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ARTICLE INFO ABSTRACT

Keywords: At the time of defining the science objectives of the INTernational Gamma-Ray Astrophysics Laboratory
Fast radio bursts (INTEGRAL), such a rapid and spectacular development of multi-messenger astronomy could not have
Gravitational waves been predicted, with new impulsive phenomena becoming accessible through different channels. Neutrino
Neutrinos

telescopes have routinely detected energetic neutrino events coming from unknown cosmic sources since
2013. Gravitational wave detectors opened a novel window on the sky in 2015 with the detection of the
merging of two black holes and in 2017 with the merging of two neutron stars, followed by signals in the
full electromagnetic range. Finally, since 2007, radio telescopes detected extremely intense and short burst of
radio waves, known as Fast Radio Bursts (FRBs) whose origin is for most cases extragalactic, but enigmatic.
The exceptionally robust and versatile design of the INTEGRAL mission has allowed researchers to exploit
data collected not only with the pointed instruments, but also with the active cosmic-ray shields of the main
instruments to detect impulses of gamma-rays in coincidence with unpredictable phenomena. The full-sky
coverage, mostly unocculted by the Earth, the large effective area, the stable background, and the high duty
cycle (85%) put INTEGRAL in a privileged position to give a major contribution to multi-messenger astronomy.
In this review, we describe how INTEGRAL has provided upper limits on the gamma-ray emission from black-
hole binary mergers, detected a short gamma-ray burst in coincidence with a binary neutron star merger,
contributed to define the spectral energy distribution of a blazar associated with a neutrino event, set upper
limits on impulsive and steady gamma-ray emission from cosmological FRBs, and detected a magnetar flare
associated with fast radio bursting emission.

Stars
Neutron

1. Introduction relatively recent developments. The first reports of high-energy neu-
trinos date back to 2013 (IceCube Collaboration, 2013; Aartsen et al.,

Multi-messenger astronomy was a niche concept at the time of 2014) and the living alerts started in 2016 (Aartsen et al., 2017b) allow-
conception and launch of the INTernational Gamma-Ray Astrophysics

. 7 ing rapid follow-up in search of serendipitous signals in gamma-rays.
Laboratory (INTEGRAL). As a consequence, this review is based on
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The first detection of gravitational waves was achieved in September
2015 (Abbott et al., 2016b) and opened a new window on the energetic
universe. Fast radio bursts are other impulsive events first reported in
2007 (Lorimer et al., 2007), proposed to be associated with magnetar
flares some years later (e.g., Popov and Postnov, 2013), and with a
confirmed association found only in 2020 (Mereghetti et al., 2020).

INTEGRAL has an 85% duty cycle, linked to the 2.7 d elliptical
orbit, during which the satellite passes through the Earth’s radiation
belts and instruments are switched off for safety. INTEGRAL is well
equipped to search for serendipitous events in gamma-rays thanks to
the all-sky coverage of some of its instruments and is designed to follow
up unknown events with its large field of view and good sensitivity
in hard X-rays and gamma-rays (see Section 5 for further details). As
part of the core science for INTEGRAL, the INTEGRAL Science Data
Centre (ISDC Courvoisier et al., 2003) routinely performs a search for
transient phenomena in the X- and gamma-ray bands. In particular,
the IBAS system detects a gamma-ray burst (GRB) in the IBIS field of
view every second month on average' (Mereghetti et al., 2003, 2004),
and once per week in the anti-coincidence shield of the spectrometer
(SPI-ACS).> When in the field of view, GRBs can be localized with
a precision of a few arcminutes, whereas no localization is provided
for SPI-ACS bursts. However, by combining the information from the
different INTEGRAL detectors, it is possible to have a rough constraint
on the sky region from which a signal is emitted (Savchenko et al.,
2017a). The SPI-ACS signal is routinely used in combination with other
detectors for triangulation measurements to localize GRBs through the
Interplanetary Network (e.g., Hurley et al., 2013); this is particularly
relevant for events not detected by Swift-BAT or INTEGRAL-IBIS, or
for which Fermi-GBM localization is not possible.

Besides this routine search for GRBs, INTEGRAL can be exploited for
targeted investigations of impulsive events to find a time-coincident sig-
nal in gamma-rays. There are currently three types of events for which
such a targeted search is performed: gravitational waves (GW), high-
energy neutrinos, and Fast Radio Bursts (FRBs). Target of Opportunity
Observations (TOOs) can be performed to follow-up a region of the sky
in which an event is localized in a quest for a decaying gamma-ray
source. The relatively large field of view of the imager permits regions
of several hundred square degrees to be covered, reaching a depth of a
few millicrab within one satellite revolution (lasting 2.7 days).

Gamma-ray bursts are routinely used for a triggered search of gravi-
tational wave signals, so far unsuccessfully (Abbott et al., 2019b), with
the exception of the joint signal on GW180817/GRB170817A (Abbott
et al,, 2017a, and Section 7.2). Core-collapse supernovae are also
candidates for GW signals, but the GW detector sensitivity would be
currently enough only for a Galactic event (Abbott et al., 2016a). For
instance, INTEGRAL was used to tentatively localize GRB051103 in
M81 and the absence of a GW signal was exploited to suggest a giant
magnetar flare as the cause of this GRB (Abadie et al., 2012).

The LIGO and Virgo collaboration launched a call for partners to
search for electromagnetic counterparts of gravitational wave events
in early 2014 and the INTEGRAL team responded swiftly. A memo-
randum of understanding was signed to be informed in real time of
alerts issued by the interferometers, with the constraint of keeping this
information confidential. Any possible electromagnetic counterpart was
to be shared with the LIGO-Virgo team and the other partners. This
agreement became effective on September 12, 2015, with the start of
the first observing run (O1) of advanced LIGO (Aasi et al., 2015), which
lasted until January 16, 2016, and for the second observing run (02)
from November 30, 2016 until August 25, 2017 (Abbott et al., 2019a).

Starting from the third run (O3) on April 1, 2019, GW alerts became
public and more frequent, owing to the increased sensitivity (Ab-
bott et al., 2018), requiring an expansion and reorganization of the

1 This rate is variable throughout the mission lifetime, as can be seen from
the IBAS online catalog.
2 A full catalog of SPI-ACS bursts is available at the SPI-ACS online catalog.
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INTEGRAL multi-messenger team, besides an automation of analysis
procedures. Members of the team have submitted proposals to reserve
data rights and/or perform gamma-ray follow-up observations of GW
event regions in the INTEGRAL announcements of opportunity since
cycle 13 in 2015. Our team provided measurements of the gamma-
ray flux for each event for which data are available (see Section 7.3).
INTEGRAL’s high duty cycle and all-sky detectors led to the seminal
detection of a short GRB due to the binary neutron star merger GW
170817 (see Section 7.2 Savchenko et al., 2017c¢).

Alerts from neutrino events are also public for IceCUBE® (Aart-
sen et al., 2017b), while an agreement has been put in place with
the ANTARES experiment (Ageron et al.,, 2011) to react to possi-
ble events and share results. Dedicated INTEGRAL time for follow-
ups is reserved through accepted proposals. INTEGRAL took part to
the multi-wavelength campaign on the blazar TXS 0506+056 (3FGL
J0509.4+0541) positionally consistent with the neutrino IC170922A
(IceCube Collaboration et al., 2018) (see Section 3).

Fast radio bursts (FRB) are currently one of the most mysterious
phenomena in astronomy. They are sources emitting short (~1— 10 ms)
pulses of radio emission with peak fluxes of ~ 0.1 — 100 Jy at 1.4 GHz,
and dispersion measures (DM) in excess of the Milky Way values
along their lines of sight. Together with their association with galaxies
at cosmological distances, this points towards an extragalactic origin
(see Cordes and Chatterjee 2019, Petroff et al. 2019 for reviews), but
their origin remains elusive. Although connecting to multi-wavelength
astrophysics, rather than multi-messenger, the search for hard-X-ray
counterparts of these sources belongs naturally to this review from the
methodological point of view (see Section 4).

In the following, we review the INTEGRAL contribution in these
fields, which gave a renewed science case for the mission in its late
phase.

2. Binary mergers and observable counterparts

Compact binary coalescences (CBCs) of black holes and neutron
stars are among the loudest sources of gravitational waves in the
current frequency window (from 15 Hz to a few kHz) of ground based
interferometers, which are sensitive to the final part of their inspiral,
merger and ringdown (Abbott et al., 2019a).

Three observing runs have been carried out completely by LIGO and
Virgo: O1 from September 12, 2015 until January 19, 2016; 02, which
started on November 30, 2016 and ended on August 25, 2017; and O3,
which started on April, 1 2019 and ended on March, 27 2020 with a
one-month commissioning break during October 2019. During the first
two runs, the horizon for binary neutron star (BNS) mergers was limited
to 100 Mpc for LIGO Livingstone; 70-80 Mpc for LIGO Hanford, and 30
Mpc for Virgo. Owing to increased laser power, a squeezed vacuum
source at the interferometer output, and mitigating noise arising from
scattered light, the Livingston instrument began the O3 run with an
average BNS range of 130 Mpc and the Hanford instrument typically
operated with an average range of 110 Mpc. Advanced Virgo reached
a BNS range of 50 Mpc at the beginning of O3 (Abbott et al., 2018).

2.1. Binary black hole mergers

Binary black-hole mergers involve only gravitational fields, as mass
is all contained within the event horizon and cannot transmit any
information outside. The merging event emits in the form of grav-
itational waves which can release a few solar masses of equivalent
energy (3.0 + 0.5 MOc2 in GW 150914 Abbott et al., 2016a). The
early report by the Fermi-GBM team of a gamma-ray signal possibly
associated with GW150914 (Connaughton et al., 2016, 2018) triggered
physicists to explore peculiar scenarios in which gamma-rays can be

3 See the Icecube alet system.
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produced (see also Sect. 7.1). These include those BH-BH systems
merging in very dense environments (as for example in an AGN disk
Bartos, 2016), or with dormant accretion disks (Perna et al., 2016), or
even residing within an exploding star (Loeb, 2016). Since then, these
scenarios have been challenged by the non-detection of any gamma-
ray signal associated with BH-BH mergers. An extensive study with
Fermi-GBM of the first LIGO-Virgo catalog is reported by Burns et al.
(2019), this includes sub-significant triggers in LIGO-Virgo. INTEGRAL
observations were available for 20 out of the 25 events detected in O1
and O2 (Abbott et al., 2019a). This is consistent with the INTEGRAL
duty cycle of about 85%. In particular, observations are available for
7 out of 11 of the high-confidence gravitational wave events and 13
out of 14 of the marginal ones. For each of the observed events,
INTEGRAL was sensitive to the entire LIGO/Virgo localization region.
A preliminary search reported in Savchenko et al. (2018) did not reveal
any new significant impulsive gamma-ray counterparts, setting typical
upper limits on the 1-s peak flux ranging from 10~ to 107 ergcm=2s~!
in the 75-2000 keV energy range. An investigation of the LIGO-Virgo
03 events reported in circulars is detailed in Table A.1 and gives upper
limits of similar values. It is worth noting that an electromagnetic
counterpart to a BBH merger with asymmetric masses was reported as
an optical luminosity variation in the accretion disk of an active galactic
nucleus 50 days after the gravitational wave event $190521g by the
Zwicky Transient Factory (Graham et al., 2020). This is argued to be
due to a Bondi accretion tail caused by the kick velocity induced by the
merger.

2.2. Binary neutron star mergers

Tight binaries of neutron stars (NS) undergoing an in-spiral process
and final merger, have long been of great interest in astrophysics as
they represent a unique laboratory to investigate several long-standing
questions. For a long time, such systems have been predicted to be the
progenitors of short gamma-ray bursts (SGRB, Nakar, 2007) and the
most promising sites for the production of heavy elements through the
rapid neutron-capture process (r-process, Freiburghaus et al., 1999).
Moreover, they can be a useful tool to derive cosmological parameters,
to investigate fundamental physics and to constrain the NS equation of
state (Abbott et al., 2017b,c,a; Bauswein et al., 2017; Coughlin et al.,
2018).

Binary neutron-star mergers are the most promising sources from
ground-based gravitational wave (GW) detectors to be detected in
the electromagnatic (EM) domain (Nissanke et al., 2013). A bright
flare of gamma-rays was predicted to be followed not only by the
typical afterglow, but also by ultraviolet, optical, and infrared radiation
coming from the reprocessing of nuclear decay products in the ejecta,
the so-called kilonova (Kasen et al., 2013; Metzger and Fernandez,
2014). These predictions were mostly confirmed in the case of the event
observed on 17 August 2017, that we describe in detail in Sect 7.2.

