area Telescope (LAT [79]). The LAT
is sensitive in the energy range from 30 MeV to 300 GeV, while the GBM, whose direct
experimental objective was to identify and study GRBs, covers the energy range from
8 keV to 40 MeV, extending the energy range over which bursts are observed downward to
the hard X-ray range. The GBM observes the whole sky that is not occulted by the Earth
(>8 sr).

GBM is composed of twelve Nal(Tl) detectors and two bismuth germanate (BGO)
scintillation detectors. With a thickness of 1.27 cm and a diameter of 12.7 cm, the Nal
crystals cover an energy range of 8 keV-1 MeV. They are oriented around the spacecraft,
three at each of the four corners in a way that the position of the GRB can be determined
from the relative count rates seen in the individual detectors. The uncertainty of the GBM
localization of bright GRBs is about several degrees in radius [80]. The two BGO crystals
have a diameter and thickness of 12.7 cm, covering an energy range of 200 keV-40 MeV,
and are located on opposite sides of the spacecraft so that at least one is always illuminated
from any direction.

A detailed detector response model has been developed based on Geant4 simulations
and confirmed by extensive ground testing, which included the calibration with radioac-
tive sources (from 14.4 keV to 4.4 MeV), the low-energy calibration of the Nal detectors
performed at the synchrotron radiation facility BESSY, and the high-energy calibration of
the BGO detectors carried out at the SLAC National Accelerator Laboratory, in order to
determine the response as a function of orientation [81,82]. In flight, fits to background
lines (e.g., 511 keV) over time show a stable gain and energy resolution in all the GBM
detectors and electronics, with lines typically within 1% of their expected position [83]. The
GBM detectors and their calibration are described in more detail in [78,82,84].

During a 10-year time period up to 2018 July 11, GBM triggered almost twice a day
on transient events, 2356 of which we identified as cosmic GRBs. Additional trigger
events were due to SF events, magnetar burst activities, and terrestrial gamma-ray flashes
(TGFs) [85]. The data on the GRBs detected by GBM are available at the Fermi GBM Burst
Catalog (FERMIGBRST) web page”.

2.2.6. AstroSAT-SZTI

Astrosat, the first Indian satellite mission dedicated to astronomical studies, was
launched on 28 September 2015. The Cadmium Zinc Telluride (CZT) Imager, one of four
X-ray instruments onboard the satellite, covers the the energy range of 10-100 keV and has
a large detection area of ~976 cm?. The instrument energy response is calibrated using
radioactive sources. CZTI is the first modern instrument able to constrain any intrinsic
polarization greater than ~40% for bright X-ray sources (>500 mCrab) within a short
exposure of ~100 ks with a 3¢ confidence level [86,87]. The GRB polarization measurement
is based on the principle of Compton scattering and may be taken using the azimuthal
distribution of simultaneous events in two adjacent pixels of the pixelated detector plane.
Having the experimentally verified polarization measurement capability in the 100-300 keV
band, the instrument gives a unique opportunity for spectro-polarimetric studies of GRBs.
As of now, SZTI has detected <500 GRBs®. Seven GRBs were found to have significant
polarization [88,89].
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2.2.7. CALET-CGBM

The CALorimetric Electron Telescope (CALET) space experiment, developed by Japan
in collaboration with Italy and the United States, is a high-energy astroparticle physics
mission installed on the International Space Station (ISS) [90]. The Gamma-ray Burst
Monitor (CGBM) is the secondary scientific instrument of the CALET mission that has been
monitoring X-ray and -y-ray sky since October 2015. The main observational target of the
CGBM is GRBs and SGRs. The CGBM can measure GRB light curves and spectra in the
energy range from 7 keV to 20 MeV thanks to two kinds of scintillation detectors, which are
the Hard X-ray Monitor (HXM), which comprises two LaBr3(Ce) (7 keV-1 MeV, @66 mm,
12.7 mm thick, effective area of 68 cm?, 3% energy resolution at 662 keV), and the Soft
Gamma-ray Monitor (SGM), which is a BGO crystal (100 keV-20 MeV, 2102 mm, 76 mm
thick, effective area of 82 cm?, 15% energy resolution at 662 keV), each read by a single
photomultiplier [91,92]. Being partially blocked by the ISS structures, CGBM observes
about half of the sky. As of the end of June 2019, CGBM had detected 161 GRBs.

2.2.8. Insight-HXMT

The Hard X-ray Modulation Telescope (Insight-HXMT) launched on 15 June 2017, is
China’s first X-ray astronomy satellite devoted to the observations in the 1-250 keV energy
range. The facility comprises three collimator-based telescopes: the High Energy X-ray
Telescope (HE [93]), the Medium Energy X-ray Telescope (ME [94]), and the Low Energy X-
ray Telescope (LE [95]). The main detector plane of Insight-HXMT/HE constitutes an array
of 18 Nal(T1)/CsI(Na) phoswich detectors with a total geometric area of about 5100 cm?
and a combined FoV of ~5.7° x 5.7° (FWHM). The CsI(Na) detector can be used as an
all-sky y-ray monitor in the 0.2-3 MeV band. The measured energy band is ~40-800 keV in
the normal-gain (NG) mode and ~200 keV-3 MeV in the low-gain (LG) mode. Switching
between the modes is carried out by adjusting the high voltage of the PMTs, which readout
the phoswich detectors.

In the absence of an on-board GRB trigger algorithm, nor prompt data telemetry for
Insight-HXMT, GRBs are identified on-ground using two pipelines: the blind search on all
data acquired by the InsightHXMT/HE CsI(Na) detector; and the targeted search for the
GRBs reported via GCN in the CsI(Na) data. During the first four years of operation, the
facility detected 660 events: 322 GRBs, 245 TGFs, four SFs, 33 charged particle events, and
56 unclassified events.

2.2.9. ASIM-MXGS

The Atmosphere-Space Interactions Monitor (ASIM) is an instrument suite on the
ISS for measurements of lightning, transient luminous events (TLEs), and TGFs operating
since 2 April 2018 [96]. The Modular X- and Gamma-ray Sensor (MXGS) is an imaging and
spectral X- and y-ray instrument mounted on the starboard side of the Columbus module
on the ISS [97]. As a byproduct of its work, MXGS can detect GRBs and giant magnetar
flares, e.g., GRB 200415A—a giant flare in NGC 253 [98]. MXGS consists of a low-energy
detector (LED) and a high-energy detector (HED). The LED detector plane is composed of
the pixelated cadmium-zinc-telluride (CZT) crystals measuring photons in the 20-400 keV
energy range. A hopper-shaped collimator defines the 80° x 80° fully coded FoV of the
LED. The HED consists of 12 bismuth-germanium-oxide (BGO) detector bars, each coupled
to a PMT. The HED is sensitive to photons with energies from 200 keV to >20 MeV.

2.2.10. GECAM

The Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor
(GECAM) is a Chinese space-based observatory launched on 9 December 2020. Its main
scientific goal is to monitor various types of GRBs originating from the merger of binary
compact stars, which can also produce gravitational waves, and from the collapse of
massive stars.
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GECAM was planned to consist of two low-orbit microsatellites (GECAM-A and
GECAM-B, but currently, only GECAM-B is in operation) in conjugate constellation layout
on opposite sides of the orbit, each of which detects and localizes GRBs using 25 compact
and novel gamma-ray detectors (GRDs) in the 6 keV-5 MeV energy range. Each GRD
module is comprised of a LaBr3(Ce) scintillator joined with a silicon photo-multiplier (SiPM)
array and preamplifier. The designed sensitivity of GECAM is about 2 x 1078 erg cm 2571,
and the localization accuracy is about 1° for medium-bright GRBs (107 erg cm =2 s71, 10 5).
A large dynamic range of the GRD is achieved by the high-gain and low-gain channels
of the preamplifier. The energy response of the GRD prototype was evaluated using
radioactive sources in the range of 5.9-1332.5 keV. An energy resolution of 5.3% at 662 keV
was determined from the '¥Cs pulse height spectra. As of now, GECAM has detected
~60 GRBs according to the GCN Circulars Archive’.

2.3. The Interplanetary Network

The currently active instruments with accurate (of order of a few arcmin) GRB local-
ization capability, Swift and INTEGRAL, localize less that 25% of the GRBs detected by all
instruments with GRB detection capability [99]. The current optical surveys such as ZTF
(see Section 4.2.2) and MASTER (see Section 4.1.10) add a few independent discoveries of
GRB afterglows per year.

A number of the active instruments with GRB detection capability taken together
form an all-sky, full-time high-energy transient phenomena monitor called the Interplan-
etary Network (IPN). The IPN provides GRB localizations with accuracy down to a few
arc-minutes using propagation time delay analysis (triangulation). In addition to the
GRB-specific missions, the IPN includes non-GRB-specific instruments such as planetary
geochemistry probes: Mars-Odyssey, which was launched in 2001 April and reached an
orbit around Mars on October 2001 [100], equipped with the Gamma-Ray Spectrometer
(GRS), which includes two detectors with GRB detection capabilities, the Gamma Sensor
Head (GSH) and the High Energy Neutron Detector (HEND) [101,102]); and the Mercury
exploration mission BepiColombo [103], launched on 20 October 2018 and equipped with
the Mercury Gamma-ray and Neutron Spectrometer (MGNS) [104,105]. Earlier, the IPN
included the Mercury Surface, Space Environment, Geochemistry, and Ranging mission
(MESSENGER) carrying the Gamma-Ray and Neutron Spectrometer (GRNS) [106], in Mer-
cury orbit from March 2011 to 2015 [107,108]; and the Sun-observing Ramaty High Energy
Solar Spectroscopic Imager (RHESSI) [109,110].

The IPN detects about 300 GRBs per year. Localizations for about a few dozen of the
brightest GRBs per year are published in GCN circulars®. Recently, rapid IPN localizations
have facilitated significant discoveries in the GRB field, e.g., the localization of the short GRB
170817A, the counterpart of the gravitational wave event GW170817 from a binary neutron
star merger [22], the detection of the extragalactic magnetar giant flare in NGC 253 [111], the
discovery and confirmation of the shortest GRB from a collapsar [112], and the association
of a number of GRBs with fast optical transients [113].

2.4. CubeSat Constellations

Any single spacecraft in a low-Earth orbit cannot provide all-sky coverage, due to
duty cycle, Earth-blocking, field of view considerations, or all three. On average, 50% sky
coverage is a rough estimate of what can be achieved by a mission such as, e.g., Fermi.
Although the current IPN GRB detectors are functioning well and their spacecrafts are
not scheduled for decommissioning, they are nevertheless old, and new interplanetary
opportunities do not arise frequently.

A network of small, identical GRB-dedicated satellites in near-Earth orbits, with a
simple instrumentation, can achieve sensitivity comparable to large GRB missions, pro-
viding entire-sky coverage; see, e.g., [114]. Presently, there are numerous alternative
concepts and pathfinders for all-sky monitoring using multiple Earth-orbiting satellites
involving a variety of localization techniques, such as: BurstCube [115,116], Gamma-Ray
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Integrated Detectors (GRID) [117], CubeSats Applied for MEasuring and LOcalising Tran-
sients (CAMELOT) [118], HERMES [119,120], Interconnected Multi-hop Array of CubeSats
for transients (IMPACT) [121], GRBAlpha [122], and its successor VZLUSAT-2 launched on
13 January 2022 [123], and EIRSAT-1 [124]. For example, the High Energy Rapid Modular
Ensemble of Satellites (HERMES) Technological and Scientific pathfinder is a space-borne
mission based on an LEO constellation of nano-satellites [120,125-128]. The instrument
will be able to study and quickly localize high-energy transients with sub-microsecond
time resolution in a wide energy band, spanning from a few keV up to 2 MeV. It will have a
peak effective area of about 50 cm?, 3.2 st FWHM FoV, and energy resolution of <800 eV
FWHM (at 6 keV in the soft X-ray X-mode) and <5 keV FWHM (at 60 keV in the hard X-ray
and -ray S-mode).

3. X-ray Observations

It is believed that the main contribution to the GRB afterglow emission is synchrotron
radiation from electrons accelerated in the presence of a magnetic field in the “external”
shock produced as the blast wave from the explosion collides with and sweeps up material
in the circumburst medium [129-131]. The afterglow emission spectrum from X-ray to
radio is expected to appear as a sequence of smoothly connected power laws f, « v#, where
the energy spectral index S is determined by the index of the electron energy distribution
p and the frequency in relation to the evolving breaks in the spectrum (e.g., [132]). These
break frequencies are the cooling frequency v,, the characteristic synchrotron frequency vy,
and the self-absorption frequency v,.

Canonical X-ray afterglow light curve may be represented as the following sequence
of smoothly connected power law segments f, « t~%, where « is the temporal index. The
steep decay (x ~ 3) is generally attributed to high latitude emission. The plateau phase
(¢ ~ 0.5) may be explained by a continuous energy injection from the central engine. The
normal afterglow decay (a ~ 1.2) produced by jet propagation through the ISM. When the
radiation beaming angle becomes similar to the jet opening angle, an achromatic steepening
of the light curve, known as a jet break, is expected to appear [133-135]. The post-jet break
decay typically has a ~ 2. X-ray light curve may also show multiple flares with widely
varying strengths which can occur during any phase.

Thus, afterglows are extremely important for obtaining a complete picture of the GRB
emission mechanisms and constraining theoretical models. The instruments are listed
below in the order of launch, which does not reflect their priority or importance for GRB
studies.

3.1. CXO (Chandra)

Launched into elliptical high-Earth orbit (HEO) beyond the outer Van Allen Belt on
23 July 1999, the Chandra X-ray Observatory (CXO; named after Subrahmanyan Chan-
drasekhar), formerly known as the Advanced X-ray Astrophysics Facility (AXAF), is one of
NASA'’s “Great Observatories”. The telescope system comprises four pairs of mirrors pro-
viding reflection at grazing incidence angles, necessary to focus X-ray photons [136-138].

The High Resolution Mirror Assembly (HRMA) has exceptional capabilities for sub-
arcsecond imaging: 0.5” resolution in contrast to the ~5” imaging for previous X-ray
missions. The exquisite imaging capability allows CXO to resolve formerly “point” sources,
studying jets and outflows in QSOs and active galaxies, and the structure and interactions
within clusters of galaxies. CXO also detects point sources with fluxes 100-times fainter
than previously due to the reduction of the detector area, which accumulates background.
The Science Instrument Module (SIM) comprises the two focal plane instruments: the
Advanced CCD Imaging Spectrometer (ACIS) and the High Resolution Camera (HRC),
which record the photon number, position, energy, and time of arrival. Two additional
science instruments, the Low Energy Transmission Grating (LETG) and High Energy
Transmission Grating (HETG) spectrometers, provide high-resolution spectroscopy in the
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0.08-2 keV (15-0.6 nm) and 0.4-8 keV (MEG: 0.4—4 keV, 3-0.3 nm, and HEG: 0.8-8 keV,
1.5-0.15 nm) bands, respectively.

With excellent spatial and spectral imaging, high-resolution dispersive spectroscopy,
along with a duty cycle of >70% and up to two days of continuous observations possible,
CXO provides a great opportunity to explore the X-ray spectrum. Chandra science high-
lights include observations of GW 170817, studies of pulsar wind nebulae, cooling flows
in clusters of galaxies, X-ray jets in QSOs, along with the observations of SN remnants,
supermassive BHs, GRBs, and brown dwarfs.

3.2. XMM-Newton

Launched into elliptical HEO in 10 December 1999, the XMM-Newton observatory,
also known as the High Throughput X-ray Spectroscopy Mission and the X-ray Multi-
Mirror Mission, is one of the ESA’s Horizon 2020 flagship missions. Each of the three X-ray
telescopes on board XMM-Newton consists of 58 gold-coated nested mirrors, providing a
large collecting area over a wide energy band (see [139] and the reference therein).

The science payload comprises three devices: the European Photon Imaging Camera
(EPIC), the primary instrument, the Reflection Grating Spectrometers (RGSs), which is a
secondary instrument, and the Optical Monitor (OM). Installed at the prime focus of each
of the telescopes, three EPICs are equipped with silicon chips able to register extremely
weak X-ray radiation and advanced CCDs with a scale of 1.1” /pixel, capable of detecting
rapid variations in intensity, down to a thousandth of a second and less. The EPIC CCDs
are designed to cover the full design range of the X-ray mirrors, 0.1-15 keV with an energy
resolution of E/dE ~ 50 at 6.5 keV and positional resolution sufficient to resolve the mirror
performance of 6 FWHM. Aimed at the complementary analysis of the spectrum, RGSs
are installed on two of the three XMM-Newton X-ray telescopes. RGSs provide high-
resolution (E/dE = 200-800) X-ray spectroscopy over the 0.35-2.5 keV band, thus yielding
more detailed information on the condition of individual elements (e.g., oxygen and iron)
than EPIC. OM is a highly sensitive (equivalent to a 4 m ground-based telescope) 30 cm
Ritchey—Chretien telescope able to observe objects in the UV and the blue region in optics
simultaneously with the X-ray telescopes. OM has a spatial pixel size of 1” and a limiting
sensitivity of B = 24 in unfiltered light and is equipped with broad- and narrow-band filters
and two grisms, which provide spectral resolution.

The science highlights of the observatory include studies of galaxy clusters, supermas-
sive BHs, stars, neutron stars, TDEs, SNe, GRBs, GWs, supergiant fast X-ray transients,
exoplanets, and Solar System bodies and tests of cosmology and dark matter scenarios.

3.3. Swift/XRT

The X-ray Telescope (XRT [67,68]) on board the Swift observatory enables it to localize
GRBs with a few arcsecond accuracy within 100 s of the burst onset. The XRT is a sensitive
(down to 2 x 10714 erg em 2 s71 in 10* s) broad-band (0.2-10 keV) X-ray imager with
an effective area of >120 cm? at 1.5 keV, FoV of 23.6' x 23.6¢/, and angular resolution of
18" (HPD). Its CCD comprises an 600 x 602-pixel image area and a storage region of
600 x 602 pixels. XRT can also estimate the GRB redshifts based on the Fe line emission or
other spectral features.

Scientific implications of the Swift XRT data include collecting the GRB afterglow
statistics, studies of X-ray flares, GRB rapid decay, and plateau phases [140] and contribut-
ing to the research on the closure relations, used to identify potential jet breaks with diverse
characteristics [141,142]. The XRT science highlights include studies of GRBs, the follow-up
of GW triggers in the Second Advanced LIGO/ Virgo Observing Run [143,144], studies of
TDEs, dust halos in V404 Cyg, nearby active galaxies, SNe and their shock breakouts, large

amplitude variability in nova X-ray light-curves, and magnetars’.
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3.4. MAXI/GSC

The Monitor of All-sky X-ray Image (MAXI) Gas Slit Camera (GSC), mounted on the
ISS, detects GRBs and XRFs. The GSC consists of 12 one-dimensional position-sensitive
proportional counters operating in the 2-30 keV energy range [145]. Pointing in directions
orthogonal to each other, GSC-H (horizontal camera) and GSC-Z (zenithal camera) achieve
an instantaneous FoV of 3° x 160°, allowing 70% coverage of the whole sky every orbit
(i.e., every 92 min) with a typical transit time on a point source of ~40-100 s, depending
on the incident angle [146]. With a modest (and varying during a scan) ~10 cm? effective
area for a point (in the 4-10 keV band), GSC usually cannot perform spectral analysis
of short events and estimate exactly the intrinsic variation of a source flux [145]. Since
the commissioning of MAXI operation on 8 August 2009, GSC observed >140 GRBs'".
MAXI/GSC also observes XRFs, which are a subclass of GRBs having significantly softer
spectra than those of classical GRBs, at a high rate [145].

3.5. NuSTAR

The Nuclear Spectroscopic Telescope Array (NuSTAR) mission, launched on 13 June
2012, into a 600 km, near-circular, 6° inclination orbit, is the first focusing high-energy
X-ray telescope in orbit. Operating in the 3-79 keV energy range, it significantly extended
the sensitivity of focusing compared to the previous X-ray satellites, which were limited
by the ~10 keV high-energy cutoff. It comprises two co-aligned grazing-incidence X-
ray telescopes pointed at targets by the spacecraft and benefits from the inherently low
background, allowing the telescope to probe the hard X-ray sky with a significantly (100-
fold) improved sensitivity compared to the collimated or coded mask instruments with the
same bandpass.

With its unprecedented combination of sensitivity (2 x 1071° erg cm~2 s~ in the
6-10 keV range and 1 x 10~ erg cm =2 s~ ! in the 10-30 keV range) and spatial (18” FWHM),
spectral (400 eV at 10 keV, 900 eV at 68 keV FWHM), and temporal (2 ps) resolution, NuS-
TAR pursues following core scientific goals: (1) studies of obscured AGN activity out to the
peak epoch of galaxy assembly in the Universe; (2) probing the population Galactic compact
objects; (3) investigating the non-thermal radiation in young SN remnants; (4) constraining
the structure of AGN jets; and (5) constraining the SN explosion models [147]. Its science
highlights include the first measurement of black hole spin with high precision, untangling
the mystery of how stars explode, the discovery of a shockingly bright dead star, staring
deep into the hidden lairs of black holes, and a contribution to the first picture of a black
hole'".

2

4. Optical Facilities

Optical and NIR observations of GRB afterglows and host galaxies give a unique
opportunity to measure GRB redshifts, jet opening angles, and local environment properties,
which are the key parameters necessary to estimate the GRB rest-frame energetics and other
properties.

Generally, GRB prompt emission detectors yield a large (21°) localization error. How-
ever, a small localization box is needed to find the host galaxy in surveys or to point an
optical telescope with a relatively narrow FoV to observe the GRB afterglow. Indeed,
some 7y-ray imaging facilities, such as Swift/BAT, can localize GRBs with an uncertainty of
several arcminutes; however, the fraction of GRBs with coarse localizations is relatively
high. In the latter case, the rapid optical follow-up with robotic telescopes can provide a
localization box narrow enough for the observations with large optical telescopes or search
in the galaxy surveys.

Another way of observing poorly localized GRBs in optics is by means of wide-field
monitoring cameras that continuously monitor large regions of the sky simultaneously
with gamma-ray facilities. This way, one may expect to obtain the optical light curve
covering the very first moments of the event, which is otherwise unattainable using a follow-
up observing strategy. However, due to the obvious hardware limitations of wide-field
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cameras, only the brightest events, such as GRB 080319B [148,149] or GRB 160625B [150],
are observable with them.

Since polarization measurements give important information on the nature of radiation
sources, magnetic fields, the geometry of the emitting regions, and the spatial distribution
of matter around sources, polarimetry is also a valuable source of data, especially for the
transient or fast variable objects such as SNe or GRBs.

4.1. Global Networks of Robotic Telescopes/Rapid Follow-Up

Since a typical GRB afterglow rapidly fades by about 2-3 mag within 5-10 min after
its onset and by another 3 mag in the following 50 min [151], quick GRB follow-ups
are extremely important. The low latency and cost and high reliability and efficiency of
the observations with robotic telescopes are provided by computer-controlled low-level
behavior, ensuring the absence of manual control by humans. Running under the control
of a scheduler, which selects observational targets, robotic telescopes can operate in remote
and extreme environments such as mountain tops, deserts, and even Antarctica. One of
main goals of such telescopes and their networks is the rapid observation of transient
events within seconds or minutes after they are detected by space-borne facilities. In this
section, we briefly review the robotic telescopes aimed at GRB follow-ups in the optical and
NIR ranges. As the number of such instruments is huge (Literally hundreds of different
optical facilities observed GRBs over the last twenty years!), we do not pursue the goal
of reviewing all the robotic telescopes or their networks. The selection of the referenced
projects is thus inevitably subjective. The telescopes are listed below in alphabetical order,
which does not reflect their priority or importance for GRB studies.