If the product of the merger were a stable NS, several models
would predict bright isotropic X-ray emission at different times. Po-
tentially powerful, nearly-isotropic, emission is expected if a NS-NS
merger produces a long-lived millisecond magnetar. In this case, X-
ray to optical transients can be powered by the magnetar spin-down
emission reprocessed by the baryon-polluted environment surrounding
the merger site (mostly due to isotropic matter ejection in the early
post-merger phase), with time scales of minutes to days and luminosity
in the range 103 — 10¥ ergs~! (e.g. Yu et al., 2013; Metzger and Piro,
2014; Siegel and Ciolfi, 2016a,b). However, in the most optimistic
models, these transients can be detectable from minutes to hours after
the event. According to alternative models, X-ray emission may also be
generated via direct dissipation of magnetar winds (e.g. Zhang, 2013;
Rezzolla and Kumar, 2015). Furthermore, the high pressure of the
magnetar wind can in some cases accelerate the expansion of previously
ejected matter into the interstellar medium up to relativistic velocities,
causing a forward shock, which in turn produces synchrotron radiation
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in the X-ray band (with a high beaming factor of ~0.8; see, e.g. Gao
et al., 2013).

Sun et al. (2017) developed a detailed model for the X-ray post-
merger emission from BNS mergers in the case where a long-lived NS is
created. Of course, the outcome of a BNS merger depends on the Equa-
tion of State. Although in most scenarios, NS with masses larger than
2.5M,, will not survive as a stable body, numerical simulations have
shown that a newly born millisecond magnetar may be created (e.g.
Giacomazzo and Perna, 2013; Gao et al., 2016). This magnetar scenario
is supported by the existence of X-ray plateaus in the afterglows of some
short GRBs.

Merger ejecta can represent 1073 — 107! M (e.g. Rezzolla et al.,
2010; Rosswog et al., 2013), and these ejecta cover a significant part of
the solid angle. In this case, the X-rays produced by internal dissipation
within the magnetar wind cannot escape freely, and this is called the
“trapped zone”. However, they can heat and accelerate the ejecta and
eventually escape, when the ejecta become optically thin at later times.
INTEGRAL has the potential to detect such radiation in rapid follow-up
observations of these events, as discussed also in Section 6.

3. High-energy neutrinos

Produced in inelastic photo-hadronic (py) or hadro-nuclear (pp)
processes, high-energy neutrinos in the TeV-PeV range are the smoking-
gun of hadronic interactions and cosmic-ray acceleration. Contrary to
charged cosmic rays, they are not deflected by magnetic fields and they
do not suffer from absorption by pair production as do high-energy
photons.

A diffuse flux of high-energy neutrinos was discovered since 2013
by the IceCube experiment at the level of E2F,(E,) ~ 10~® GeV cm™2 s~
sr~! per neutrino flavor in the energy range between a few tens of
TeV and a few PeV (see e.g. Aartsen et al. 2013) but the sources
are still unknown. While the angular distribution of the astrophysi-
cal events is compatible with an isotropic distribution, which favors
an extragalactic origin, a sub-dominant contribution from Galactic
sources is not excluded. Multi-messenger astronomy, making use of
neutrino, electromagnetic, and/or gravitational wave signals provides
an increased discovery potential and good background reduction by
looking for coincident detections both in space and time. The good
pointing accuracy of neutrino telescopes (< 1°) in the muon-track
channel) allows for fast electromagnetic follow-ups that are of primary
importance to locate the high-energy neutrino sources, in particular in
the case of transient or variable ones.

The ANTARES (Ageron et al., 2011) and IceCube (Abbasi et al.,
2009) detectors are currently the largest neutrino telescopes in op-
eration respectively in the Northern and Southern hemispheres. By
constantly monitoring at least one complete hemisphere of the sky,
they allow for complementary coverage with an almost 100%-duty
cycle, and, thus, are well designed to detect transient neutrino sources.
Both telescopes operate extensive programs of nearly real-time multi-
wavelength (from radio to gamma-rays) follow-up (Ageron et al., 2012;
Aartsen et al., 2017b) as soon as a high-signal neutrino event is de-
tected.

While such programs have not yet provided significant evidence
for cosmic sources associated with HE neutrinos, a few possible asso-
ciations with active galactic nuclei (AGN) have already been claimed
(Kadler et al., 2016; Gao et al., 2017; Lucarelli et al., 2017). In par-
ticular, a compelling case occurred in September 2017 when the LAT
instrument on board Fermi and the MAGIC Cherenkov telescopes ob-
served enhanced gamma-ray emission from the BL Lac TXS 0506+056
(3FGL J0509.4+0541) positionally consistent with the neutrino
IC170922A (IceCube Collaboration et al., 2018). The significance of
this coincidence between the blazar flare and the neutrino was eval-
uated to 3o. Following this discovery, an analysis of the archival
neutrino data was performed by the IceCube collaboration which found
a significant excess of neutrino emission during 2014/2015 at the
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3.5¢ level (IceCube Collaboration et al., 2018). While intriguing, the
detection of a single neutrino does not allow unambiguous confirma-
tion of the link between high-energy neutrinos and blazars and more
correlations will be needed to further assess the emission and particle
acceleration mechanisms. Likewise, previous cross-correlation studies
using IceCube data showed that the population of blazars observed
by Fermi-LAT can only explain less than 20% of the diffuse flux of
astrophysical neutrinos (Aartsen et al., 2017a). While gamma-ray bursts
(GRBs) are also disfavored as a main contributor to the diffuse flux,
the question of the origin of high-energy neutrinos is a burning issue.
Next-generation neutrino telescopes such as KM3NeT (currently under
deployment in the Mediterranean), IceCube-Gen2, foreseen by the end
of the decade at the South Pole, and an upgrade of the Baikal neutrino
telescope, being built in Russia, have a bright future ahead of them.

Regardless of the nature of the electromagnetic counterpart, multi-
wavelength data are crucial to firmly identify sources of high-energy
neutrinos. In this context, INTEGRAL systematically follows ANTARES
alerts, under an MoU agreement signed with the ANTARES collabora-
tion and the IceCube triggers sent publicly through GCN notices (Aart-
sen et al,, 2017b). The INTEGRAL circulars are reported in Table
Al

4. Fast radio bursts

Fast Radio Bursts (FRBs) consist of a single broadband pulse, with
a duration of a few milliseconds and a flux density ranging typically
from 0.1 to 30 Jy, but with the highest flux recorded of 120 Jy (Ravi
et al., 2016). They were discovered in wide-field pulsar surveys with
the 1.4 GHz receiver at the Parkes radio telescope (Lorimer et al., 2007;
Keane et al., 2012; Thornton et al., 2013). The vast majority of FRBs
was initially found by Parkes and ASKAP, but also Arecibo, Green Bank
Telescope, and Molonglo have detected a bunch of them (Spitler et al.,
2016; Masui et al., 2015; Caleb et al., 2017). At the time of writing,
the CHIME experiment gives a major contribution (CHIME/FRB Collab-
oration et al., 2019) with an online catalog of repeating FRB available
at https://www.chime-frb.ca/repeaters. An earlier online FRB catalog
(http://frbcat.org/) collected all events at least until late 2019 (Petroff
et al., 2016).

FRBs have signals which are dispersed as in pulsars, but with much
higher Dispersion Measures (DM, measuring the line-of-sight column
density of free electrons). Both a Galactic and an extragalactic origin
have been initially proposed. However, the large DM and the fact
that they are preferentially found far from the Galactic plane have
favored an extragalactic origin. Finally, their extragalactic nature has
been firmly demonstrated by the association of a few FRBs with host
galaxies in the redshift range 0.0337-0.4755 (Marcote et al., 2020;
Prochaska and Zheng, 2019), and possibly up to z=0.66 (Ravi et al.,
2019). Two well characterized repeating FRBs (FRB121102, Spitler
et al. 2016, Scholz et al. 2016 and FRB 180814, CHIME/FRB Collab-
oration et al. 2019) made clear that at least some of them originate
from non-destructive events. Then, eight more objects were reported
by CHIME/FRB Collaboration et al. (2019), substantiating an early
hypothesis that there are two different populations of FRB, repeating
and non-repeating (Caleb et al., 2018). For FRB121102, repetitions
allowed an association with a low mass galaxy at z = 0.19 (Chat-
terjee et al., 2017; Marcote et al., 2017; Tendulkar et al., 2017). No
X-ray and gamma-ray detection was found for this FRB (Scholz et al.,
2017). In some of the repeated bursts, sub-pulse frequency structure,
drifting and spectral variation were reminiscent of that seen in FRB
121102, suggesting similar emission mechanisms or propagation ef-
fects. The increasing observational effort brought the identification of
FRB180916.J0158+65 (in short FRB180916) to be a repeating source
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with a characteristic periodicity of about 16 days (Chime/Frb Collab-
oration et al., 2020), located in a star-forming region (Marcote et al.,
2020).

The progenitors and the emission mechanisms responsible for the
production of FRB are still unknown. Brightness temperatures in FRBs
are well in excess of thermal emission, requiring a coherent emission
process. For the case of repeating, extragalactic FRBs, giant pulses
from pulsars have been proposed (Pen and Connor, 2015; Cordes and
Wasserman, 2016) as well as giant flares from magnetars (Popov and
Postnov, 2013). Explanations for extragalactic sources of non-repeating
FRB, in the hypothesis that they are genuinely one shot events and rep-
resent a different subclass of FRBs with respect to FRB121102, include
evaporating primordial black holes (Rees, 1977), merging binary white
dwarf systems (Kashiyama et al., 2013), merging neutron stars and
white dwarfs (Zhong and Dai, 2020), merging neutron stars (Hansen
and Lyutikov, 2001), collapsing supramassive neutron stars (Falcke
and Rezzolla, 2014), and superconducting cosmic strings (Cai et al.,
2012). Totani (2013) has predicted that most short GRBs must be
associated with FRBs in the NS-NS merging scenario and that a longer
time delay at lower frequencies may allow FRBs to be detected by
follow-up searches after short GRBs. For the interested reader, Platts
et al. (2019) has compiled an extensive list of FRB models, which
witnesses an extremely intense debate. The localization of FRBs and
characterization of their multi-wavelength counterparts is essential to
discriminate between the proposed models.

Detection of hard X-ray flares and/or afterglows associated with an
FRB would provide a unique opportunity to study their progenitors
and the associated radiative mechanisms. INTEGRAL has already ob-
served several among the phenomena proposed as arising from possible
progenitors of FRBs. For instance, giant magnetic flares have been
observed (Mereghetti et al., 2005, 2009; Savchenko et al., 2010). When
the satellite is promptly pointed to the region of interest, the principal
instruments of INTEGRAL have also detected faint long-lasting emission
of GRBs (Martin-Carrillo et al., 2014). In principle, follow-up observa-
tions of the FRB error regions with INTEGRAL could provide unique
imaging capabilities with high sensitivity to lines (SPI) and accurate
localization (IBIS).

5. Methods for serendipitous search of impulsive events with IN-
TEGRAL

As extensively described elsewhere, INTEGRAL is equipped with the
‘Spectrometer on INTEGRAL’ (SPI Vedrenne et al., 2003; Roques et al.,
2003), the ‘Imager on Board the INTEGRAL Satellite’ (IBIS Ubertini
et al., 2003), the ‘Joint European X-ray Monitors’ (Lund et al., 2003,
JEM-X 1 and 2), and the ‘Optical Monitoring Camera’ (OMC Mas-Hesse
et al.,, 2003a). Here, we describe only the aspects of instruments and
tools relevant for the detection and follow-up of serendipitous events
together with the methods to efficiently combine the signals from
different instruments.