4.1.1. BOOTES

The Burst Optical Observer and Transient Exploring System (BOOTES) [152,153],
a worldwide robotic telescope network, had first light in 1998. Depending on the error box
size, it uses wide-field cameras (WFC), ultra-wide-field cameras (UWFC), and narrow-field
cameras (NFC) attached to small robotic telescopes, or the telescopes themselves. The
BOOTES network consists of five stations, four in the Northern Hemisphere and one (and
two more in the near future) in the Southern Hemisphere, which will ensure that there will
always be telescopes that can cover any source either in the northern or in the southern
night sky. Presently, the BOOTES observatories are located in Huelva and Malaga (Spain),
Otago (New Zealand), Lijiang (China), and the “Javier Gorosabel Telescope” (“JGT”) in
Baja California (México), and two more observatories are planned to be deployed in South
Africa and Chile. The BOOTES telescopes reaction time is of the order of 10-20 s, and any
part of the sky is accessible in less than 8 s.

Equipped with the same 0.6 m Ritchey-Chretien telescopes with the f/8 focal ratio,
the stations in Mdlaga (Spain), New Zealand, China, and México have EMCCD covering
10" x 10" FoV with clear, Sloan g; r’ i’, and WFCAM/VISTA Z and Y filters. The station
in Mélaga is also equipped with the COLORES imaging spectrograph. The station in
Huelva comprises two domes, one of which is equipped with a wide-field CCD camera
(4096 x 4096 pix) attached to a 400-mm f /2.8 lens, which covers a 5° x 5° FoV. and the
other is a 0.3 m-diameter Schmidt—Cassegrain reflector telescope mounted on a Paramount
mount, which provides a 15’ x 15’ FoV. Moreover, an all-sky camera, Compact All-Sky
Automated Network Developed for Research in Astronomy (CASANDRA), which is a
4096 x 4096 pixel?> CCD attached to a 16 mm f/2.8 lens covering a 180° FoV, is installed in
each station. The images showing the sky conditions (clouds, etc.) and stars brighter than
10 mag are recorded every minute.

BOOTES's scientific goals include: (1) observations of GRB optical counterparts impor-
tant to study the burst central engine; (2) monitoring of astrophysical optical transients of
cosmic origin, which could be related to FRBs, neutrino sources, GWs, QSOs, AGN, TDEs,
etc.; (3) ground-based support for space-borne high-energy missions, such as INTEGRAL,
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Swift, and Lomonosov/UFFO; (4) monitoring of astronomical galactic objects, including
asteroids, meteors, comets, variable stars and novae, etc. [154].

4.1.2. COATLI

COATLI (stands for “Corrector de Optica Activa y de Tilts al Limite de dIfraccién”
or “active optics and tilts corrector at the diffraction limit”; coatli also means “twin” in
the indigenous Mexican Nahuatl language) is a robotic 50 cm Ritchey—Chretien telescope
on a fast equatorial mount installed at the Observatorio Astronémico Nacional in Mexico.
COATLI is currently operating with the HUITZI f/8 instrument, an EMCCD with a
11.9' x 11.9' FoV with griz broad-band filters and 470/10, 640/10, and 656/3 narrow-
band filter. However, a medium-term aim is to install a fast-guiding imager, which will
provide 0.35” FWHM images over a field of at least 4’ and coverage of a large fraction of the
sky [155]. COATLI will provide 0.3” FWHM images from 550 to 900 nm over a large fraction
of the sky. The instrument operates in two channels: a red channel (from 550-920 nm; 4.1’
FoV) and a blue channel (from 400-500 nm; 4.9” FoV). The interim instrument is a simple
CCD imager with a 12.8' x 8.7 FoV with the long axis roughly N-S equipped with BVRI
filters and a clear w filter.

Apart from the GRB follow-up, the scientific goals of the instrument include obser-
vations of HII regions in nearby galaxies, eclipsing binaries in the Trapezium, sub-stellar
companions in the Solar neighborhood, galactic star clusters, multiplicity in young clusters,
and planetary nebulae in the bulge.

4.1.3. DDOTI

Installed at the Observatorio Astronémico Nacional in Mexico, the Deca-Degree Opti-
cal Transient Imager (DDOTI) is a wide-field robotic imager comprising six 28 cm telescopes
with prime focus CCDs on a common equatorial mount. These telescopes, having a 12 deg?
FoV with 2” pixels each, provide an instantaneous FoV of about 72 deg? when observ-
ing jointly [156]. The DDOTI 10¢ limiting magnitudes in 60 s (4 x 60 s exposures) are
r =~ 18.7 (18.8) and r ~ 18.0 (19.5) in dark and bright time, respectively. The Celestron
Rowe-Ackermann Schmidt Astrograph (RASA), installed on the telescopes, is a prime-focus
Schmidt astrograph with a 279 mm aperture, a 620 mm focal length, a 70 mm focal plane
developed for the observations in the 400-700 nm range, and a final focal ratio of f/2.22.

The key science goals of DDOTI are the localization of the optical transients with
100 deg? positional uncertainties and requiring a wide-field imager, e.g., GRBs detected by
Fermi/GBM and GW events detected by LIGO and Virgo.

4.1.4. FRAM

FRAM (short for the F/(Ph)otometric Robotic Atmospheric Monitor [157]) is a part of
the atmospheric monitoring system of the Pierre Auger Observatory, located near Malargue,
Argentina. It has been operational in different configurations since 2006 and currently
consists of a 10Microns GM2000 mount with Orion UK 12-inch “Optimised Dall-Kirkham”
telescope with an ASA three-inch focuser and Moravian Instruments G4-16000 CCD [158].
It also contains a wide-field Nikkor 300/2.8 lens equipped with the G4-16000 CCD, yielding
a7 x 7-degree field of view. The telescope is primarily used for real-time measurements
of vertical aerosol optical depth over the observatory, but it also robotically reacts to GCN
triggers and performs the GRB follow-up. A similar setup, called FRAM-ORM, has also
been installed since 2018 on the future north Cherenkov Telescope Array site on La Palma,
Canary Islands, and has also been following GRBs since then.

4.15. GIT

The GROWTH India Telescope (GIT) is a 70 cm fully robotic telescope on an altitude-

azimuth mount located at the Indian Astronomical Observatory (Hanle)'?. It has a
0.7° x 0.7° FoV, an f /6.5 focal ratio, and a back-illuminated CCD camera with 4096 x 4108
pixels with a scale of 0.7 per pixel. GIT’s scientific goals include studies of fast transients
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(electromagnetic counterparts to GW sources, GRBs, FRBs, fast blue optical transients, etc.);
SNe and novae; and Solar System objects (near-Earth asteroids, active asteroids, outbursting
comets, etc.).

4.1.6. GRANDMA

The Global Rapid Advanced Network Devoted to the Multi-messenger Addicts
(GRANDMA) is an international project, which currently coordinates 25 telescopes with
both photometric and spectroscopic facilities [159,160], including the TAROT and FRAM
described above, purposed to provide coordinated observations of transients in large re-
gions of the sky. Being primarily aimed at GW alert follow-ups, GRANDMA can follow-up
any transient alerts, even with poor spatial localization.

4.1.7. IKI GRB-FuN

The IKI Gamma-Ray Burst Follow-up Network (IKI GRB-FuN [161]) is another project
on joining existing telescopes to a dedicated network for GRB rapid follow-up observations.
Currently, IKI GRB-FuN conducts TOOs at a number of medium/large optical telescopes:
AZT-22 (Maidanak), AZT-20 (Assy), AZT-33IK (Mondy), Zeiss-1000 (TShAO), and Zeiss-
1000 (Koshka). Besides that, IKI GRB-FuN initiates GRB follow-ups at the International
Scientific Optical Network (ISON [162,163]) of several dozen automated and robotized
small aperture telescopes worldwide aimed at space debris, comet, and asteroid observa-
tions. IKI GRB-FuN’s performance can be illustrated by the statistics of observations in
2021: the network performed 49 GRB follow-ups; detected 32 GRB afterglows; discovered
four optical transients, two GRB host galaxies, and two accompanying SNe.

4.1.8. KAIT

The Katzman Automatic Imaging Telescope (KAIT), named after the Sylvia and Jim
Katzman Foundation, whose donation made possible the completion of the telescope, is a
fully robotic instrument operated at Lick Observatory in California, USA [164,165]. The
telescope control system checks the weather, opens the dome, points to the desired objects,
acquires guide stars (in the case of long exposures), exposes the CCD (6.7 x 6.7' FoV),
stores the data, and manipulates the data automatically. Regarding its main features, KAIT
has a 0.76 m-diameter primary with a Ritchey—Chretien mirror set with the focal ratio f/8.2,
reaches a limit of R ~ 20 mag (40) in a 5 min exposure, and can take close to 100 images
per hour and observe about 1000 galaxies a night.

KAIT is programmed to conduct multi-filter (VRIz) observations of GRB afterglows,
with the V-band capability present as a consistency check with the Swift UVOT [166]. Apart
from GRB follow-ups, KAIT discovered comets and contributed to the SN Search and the
Lick AGN Monitoring Projects at the Lick observatory.

4.1.9. Liverpool Telescope

The Liverpool Telescope (LT) is located in La Palma (Canary Islands, Spain) and
operates in fully robotic mode. It has a 2 m-diameter primary mirror, an altitude-azimuth
design, and a final focal ratio of f/10. Following an automatic GRB follow-up program
started in 2005, upon receiving an automatic GRB alert from a GRB detector on board Swift,
INTEGRAL, HETE-2, or from IPN, the LT initiates a special override mode that conducts
GRB follow-up. Due to the fully opening enclosure and the fast slew rate of 2°/s, the
observation starts within 1-3 minutes of the GRB onset [167]. LT comprises five instrument
ports (four folded and one straight-through), selected by a deployable rotating mirror in
the acquisition and guidance box within 30 s. The telescope is equipped with the RATCam
optical CCD camera and the SupIRCam 1-2.5 mm camera.

LT aims to observe time-variable sources over a wide range of timescales from targets
of opportunity (e.g., novae, SNe, and anomalies in gravitational lenses) to long-term
monitoring (e.g., AGNs, variable stars).
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4.1.10. MASTER

The Mobile Astronomical System of TElescope Robots project (MASTER) was run in
2002 [168]. All MASTER telescopes can be guided by alerts and observe prompt optical
emission from GRBs synchronously in several filters and in several polarization planes
(see, e.g., [169] for the MASTER observations of GRB polarization). Master has ten stations
including the sites in the Russian Far East, Ural, Siberia, Europe, South Africa, Spain,
Argentina, and México. The MASTER-Net project is mainly aimed at conducting fast sky
survey with all-sky observed over a single night down to 19-20 mag, which will enable
the search for exoplanets, microlensing effects, and dark energy via the discovery and
photometry of SNe and monitoring of Solar System objects, including space junk.

Each MASTER II telescope contains an aperture system comprising two tubes with
polarizers having polarization directions perpendicular to each other. Every telescope is
equipped with a 4000 pixel x 4000 pixel CCD camera with a 1.85” /pixel scale, a photometer
with B, V, R, and I filters (Johnson—Cousins system), and polarizing filters and has a total
FoV of 8 deg?, providing a survey speed of 128 deg? per hour with a 20" limit on dark
moonless nights [170]. Observations with different orientation of the polarizers, relevant
for the transients with significant intrinsic polarization, can be carried out using several
telescopes [171].

In general, MASTER is close to the American ROTSE-III network (see Section 4.1.16) in
many aspects with a difference in the larger FoV and several telescopes mounted on a single
axis, allowing images to be taken at several different wavelengths simultaneously [172].

4.1.11. PAIRITEL

The Peters Automated Infrared Imaging Telescope (PAIRITEL), named after the late
telescope operator Jim Peters, is the first meter-class telescope operating as a fully robotic
IR imaging system [173]. Located in Arizona, USA, PAIRITEL began regular observations
in mid-December 2004. The 1.3 m telescope and simultaneous J,H,Ks camera were formerly
used in the 2MASS project, which ended data taking operations in 2001. PAIRITEL was
designed for automated, queue-based observing, with the ability to rapidly respond to
ToOs such as GRB alerts from space-based satellites. The best response was 90 seconds
from a GRB trigger to the beginning of the first observation.

4.1.12. Pi of the Sky

A wide-field camera developed in order to continuously observe the night sky in the
search for optical transients, and in particular, for the untriggered search of GRBs, the Pi
of the Sky (after envisioned simultaneously covered sky solid angle > 7 sr) consists of
observing modules of custom design, each having four 85 mm objectives and CCDs with
2000 x 2000 pixels 15 x 15 um? each [174]. When operated with 10 s exposures, each module
allows the detection of transients with 12-13 magnitudes in a 33 x 33° FoV. The prototype
with two cameras has been installed at Las Campanas (Chile) and was operational since
July 2004 and till 2009. Since 2014, the full system consisting of four observing modules
(16 objectives in total) has been active at INTA El Arenosillo test center in Mazagon, Huelva,
Spain [175].

The scientific goals of the project include the search for optical flashes accompanying
GRBs and a contribution to the multiwavelength observations of transients, the investiga-
tion of fast variable stars, and observations of blazars and other AGNs.

4.1.13. RAPTOR

The first robotic optical facility for the real-time follow-up of optical transients is
a spatially distributed system of autonomous telescopes, RAPid Telescopes for Optical
Response (RAPTOR), located in New Mexico (USA) [176,177]. The scientific goals of the
RAPTOR experiment include the studies of optical transients (e.g., GRBs), near-Earth
objects (NEOs) and Kkiller asteroids, flares on Solar-type stars, exoplanets, mapping the
Galaxy in 3D (e.g., the RR Lyrae stars investigation), nearby SNe, and cosmology.
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The basic system observes a 1500 deg? FoV with a wide-field imaging array and a
central 4 cleg2 FoV with a more sensitive narrow-field “fovea” camera, which uses different
filters to image a transient, providing color information. Comprising two telescope arrays,
separated by 38 kilometers, the system provides a stereoscopical view of an object and is
complemented by a rapidly slewing telescope with a low-resolution spectrograph.

4.1.14. RATIR

Installed on the f/13 secondary of the 1.5 m Harold Johnson telescope of the Obser-
vatorio Astronémico Nacional on the Sierra de San Pedro Martir, Baja California, Mexico,
the Reionization And Transients Infra-Red (RATIR) camera comprises two optical and
two IR arms, with a two-color split filter, allowing for simultaneous imaging in six colors
(two optical and four NIR) [178,179]. RATIR has been built for rapid GRB follow-up and
provides simultaneous optical and infrared photometric detections with H = 20.3 and
J =20.9 (AB mags) detectability limits within 10 min of a GRB [180].

4.1.15. REM

Rapid Eye Mount (REM) is a 60 cm-diameter fast-reacting telescope installed in the
La Silla premises of the ESO Chilean Observatory at a 2400 m altitude on the edge of the
Atacama Desert in Chile in June 2003 [181]. Hosting two instruments: a visible imager and
slitless spectrograph ROSS and an infrared imaging camera REMIR, REM is able to observe
using both cameras simultaneously the same 10’ x 10’ FoV thanks to a dichroic placed
before the telescope focus. The [z’, ], H, K'] filters and frames are used on REMIR to reach
H =15inIR (1-2.3 um) in 5 s exposure. The standard [V, R, ] filters and a slitless Amici
prism, which can divide the 0.45-0.9 um range into 30 bins, are installed on ROSS to reach
R=161ina 1 s exposure. A typical time delay from receiving alert to start of observations
is ~30 s. The telescope also hosts the TORTORA camera. REM has been acquiring data
since June 2003. The telescope is aimed to catch the optical and NIR afterglows of GRBs.
REM is triggered by a signal from a high-energy satellite and rapidly points to the detected
location in the sky.

4.1.16. ROTSE III

ROTSE is a Robotic Optical Transient Search Experiment aimed to search for fast optical
transients, including GRB follow-up [182]. The telescope is a modified 450.0 mm-diameter
Cassegrain with 2.64°FoV, /1.9 primary mirror with an 850.0 mm focal length. There are
four equatorial-mount ROTSE-III telescope systems: in Coonabarabran (Australia), Mount
Gamsberg (Namibia), Bakirlitepe (Turkey), and Fort Davis (Texas, USA).

4.1.17. SARA

The Southeastern Association for Research in Astronomy (SARA) operates remotely
three telescopes, namely a 0.96 m telescope at Kitt Peak, Arizona; a 0.6 m telescope on
Cerro Tololo, Chile; and a 1 m Jacobus Kapteyn Telescope at the Roque de los Muchachos,
Spain [183]. The telescope in the U.S. (SARA-KP) has UBV RI, zero-redshift Hx, Hf and [O
II1], redshift-stepped Ha with 75-A FWHM, and medium-band continuum including one
at 5100 A, also usable for redshifted [O III], neutral-density, and very broad “white light”
filters. The observatory in Chile (SARA-CT) comprises UBV RI, SDSS ugriz, white light,
and zero-redshift Hu filters. The telescope in Spain (SARA-RM) includes UBV RI, ugriz,
and “white-light” filters. In Arizona and Chile, identical single-fiber echelle spectrographs
are also installed on the telescopes. The SARA-KP and SARA-RM have an f-ratio of 7.5
and 8, respectively. The CCD pixel scale of the SARA telescopes varies from 0.14” to 0.61”.

The scientific program of the observatories includes studies of the Solar System (aster-
oids and comets), research on stellar astrophysics (Mira variables, binary stars, exoplanet
transits, pulsating white dwarfs, or cataclysmic variables), studies of AGNs, blazar varia-
tions and the variability of Seyfert galaxies, and rapid follow-up of transient sources, e.g.,
GRBs, novae, and SNe (for references, see [183]).
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4.1.18. SkyNet

Aimed at observations of GRB afterglows, the Skynet Robotic Telescope Network
consists of ~20 small (0.4-1 m aperture) optical telescopes in the Americas, Australia, and
Europe and a 20 m radio telescope in West Virginia, USA, operating under the control
of the software TERMINATOR based on the ASCOM standards [184]. The Panchromatic
Robotic Optical Monitoring and Polarimetry Telescopes (PROMPTs), which form the main
branch of SkyNet, are located in Chile (3 x 16" telescopes + 3 x 24" + 32" + 40", proposed
60", polarimeter and spectrograph in development), Australia (4 x 17", proposed 17" or
40"), and Canada (16”). Besides, Skynet comprises a number of partnering university
telescopes. The scientific goals of the network include observations of GRBs, GW sources,
FRBs, blazars, SNe, SN remnants in radio, novae, white dwarfs and subdwarfs, variable
stars, eclipsing binaries, exoplanets, and Solar System objects, especially NEOs.

4.1.19. Swift/UVOT

Developed for rapid follow-up and long-term observations of GRB afterglows in the
UV and optical 170-600 nm range, UVOT (the UV /Optical Telescope mounted on Swift
spacecraft—see Section 2.2.3) has an optical configuration with a 30 cm primary mirror
(which in terms of imaging sensitivity is equivalent to a 4 m ground-based telescope) with
an f-number of 12.7 [69]. The instrument is characterized by a 17’ x 17’ FoV, a PSF of
0.9’ FWHM at 350 nm, and a 256 x 256 pixel> CCD with a 0.5”-pixel scale. The photon
detectors are able to image the incoming photons and operate in a photon counting mode,
i.e.,, measure both individual photon positions and timing information. The instrument is
aimed at GRB studies: rapid follow-up and sub-arcsecond localization, identification of the
GRB environment, redshift estimation, timing of GRB afterglows, and shedding light on
dark bursts.

4.1.20. TAROT

The 25 cm Télescope a Action Rapide pour les Objets Transitoires-South (TAROT—
Rapid Action Telescope for Transient Objects) is a very-fast-moving optical robotic telescope
in La Silla (Chile), active since 9 September 2006 [185]. An original twin TAROT telescope
is located at the Calern observatory, France. TAROT is able to react very quickly, with
pointing speed < 80° s~! and acceleration < 120° s~2 and a pointing time of 1-1.5 s, to a
signal from a satellite indicating that a GRB is in progress and can provide fast (the standard
processing time is one minute) and accurate (better than 1) positions of transient events in
2° x 2° FoV. The speed ratio of the telescope is f/3.5.

One of the primary scientific goals of the telescope is the GRB follow-up observations.
The data acquired by TAROT are also useful for studies of GRB evolution and the physics of
the fireball and of the surrounding material. Moreover, TAROT contributed to the discovery
of the seven planets orbiting the nearby ultra-cool dwarf star TRAPPIST-1, which are all
made mostly of rock, and some could potentially hold more water than Earth.

4.1.21. TORTORA and Mini-MegaTORTORA

The Telescopio Ottimizzato per la Ricerca dei Transienti Ottici RApidi (TORTORA)
wide-field camera is mounted on top of the REM robotic telescope at La-Silla Observatory
in Chile and has been operating since May 2006 [186] and till 2015. The instrument was
optimized for photometry of fast transients with a best time resolution of about 0.1 s and is
capable of autonomously detecting and classifying optical transients up to 10"-11" on a
sub-second time scale in a 24° x 32° = 768 deg? FoV. It has a diameter of 120 mm, focal
length of 150 mm, and focal ratio of 1/1.2.

TORTORA is the second version of a prototype FAVOR camera that was placed at
North Caucasus near the 6 m BTA telescope [187-189]. One of the important results of
the TORTORA routine observation was the estimation of the detection rate of the short-
lived orphan transients. The prompt optical transient detection rate determined from the
observations with TORTORA is <8 x 10~? deg 2 s~ ! for the GRB counterparts brighter
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than 10.5" on a 0.13 s timescale [190]. The TORTORA camera was running the observations
in three automated operation modes: the survey mode (scheduled programs of the REM
telescope), the alert mode (notifications from GCN network), and the follow-up mode
(tracking Swift/BAT).

The Mini-MegaTORTORA (MMT-9) multichannel wide-field monitoring system is a
successor to TORTORA and started routinely observing the sky in June 2014. MMT-9 is
aimed at detecting meteors, comets, and asteroids, tracking satellites, finding flashes of
flaring stars and novae, studying variable stars of various classes, observing transits of
exoplanets, and searching for bright SNe and optical counterparts of GRBs. The importance
of such instruments became evident after the discovery and detailed study of the brightest
optical afterglow of GRB 080319B [149,191] with the TORTORA camera. Installed on five
independent equatorial mounts, nine individual channels, which constitute the basis of
MMT-9, allow mosaicking of a larger FoV, or pointing all the channels in one direction. In
the primary “monitoring” (white light, wide field of view) regime, the system acquires
images with 0.1 s exposures and analyzes them in real time using a dedicated fast dif-
ferential imaging algorithm, able to detect and classify various classes of transients with
sub-second time scales (rapid flashes, meteors, satellites, etc.) [192]. Upon detection of
the flashing transients, the system switches to the narrow-field “follow-up” regime, with
different channels observing its position in different photometric and polarimetric filters
simultaneously for several minutes. Every sky field is observed this way for 1000 s. Before
and after the high-resolution observations, the system switches to the “survey” mode, in
which it takes deeper images with a 60 s exposure in white light, which allow studying the
variability of 14-15 mag objects.

Mini-MegaTORTORA routinely follows the fields of view of the Swift and Fermi
satellites in order to maximize the probability of simultaneously observing the optical
counterparts of GRBs. Furthermore, upon receiving the GRB triggers from these telescopes,
it initiates the follow-up of the events even if they occurred outside of its monitoring field
of view, thus acting as a more traditional robotic telescope.

4.1.22. WATCHER

Installed at Boyden Observatory, South Africa, in April 2006, the Watcher, which is
a 40 cm classical Cassegrain reflecting telescope equipped with standard B, V, R, I filters,
was aimed towards follow-up observations of GRBs detected by Fermi, INTEGRAL, Swift,
XMM-Newton, and NuSTAR [193]. A highlight result for GRB research is a detailed
early-time observation of GRB 120711A [194]. AGNs and variable stars are among the
observation targets of the telescope in the absence of GRBs [195].