5.1. SPI

The INTEGRAL SPI detector plane, made of 19 crystals of High
Purity Germanium (GeD), has been designed to detect photons between
20 keV and 8 MeV and measure their energy with a precision ranging
from ~2 to 5 keV over the whole energy domain. Whether it is a prompt
emission detection occurring by chance within the FoV or during a
follow-up strategy, SPI gives access to fine spectroscopic information
of the high energy properties for any potential GW counterpart. In
particular, it will be able to measure or put upper limits for narrow
emission lines, related to different physical mechanisms. For instance,
r-process elements are expected to be released during BNS mergers. The
corresponding radioactive decays will produce nuclear gamma-ray lines
in the SPI energy domain. Similarly, pair production and annihilation
physics will be investigated in the 511 keV region. Typically, a 260 ks
observation (2 INTEGRAL revolutions) provides a 3 ¢ upper limit of
2.8x10~* ph ecm~2 57! for a narrow annihilation line, between 505 and
515 keV.
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Fig. 1. INTEGRAL’s unique payload is comprised of a set of large and heavy detectors with sensitivity optimized in the field of view for SPI (gray), IBIS/ISGRI (red) and IBIS/PicSIT
(violet), but extended marginally to the whole sky. Particle and radiation shields of the spectrometer (SPI-ACS in green) and of the imager (IBIS-Veto in yellow) are truly sensitive
to the full sky at a level competitive with currently flying gamma-ray burst monitors. In the bottom, we show sensitivity maps of SPI-ACS, IBIS/Veto, IBIS/PICsIT, and IBIS/ISGRI
for the detection of an 8 s soft GRB event at 3¢ confidence level whose spectral energy distribution is described by a Comptonized model with parameters « = —1 and E, = 300
keV). We represent with black contours the most accurate localization of the GW event (at 50% and 90% confidence levels). Red, green, and blue contours indicate the sky regions
within which the respective sensitivity of ISGRI, SPI, and JEM-X is not degrading more than a factor of 20 compared to the on-axis value. Observation of the complete, extended,
localization region could only be achieved by combining the complementary contributions of both the INTEGRAL high-energy detectors and their active shields. This allowed the
INTEGRAL team to derive the most stringent upper limit in a truly all-sky observation, constraining the ratio of energy released in gamma-rays to the gravitational wave energy

to less than 4.4 x 1075,
Source: Adapted from Savchenko et al. 2017a.

5.2. SPI-ACS

The SPI is surrounded by an active anti-coincidence shield (SPI-ACS,
von Kienlin et al., 2003), consisting of 91 (89 currently functional) BGO
(Bismuth Germanate, Bi4Ge3012) scintillator crystals. The SPI-ACS is
endowed with a large effective area (up to ~1 m?) y-ray detector with
a quasi-omnidirectional field of view. The ACS data are downlinked
as event rates integrated over all the scintillator crystals with a time
resolution of 50 ms. The typical number of counts per 50 ms time

ranges from about 3000 to 6000 (or even more during high Solar
activity). A crucial property of the SPI-ACS data is that, contrary to
many other existing GRB detectors, the readout does not rely on any
trigger, so that a complete history of the detector count rate over the
mission lifetime is recorded. This opens the possibility of an offline
search of GRBs or targeted searches. The design of the ACS readout is
such that it provides almost no sensitivity to the direction of detected
signals. The SPI-ACS effective area and its dependency on the direction
and the energy is somewhat uncertain and it can be investigated
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through detailed simulations of the photon propagation in the detector,
as was done, for example by Mereghetti et al. (2009). However, this
requires a mass model of the entire INTEGRAL satellite. An alternative
method involves making use of the events detected simultaneously by
SPI-ACS and other detectors. This approach was exploited by Vigano
and Mereghetti (2009). A further development that combines both
approaches has been pursued by Savchenko et al. (2012, 2017a).

The SPI-ACS light curves are affected by the presence of short spikes
(~50-150 ms) that were identified early on as cosmic-ray interactions
by Rau et al. (2005) and confirmed as such by Savchenko et al. (2012).
In this work, it is also shown that the decay of cosmic-ray induced
radioactivity in BGO crystals, produces an “afterglow” discussed by Mi-
naev et al. (2010) and mis-interpreted as a sign of a GRB nature.
The detailed knowledge of properties of the spikes allowed Savchenko
et al. (2012) to fully characterize the spikes and to separate them
from the real GRBs using a dedicated test statistic that is implemented
in the targeted search of multi-messenger counterparts as well as in
post-processing of the events identified online by the IBAS system and
published online.

5.3. IBIS/ISGRI

ISGRI is the upper detector plane of IBIS (Lebrun et al., 2003) and,
despite being optimized for imaging, it has some sensitivity also out of
the field of view. Indeed, the coded mask through which ISGRI usually
observes the high-energy sky cannot be fully exploited when searching
for impulsive events within the fully coded FoV when their location is
not known. While the sensitivity for a source in a fixed location can be
improved by using the coded mask pattern to reject about 50% of the
background, this advantage is lost in a search for a new source, when
there are additional trial factors. The conditions are different in the
partially coded FoV, as a progressively smaller fraction of the detector is
exposed through the coded mask holes and searches for short transients
could be optimized by considering a smaller portion of the detector
relevant for specific directions. This reduces the background, which is
proportional to the total effective area used for the search. However,
the instrument sensitivity is also reduced by exploring lower effective
areas, rapidly approaching that of the SPI-ACS (see Figs. 1).

We generally prefer to rely on the light curves built from the entire
detector to search for impulsive events in the ISGRI data. As the IBIS
collimator tube becomes increasingly transparent at energies above
~200keV, photons from directions that are up to 80 deg off-axis with
respect to the satellite pointing can reach the ISGRI detectors, allowing
this instrument to detect events occurring outside its FoV. Even soft
events, with the bulk of photons released below ~200 keV, can be
detected in ISGRI despite the absorption by the IBIS shield and other
satellite structures. For the very same reason, photons from soft events
produce a highly contrasted pattern on the ISGRI detector plane that
can be used to roughly constrain the source location (as is done with
a higher precision when the event is recorded through the coded mask
within the instrument FoV).

ISGRI is particularly well suited to searching for long transients
i.e., those associated with GRB afterglows, because the coded mask
imaging allows us to better characterize the instrument background, as
well as accurately subtract the contribution of persistent sources from
the data to probe the presence of faint transients.

5.4. IBIS/PICsIT

IBIS/PICsSIT (Labanti et al., 2003) is the bottom detector layer of
the IBIS telescope, located 90 mm below ISGRI. It is composed of 4096
30 mm-thick CsI pixels (8.2 mm x 8.2 mm), featuring a total collecting
area of about 2800 cm? and is sensitive to photons between 175 keV
and 10 MeV. In this energy range, the IBIS collimator tube is largely
transparent. Thus, PICSIT can observe sources for all directions that
are not occulted by the SPI instrument. Some bright GRBs have been
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detected at angles of ~ 180° from the satellite pointing direction. The ef-
fective area of the instrument slowly decreases as a function of off-axis
angle, mainly due to the effect of the PICsIT planar geometry combined
with the change in opacity of the shielding and ISGRI detector plane.

The instrument coded mask opacity to hard X-ray photons is larger
than that of the passive shield thus PICsIT in principle collects more
signal from sources outside the FoV than those closer to the satellite
pointing direction (in sharp contrast with ISGRI). This leads to an
increased sensitivity for isolated, bright, impulsive events (i.e. GRBs).
In these cases, the long-term background variability can often be ne-
glected and its average level can be well-constrained before and after
the event without relying on the coded mask.

To evaluate the response of PICSIT to high-energy bursts from
any sky direction it is important to take into account the partial
absorption of the corresponding radiation by the satellite structures.
We thus performed Monte Carlo simulations using the INTEGRAL mass
model previously described by (Ferguson et al., 2003) and improving
it through the inclusion of a more detailed IBIS mass model (Laurent
et al.,, 2003). We validated our approach by comparing the results
for the detection of sources within the FoV with the predictions of
the PICsIT responses based on the most recent instrument calibrations
provided by the instrument team.

5.5. IBIS-VETO

The bottom and lateral sides of the IBIS detectors are surrounded
by an active coincidence shield, the IBIS/Veto, which is made of
2-cm-thick BGO crystals (Quadrini et al., 2003). The count rate of
the IBIS/Veto is integrated continuously every 8s and transmitted
to ground. This makes the subsystem an efficient detector of GRBs
(and other gamma-ray transient phenomena) albeit with a reduced
sensitivity for events shorter than the integration time.

We used Monte Carlo simulations exploiting the INTEGRAL mass
model (Ferguson et al., 2003) to compute the IBIS/Veto response. We
checked our results by using observations of bright GRBs detected
by Fermi/GBM. For a good match, we had to account for the low-
energy threshold of the IBIS/Veto system for which we have a limited
description. The estimated discrepancy between the observed number
of counts compared to those expected based on GBM results was found
to be less than ~20%.

IBIS/Veto is a particularly useful instrument to study sources at
off-axis angles larger than about 120° where the sensitivity of ISGRI,
PICsIT, and the IBIS Compton mode are low. At these angles, the
coverage provided by SPI-ACS is also limited. We also note that there
is a relatively small fraction of the sky (about 15%, depending on the
source spectrum) for which the effective area of the IBIS/Veto is larger
than the one of SPI-ACS. For impulsive events longer than 8 s and
near the opposite of the satellite pointing direction, the IBIS/Veto has
a factor of 4 better sensitivity relative to the SPI-ACS due to its similar
effective area (~3000 cm?), but lower background (by a factor of 2) and
lower energy threshold.

5.6. IBIS-Compton mode

The INTEGRAL/IBIS telescope is routinely used as a Compton
Coded Mask telescope. True Compton scatterings are two events de-
tected in the two IBIS independent detectors, ISGRI and PiCsIT. These
IBIS/Compton data may be used to make Compton images out of
the coded mask field of view. This is possible only at high energies,
above 300 keV, when the IBIS shielding begins to become transparent.
This Compton imaging process, which will be implemented in the
INTEGRAL near real time transient follow-up system, will extend the
IBIS FOV.
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5.7. JEM-X

The Joint European Monitor for X-rays (JEM-X) instrument (Lund
et al., 2003) consists of a pair of coded-mask cameras providing a zero-
response field of view of 13° in diameter and an angular resolution of
3’. With a position accuracy ~ 1/, JEM-X is especially useful to locate,
and possibly identify, an X-ray counterpart if part of the localization
region falls by chance in the field of view, or for pointed observations
during follow-ups. Source detection can be achieved with a nominal
continuum sensitivity of about 1074 phcm=2s~' keV~! from 3 to 20 keV
for a 3¢ detection in 103 s, estimated at the beginning of the mission.

5.8. OMC

The Optical Monitoring Camera (OMC) was designed to observe the
optical emission from the prime targets of the gamma-ray instruments
on-board INTEGRAL (Mas-Hesse et al., 2003b). It has a field of view of
5 by 5 degrees, but due to telemetry constraints only a set of preselected
sources is transmitted to ground. This makes OMC unsuitable for a
serendipitous search of impulsive events. However, it is a useful tool
for pointed observations in follow-up campaigns, with a limiting V-
Johnson magnitude in the range 16-17 depending on the sky direction.
In case IBAS (see Section 5.9) localizes a GRB inside the OMC FoV, a
telecommand is automatically sent to the satellite to set an appropriate
CCD window in order to acquire OMC data at the GRB position. This
happened just once on June 26, 2005, but the GRB happened so close
to a bright star that the detector was saturated.

5.9. The IBAS software suite

The INTEGRAL Burst Alert System (IBAS) is the automatic software
devoted to the rapid detection and localization of GRBs (Mereghetti
et al., 2003). Contrary to many other y-ray astronomy satellites, no on-
board GRB triggering system is present on INTEGRAL. Since the data
are continuously transmitted and reach the ISDC within a few seconds,
the search for GRB is done at ISDC. This has some advantages: besides
the availability of larger computing power, there is greater flexibility,
with respect to systems operating on board satellites, for software
and hardware upgrades. To take full advantage of this flexibility, the
IBAS software architecture features different algorithms that are easily
tunable using parameters.

IBAS localizations are based on two different programs using the
data from the IBIS lower energy detector ISGRI. The first program
performs a simple monitoring of the overall ISGRI counting rate. This
is done by looking for significant excesses with respect to a running
average simultaneously on different time scales. Excesses trigger an
imaging analysis in which images are accumulated for different time
intervals and compared to the pre-burst reference in order to detect
the appearance of the GRB as a new source. This step is essential to
eliminate many triggers due to instrumental effects and background
variations which do not produce a point source excess in the recon-
structed sky images. The second Detector Program is entirely based
on image comparison. Images of the sky are continuously produced
and compared with the previous ones to search for new sources. This
one has the advantage of being less affected by variability of the
background or of other sources in the field of view. Finally, a third kind
of Detector Program is used to search for GRBs detected by SPI-ACS.