4.2. Surveys

In the classic model of astronomical observation, astronomers study a selected class
of objects in a small region of sky. However, some of the most exciting cosmological and
astrophysical results in recent years have been made possible by the study of millions of
objects over thousands of square degrees of sky by means of large-scale optical surveys.
Thanks to these surveys, we often have the information on the GRB host galaxies without
any additional observations. Furthermore, the ones with finer temporal resolution may
actually detect the afterglows of GRBs independently of gamma-ray triggers [196-198].

The volumetric survey speed, i.e., the spatial volume within which an object of a given
absolute magnitude could be detected, per the total time per exposure, can represent the
ability of a survey camera to detect transients [199]. This quantity combines limiting mag-
nitude, FoV, and exposure and overhead times into a single metric capturing how quickly a
survey can probe physical space for new events. Figure 4 shows relative volumetric survey
speeds for different projects.

Again, we do not pursue the goal of reviewing all the surveys in the optical range.
The selection of referenced projects is subjective. To the best of our knowledge, apart from
the surveys briefly reviewed below as examples, there are several projects able to detect
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GRB optical counterparts, which is, however, not their primary goal, e.g., the Asteroid
Terrestrial-impact Last Alert System (ATLAS [200]), SDSS ([201-203]), Gaia [204], the Visible
and Infrared Survey Telescope for Astronomy (VISTA [205,206]), and Two MicronAll Sky
Survey (2MASS [207]).

ATLAS

BlackGEM P1

CRTS-2

PTF

CRTS

10° 10* 10° 10°
Volumetric Survey Speed (Mpc® s, M, =—19)

Figure 4. Comparison of volumetric survey speeds adopted from https://www.oir.caltech.edu/
twiki_oir/pub/Palomar/ZTF/140724NSFSite /Bellm_ZTF_overview_NSF_site_visit.pdf (accessed
on 23 May 2022).

4.2.1. Pan-STARRS

The Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) located
at Haleakala Observatory, Hawaii, USA, is a wide-field astronomical imaging and data
processing facility [208,209]. The first telescope of the Pan-STARRS Observatory was the
Pan-STARRS Telescope #1, (Pan-STARRS1 or informally PS1). PS2 is due north of PS1; the
center of the two telescope piers is separated by 20.05 m. PS1 has a focal length of 8000 mm,
a nominal FoV of a 3°-diameter circle, a 1800 mm-diameter primary mirror, a f/4.44 focal
ratio, and a 4800 x 4800 pixel CCD matrix.

The 37 Steradian Survey, the Medium Deep Survey, and other synoptic imaging
surveys were carried out in grizyp; filters. For the 37t Steradian Survey, the 5¢ point source
limiting magnitudes were 23.3, 23.2, 23.1, 22.3, and 21.4, respectively. Pan-STARRS spends
~90% of its time observing near-Earth objects. Apart from this, Pan-STARRS is supposed to
study the Milky Way and the Local Group structure, galaxy formation, SNe, and cosmology;
survey the Solar System; provide new constraints on dark energy and dark matter; explore
the astrophysical time domain, including, but not limited to, explosive transients and
microlensing events in M31; and a transit search for exoplanets [210].

Apart for the observations of GRB candidates, the major contribution of Pan-STARRS
telescopes to the field of transient science is the creation of the Pan-STARRS (PS1) catalog
and imaging atlas, covering about 70% of the sky and providing uniform and accurate
photometric data, which are widely used for selecting secondary standards for calibrating
the GRB observations by other groups, as well as often providing pre-discovery images of
the GRB host galaxies.

4.2.2. PTF/iPTF/ZTF

The PTF project has three stages: the Palomar Transient Factory (PTF, 2008-2012), a
general synoptic transient survey; the Intermediate Palomar Transient Factory (iPTF, 2013—
2017), focused mini-surveys; and the Zwicky Transient Facility (ZTF, 2017—present), a high-
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cadence survey. All of them are based on the same 1.2-m (48-inch, P48) Samuel Oschin
Telescope at the Palomar Observatory in California, USA, which has been historically used
for the photographic Palomar All-Sky Survey. The surveys are supplemented by a nearby
Palomar 60-inch telescope (P60) used for photometric follow-up observations, which allows
the flexibility of a closed-loop follow-up program and high survey performance [211].

PTF could observe 4 x 10* events/night, while ZTF detects 3 x 10° events/night
(for comparison, the upcoming Legacy Survey of Space and Time (LSST) described in
Section 4.2.3 is expected to record 2 x 10° events/night'®).

The PTF camera had 101 megapixels, a 1” sampling, and a 8.1 deg? FoV. Operating
in one of two broad-band filters (Mould-R, SDSS-g’) under median seeing conditions, the
camera achieved 2.0” FWHM images and reached mgy ~ 21.3 and mg ~ 20.6 50 limiting
AB magnitudes in 60 s exposures. PTF scientific goals included novae, luminous red novae,
SNe, cataclysmic variables, TDE, RR Lyrae variable stars, compact binaries (AM CVn star),
AGNss, transiting Extrasolar planets, microlensing events, and small bodies of the Solar
System [212].

iPTF, built upon the legacy of PTF, was a fully automated, wide-field survey, which
used a large field (7.8 deg?) camera having 11 active 2048 x 4096 CCDs [211]. The survey
was conducted with different cadences, varying from 5 days to 90 s in the R-band nominally,
along with additional observations made in the g-band. With a standard 60 s per frame
exposure, the 50 limiting magnitudes were mg = 20.6 and my = 21.3 [211]. With respect to
the original PTF, iPTF has the major improvements of the data reduction pipelines (see [213]
for further details).

Using an extremely wide 7.50° x 7.32° FoV camera with a 47.7 deg? light-sensitive
area, ZTF currently scans the entire northern sky every two days [214]. The new camera
is made up of 16 CCDs of 6144 x 6160 pixels each, with a 15 pm pixel size. ZTF has a
complement of three custom filters, ZTF-g, ZTF-r, and ZTF-i. The median ZTF sensitivity is
mg = 21.1, my = 20.9, and m; = 20.2 (new moon). The resulting large area survey enables
the astronomical community to pursue a broad range of time domain science, including
explosive extragalactic transients, optical counterparts of multiwavelength and multi-
messenger phenomena (e.g., GRBs), variable stars, TDEs, AGN, and Solar System objects.

4.2.3. Vera C. Rubin Observatory (LSST)

The Vera C. Rubin Observatory, also referred to as LSST (Legacy Survey of Space and
Time or, previously, the Large Synoptic Survey Telescope), will be aimed at exploring the
transient optical sky, mapping the Milky Way, probing dark energy and dark matter, and
monitoring the Solar System [215]. Having an 8.4 m (6.5 m effective) primary mirror, a
9.6 deg® FoV, an f/1.234 focal ratio, a 3.2-gigapixel camera, and six ugrizy filters covering
the 320-1050 nm band, the telescope will acquire images of the sky visible from Cerro
Pachén, Chile. The facility is expected to be commissioned by 2024.

Most of its observation time, LSST will operate in the deep-wide—fast survey mode,
uniformly observing a 18,000 deg? region of the sky during the planned 10 years of op-
eration, which will produce a co-added map with r ~ 27.5. The remaining 10% of the
observing time will be dedicated to very deep and very fast time domain surveys and other
projects. An important contribution of LSST to time domain science will be a 50-100-time
extension of the current time—volume—color space 50-100 surveys. The LSST goals in
time domain science include studies of transients and variables, e.g., variability in blazars,
transients associated with TDE flares, and counterparts to SNe, GRBs, and FRBs.

4.3. Telescopes for Spectroscopic and Photometric Studies

One of the primary goals of the spectroscopic observations of GRB afterglows and
host galaxies is to probe the early Universe. GRB afterglows are keys to the properties of
the intergalactic medium, including its reionization, interstellar medium, and the metal
enrichment history [15]. Photometric observations of GRB optical counterparts allow
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roughly estimating GRB redshifts and mapping the SED evolution to measure circumburst
parameters.

We, again, do not pursue the goal of reviewing all the telescopes observing GRB counter-
parts in the optical range. The selection of referenced projects is subjective. To our knowledge,
apart from the instruments briefly reviewed below as examples, there are several projects able
to detect GRB optical counterparts, e.g., Subaru [216]; spectrographs IRCS [217,218], Suprime-
Cam [219], HSC [220-223], FOCAS [224,225], MOIRCS [226-229], AO188 [230,231]; SALT (the
10 m Southern African Large Telescope [232]) /Robert Stobie Spectrograph (RSS) [233,234], Tele-
scopio Nazionale Galileo (TNG)/Device Optimized for the LOw RESolution (DOLORES)#,
MMT and Magellan Infrared Spectrograph (MMIRS) [235] for spectroscopic observations
and SALT/SALTICAM [236]; and MITSuME [237] for photometry. The recently launched
James Webb Space Telescope (JWST [238]) is supposed to be able to observe afterglows
from the earliest GRBs.

4.3.1. BTA/SCORPIO

The Spectral Camera with Optical Reducer for Photometric and Interferometric Obser-
vations (SCORPIO-1) has been operated at the primary focus of the 6 m BTA (the Big Tele-
scope Alt-azimuthal, located in Northern Caucasus, Russia) since September 2000 [239,240].
The SCORPIO-1 focal reducer had a focal ratio of /2.6, spectral range 3600-10,000 A, lim-
iting magnitudes for images R = 26.8 (S/N =5 for T,x, = 1800 s, seeing 1.5”), and limiting
magnitude for low-resolution spectra r = 24.0 (S/N = 10 in continuum, Texp = 7200 s).
SCORPIO has a 6.1’ x 6.1 total FoV and 2.9’ x 5.9” in the multislit mode, CCD image
scale of 0.18" /pixel, and spectral resolution of 1.5-20 A with grisms (for 1” slit width) and
0.8-2.5 A with FPI. Its successor, SCORPIO-2, has expanded opportunities for polarimetric
observations. SCORPIO-2 has -5 filter wheels for 10 positions in each for the changeable
elements in the beam (filters, grisms, Wallaston prisms), a focal plane slide, a slide with
analyzers of polarization, and a FPI holder.

SCORPIO is aimed to study Solar System objects; stars and the interstellar medium;
nearby galaxies; nearby AGNs; distant objects (extragalactic radio sources, wide separation
gravitational lens systems); and optical transients.

4.3.2. CAHA/CAFOS

The Calar Alto Faint Object Spectrograph (CAFOS), a focal reducer mounted on the
2.2 m Centro Astronémico Hispano Aleman (CAHA) telescope at Calar Alto, Spain, can
change the focal ratio of the telescope from f /8 to f/4.4. The instrument with a 16’-diameter
FoV and 0.53" /pix scale is designed to work in visible light and has imaging, spectroscopy,
polarimetry, and Fabry-Pérot-Etalon capabilities [241]. CAFOS is equipped with standard
filters (Johnson, Cousins, Gunn, SDSS) and a large set of interference filters!®, along with a
Wollaston prism and a rotatable A /2 plate that provides polarimetry. Imaging polarimetry
is carried out with or without a stripe mask, two polarized images separated by 18”.
Spectropolarimetry is conducted in combination with the grisms 400 A/mm, 200 A/mm,
and 100 A/mm. Apart from GRB follow-ups, CAFOS is contributing to SNe [242], binary
star [243], and galaxy studies.

4.3.3. Gemini/GMOS

The Gemini Observatory comprises two 8.1 m f /16 telescopes: Gemini-North (called
the”Frederick C. Gillett Gemini Telescope”) and Gemini-South, which observe the Northern
and Southern Hemispheres and are located in Hawaii, USA, and the Chilean Andes,
respectively. Both telescopes began scientific operations in 2000 and cover almost all the
sky except for two areas near the celestial poles (with a £89° declination). The Gemini
Multi-Object Spectrographs (GMOSs), installed on both telescopes, operate in 360-1030 nm
wavelength range covering a 5.5’ x 5.5' FoV with ~0.08" / pixel spatial sampling [244-246].
GMOS-N was delivered in July 2001, with GMOS-S following in December 2002. The GMOS
detector comprises an array of three CCDs 4608 x 2048 pixels each with a 0.07” /pixel scale.
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The GMOSs are equipped with the broad-band u’g¢’r'i’z’ imaging filters similar to the Sloan

Digital Sky Survey (SDSS) ones, narrow-band imaging filters, and spectroscopy-blocking
filters. The instruments operate in four modes: direct imaging, long-slit spectroscopy,
multi-slit spectroscopy using custom-made masks, and integral field spectroscopy. The
scientific highlights of the GMOSs include research on SNe, massive stars, compact stars,
BHs, GW events, galaxies, Solar System bodies, and detection of GRB and FRB optical
counterparts.

4.3.4. GROND

Installed at the 2.2 m f/8 Ritchey—Chretien telescope on an equatorial fork mount
in La Silla (Chile), the Gamma-Ray Burst Optical Near-IR Detector (GROND) performs
imaging in the Sloan ¢'r'i’z’ filters and NIR JHK bands with a 0.4” intrinsic image quality
in a 5.4’ x 5.4’ FoV in each visual band and a 10’ x 10’ FoV in the NIR (2048 x 2048 CCD
with the 0.158” /pixel plate scale) using a focal reducer (1024 x 1024 array with a plate
scale of 0.60” /pixel) with a 0.6” FWHM, allowing the linear increase of sensitivity with
additional exposure up to 3—4 h [151,247].

The primary goal of GROND is a rapid follow-up of GRB afterglows and estimation
of their redshifts. The main scientific highlights include the start of systematic GRB after-
glow follow-up in the near-infrared (JHKSs) band, enabling the discovery of high-redshift
GRBs, studying the abundance of dust along the GRB line-of-sight, i.e., assessment of the
“dark burst” incidence, measurements of GRB afterglow SEDs, studies of the GRB-SNe
connection, observations of the black widow binaries, and blazar redshift estimates [151].

4.3.5. GTC/OSIRIS

The Optical System for Imaging and low-Intermediate-Resolution Integrated Spec-
troscopy (OSIRIS) is a broad-band optical imager and spectrograph, placed in the Nasmyth-
B (supposed to be displaced to the Main Cassegrain Station) focus of Gran Telescopio
de Canarias (GTC) with a 10.4 m mirror comprising 36 individual hexagonal segments
acting as a single surface, which is currently the largest optical-IR telescope in the world.
The telescope is hosted at Observatorio del Roque de Los Muchachos in La Palma (Spain),
benefiting from the excellent observing conditions. OSIRIS covers a 7.8’ x 7.8’ FoV in a
spectral range from A3650A to 110,000 A covered by the Sloan system broad-band filters:
u’ (A3500 A), ¢’ (A4750 A), ' (16300 A), i' (A7800 A), z' (A9250 A) over [248,249]. The instru-
ment is primarily aimed at galaxy surveys. Hubble has five scientific instruments, which
include cameras and spectrographs: (1) The Wide Field Camera 3 (WFC3) is Hubble’s main
camera, which studies all kinds of phenomena from the formation of distant galaxies to the
planets in the Solar System. The camera can see three different kinds of light: near-UF, visi-
ble, and near-IR, only one at a time; (2) the Advanced Camera for Surveys (ACS) captures
images of large areas of space to study some of the earliest activity in the Universe; (3) the
Cosmic Origins Spectrograph (COS) reads ultraviolet light. This spectrograph studies how
galaxies, stars, and planets formed and changed.

The Space Telescope Imaging Spectrograph helps scientists determine the temperature,
chemical composition, density, and motion of objects in space. It also has been used to
detect black holes.

The Near Infrared Camera and Multi-Object Spectrometer (NICMOS) sees objects in
deep space by sensing the heat they emit to capture images, and it is also a spectrograph.

4.3.6. HST

Launched to LEO on 24 April 1990, the Hubble Space Telescope (HST) is one of NASA's
Great Observatories (built in collaboration with the ESA). HST has a 2.4 m primary mirror
and a collection of five science instruments that work across the entire optical spectrum.

(1) The Advanced Camera for Surveys (ACS), which replaced Hubble’s Faint Object
Camera, can map large areas of the sky in great detail and perform spectroscopy using
grisms. ACS comprises three instruments: Wide Field Channel (WFC), High Resolution
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Channel (HRC), and Solar Blind Channel (SBC). They cover the FoVs of 202" x 202" (WFC),
29.1” x 26.1” (HRC), and 34.6" x 30.8” (SBC) in the ranges of 350-1050 nm (WFC), 200-
1050 nm (HRC), and 115-180 nm (SBC) with 4096 x 4096 (WFC), 1024 x 1024 (HRC), and
1024 x 1024 (SBC) detectors.

(2) The Wide Field Camera 3 (WFC3) offers comparable performance to the ACS
instrument, but over a wider range of wavelengths. WFC3 has two channels: one for
ultraviolet and visible light (UVIS) and the other for near-infrared (NIR). The instrument
operates in the 200-1000 nm (UVIS) and 850-1700 nm (NIR) spectral range covering a
160" x 160" (UVIS) and 123" x 137" (NIR) FoV with 4096 x 4096 (UVIS) and 1024 x 1024
(NIR) detectors having a 0.04” /pixel (UVIS) and 0.13" /pixel (NIR) pixel scale.

(3) The Cosmic Origins Spectrograph (COS) has two channels: the far-ultraviolet (FUV)
channel and the near-ultraviolet (NUV) channel and maximizes efficiency or throughput.
COS covers the 115-205 nm (FUV) and 170-320 nm (NUYV) spectral range using 32768 x 1024
(FUV) and 1024 x 1024 (NUV) detectors. The spectral resolution is 16,000-24,000 (med.),
2000-3000 (low) for FUV and 16,000-24,000 (med.), 2000-3000 (low) for NUV.

(4) The Space Telescope Imaging Spectrograph (STIS) combines a camera with a
spectrograph and covers a wide range of wavelengths from the NIR to UV (115-1000 nm).
Its spectrograph can operate in two different modes: “long slit spectroscopy”, where
spectra of many different points across an object are obtained simultaneously, and “echelle
spectroscopy”, where the spectrum of one object is spread over the detector, giving better
wavelength resolution in a single exposure. STIS covers a 25” x 25” (MAMA) and a
50” x 50" (CCD) FoV. STIS also has a chronograph, which can block light from bright
objects, enabling investigations of nearby fainter objects.

(5) The Near Infrared Camera and Multi-Object Spectrometer (NICMOS) is an instru-
ment providing the capability of infrared imaging and spectroscopy. However, NICMOS’s
infrared capabilities have been largely superseded by WFC3 since that instrument’s in-
stallation in 2009. NICMOS operates in the 800-2500 nm wavelength range covering
51.5" x 51.5” (low resolution), 17.5" x 17.5” (medium resolution), and 11.0” x 11.0” (high
resolution).

The HST science highlights include estimation of the age and expansion of the Universe
and studies of exoplanets, distant galaxies, black holes, SNe, asteroids, and other Solar
System bodies, including the discovery of two moons of Pluto and the water vapor erupting
off the surface of Jupiter’s moon Europa. HST discovered that nearly every major galaxy is
anchored by a black hole at the center, helped make a 3D map of dark matter, and estimated
the mass and size of the Milky Way.

4.3.7. Keck-I1I/DEIMOS

Located in Hawaii, USA, the W. M. Keck Observatory comprises twin telescopes both
having 10 m primary mirrors, a real focal ratio of f/13.7, and covering a 20’-diameter
FoV at the Cassegrain. Both funded by the William Myron Keck Foundation, Keck-I and
Keck-II started scientific observations in May 1993 and October 1996, respectively. The
equipment most relevant for GRB studies comprises the DEIMOS [250], HIRES [251]), and
LRIS [252,253] spectrographs and spectrometers

The DEep Imaging Multi-Object Spectrograph (DEIMOS) is a wide-field, visible-
wavelength, faint-object, multi-slit imaging spectrograph in operation at the Nasmyth focus
of the Keck-II telescope since June 2002 [250]. It was designed for long-exposure extra-
Galactic work, particularly the observation of distant, early, galaxies. DEIMOS operates
in three modes: direct imaging, single-object spectroscopy, and multi-object, long-slit
spectroscopy. The instrument was designed to achieve high performance across the blue
and visible regions for >4200 A. Its polychromatic and monochromatic focal ratios are
f/1.3 and ~f/2.5, respectively. The camera consists of a 2 x 4 mosaic of 2048 x 4096 CCDs
with a total detector array of 8192 x 8192 pixel. The DEIMOS science FoV is 16.7 x 5 with
a pixel scale of 0.1185" /pixel for both the spectrograph and imager. In “Mega Mask” mode,
the instrument can acquire spectra of more than 1200 objects simultaneously, using a special
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narrow-band filter. The scientific highlights of DEIMOS include studies of distant galaxy
populations, their formation and evolution (e.g., the DEEP2 Galaxy Redshift Survey [254]),
and observations of the intergalactic medium (IGM), AGNs, and QSOs (e.g., [255]).

4.3.8. Keck-1/HIRES

The High Resolution Echelle Spectrometer (HIRES) is a grating cross-dispersed, echelle
spectrograph operating in the 0.3-1.1 um wavelength range [251]. It is installed on the right
Nasmyth platform of the Keck-I telescope. There are two equally efficient (at ~4200 A) con-
figurations of instruments: HIRESb and HIRESr optimized for short- and long-wavelength
observations, respectively. The figure of merit of the power of a hi-res spectrometer is the
throughput, the product of slit width times resolving power: higher spectral resolution re-
quires a narrower slit, which loses more light. HIRES achieves a relatively large throughput
(~39,000"), despite the large diameter of the telescope primary, by a combination of a large
12" collimated beam, a large (48" long) echelle grating (mosaic), and a very fast (f/1.0)
exquisitely achromatic camera. The instrument has a spectral resolution up to 84,000, a
spatial resolution 0.191” /pixel, and a slit length up to 28”. The detector is equipped with a
2048 x 2048 CCD. The main science highlights of the instrument include research on the
cosmic origin and evolution of deuterium/hydrogen and beryllium, studies of QSOs, stars,
star clusters, and galaxies, the measurement of the temperature of the Universe at distant
redshifts, and the search for exoplanets [256].

4.3.9. Keck-I/LRIS

Commissioned in 1993, the Low Resolution Imaging Spectrometer (LRIS) is a visible-
wavelength imaging and spectroscopy instrument operating at the Cassegrain focus of
Keck-I [252,253]. LRIS has two separate cameras, a blue (LRISb) side and a red (LRISr)
side. The upgraded LRISr achieved first light on 27 April 2021. These cameras can be
operated simultaneously, though both must be operated using the same basic mode: op-
tical imaging or low-dispersion spectroscopy. An optional polarimeter module enables
spectropolarimetry. In the optical imaging mode, the instrument covers a 6’ x 8’ FoV for
imaging and a 25" x 25" FoV for polarimetry. LRISr uses a mosaic of two 2 K x 4 K CCDs,
and LRISb has a mosaic of two 2 K x 4 K CCDs, with a pixel scale of 0.135” /pixel for
both sides. The standard imaging filters include the UBV GRI passbands along with some
narrow-band imaging filters. Thanks to the wide wavelength range and high sensitivity,
the instrument can study different phenomena: from the blue light from star formation, to
the red light of very distant objects. A remarkable science highlight achieved with LRIS
is the observations of distant supernovae, which led to the discovery of the accelerating
expansion of the Universe and awarded the Nobel Prize in Physics in 2011. The science
goals of the instrument also include exploration of AGN, QSOs, distant clusters of galaxies,
and comets.