Significant alerts are distributed using direct connections with part-
ners who have subscribed and transmitted by the GCN notice system.*
The potential of IBIS/ISGRI for the search of serendipitous events in
the field of view is optimally exploited by IBAS with only a handful of
GRBs not detected in the online analysis, where they were identified as
weak excesses (Chelovekov et al., 2019).

4 See https://gen.gsfc.nasa.gov/gen/integral_grbs.html.
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5.10. An automatic system to react to transient events

The results are the outcome of a well-defined process that assures
a standard search is performed, as described below. In searching for
impulsive events at the limit of instrumental sensitivity, it is essential
that no ad hoc searches undermine the statistical robustness of the
method. Otherwise, the estimate of association significance can be
fooled and background events can appear as real. The human veto is
introduced only to avoid obvious errors, due to unexpected technical
issues, being propagated. Given the crucial role of the pipeline, we
describe it briefly below.

As soon as a transient event, such as a neutrino or gravitational
wave detection, is broadcast through a machine readable system, as
a GCN notice, it is possible to automatically trigger and run a pipeline.
This INTEGRAL transient analysis pipeline features:

+ an initial assessment of the instrument status and the possibility
to perform follow-up observations;

+ a three-part pipeline that starts with a realtime analysis of SPI-
ACS data on a timescale of minutes, complements it with data
from other detectors on a time scale of one hour for a classifica-
tion pipeline, and is completed by an extended untargeted search
in SPI-ACS;

+ complementary analysis of IBIS-Veto and PICsIT spectral timing
data.

These steps will be described in detail in a forthcoming paper.

In order to express the upper limits and measurements in physical
units, it is necessary to make assumptions about the source spectra. For
the results of all pipelines, we use two spectral shapes characteristic
of GRBs. The “short-hard” spectrum is close to an average short GRB
spectrum detected by Fermi/GBM, and is described by so-called “Comp-
ton” model with @=0.5, E,,,=600 keV (Gruber et al., 2014), used in
conjunction with 1 s timescale. The “long-soft” spectrum is suitable for
long bursts (typically thought to be associated to collapsar events), is a
Band GRB model, with a=-1, E , , =300 keV, f=-2.5.

It is only using these spectral templates, that we can compare the
observations in different INTEGRAL all-sky instruments with the pre-
dictions of the relative response model. Only with such a combination,
is it possible to find the small real variations in the stable INTEGRAL
background to constrain long-lasting emission of GRBs and also to
derive a crude localization. Out of the field of view, SPI-ACS is the
most sensitive instrument, but in the rear direction of the satellite,
for long events, it is overcome by the IBIS/Veto system.®> The different
sensitivity of the instruments allows also for a very coarse localization
of events: for instance if an event is strong in the IBIS-VETO, but
weaker in SPI-ACS, it is likely to come from the rear of the field of view.
Whereas, an event which is seen in SPI-ACS but also in the bare rates
of ISGRI or PIGsIT and not in the field of view is likely to come from
around 45 degrees from the pointing direction. This coarse localization
can range from 1% to 75% of the full sky, depending on the spacecraft
orientation with respect to the signal and on its spectral characteristics.
Even though it is not usually suitable for afterglow follow-up, it can be
combined with other constraints (e.g. from LIGO-Virgo, or from other
instruments).

No public products are automatically distributed from the full
pipeline, but example results may be found in (Siegert et al., 2018;
Margutti et al., 2019), while the realtime products described in (ii) and
(iii) are widely used in all GCN reports (see Table A.1).

peak

5 The 8-s integration time of the IBIS-VETO signal prevents good sensitivity
for short events.
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6. Follow up observations

INTEGRAL is ideally suited to search for serendipitous gamma-ray
signals, however, once a gravitational wave trigger is received, the
large field of view of the pointed instruments can be exploited to search
for signals from the object formed during the merger.

In some cases, bright X- and gamma-ray emission is expected from
BNS mergers. A detection of such a bright X-ray counterpart would
definitely point towards the presence of a stable neutron star as the
end-product of the merger (e,g, Metzger and Piro, 2014; Margalit and
Metzger, 2017). This is currently the most promising way to determine
whether the BNS merger product is a black hole or a neutron star and
INTEGRAL has the potential to do so with its ability to cover several
hundreds of square degrees in a single dithering pattern. In addition,
radioactive decay is expected to produce characteristic gamma-rays,
which will leak out, and provide the most direct diagnostic of the
kilonova energy source; INTEGRAL limits for nearby events will be
important (see Savchenko et al., 2017c, for realistic limits). Early
versus later time observations can constrain the viewing angle and the
geometry of the system, as well as the strength of the magnetic field
and the rotation period of the newborn neutron star. On the other hand,
while models for the EM emission from BBH merger are less developed,
INTEGRAL upper limits can be very valuable to constrain current and
future theoretical efforts.

7. Some selected results
7.1. GW150914

The first detection of a gravitational wave signal in 2015 from
the merger of two black holes with masses of about 30 solar masses
each (Abbott et al., 2016b) was followed up by the first massive
campaign of electromagnetic follow-up (Abbott et al., 2016¢c,d). No
counterpart was detected, although a lively discussion was raised by
the tentative association with an excess in the Fermi-GBM detector
count rates (Connaughton et al., 2016). The significance of the event,
based on the occurrence of similar excesses in the time series, is
about 1074, therefore, the probability that such an event happens by
chance at 0.4s from the GW trigger is about 3 x 1073, which implies
an association significance of 2.9¢ (Connaughton et al., 2018). The
astrophysical origin of such an excess has been debated both from the
perspective of the Fermi-GBM data analysis (Greiner et al., 2016) and
owing to the non-detection of any excess in the SPI-ACS light curve,
as reported by Savchenko et al. (2016), who set an upper limit on the
75-2000keV fluence of 2x 108 erg cm~2, equivalent to about 10~ the
gravitational wave energy release. As SPI-ACS was sensitive to the en-
tire LIGO localization region, this upper limit put severe constraints on
the allowed spectrum of the Fermi-GBM excess: for an initially reported
best-fit FERMI-GBN cutoff-power-law spectrum, SPI-ACS would have
detected a highly significant signal from 5 to 15¢ (Savchenko et al.,
2016); for a power law without break, the signal would have been
much larger. Connaughton et al. (2018) acknowledged that measuring
the spectrum of such a weak excess with Fermi-GBM alone has a high
level of uncertainty and that a deeper knowledge of the instrument
cross-calibration with SPI-ACS would be beneficial to determine the
allowed corners of the parameter space for which the two signals are
compatible. In our view, the fact that no other excess was observed in
the relatively large sample of gravitational wave signals from binary
black holes (Hamburg et al., 2020) reinforces the conjecture that this
excess was not of astrophysical origin. Moreover, the only clear signal
in both SPI-ACS and Fermi-GBM was due to a binary neutron star
merger, as described in Section 7.2.
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Fig. 2. The joint, multi-messenger detection of GW170817 and GRB170817A. Top:
The summed Fermi/GBM lightcurve for sodium iodide (Nal) detectors 1, 2, and 5 for
GRB170817A between 50 and 300 keV, matching the 100 ms time bins of SPI-ACS data
shown at the bottom. Middle: The time—frequency map of GW170817 was obtained by
coherently combining LIGO-Hanford and LIGO-Livingston data. Bottom: The SPI-ACS
lightcurve with the energy range starting approximately at 100 keV and with a high
energy limit of least 80 MeV. All times here are referred to the GW170817 trigger
time.

7.2. GW170817

The loudest signal in gravitational waves so far was produced by the
merging of two neutron stars in the galaxy NGC 4993 at 40 Mpc (Abbott
et al., 2017b). A gamma-ray burst was autonomously detected by
Fermi-GBM (Goldstein et al., 2017) and independently reported by
INTEGRAL SPI-ACS with a fluence of (1.4 +0.4) X 1077 erg cm™ in the
75-2000 keV energy range (Savchenko et al., 2017c¢). In Fig. 2, we show
the gravitational wave strain and the gamma-ray burst. The chance
coincidence of these events is 5 x 10~%, while the time difference with
the gravitational wave signal was 1.74 + 0.04s (Abbott et al., 2017a).
Such a short delay (1) constrains the difference between the speed of
light and gravity to

—3%x 1075 < Av/v < 7x 10710

(2) places new bounds on the possible violation of Lorentz invariance
with a significant improvement on various parameters, (3) presents a
new test of the equivalence principle constraining the Shapiro delay be-
tween gravitational and electromagnetic radiation. This event marked
the birth of the multi-messenger astronomy (Abbott et al., 2017c) and
enlightened the power of the multi-messenger approach.

Furthermore, GRB170817A is the closest gamma-ray burst detected
so far and is 100-1 million times weaker than any other events with a
known distance. Thus, it is consistent with being an off-axis GRB. The
evolution of the gamma-ray emission towards a thermal spectrum and
the timescale of such an evolution are compatible with the scenario in
which the GRB emission originated from the interaction of the jet with
an envelope of matter produced during the merger (Goldstein et al.,
2017). The absence of a bright hard X-ray counterpart (Savchenko
et al., 2017c¢) is compatible with the creation of a black hole as a prod-
uct of the merger. Considering that the total mass of the GW170817
binary system is relatively large (2.74 M), it is generally proposed
that the merger of GW170817 would lead to a temporal hyper-massive
neutron star (supported by differential rotation) which survived 10-
100 ms before collapsing into a BH or even directly a BH (Margalit and
Metzger, 2017; Bauswein and Stergioulas, 2017; Rezzolla et al., 2018;
Metzger et al., 2018).

After the serendipitous detection of the prompt GRB, INTEGRAL
continued the planned observation for about 20 h. Then, it was re-
pointed, to perform a targeted TOO follow-up observation for several
days. This provided the most stringent upper limits on any electro-
magnetic signal in a very broad energy range, from 3 keV to 8 MeV.
These data constrained the soft gamma-ray afterglow flux to < 7.1 x
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10~'" erg cm™? s~! in the range 80 — 300 keV. In addition, it con-
strained the gamma-ray line emission intensity from radioactive decays,
expected to be the principal source of the energy behind a kilonova
event following a NS-NS coalescence. Finally, it provided a stringent
upper limit on any delayed bursting activity, for example, from a newly
formed magnetar. The gamma-ray prompt detection and the subsequent
continuous observations at all wavelengths have provided important
constraints on the high-energy emission of the resulting kilonova and
the nature of the post-inspiral object: NS, BH, or a new exotic object,
still under debate.

An X-ray afterglow was detected only nine days after the merger,
while the radio afterglow other seven days later (Abbott et al., 2017c);
this is the expected behavior of an “orphan afterglow”. In a standard
GRB, the jetted emission is pointed towards us and the afterglow is seen
immediately after the prompt emission; if there is misalignment, the
jet needs to open up before becoming visible. The very low gamma-ray
luminosity of GRB170817A implies that the jet was not seen on-axis or,
in principle, that it was not even produced. However, observations of
the radio afterglow with the Very Long Baseline Inteferometer 160 days
after the merger provided an estimation of the expansion speed (Mooley
et al., 2018b,c,a; Ghirlanda et al., 2019) and secured the existence of a
standard jet as the origin also of the X-ray emission (Troja et al., 2018;
Margutti et al., 2018; D’Avanzo et al., 2018). X-ray emission is still
detected almost three years after the event (Troja et al., 2020). The off-
axis angle inferred from gravitational waves is better constrained if the
distance is fixed to the known distance of the host galaxy, by reducing
parameter degeneracy and is less than 28 degrees (Abbott et al., 2017c).
Finally, the very low gamma-ray emission could also be produced by
a structured cocoon around the jet, a phenomenon seen for the first
time in this object owing to its relative proximity (Abbott et al., 2017a;
Mooley et al., 2018b).

GW170817 was observed in gravitational waves by three detectors,
this yielded a relatively small sky position area (~30 sq-deg), a good
signal-to-noise and a precision of ~25% in the estimation of the dis-
tance of the source. This allowed optical astronomers to restrict the
pool of possible target galaxies for their search (Abbott et al., 2017c).
Indeed, after 10 h from the GW signal detection, an optical counterpart
was associated to GW170817 and localized in the galaxy NGC 4993
at ~40 Mpc by multiple and independent observers. The emission was
followed-up with multi-wavelengths observations (from UV to IR) for
several weeks. The time-scale and the color evolution of the light curve
(from blue to red in few days) were compatible with a kilonova (KN)
scenario, in which the decay of heavy elements synthesized through
r-process radioactively powered such emission (Kasen et al., 2013;
Metzger and Fernandez, 2014; Pian et al., 2017; Smartt et al., 2017).
In particular, it has been explained as originating from two different
ejecta components. A fast (v ~0.3c) dynamical ejecta, emitted from
the polar regions is responsible of the early-time blue emission. This
component is characterized by a relatively high electron fraction, which
is a signature of the occurrence of weak interactions, triggered by
the presence of a strong neutrino emitter, such as a hyper massive
neutron star (Evans et al., 2017). Instead, the late-time red emission is
dominated by lathanide-rich ejecta, likely originating from an accretion
disk wind in addition to an equatorial tidal ejecta (Metzger, 2017).