4.3.10. LDT/LMI

Being one of the most sophisticated ground-based telescopes of its size, the 4.3 m
Lowell Discovery Telescope (LDT), formerly called the Discovery Channel Telescope (DCT),
allows for the simultaneous attachment of five instruments [257]. The telescope with the
effective focal length of 26.04 m and f/ratio of 6.2 is hosted by the Lowell Observatory
in Arizona, USA. The Large Monolithic Imager (LMI) covers a 12.3' x 12.3' FoV with the
6144 x 6150 pixel CCD having a base pixel scale of 0.120” / pixel (unbinned) and 0.24” / pixel
(binned 2 x 2), and it saw first light on September 12, 2012 [258]. The instrument is equipped
with 17 filters, which are Johnson—Cousins UBVRI, SDSS u/¢’t'i’z', VR, HalphaOn, Hal-
phaOff, OI1I, Y-ish (a UKIDSS/WFCAM Y, extended in the red) filters, and three Wolf-Rayet
emission line filters (WC, WN, and CT) along with the set of 11 narrow-band comet fil-
ters. Apart from the GRB follow-ups, LDT/LMI carries out studies of stars [259-261] and
comets [262].
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4.3.11. NOT

Inaugurated in 1989, the Nordic Optical Telescope (NOT) is a 2.56 m optical /IR
telescope located in La Palma, Spain. It has a 2.56 m f/2.0 primary mirror of the Ritchey—
Chretien type with focal and aspect ratios of f/2.0 and 13.5, respectively, and a secondary
51 cn mirror. The effective aperture ratio of system is f/11 [263-265]. The Andalucia
(Or Alhambra) Faint Object Spectrograph and Camera (ALFOSC) [266] is a CCD camera
and spectrograph, which includes includes a polarimetry module that allows it to be
used not only for low-/medium-resolution spectroscopy, but also for polarimetry and
spectropolarimetry. ALFOSC has a 2048 x 2064 pixel CCD detector with a 6.4’ x 6.4 FoV in
imaging mode and a plate scale of 0.2138" /pixel. The optical filter set comprises UBV R}, IR,
and other filters'®. ALFOSC is used to study GRBs, SNe, TDEs, AGNSs, and other transient
phenomena, as well as planetary nebulae.

4.3.12. VLT /X-Shooter

Installed at the Cassegrain focus of UT2 of the ESO Very Large Telescope (VLT), Chile,
in 2009, the X-shooter spectrograph operates in the 300-2500 nm spectral range at inter-
mediate spectral resolution (R ~ 4000-17,000, depending on slit width and wavelength)
with an echelle spectral format maximizing its sensitivity via dichroic splitting in three
arms with optimized optics, coatings, dispersive elements, and detectors and comprises
a 1.8"” x 4" integral field unit. See [267] for further details on the instrument. The main
scientific goals of the instrument include studies of young stellar objects, brown dwarfs,
T Tauri stars, the progenitors of SNe Type la, GRBs, QSO absorption lines, and lensed
high-redshift galaxies. The research performed using the X-shooter benefits from its wide
spectral band, allowing observations of objects in a wide range of redshifts.

4.3.13. VLT/FORS

FORS, the visual and near-UV FOcal Reducer and low dispersion Spectrograph for VLT,
was developed as an all-dioptric instrument for the 330-1100 nm wavelength range [268].
Two instruments, FORS1 and FORS2, were installed on the Cassegrain foci of distinct
telescopes. However, in April 2009, FORS1 was dismounted in favor of X-shooter, leaving
only FORS2 in operation. The instrument has a 0”.25/pixel image scale with the standard-
resolution collimator or 0”.125/pixel with the high-resolution one and corresponding FoV
sizes of 6.8’ x 6.8’ and 4.25" x 4.25'. FORS2 is installed on UT1 (Antu) and is by default
equipped with a detector system that is optimized for the red with a very low level of fringes
thanks to a mosaic of two 2 k x 4 k MIT CCDs (with 15 um pixels). However, the blue-
optimized detector system that was previously available on FORS1 has been commissioned
on FORS2 and can be requested for Visitor Mode observation. Operating in different
modes, FORS can perform long-slit and multi-object spectroscopy with exchangeable
masks, imaging and spectroscopy with high-time resolution, and spectro-polarimetry.

The main results obtained by the instrument include a description of the morphological
properties of the first interstellar asteroid, observations of first light from a GW source,
studies of the chemical composition of exoplanets, galaxy formation, and observations of
NSs, galaxy clusters, supermassive BHs, and planetary nebulae.

5. Observations in the Radio Band

Radio afterglows of GRBs can help unveil the physics of the forward and reverse
shocks (e.g., [269]), test the Cocoon model [270], constrain the scale of magnetic fields in
ejecta [271], and study the environments around the massive stars exploding as GRBs
in the early Universe [272]. Unfortunately, the GRB model cannot explain all features of
GRB radio afterglows, e.g., (1) a population of radio-quiet GRBs [273-275]; (2) v, would
be increased by a factor of ~30, and an additional emission is supposed to be detected
on top of the expected synchrotron spectrum caused by a population of quasi-thermal
electrons [276-279]; (3) no post-jet-break decline seen in the radio light curve even a factor
of 10 or 20 later than the observed optical/X-ray break [280], and radio light curves of
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GRBs are flatter than expected [281]. Possible explanations of (3) included the model of a
two-component jet, where a wider, less-energetic Cocoon surrounds the core of the jet and
would be responsible for the radio emission [282-284], and the model of semirelativistic
reverse shock in a continuous inflow of ejecta [285].

The key radio telescopes detecting GRB afterglows are the Arcminute Microkelvin
Imager—Large Array (AMI-LA [286]), Karl G. Jansky Very Large Array (VLA [287]), Aus-
tralian Square Kilometre Array Pathfinder (ASKAP [288]), Low Frequency Array (LO-
FAR [289]), Karoo Array Telescope (MeerKAT [290]), Australia Telescope Compact Ar-
ray (ATCA'), upgraded Giant Metrewave Radio Telescope (uUGMRT), European VLBI
Network (EVN'®), enhanced-Multi-Element Remotely Linked Interferometer Network
(e-MERLIN [291]), and Murchison Wide Field Array (MWA [292]).

ATCA

Commissioned on 2 September 1988, the Australia Telescope Compact Array (ATCA)
located in New South Wales, Australia, is a part of the Australia Telescope National Facility
(ATNF). ATCA is a radio interferometer comprising six 22 m Cassegrain antennas [293]
arranged primarily along a 6 km east-west track; towards the middle of this, there is also a
short north-south track or “spur”. While one antenna is fixed, the rest are movable along
a 3 km-long east-west track and a 214 m-long north-south “spur”, allowing changes of
the beam size or resolution available at each observing frequency. ATCA operates in the
millimeter and centimeter wavebands (3 mm-30 cm), specifically those centered on 20-,
13-, 6-, 3-, 1.2-, 0.7-, and 0.3 cm (see [294] and the references therein). The ATCA science
highlights include the detection of the first image of a forming radio SN remnant (SNR
1987A), studies of Jupiter’s magnetic field, protoplanetary discs, water masers, QSOs, jets
from microquasars, star formation regions, radio galaxies and galaxy clusters, mapping
of hydrogen in the Magellanic Clouds, giving evidence of SN-GRB connection, and the
observation of GRBs and neutron stars including pulsars (see, e.g., [294]).

6. Very High Energy Observations

In GRBs, -rays above ~100 MeV are believed to be produced from the electron
synchrotron in the afterglow shocks [295-298]. Moreover, joint observations of many
GRBs by XRT and LAT are consistent with a single spectral component [299]. However,
it is complicated to produce photons above a few GeV in the context of the synchrotron
mechanism unless an unrealistically large bulk Lorentz factor is employed [300]. The
fireball model also predicts the origin of GeV-TeV photons, and the emission can last from
minutes to several hours [131,301]. The synchrotron self-Compton (SSC) process is the
favored one and a widely used mechanism to interpret the very-high-energy (>100 GeV)
photons in the afterglow era, where the relativistic electrons upscatter their own synchrotron
radiation [295,301-303]. In this scenario, the SSC emission takes place from a constant
density circumburst medium or from the Comptonization of X-ray photons in the afterglow
shock [304,305]. This highlights the importance of VHE and joint observations of GRBs.

The VHE <-ray observatories have been searching for the GRB emission for years,
which led to many multiwavelength follow-up campaigns, e.g., for GRB 180720B, which
was detected in its deep afterglow phase, up to 3 days after the observations by Fermi
and Swift [306] or GRB 180720B!”. The fact that the VHE emission is observed in the
GRB afterglows at such late times is game changing for the modeling of the afterglow
emission and scheduling GRB follow-up campaigns. MAGIC and HESS detected several
LGRBs with >5¢ significance. Among the SGRBs, the famous BNS-SGRB event GW 170817
(GRB 170817A) was also observed in VHE by MAGIC [307] and HESS [308].

Another example of an SGRB observed in a wide band of wavelengths is GRB 160821B [309].
This is one of the nearest SGRBs known (z = 0.162), and it has an optical-infrared kilonova
component found in its afterglow emission, which is characteristic of heavy-element nucle-
osynthesis in a BNS merger. The emission of this burst was observed by several facilities
covering the spectral range from radio to 20.5 TeV (at 3¢ significance). Figure 5 shows the
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multiwavelength light curves of this burst along with the afterglow modeling (left panel)
and the SEDs of the radiation at approximately 3 h (right panel).
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Figure 5. Multiwavelength light curve (left) and SED (right) of GRB 160821B compared with afterglow
modeling (Figure 4 adopted from [309]). ©AAS. Reproduced with permission.

In the VHE range, the main contributors to the GRB observations are Imaging Atmo-
spheric Cherenkov Telescopes (IACTs), such as the Major Atmospheric Gamma Imaging
Cherenkov Telescope (MAGIC [310]), Very Energetic Radiation Imaging Telescope Array
System (VERITAS [311]), and High Energy Stereoscopic System (HESS [312]), which, how-
ever, have duty cycles of ~15% constrained by darkness conditions to perform observations,
and Water Cherenkov Detectors (WCDs), such as the High Altitude Water Cherenkov Ex-
periment (HAWC [313]), which is the most prolific in detecting GRBs, as well as the future
Southern Wide-field Gamma-ray Observatory (SWGO [314]), having much larger duty
cycles as they can observe during daytime, although with a higher low-energy threshold.

6.1. HAWC

The High Altitude Water Cherenkov Experiment or Observatory (HAWC [313]) is
a facility designed to observe gamma- and cosmic-rays in the 100 GeV-100 TeV range.
Located at an altitude of 4100 m in La Puebla, Mexico, HAWC is the successor to the
Milagro vy-ray observatory in New Mexico, USA. HAWC uses the water Cherenkov method:
an array of 300 WCDs detects the Cherenkov light produced in the water by the individual
charged particles of air showers. Each WCD is a cylindrical (7.3 m diameter and 5 m height)
stainless steel tank that contains a plastic bladder holding up to 200,000 L of water. The
collection area of HAWC is of the order of the physical area of the detector, ~104 m? above
500 GeV for a source at the Crab declination.

Being a survey instrument, HAWC continuously monitors the sky covering an in-
stantaneous FoV of ~2 sr and two-thirds of the sky from approximately —20° to +60°
in declination daily. The achieved sensitivity is ~2% of the Crab flux for sources with
declination 0°-40°, assuming a spectral index of —2.5, and degrades to 8% of the Crab
flux for sources at the edge of the HAWC observable sky (6 = —20° and +60°). HAWC
has been taking data with its full configuration since its inauguration on 20 March 2015.
The HAWC science highlights include obtain an all-TeV <-ray sky map, studies of the
cosmic-ray anisotropy and antiproton-to-proton ratio [315], and GRB detections [316].