7.3. Other GW events

The response of all instruments can be combined to search for a
signal and, in the majority of cases, obtain the most stringent upper
limit on the electromagnetic signal in the INTEGRAL band. This was
shown for the INTEGRAL observation of GW151012 (Savchenko et al.,
2017a), which was not announced as an online alert, but after several
months in their catalog paper (Abbott et al., 2019a) in which it inter-
preted as a merger of two black holes of 23fé8M® and 13’:;‘ M, at a
distance of 1000 + 500 Mpc. In that case, the large localization region
intersected also the field of view of the INTEGRAL instruments, which
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could exploited in their full dynamical range of sensitivity to derive
upper limits on emission from 3 keV to 2 MeV.

Having multiple facilities able to detect gamma-ray impulsive events
at the same time, albeit with different sensitivities and sky cover-
ing fractions, proved to be a fundamental asset also in the case of
GW170104 for which INTEGRAL provided a stringent upper limit on
the whole localization region (Savchenko et al., 2017b). The upper
limit was incompatible in most of the sky with a marginal detection
by the mini-Calorimeter (MCAL) onboard the AstroRivelatore Gamma
a Immagini Leggero (AGILE). In the only limited portion of the sky
where the sensitivity of the INTEGRAL instruments was not optimal
and the lowest-allowed fluence estimated by the AGILE team would
still be compatible with the INTEGRAL results, simultaneous observa-
tions by Fermi/Gamma-ray Burst Monitor and AstroSAT excluded an
astrophysical origin of the AGILE excess.

During the third observing run of LIGO and Virgo, the INTEGRAL
multi-messenger team and other groups have constantly monitored the
instruments to look for serendipitous signals. We report in Table A.1
all our circulars on this topic. In this sample, there was just one other
very probable binary neutron star merger (GW 190425; Abbott et al.
2020), which gave origin to some controversy over a possible marginal
detection with INTEGRAL between (Pozanenko et al., 2020) and the
multi-messenger team (Savchenko et al., 2019). The former report a
weak gamma-ray burst in SPI-ACS consisting of two pulses ~0.5 and
~5.9 s after the NS merger with an a priori significance of 3.5 and
4.40. Analysis of the SPI-ACS count rate history recorded for a total
of ~125ks of observations around the event has shown that the rate
of random occurrence of two close spikes with similar characteristics is
such that a similar event occurs by chance, on average, every ~4.3 h.
The latter state that for the excess at 6 s after the GW trigger, they
estimate a possible 75-2000 keV fluence range due to uncertainty of the
location from 2x107!0 and 2x10~° ergcm=2 (in addition to systematic
uncertainty of response of 20% and statistical uncertainty of 30%),
assuming the duration of 1s and a characteristic short GRB spectrum
with an exponentially cut off power law with « = -0.5 and E, =
600keV. They stress that the false alarm probability of association of
this excess is below 3 ¢. However, no other counterpart was found at
any wavelength, possibly due to the relatively large distance of this
object (160 + 70 Mpc), but also from the possibility that at least one of
the components was a black hole.

7.4. IceCube-170922A

On September 22nd, 2017, at 20:54:30.43 (UTC), the IceCube neu-
trino telescope detected a high-energy muon track event (IC170922A)
induced by a neutrino with an energy of ~290 TeV with a 90% confi-
dence level lower limit of 183 TeV (IceCube Collaboration et al., 2018).
An automated alert notified the community 43 seconds later, providing
preliminary position and energy estimates. Subsequent offline analyses
led to a best-fitting right ascension of 77.437%% and declination of

~0.65
+5.72+030 (degrees, J2000 equinox, 90% containment region). Soon

after thoi'sorelease, the neutrino was reported to be spatially correlated
with the gamma-ray blazar TXS 0506+056, whose flaring episode was
observed by Fermi-LAT (Atwood et al., 2009) and by the MAGIC
Cherenkov telescopes (Aleksi¢ et al., 2016), up to about 400 GeV,
within the following days (IceCube Collaboration et al., 2018). Based
on this correlation, a strong multi-wavelength follow-up campaign
covered the full electromagnetic spectrum and allowed for an analysis
of the broadband spectral energy distribution (SED) of TXS 0506+056.
Assuming a redshift z ~ 0.34 (Paiano et al., 2018), it was shown that
the electromagnetic radiation of the blazar can be well explained by
leptonic processes, with a radiatively subdominant hadronic component
compatible with the detection of IC170922A (see e.g. Keivani et al.
2018).

The INTEGRAL observatory took part of the electromagnetic follow-
up of this source at energies above 20 keV. Combining data from
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SPI-ACS and the veto of the IBIS imager, an upper limit on the 8-second
peak flux at any time within +30 min from the alert time was estimated
at the level of 107 erg cm~2 s~!. From September 30th to October
24th, the location of TXS 05064056 was serendipitously in the field
of view of INTEGRAL resulting to an effective exposure of 32 ks. The
blazar was not detected in the ISGRI data and thus an upper limit on
the average flux of 7.1x10~!'! erg cm=2 s~! and 9.8x10~!! erg cm=2 57!
respectively in the energy range 20-80 keV and 80-250 keV was set (3¢
confidence level).

Even though those limits did not strongly constrain the SED of
TXS 0506+
056, INTEGRAL was the only instrument able to cover the high-energy
sky above ~80 keV up to the MeV range. The energy range from
tens of keV to tens of MeV is particularly interesting to constrain
hadronic processes on the SED of blazars since relativistic protons
interacting with synchrotron photons will produce secondaries whose
synchrotron emission leaves an imprint in the energy range 40 keV-40
MeV (Petropoulou and Mastichiadis, 2015). In scenarios where the hard
gamma-ray emission of blazars is produced by photohadronic interac-
tions, the features of this process, also known as the Bethe-Heitler pair
production process, may be comparable to the hard gamma-ray flux
produced by photo-pion processes and thus can be an efficient way
of constraining hadronic acceleration in blazar relativistic outflows. In
this context, INTEGRAL and next-generation hard X-ray/soft gamma-
ray instruments can play a crucial role in confirming the association
between high-energy neutrinos and blazars.

7.5. FRB counterparts

In March 2018, three new FRBs were detected by the Parkes tele-
scope (FRB180301 see ATel #11376, FRB180309 see ATel #11385
and FRB180311 see ATeL #11396). For each event, the rates of the
INTEGRAL “all-sky detectors” were searched for any impulsive tran-
sients at the time of the FRB (as in Savchenko et al., 2017a). For
the given FRB source location, the best sensitivity was achieved with
IBIS/ISGRI or SPI ACS, depending on the source spectrum. INTEGRAL
did not detect any significant counterpart for these bursts, but set 3¢
upper limits for the 75-2000 keV fluences of 4.0, 5.7 and 2.6e-7
ergcm~2 for FRB180301 (ATeL #11386), FRB180309 (ATeL #11387)
and FRB180311 (ATeL #11431), respectively.

The periodic nature of FRB 180916 allowed observers to carry
on targeted multi-wavelength campaigns: in one of them, INTEGRAL
provided a 3o upper limit on a 75-2000 keV fluence of any burst
shorter than 1s (50 ms) of 1.8 x 1077 (4 x 10~8)ergem—2 (Pilia et al.,
2020). Unfortunately, all three radio bursts found in the lowest ra-
dio frequency of the Sardinia Radio Telescope (~350 MHz) occurred
slightly more than one hour before the start of the INTEGRAL pointing
observation. Only the soft X-ray upper limit by XMM-Newton were
available in correspondence of the burst and they correspond to a limit
in the 0.3—10 keV burst luminosity of ~ 10*> ergs~!. Similar results with
radio activity not associated with X-ray flares were reported by Scholz
et al. (2020).

A fundamental discovery has been made during an active period
of the galactic magnetar SGR 1935+ 2154 in 2020 (Hurley et al.,
2020; Veres et al., 2020). This culminated with the emission of a
“burst forest”, i.e. tens of bursts in a short time interval on April
27-28 (Palmer, 2020; Younes et al., 2020; Fletcher and Fermi GBM
Team, 2020). INTEGRAL was observing the galactic black-hole binary
GRS 19154105, when IBAS detected two very intense bursts from the
direction of the magnetar. The brightest of the two was temporally
coincident with FRB 200428 discovered by the CHIME and STARE2
radio telescopes (CHIME/FRB Collaboration et al., 2020; Bochenek
et al., 2020). Its X-ray emission was detected also by instruments on the
Insight-HXMT, Konus-WIND and AGILE satellites (Li et al., 2020; Rid-
naia et al., 2020; Tavani et al., 2020). The background-subtracted and
dead-time corrected light curve of the brightest burst, as measured with
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Fig. 3. The localization of the source by the IBAS software and, in the inset, the
background subtracted and deadtime corrected light curve derived from IBIS/ISGRI data
in the 20-200 keV range. We used an adaptive binning to ensure at least 40 counts per
time bin. All the times are in the geocentric frame and referred to t,=14:34:24 UTC of
April 28, 2020. The red line (adapted from Fig. 1 of CHIME/FRB Collaboration et al.
2020) marks the position of the radio pulses, represented with two Gaussian curves
centered at 0.42648 s and 0.45545 s.

Source: Adapted from Mereghetti et al. 2020.

IBIS/ISGRI in the 20-200 keV energy range is plotted in Fig. 3, together
with the IBAS localization and the times of radio flares. Spectral and
temporal analysis revealed that this burst was not brighter than others,
but it was harder than the others detected by ISGRI and other satellites.
It has substructures superimposed to a general Gaussian-like profile.
Two of these subpeaks occurred just 6.5 ms after the radio pulses and
are separated by 30 ms, exactly as the radio pulses. The close time
coincidence of the radio and X-ray emission could be due to common
origin of both components in a relatively small region of the pulsar
magnetosphere (e.g., Lyutikov, 2002; Wadiasingh and Timokhin, 2019;
Lyubarsky, 2020). However, models involving emission at distances
much larger than the light cylinder radius (Pc/2z = 1.5 x 10'° cm)
can produce (nearly) simultaneous pulses due to relativistic Doppler
effects (e.g., Margalit et al., 2020,b). The observation of FRB-like
radio emission and gamma-ray flares from a known galactic magnetar
opens the possibility that a subset of the currently known population
of FRBs consists of galactic magnetars so far unidentified at other
wavelengths, while also providing strong support for a magnetar origin
of extragalactic FRBs.

7.6. Optical transient follow-up

High-cadence optical surveys opened the possibility to follow-up, in
X-rays, sources first detected at longer wavelengths. New transients can
span large ranges in luminosity. They can be associated to H-stripped
core collapse supernovae or be extremes in supernova populations.
There is a class of bright events outshining also supernovae with blue
colors the so called Fast Blue Optical Transients (FBOT Drout et al.,
2014). Models that explain these phenomena span from the interaction
of explosion shock waves with circumstellar or atmospheric material to
prolonged energy injection from a central compact object.

AT 2018cow was discovered on 2018 June 16 by the ATLAS survey,
as a rapidly evolving transient located within a spiral arm of the
dwarf star-forming galaxy CGCG 137-068 at 60 Mpc. Margutti et al.
(2019) report on the first ~100 days multi-wavelength follow-up which
uncovered, among others, a peculiar hard X-ray component above
~15keV, which outshone the underlying absorbed power-law compo-
nents, detected at soft X-rays 7.7 days after the discovery and rapidly
disappearing after another 3 days. The soft components continued to
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evolve as +~! for more than a month. This emission is larger than that
seen in supernovae and resembles GRBs in the local Universe. The hard
X-ray emission, whose cutoff at ~50keV is uniquely constrained by IN-
TEGRAL, is interpreted as Compton reprocessing by a thick equatorial
disk that either shields the internal shocks or a central engine (like a
magnetar). At later stages, the rapid ejecta expansion causes clearance
of scattering material and the disappearance of the Compton hump.

This massive multi-wavelength follow-up campaign of an FBOT
uncovered a new class of astronomical transients powered by a central
engine and characterized by luminous and long-lived radio plus X-
ray emission. The hard X-ray component played a central role in the
understanding of a Compton shield and motivates continuation of such
a follow-up activity with INTEGRAL.

8. Conclusions and future perspectives

Nearly fifteen years after the INTEGRAL scientific operation started,
the space observatory entered a new exciting phase of its scientific life,
playing a major role in the era of “Multimessenger astrophysics”. In
fact, the highly eccentric orbit coupled with a set of complementary
detector features, providing continuous coverage of the whole sky,
gives INTEGRAL unprecedented capability for the identification and
study of the electromagnetic radiation associated with multi-messenger
signals.

INTEGRAL provided, in most of the cases, the best upper limits
available to binary black hole mergers with a ratio of emitted elec-
tromagnetic to gravitational energy E,/Egy S 1077 — 1075, clearly
demonstrating the absence of impulsive gamma-ray burst emission
contemporaneous with GW.

The independent detection by INTEGRAL of the short gamma-ray
burst GRB170817A 1.74s after the end of the GW signal, has shown
a completely different scenario in the case of NS-NS mergers, proving
its association with the binary neutron star merging event GW170817
detected by the LVC. In fact, the association was immediately evident,
due to the time lag of the two signals and the positional coinci-
dence, with the overlapped error box, derived from gravitational waves,
INTEGRAL/SPI-ACS and Fermi/GBM, all reported almost in real time.
The GW170817 detection from LVC and the corresponding detection
of GRB170817A have been a fundamental step in multi-messenger
astrophysics with a total combined statistical significance of 5.3 ¢ for
the joint GW-GRB detection. It also firmly demonstrated the correlation
between GW emission and the kilonova as a product of the NS-NS
inspiral.

The delay between the GW arrival time and the detection of gamma-
rays, after a travel time of ~ 130 million years also places strict limits
between the speed of light and gravitational waves in the (not fully
vacuum) universe with an unprecedented accuracy. Furthermore, the
time delay of (+1.74 + 0.05) s between GRB170817A and GW170817
implies new bounds on Lorentz Invariance violation and revises the test
of the equivalence principle by constraining the Shapiro delay between
gravitational and electromagnetic radiation. Finally, we have used the
time delay to constrain the size and bulk Lorentz factor of the region
emitting gamma-rays (Abbott et al., 2017a).

The low luminosity and flux of GRB 170817A have suggested the
possible existence of a population of short GRBs that are below instru-
ment thresholds and are missed due to the lack of on-board trigger.
Initial GBM results report detecting ~80 SGRBs per year, compared to
~40 triggered events per year. One of the ongoing and future activities
will be to search for sub-threshold short GRBs in PICSIT and SPI-ACS
data for untriggered events reported by GBM. This common search for
past sub-threshold events can be used by the LIGO-Virgo collaboration
to search for low-significance GW signals. During the next LIGO-Virgo
observing runs, near real-time sub-threshold detections for the common
search can be used to look for faint GW counterparts and lead to follow-
up observations across the EM spectrum. Finally, the production of
quasi real-time PICsIT spectra, with a time resolution of 7.5 ms over 8
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Fig. 4. Radio versus X-ray (starting from 0.5 keV) fluences for FRBs and magnetar
bursts. The range of FRB fluences corresponds to a variety of detections reported in
the past years (Hurley et al., 2005; Tendulkar et al., 2016; Kozlova et al., 2016; Scholz
et al., 2017; Lin et al., 2020; CHIME/FRB Collaboration et al., 2020; Bochenek et al.,
2020; Scholz et al., 2020; Pilia et al., 2020; Karuppusamy et al., 2010). The purple
region indicates a robust upper limit on the hard X-ray fluence of FRBs as derived with
a high-duty-cycle detector, such as the INTEGRAL SPI-ACS.

Source: From Mereghetti et al., 2020.

energy channels from 0.25 to 2.6 MeV is ongoing. The major difficulty
is the production of a reliable deconvolution matrix taking into account
the different azimuth and elevation angles of the detected burst. This
will complete the existing real-time processing, already showing at the
same time from each triggered or alerted GRB, the count rates measured
by SPI-ACS, IBIS/PICSiT and IBIS/VETO.

Fast radio bursts were thought to be linked to magnetar giant flares,
but the association of a Galactic FRB with a gamma-ray flare of the
magnetar SGR 1935+2154 constituted a game changer with a ratio of
radio to X-ray luminosity of 2 x 10~5. Not only has this association
confirmed such a long-sought association, but also opened the inter-
esting possibility that a fraction of FRBs could be of Galactic origin. On
the other hand, tight X-ray upper limits on periodic FRBs showed that,
often, the X-ray luminosity must be at least three orders of magnitude
less than in the observed case. Radio fkux upper limits on the Galactic
magnetar flares are even tighter arriving to a range of radio to X-ray
fluence values ~ 101! (see Fig. 4). Despite this huge intrinsic variabil-
ity, there is a huge discovery space open to serendipitous discoveries or
to targeted observations of repeating FRBs or magnetar flaring periods.
Indeed, not all FRB emit X-rays and not all magnetar flares emit radio
waves, but we need to investigate the proposal by Mereghetti et al.
(2020) that spectral and timing characteristics of gamma-ray flares may
be linked to radio emission.

The unique INTEGRAL performance discussed above is relevant also
in the search for counterparts of astrophysical neutrinos, as demon-
strated in several recent cases for which constraining upper limits were
provided.

One lesson that can be learned from the INTEGRAL results described
above is that unanticipated uses of a payload can give important
scientific contributions and exciting results. By definition, it is difficult
to optimize the mission for an unforeseen science exploitation, but
some general guidelines can be followed, as including the possibility of
reconfiguration of the on-board software (with the associated problem
of maintaining the required expertise for an extended time period). Also
important are an accurate calibration of all the active elements (in-
cluding unconventional directions and energies), as well as a complete
characterization of both payload and spacecraft with an accurate mass
model.



C. Ferrigno et al.

Acknowledgments

This work is based on observations with INTEGRAL, an ESA project
with instruments and science data center funded by ESA member
states (especially the PI countries: Denmark, France, Germany, Italy,
Switzerland, Spain), and with the participation of Russia and the USA.
The INTEGRAL SPI project has been completed under the responsibil-
ity and leadership of CNES. The SPI ACS detector system has been
provided by MPE Garching/Germany. The SPI team is grateful to ASI,
CEA, CNES, DLR, ESA, INTA, NASA, and OSTC for their support. C.F.
and V.S. acknowledge the supports of the SNF, Switzerland project
No. 200021_188556. The Italian INTEGRAL team acknowledges the
support of ASI/INAF, Italy agreement No. 2013-025-R.1 and 2019-
35-HH. R.D. and A.v.K. acknowledge the German INTEGRAL support
through DLR, Germany Grant 50 OG 1101. A.D. acknowledges the
support of the Spanish State Research Agency grants ESP2017-87676—
C5-1-R (AEI/FEDER, UE) and MDM-2017-0737 (Unidad de Excelencia
Maria de Maeztu — CAB). F.O. acknowledges the support of the H2020
European Hemera program, grant agreement No. 730970. We acknowl-
edge the continuous support by the INTEGRAL Users Group and the
exceptionally efficient support by the teams at ESAC, ESOC, and ISDC
for the scheduling and prompt elaboration of the targeted follow-up
observations.

Appendix A. The complete list of gcns related to integral results
on multi-messenger astronomy until july 2020

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.newar.2020.101595.

References

Aartsen, M.G., Abraham, K., Ackermann, M., Adams, J., Aguilar, J.A., Ahlers, M.,
Ahrens, M., Altmann, D., Andeen, K., Anderson, T., 2017a. The contribution of
Fermi-2LAC blazars to diffuse TeV-PeV neutrino flux. Astrophys. J. 835 (1), 45.
http://dx.doi.org/10.3847/1538-4357/835/1/45, arXiv:1611.03874.

Aartsen, M.G., Ackermann, M., Adams, J., Aguilar, J.A., Ahlers, M., Ahrens, M.,
Altmann, D., Andeen, K., Anderson, T., Ansseau, 1., Anton, G., et al., 2017b. The
icecube realtime alert system. Astropart. Phys. 92, 30-41. http://dx.doi.org/10.
1016/j.astropartphys.2017.05.002, arXiv:1612.06028.

Aartsen, M.G., Ackermann, M., Adams, J., Aguilar, J.A., Ahlers, M., Ahrens, M.,
Altmann, D., Anderson, T., Arguelles, C., Arlen, T.C., et al., 2014. Observation
of high-energy astrophysical neutrinos in three years of icecube data. Phys. Rev.
Lett. 113 (10), 101101. http://dx.doi.org/10.1103/PhysRevLett.113.101101, arXiv:
1405.5303.

Aartsen, M.G., et al., 2013. Evidence for high-energy extraterrestrial neutrinos at the
icecube detector. Science 342, http://dx.doi.org/10.1126/science.1242856, arXiv:
1311.5238.

Aasi, J., Abadie, J., Abbott, B.P., Abbott, R., Abbott, T., Abernathy, M.R., Accadia, T.,
Acernese, F., Adams, C., Adams, T., Adhikari, R.X., et al., 2015. Characterization
of the LIGO detectors during their sixth science run. Classical Quantum Gravity 32
(11), 115012. http://dx.doi.org/10.1088/0264-9381/32/11/115012, arXiv:1410.
7764.

Abadie, J., Abbott, B.P., Abbott, T.D., Abbott, R., Abernathy, M., Adams, C., Ad-
hikari, R., Affeldt, C., Ajith, P., Allen, B., Allen, G.S., et al., 2012. Implications
for the origin of GRB 051103 from LIGO observations. Astrophys. J. 755 (1), 2.
http://dx.doi.org/10.1088/0004-637X/755/1/2, arXiv:1201.4413.

Abbasi, R., Ackermann, M., Adams, J., Ahlers, M., Ahrens, J., Andeen, K., Auffen-
berg, J., Bai, X., Baker, M., Barwick, S.W., 2009. The icecube data acquisition
system: Signal capture, digitization, and timestamping. Nucl. Instrum. Methods
Phys. Res. A 601 (3), 294-316. http://dx.doi.org/10.1016/j.nima.2009.01.001,
arXiv:0810.4930.

Abbott, B.P., Abbott, R., Abbott, T.D., Abernathy, M.R., Acernese, F., Ackley, K.,
Adams, C., Adams, T., Addesso, P., Adhikari, R.X., Adya, V.B., et al., 2016a. Astro-
physical implications of the binary black-hole merger GW150914. Astrophys. J. 818
(2), L22. http://dx.doi.org/10.3847/2041-8205/818/2/1.22, arXiv:1602.03846.

Abbott, B.P., Abbott, R., Abbott, T.D., Abernathy, M.R., Acernese, F., Ackley, K.,
Adams, C., Adams, T., Addesso, P., Adhikari, R.X., Adya, V.B., et al., 2016b. First
targeted search for gravitational-wave bursts from core-collapse supernovae in data
of first-generation laser interferometer detectors. Phys. Rev. D 94 (10), 102001.
http://dx.doi.org/10.1103/PhysRevD.94.102001, arXiv:1605.01785.

12

New Astronomy Reviews 92 (2021) 101595

Abbott, B.P., Abbott, R., Abbott, T.D., Abernathy, M.R., Acernese, F., Ackley, K.,
Adams, C., Adams, T., Addesso, P., Adhikari, R.X., Adya, V.B., et al., 2016c. Local-
ization and broadband follow-up of the gravitational-wave transient GW150914.
Astrophys. J. 826 (1), L13. http://dx.doi.org/10.3847/2041-8205/826/1/113,
arXiv:1602.08492.

Abbott, B.P., Abbott, R., Abbott, T.D., Abernathy, M.R., Acernese, F., Ackley, K.,
Adams, C., Adams, T., Addesso, P., Adhikari, R.X., Adya, V.B., et al., 2016d.
Supplement: “localization and broadband follow-up of the gravitational-wave
transient GW150914” (2016, ApJL, 826, L13). Astrophys. J. Suppl. 225 (1), 8.
http://dx.doi.org/10.3847,/0067-0049/225/1/8, arXiv:1604.07864.