6.2. HESS

Situated at an altitude of 1800 m in Namibia, the High Energy Stereoscopic System
(HESS) comprises five telescopes: four IACTs with mirrors just under 12 m in diameter,
arranged as a square with 120 m sides and operating since 2004, and one larger IACT with
a 28 m mirror, commissioned in 2012 and located at the center of the array. Thanks to its
low-energy threshold and fast slewing (200°/min), the latter IACT is well suited for the
observation of soft-spectrum transient sources. HESS is sensitive to y-rays in the energy
range from tens of GeV to tens of TeV. Each 12 m telescope has a focal length of 15 m, a
d/f ratio of 0.8, and a total mirror area of 108 m? [312]. The biggest mirror has a focal
length of 36 m and a total mirror area of 614 m?. The cameras of the small mirrors consist
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of 960 pixels of a 0.16° angular size, providing a total field of view of 5°. The camera of the
biggest mirror covers a 3.2° FoV with an image recording rate of 3600 images/s. The HESS
science highlights include the first spatial resolution of a source of cosmic—y-rays, studies
of the sources of PeV protons, conducting the Galactic plane survey and extragalactic
observations, and searching for the sources of cosmic accelerators.

6.3. Fermi/LAT

The Large Area Telescope (LAT), the primary instrument for the Fermi Gamma-ray
Space Telescope (Fermi) mission, is an imaging, wide field of view, high-energy y-ray tele-
scope, covering the energy range from 30 MeV to more than 300 GeV [79]. Commissioning
of LAT began on 24 June 2008. LAT is a pair-conversion telescope with a precision tracker
and calorimeter, each comprising 16 modules (4 x 4 array), a segmented anticoincidence
detector that covers the tracker array, and a programmable trigger. Every calorimeter mod-
ule comprises 96 CsI(T1) crystals, arranged in an eight-layer hodoscopic configuration with
a total depth of 8.6 radiation lengths, providing information about the energy deposition
pattern. Having an aspect ratio (height/width) of 0.4, the tracker has a large FoV (2.4 sr)
and measures energy of most pair-conversion showers initiated in the tracker. The main
characteristics of LAT are the timing accuracy of <10 us, <10’ GRB location accuracy on
board, GRB notification time to spacecraft of <5 s, point source location determination of
<0.5, and point source sensitivity (>100 MeV) of 3 x 10~° ph cm 2 s L

GBM and LAT have a significant impact on multimessenger astrophysics [317], e.g.,
LAT followed the GBM detection of GRB 170817A /GW 170817, the first neutron star—
neutron star merger observed by its gravitational radiation with the LIGO and Virgo
detectors [22] and on the studies of GRBs. Another LAT science highlights are the detection
of the flaring of y-ray emission from an active galaxy associated with the detection of a
high-energy neutrino from the same direction by the IceCube neutrino detector, being the
first association between photon and neutrino emission from an active galaxy [318].

6.4. MAGIC

Major Atmospheric Gamma Imaging Cherenkov Telescope (MAGIC), located in the
Canary Islands (Spain), is an array of two IACTs detecting y-ray emission in the range
from a few tens of GeV to a few tens of TeV. The first IACT was commissioned in 2004 and
worked in the stand-alone mode until the commissioning of the second IACT, built 85 m
away from the first, in 2009. The IACTs have a 17 m diameter reflective surface and fine
pixelated cameras covering a 3.5° FoV. Currently, the energy threshold of the telescope is
~70 GeV for low-zenith-angle observations and an integral sensitivity above 300 GeV of
0.6% of the Crab Nebula flux in 50 h of observation [310]. The energy resolution is 15-17%
at ~1 TeV.

The MAGIC scientific highlights include the discovery of the highest-energy photons
from GRB 190114C [319,320], tracing the origin of a rare cosmic neutrino, observations of a
gravitational lens at very high energies and the Crab Pulsar at TeV, and the first detection
of the distant galaxy PKS1441+25.

7. Summary and Future Prospect

The investigation of GRBs started a half century ago with their discovery in the soft
gamma-rays [16]. More than twenty years later, in 1997, the discovery of the first GRB
radio, optical, and X-ray afterglows [19,33,281] opened the era of the multiwavelength GRB
studies. The discovery of the first gravitational wave event GW-170817A from NS-NS
coalescence accompanied by the observation of short GRB-170817A, the optical/infrared
kilonova AT2017gfo, and further X-ray, optical, infrared, and radio emission ([22] and
the references therein) opened a new era for the multimessenger observations of GRBs.
The multiwavelength and multimessenger observations of GRBs, including sGRBs and
“kilonovae” features such as GW-170817, are vital to establish the progenitors’ nature and
emission mechanisms, probe the properties of high-redshift galaxies, and test fundamental
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physics. The equipment for the observation of GRBs has advanced from simple scintillation
gamma detectors to specialized multiwavelength observatories supported by dozens of
ground-based instruments across the entire range of the electromagnetic spectrum, from
radio to TeV (see Figure 6). In contrast, the ultra-violet (UV; 100-300 nm) variable sky
is relatively poorly explored as the detection of the afterglow in the near-UV (NUV) is
limited to the closest GRBs, since above z ~ 1.2, host galaxy Lyman limit absorption will
suppress the signal. In [321], the fraction of GRB afterglows detectable in the UV at a
fiducial sensitivity is estimated to be four events per 1000 (or per year).
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Figure 6. GRBs are detected across the whole electromagnetic spectrum. Some of the ground- and
space-based facilities that observe GRBs are shown in this plot.

However, one of the major challenges in GRB multiwavelength studies is the potential
lack of future gamma-ray missions. Many of the current missions, including the most
prolific ones, were developed 20-30 years ago and are approaching or have exceeded their
nominal mission lifetimes. Moreover, at the time when the GRB-dedicated missions were
developed, the inclusion of some crucial instruments, such as, e.g., on-board optical /NIR
telescopes, was not that feasible either because of the state of the field at that time or
technologically. Current missions are not flawless: e.g., Swift-BAT has high sensitivity and
fine localization capability; however, its energy range is not wide enough to measure the
whole GRB prompt emission spectra directly; Fermi-GBM operates in a wide energy range
and has quite high sensitivity, but provides only coarse GRB localizations; both instruments
do not cover the whole sky, while Konus-Wind, which observes the whole sky in a wide
energy range, does not have the localization capability, and misses relatively weak events.
Many current and planned near-future large-scale missions, e.g., the Space-based multi-
band astronomical Variable Object Monitor (SVOM [322]) and Einstein Probe [323,324],
will not provide the full-sky coverage required for efficient detection of electromagnetic
counterparts to GRBs including GW events. This is where cubesats come into play: a
constellation of small satellites with y-ray-detecting technology could provide rapid and
accurate GRB localizations based on the triangulation principle. HERMES and other future
nano-satellite programs (see Section 2.4) will provide accurate GRB localizations in the
stand-alone mode and working with the IPN (see Section 2.3).

Since GRB redshifts provide information on the burst parameters in the rest frame,
their estimation is crucial for GRB studies. However, none of the current space-based
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instruments can routinely measure precise redshifts onboard (except Swift-UVOT, which
measured a few redshifts). From this perspective, THESEUS [325,326] could provide a
significant advancement of multi-messenger and time domain astrophysics, enabling the
identification, accurate localization, and study of GRBs and electromagnetic counterparts to
sources of gravitational waves and neutrinos, which are expected to be routinely detected in
a decade. THESEUS could also show a great synergy with future large observing facilities in
both the electromagnetic (such as, e.g., Advanced Telescope for High ENergy Astrophysics
(ATHENA [327]), an X-ray observatory planned for launch in 2034, LSST (see Section 4.2.3),
the Extremely Large Telescope (ELT [328]), the Thirty Meter Telescope (TMT [328]) in optical,
the Square Kilometre Array Telescope (SKA [329]) in radio, the Cherenkov Telescope Array
(CTA [330,331]) in VHE, which have GRB-related science in their core-science programs),
and multi-messenger (e.g., advanced LIGO/VIRGO KAGRA [332] and, in perspective, 3G
detectors: the Einstein Telescope (ET [333]), the Cosmic Explorer (CE [334]) and, possibly,
the Laser Interferometer Space Antenna (LISA [335]) for GW and Km3NET [336] and
IceCube-Gen2 [337] for neutrinos). The All-sky Medium Energy Gamma-ray Observatory
(AMEGO [338]), the Energetic X-ray Imaging Survey Telescope (EXIST [339]), the High-z
Gamma-ray bursts for Unraveling the Dark Ages Mission (HiZ-GUNDAM [340]), the
Transient Astrophysics Probe (TAP [341]), and Gamow Explorer [342] are also expected
to advance the research on the physics of prompt emission and internal engines and
progenitors of GRBs and provide tests on cosmology and fundamental physics.

Despite several decades of observations, the physical properties of highly relativistic
jets that produce the GRB prompt emission (i.e., their structure and magnetic topology)
remain unknown. The polarization degree and angle of y-emission can shed light on the
nature of the highly relativistic jets and prompt emission mechanisms. In particular, the
linear polarization properties of the y-rays are highly dependent on the prompt emission
processes and the magnetic fields along with their structure within the emitting jets (see,
e.g., [343,344] for a overview). New advanced missions with spectropolarimetry capability,
such as the enhanced X-ray Timing and Polarimetry mission (eXTP [345]) or POLAR-2 [346],
could constrain theoretical emission models.

In this paper, we briefly described the key facilities for GRB studies, briefly reviewed
the game-changing decommissioned missions, and concisely presented a handful of new
experiments supposed to contribute significantly to GRB science. We hope this review may
serve as a guide for the newcomers to GRB science.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN  Active galactic nuclei

BH Black hole

CCD  Charge coupled devices
FoV Field of view

FRB Fast Radio Burst

GRB  Gamma-ray burst

GW Gravitational wave

HEN  High-energy neutrino

HEO  High-Earth orbit

IACT Imaging Atmospheric Cherenkov Telescope
IGM  Intergalactic medium
LGRB Long gamma-ray burst
LEO Low-Earth orbit

NEO  Near-Earth object

NIR Near-infrared

NS Neutron star

oT Optical transient

PMT  Photomultiplier tube

PSF Point spread function

QSO Quasar (quasi-stellar object)
SED Spectral energy distribution
SGR Soft gamma-repeater

SGRB  Short gamma-ray burst

SF Solar flare

SNe Supernovae

SNR  Signal-to-noise ratio

TDE Tidal disruption event

TGF Terrestrial gamma-ray flash
ToO Target of opportunity

VHE  Very high energy

WCD  Water Cherenkov Detector
YSO  Young stellar object

Notes

http:/ /www.ioffe.ru/LEA/ (accessed on 23 May 2022).

BAT is able to perform imaging, which allows obtaining the GRB position, in the 14-150 keV energy range and record the data
with no information on the GRB localization up to 350 keV.

https:/ /swift.gsfc.nasa.gov/archive/grb_table/ (accessed on 23 May 2022).

https:/ /swift.gsfc.nasa.gov/results/ (accessed on 23 May 2022).

https:/ /heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html (accessed on 23 May 2022).

http:/ /astrosat.iucaa.in/czti/?q=grb (accessed on 23 May 2022).

https:/ /gen.gsfc.nasa.gov/gen3_archive.html (accessed on 23 May 2022).

https:/ /gen.gsfc.nasa.gov (accessed on 23 May 2022).

https:/ /www.swift.ac.uk/about/swifteranongrb.php (accessed on 23 May 2022).

http:/ /maxi.riken.jp/grbs/ (accessed on 23 May 2022).

https:/ /www.jpl.nasa.gov/missions/nuclear-spectroscopic-telescope-array-nustar (accessed on 23 May 2022).
https:/ /sites.google.com/view /growthindia (accessed on 23 May 2022).

https:/ /www.oir.caltech.edu/twiki_oir/pub/Palomar/ZTF /140724NSFSite /Bellm_ZTF_overview_NSF_site_visit.pdf (accessed
on 23 May 2022).

https:/ /www.ing.iac.es/instruments/lrs/ (accessed on 23 May 2022).
https:/ /www.caha.es/CAHA /Instruments/filterlist. html (accessed on 23 May 2022).
http:/ /www.not.iac.es/instruments/filters/ (accessed on 23 May 2022).
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18 https:/ /www.evlbi.org (accessed on 23 May 2022).
19 http:/ /tevcat.uchicago.edu/?mode=1;id=329 (accessed on 23 May 2022).
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