Abbott, B.P., Abbott, R., Abbott, T.D., Abernathy, M.R., Acernese, F., Ackley, K.,
Adams, C., Adams, T., Addesso, P., Adhikari, R.X., Adya, V.B., et al., 2018.
Prospects for observing and localizing gravitational-wave transients with advanced
LIGO, advanced Virgo and KAGRA. Living Rev. Relativ. 21 (1), 3. http://dx.doi.
org/10.1007/541114-018-0012-9, arXiv:1304.0670.

Abbott, B.P., Abbott, R., Abbott, T.D., Abraham, S., Acernese, F., Ackley, K., Adams, C.,
Adhikari, R.X., Adya, V.B., Affeldt, C., Agathos, M., et al., 2019a. GWTC-1: A
gravitational-wave transient catalog of compact binary mergers observed by LIGO
and virgo during the first and second observing runs. Phys. Rev. X 9 (3), 031040.
http://dx.doi.org/10.1103/PhysRevX.9.031040, arXiv:1811.12907.

Abbott, B.P., Abbott, R., Abbott, T.D., Abraham, S., Acernese, F., Ackley, K., Adams, C.,
Adhikari, R.X., Adya, V.B., Affeldt, C., Agathos, M., et al., 2019b. Search for
gravitational-wave signals associated with gamma-ray bursts during the second
observing run of advanced LIGO and advanced virgo. Astrophys. J. 886 (1), 75.
http://dx.doi.org/10.3847/1538-4357 /ab4b48, arXiv:1907.01443.

Abbott, B.P., Abbott, R., Abbott, T.D., Abraham, S., Acernese, F., Ackley, K., Adams, C.,
Adhikari, R.X., Adya, V.B., Affeldt, C., Agathos, M., et al., 2020. GW190425:
Observation of a compact binary coalescence with total mass ~ 3.4 M. Astrophys.
J. 892 (1), L3. http://dx.doi.org/10.3847/2041-8213/ab75f5, arXiv:2001.01761.

Abbott, B.P., Abbott, R., Abbott, T.D., Acernese, F., Ackley, K., Adams, C., Adams, T.,
Addesso, P., Adhikari, R.X., Adya, V.B., Affeldt, C., et al., 2017a. Gravitational
waves and gamma-rays from a binary neutron star merger: GW170817 and
GRB 170817a. Astrophys. J. 848 (2), L13. http://dx.doi.org/10.3847/2041-8213/
aa920c, arXiv:1710.05834.

Abbott, B.P., Abbott, R., Abbott, T.D., Acernese, F., Ackley, K., Adams, C., Adams, T.,
Addesso, P., Adhikari, R.X., Adya, V.B., Affeldt, C., et al., 2017b. GW170817:
Observation of gravitational waves from a binary neutron star inspiral. Phys.
Rev. Lett. 119 (16), 161101. http://dx.doi.org/10.1103/PhysRevLett.119.161101,
arXiv:1710.05832.

Abbott, B.P., Abbott, R., Abbott, T.D., Acernese, F., Ackley, K., Adams, C., Adams, T.,
Addesso, P., Adhikari, R.X., Adya, V.B., Affeldt, C., et al., 2017c. Multi-messenger
observations of a binary neutron star merger. Astrophys. J. 848 (2), L12. http:
//dx.doi.org/10.3847/2041-8213/aa91¢9, arXiv:1710.05833.

Ageron, M., Aguilar, J.A., Al Samarali, I., Albert, A., Ameli, F., André, M., Anghinolfi, M.,
Anton, G., Anvar, S., Ardid, M., 2011. ANTARES: The first undersea neutrino
telescope. Nucl. Instrum. Methods Phys. Res. A 656 (1), 11-38. http://dx.doi.org/
10.1016/j.nima.2011.06.103, arXiv:1104.1607.

Ageron, M., Aguilar, J.A.,, Al Samarai, 1., Albert, A., André, M., Anghinolfi, M.,
Anton, G., Anvar, S., Ardid, M., Assis Jesus, A.C., Astraatmadja, T., Aubert, J.J.,
Baret, B., Basa, S., Bertin, V., Biagi, S., Bigi, A., Bigongiari, C., Bogazzi, C., Bou-
Cabo, M., Bouhou, B., Bouwhuis, M.C.,, et al., 2012. The ANTARES telescope
neutrino alert system. Astropart. Phys. 35 (8), 530-536. http://dx.doi.org/10.1016/
j.astropartphys.2011.11.011, arXiv:1103.4477.

Aleksié, J., Ansoldi, S., Antonelli, L.A., Antoranz, P., Babic, A., Bangale, P., Barceld, M.,
Barrio, J.A., Becerra Gonzalez, J., Bednarek, W., 2016. The major upgrade of
the MAGIC telescopes, part II: A performance study using observations of the
crab nebula. Astropart. Phys. 72, 76-94. http://dx.doi.org/10.1016/j.astropartphys.
2015.02.005, arXiv:1409.5594.

Atwood, W.B., Abdo, A.A., Ackermann, M., Althouse, W., Anderson, B., Axelsson, M.,
Baldini, L., Ballet, J., Band, D.L., Barbiellini, G., 2009. The large area telescope on
the Fermi gamma-ray space telescope mission. Astrophys. J. 697 (2), 1071-1102.
http://dx.doi.org/10.1088/0004-637X/697/2/1071, arXiv:0902.1089.

Bartos, 1., 2016. Rapid and bright stellar-mass binary black hole mergers in active
galactic nuclei. In: American Astronomical Society Meeting Abstracts #228, p.
208.03.

Bauswein, A., Just, O., Janka, H.-T., Stergioulas, N., 2017. Neutron-star radius con-
straints from GW170817 and future detections. Astrophys. J. 850 (2), L34. http:
//dx.doi.org/10.3847,/2041-8213/aa9994, arXiv:1710.06843.

Bauswein, A., Stergioulas, N., 2017. Semi-analytic derivation of the threshold mass for
prompt collapse in binary neutron-star mergers. Mon. Not. R. Astron. Soc. 471 (4),
4956-4965. http://dx.doi.org/10.1093/mnras/stx1983, arXiv:1702.02567.

Bochenek, C.D., Ravi, V., Belov, K.V., Hallinan, G., Kocz, J., Kulkarni, S.R.,
McKenna, D.L., 2020. A fast radio burst associated with a galactic magnetar.
Nature 587 (7832), 59-62. http://dx.doi.org/10.1038/541586-020-2872-x, arXiv:
2005.10828.

Burns, E., Goldstein, A., Hui, C.M., Blackburn, L., Briggs, M.S., Connaughton, V., Ham-
burg, R., Kocevski, D., Veres, P., Wilson-Hodge, C.A., Bissaldi, E., Cleveland, W.H.,
Giles, M.M., Mailyan, B., Meegan, C.A., Paciesas, W.A., Poolakkil, S., Preece, R.D.,
Racusin, J.L., Roberts, O.J., von Kienlin, A., Gamma-Ray Burst Monitor, F., LIGO
Scientific Collaboration, Virgo Collaboration, 2019. A Fermi gamma-ray burst


https://doi.org/10.1016/j.newar.2020.101595
http://dx.doi.org/10.3847/1538-4357/835/1/45
http://arxiv.org/abs/1611.03874
http://dx.doi.org/10.1016/j.astropartphys.2017.05.002
http://dx.doi.org/10.1016/j.astropartphys.2017.05.002
http://dx.doi.org/10.1016/j.astropartphys.2017.05.002
http://arxiv.org/abs/1612.06028
http://dx.doi.org/10.1103/PhysRevLett.113.101101
http://arxiv.org/abs/1405.5303
http://arxiv.org/abs/1405.5303
http://arxiv.org/abs/1405.5303
http://dx.doi.org/10.1126/science.1242856
http://arxiv.org/abs/1311.5238
http://arxiv.org/abs/1311.5238
http://arxiv.org/abs/1311.5238
http://dx.doi.org/10.1088/0264-9381/32/11/115012
http://arxiv.org/abs/1410.7764
http://arxiv.org/abs/1410.7764
http://arxiv.org/abs/1410.7764
http://dx.doi.org/10.1088/0004-637X/755/1/2
http://arxiv.org/abs/1201.4413
http://dx.doi.org/10.1016/j.nima.2009.01.001
http://arxiv.org/abs/0810.4930
http://dx.doi.org/10.3847/2041-8205/818/2/L22
http://arxiv.org/abs/1602.03846
http://dx.doi.org/10.1103/PhysRevD.94.102001
http://arxiv.org/abs/1605.01785
http://dx.doi.org/10.3847/2041-8205/826/1/L13
http://arxiv.org/abs/1602.08492
http://dx.doi.org/10.3847/0067-0049/225/1/8
http://arxiv.org/abs/1604.07864
http://dx.doi.org/10.1007/s41114-018-0012-9
http://dx.doi.org/10.1007/s41114-018-0012-9
http://dx.doi.org/10.1007/s41114-018-0012-9
http://arxiv.org/abs/1304.0670
http://dx.doi.org/10.1103/PhysRevX.9.031040
http://arxiv.org/abs/1811.12907
http://dx.doi.org/10.3847/1538-4357/ab4b48
http://arxiv.org/abs/1907.01443
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.3847/2041-8213/aa920c
http://arxiv.org/abs/1710.05834
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://arxiv.org/abs/1710.05833
http://dx.doi.org/10.1016/j.nima.2011.06.103
http://dx.doi.org/10.1016/j.nima.2011.06.103
http://dx.doi.org/10.1016/j.nima.2011.06.103
http://arxiv.org/abs/1104.1607
http://dx.doi.org/10.1016/j.astropartphys.2011.11.011
http://dx.doi.org/10.1016/j.astropartphys.2011.11.011
http://dx.doi.org/10.1016/j.astropartphys.2011.11.011
http://arxiv.org/abs/1103.4477
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://arxiv.org/abs/1409.5594
http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://arxiv.org/abs/0902.1089
http://dx.doi.org/10.3847/2041-8213/aa9994
http://dx.doi.org/10.3847/2041-8213/aa9994
http://dx.doi.org/10.3847/2041-8213/aa9994
http://arxiv.org/abs/1710.06843
http://dx.doi.org/10.1093/mnras/stx1983
http://arxiv.org/abs/1702.02567
http://dx.doi.org/10.1038/s41586-020-2872-x
http://arxiv.org/abs/2005.10828
http://arxiv.org/abs/2005.10828
http://arxiv.org/abs/2005.10828

C. Ferrigno et al.

monitor search for electromagnetic signals coincident with gravitational-wave
candidates in advanced LIGO’s first observing run. Astrophys. J. 871 (1), 90.
http://dx.doi.org/10.3847/1538-4357/aaf726, arXiv:1810.02764.

Cai, Y.-F., Sabancilar, E., Steer, D.A., Vachaspati, T., 2012. Radio broadcasts from
superconducting strings. Phys. Rev. D 86 (4), 043521. http://dx.doi.org/10.1103/
PhysRevD.86.043521, arXiv:1205.3170.

Caleb, M., Flynn, C., Bailes, M., Barr, E.D., Bateman, T., Bhandari, S., Campbell-
Wilson, D., Farah, W., Green, A.J., Hunstead, R.W., Jameson, A., Jankowski, F.,
Keane, E.F., Parthasarathy, A., Ravi, V., Rosado, P.A., van Straten, W., Venkatraman
Krishnan, V., 2017. The first interferometric detections of fast radio bursts. Mon.
Not. R. Astron. Soc. 468 (3), 3746-3756. http://dx.doi.org/10.1093/mnras/stx638,
arXiv:1703.10173.

Caleb, M., Spitler, L.G., Stappers, B.W., 2018. One or several populations of fast radio
burst sources? Nat. Astron. 2, 839-841. http://dx.doi.org/10.1038/s41550-018-
0612-z, arXiv:1811.00360.

Chatterjee, S., Law, C.J., Wharton, R.S., Burke-Spolaor, S., Hessels, J.W.T., Bower, G.C.,
Cordes, J.M., Tendulkar, S.P., Bassa, C.G., Demorest, P., Butler, B.J., Seymour, A.,
Scholz, P., Abruzzo, M.W., Bogdanov, S., Kaspi, V.M., Keimpema, A., Lazio, T.J.W.,
Marcote, B., McLaughlin, M.A., Paragi, Z., Ransom, S.M., Rupen, M., Spitler, L.G.,
van Langevelde, H.J., 2017. A direct localization of a fast radio burst and its
host. Nature 541 (7635), 58-61. http://dx.doi.org/10.1038/nature20797, arXiv:
1701.01098.

Chelovekov, 1.V., Grebenev, S.A., Pozanenko, A.S., Minaev, P.Y., 2019. New gamma-
ray bursts found in the archival data from the IBIS/ISGRI telescope of the
INTEGRAL observatory. Astron. Lett. 45 (10), 635-654. http://dx.doi.org/10.1134/
$1063773719100025, arXiv:2005.11606.

Chime/Frb Collaboration, Amiri, M., Andersen, B.C., Band ura, K.M., Bhardwaj, M.,
Boyle, P.J., Brar, C., Chawla, P., Chen, T., Cliche, J.F., Cubranic, D., Deng, M.,
Denman, N.T., Dobbs, M., Dong, F.Q., Fand ino, M., Fonseca, E., Gaensler, B.M.,
Giri, U., Good, D.C., Halpern, M., Hessels, JW.T., Hill, A.S., Hofer, C., Jose-
phy, A., Kania, J.W., Karuppusamy, R., Kaspi, V.M., Keimpema, A., Kirsten, F.,
Landecker, T.L., Lang, D.A., Leung, C., Li, D.Z., Lin, H.H., Marcote, B., Masui, K.W.,
McKinven, R., Mena-Parra, J., Merryfield, M., Michilli, D., Milutinovic, N., Mirhos-
seini, A., Naidu, A., Newburgh, L.B., Ng, C., Nimmo, K., Paragi, Z., Patel, C.,
Pen, U.L., Pinsonneault-Marotte, T., Pleunis, Z., Rafiei-Ravandi, M., Rahman, M.,
Ransom, S.M., Renard, A., Sanghavi, P., Scholz, P., Shaw, J.R., Shin, K., Siegel, S.R.,
Singh, S., Smegal, R.J., Smith, K.M., Stairs, L.H., Tendulkar, S.P., Tretyakov, L.,
Vanderlinde, K., Wang, H., Wang, X., Wulf, D., Yadav, P., Zwaniga, A.V., 2020.
Periodic activity from a fast radio burst source. Nature 582 (7812), 351-355.
http://dx.doi.org/10.1038/541586-020-2398-2, arXiv:2001.10275.

CHIME/FRB Collaboration, Andersen, B.C., Bandura, K., Bhardwaj, M., Boubel, P.,
Boyce, M.M., Boyle, P.J., Brar, C., Cassanelli, T., Chawla, P., Cubranic, D., Deng, M.,
Dobbs, M., Fandino, M., Fonseca, E., Gaensler, B.M., Gilbert, A.J., Giri, U,
Good, D.C., Halpern, M., Hill, A.S., Hinshaw, G., Hofer, C., Josephy, A., Kaspi, V.M.,
Kothes, R., Landecker, T.L., Lang, D.A., Li, D.Z., Lin, H.H., Masui, K.W., Mena-
Parra, J., Merryfield, M., Mckinven, R., Michilli, D., Milutinovic, N., Naidu, A.,
Newburgh, L.B., Ng, C., Patel, C., Pen, U., Pinsonneault-Marotte, T., Pleunis, Z.,
Rafiei-Ravandi, M., Rahman, M., Ransom, S.M., Renard, A., Scholz, P., Siegel, S.R.,
Singh, S., Smith, K.M., Stairs, I.H., Tendulkar, S.P., Tretyakov, 1., Vanderlinde, K.,
Yadav, P., Zwaniga, A.V., 2019. CHIME/FRB discovery of eight new repeating fast
radio burst sources. Astrophys. J. 885 (1), L24. http://dx.doi.org/10.3847/2041-
8213/ab4a80, arXiv:1908.03507.

CHIME/FRB Collaboration, B.C., Bandura, K.M., Bhardwaj, M., Bij, A., Boyce, M.M.,
Boyle, P.J., Brar, C., Cassanelli, T., Chawla, P., Chen, T., Cliche, J.F., Cook, A.,
Cubranic, D., Curtin, A.P., Denman, N.T., Dobbs, M., Dong, F.Q., Fandino, M., Fon-
seca, E., Gaensler, B.M., Giri, U., Good, D.C., Halpern, M., Hill, A.S., Hinshaw, G.F.,
Hofer, C., Josephy, A., Kania, J.W., Kaspi, V.M., Landecker, T.L., Leung, C.,
Li, D.Z., Lin, H.H., Masui, KW., McKinven, R., Mena-Parra, J., Merryfield, M.,
Meyers, B.W., Michilli, D., Milutinovic, N., Mirhosseini, A., Miinchmeyer, M.,
Naidu, A., Newburgh, L.B., Ng, C., Patel, C., Pen, U.L., Pinsonneault-Marotte, T.,
Pleunis, Z., Quine, B.M., Rafiei-Ravandi, M., Rahman, M., Ransom, S.M., Renard, A.,
Sanghavi, P., Scholz, P., Shaw, J.R., Shin, K., Siegel, S.R., Singh, S., Smegal, R.J.,
Smith, K.M., Stairs, I.H., Tan, C.M., Tendulkar, S.P., Tretyakov, 1., Vanderlinde, K.,
Wang, H., Wulf, D., Zwaniga, A.V., 2020. A bright millisecond-duration radio burst
from a galactic magnetar. Nature 587 (7832), 54-58. http://dx.doi.org/10.1038/
s41586-020-2863-y, arXiv:2005.10324.

Connaughton, V., Burns, E., Goldstein, A., Blackburn, L., Briggs, M.S., Christensen, N.,
Hui, C.M., Kocevski, D., Littenberg, T., McEnery, J.E., Racusin, J., Shawhan, P.,
Veitch, J., Wilson-Hodge, C.A., Bhat, P.N., Bissaldi, E., Cleveland , W., Giles, M.M.,
Gibby, M.H., von Kienlin, A., Kippen, R.M., McBreen, S., Meegan, C.A., Pa-
ciesas, W.S., Preece, R.D., Roberts, O.J., Stanbro, M., Veres, P., 2018. On the
interpretation of the Fermi-GBM transient observed in coincidence with LIGO
gravitational-wave event GW150914. Astrophys. J. 853 (1), L9. http://dx.doi.org/
10.3847/2041-8213/aaa4f2, arXiv:1801.02305.

Connaughton, V., Burns, E., Goldstein, A., Blackburn, L., Briggs, M.S., Zhang, B.B.,
Camp, J., Christensen, N., Hui, C.M., Jenke, P., Littenberg, T., McEnery, J.E.,
Racusin, J., Shawhan, P., Singer, L., Veitch, J., Wilson-Hodge, C.A., Bhat, P.N.,
Bissaldi, E., Cleveland, W., Fitzpatrick, G., Giles, M.M., Gibby, M.H., von Kienlin, A.,
Kippen, R.M., McBreen, S., Mailyan, B., Meegan, C.A., Paciesas, W.S., Preece, R.D.,
Roberts, O.J., Sparke, L., Stanbro, M., Toelge, K., Veres, P., 2016. Fermi GBM

New Astronomy Reviews 92 (2021) 101595

Observations of LIGO gravitational-wave event GW150914. Astrophys. J. 826 (1),
L6. http://dx.doi.org/10.3847/2041-8205/826/1/L6, arXiv:1602.03920.

Cordes, J.M., Chatterjee, S., 2019. Fast radio bursts: An extragalactic enigma. Annu.
Rev. Astron. Astrophys. 57, 417-465. http://dx.doi.org/10.1146/annurev-astro-
091918-104501, arXiv:1906.05878.

Cordes, J.M., Wasserman, 1., 2016. Supergiant pulses from extragalactic neutron stars.
Mon. Not. R. Astron. Soc. 457 (1), 232-257. http://dx.doi.org/10.1093/mnras/
stv2948, arXiv:1501.00753.

Coughlin, M.W., Dietrich, T., Doctor, Z., Kasen, D., Coughlin, S., Jerkstrand, A.,
Leloudas, G., McBrien, O., Metzger, B.D., O’Shaughnessy, R., Smartt, S.J., 2018.
Constraints on the neutron star equation of state from AT2017gfo using radiative
transfer simulations. Mon. Not. R. Astron. Soc. 480 (3), 3871-3878. http://dx.doi.
org/10.1093/mnras/sty2174, arXiv:1805.09371.

Courvoisier, T.J.L., Walter, R., Beckmann, V., Dean, A.J., Dubath, P., Hudec, R.,
Kretschmar, P., Mereghetti, S., Montmerle, T., Mowlavi, N., Paltani, S., Preite
Martinez, A., Produit, N., Staubert, R., Strong, A.W., Swings, J.P., Westergaard, N.J.,
White, N., Winkler, C., Zdziarski, A.A., 2003. The INTEGRAL science data centre
(ISDC). Astron. Astrophys. 411, L53-L57. http://dx.doi.org/10.1051/0004-6361:
20031172, arXiv:astro-ph/0308047.

D’Avanzo, P., Campana, S., Salafia, O.S., Ghirland a, G., Ghisellini, G., Melandri, A.,
Bernardini, M.G., Branchesi, M., Chassande-Mottin, E., Covino, S., D’Elia, V.,
Nava, L., Salvaterra, R., Tagliaferri, G., Vergani, S.D., 2018. The evolution of
the X-ray afterglow emission of GW 170817/ grb 170817a in XMM-Newton
observations. Astron. Astrophys. 613, L1. http://dx.doi.org/10.1051/0004-6361/
201832664, arXiv:1801.06164.

Drout, M.R., Chornock, R., Soderberg, A.M., Sand ers, N.E., McKinnon, R., Rest, A.,
Foley, R.J., Milisavljevic, D., Margutti, R., Berger, E., Calkins, M., Fong, W.,
Gezari, S., Huber, M.E., Kankare, E., Kirshner, R.P., Leibler, C., Lunnan, R., Mat-
tila, S., Marion, G.H., Narayan, G., Riess, A.G., Roth, K.C., Scolnic, D., Smartt, S.J.,
Tonry, J.L., Burgett, W.S., Chambers, K.C., Hodapp, K.W., Jedicke, R., Kaiser, N.,
Magnier, E.A., Metcalfe, N., Morgan, J.S., Price, P.A., Waters, C., 2014. Rapidly
evolving and luminous transients from pan-STARRS1. Astrophys. J. 794 (1), 23.
http://dx.doi.org/10.1088/0004-637X/794/1/23, arXiv:1405.3668.

Evans, P.A., Cenko, S.B., Kennea, J.A., Emery, S.W.K., Kuin, N.P.M., Korobkin, O.,
Wollaeger, R.T., Fryer, C.L., Madsen, K.K., Harrison, F.A., Xu, Y., Nakar, E.,,
Hotokezaka, K., Lien, A., Campana, S., Oates, S.R., Troja, E., Breeveld, A.A., Mar-
shall, F.E., Barthelmy, S.D., Beardmore, A.P., Burrows, D.N., Cusumano, G., D’Ai, A.,
D’Avanzo, P., D’Elia, V., de Pasquale, M., Even, W.P., Fontes, C.J., Forster, K.,
Garcia, J., Giommi, P., Grefenstette, B., Gronwall, C., Hartmann, D.H., Heida, M.,
Hungerford, A.L., Kasliwal, M.M., Krimm, H.A., Levan, A.J., Malesani, D., Me-
landri, A., Miyasaka, H., Nousek, J.A., O’Brien, P.T., Osborne, J.P., Pagani, C.,
Page, K.L., Palmer, D.M., Perri, M., Pike, S., Racusin, J.L., Rosswog, S., Siegel, M.H.,
Sakamoto, T., Sbarufatti, B., Tagliaferri, G., Tanvir, N.R., Tohuvavohu, A., 2017.
Swift and NuSTAR observations of GW170817: Detection of a blue kilonova.
Science 358 (6370), 1565-1570. http://dx.doi.org/10.1126/science.aap9580, arXiv:
1710.05437.

Falcke, H., Rezzolla, L., 2014. Fast radio bursts: the last sign of supramassive neu-
tron stars. Astron. Astrophys. 562, A137. http://dx.doi.org/10.1051/0004-6361/
201321996, arXiv:1307.1409.

Ferguson, C., Barlow, E.J., Bird, A.J., Dean, A.J., Hill, A.B., Shaw, S.E., Stephen, J.B.,
Sturner, S., Tikkanen, T.V., Weidenspointner, G., 2003. The INTEGRAL mass model
- TIMM. Astron. Astrophys. 411, L19-L23. http://dx.doi.org/10.1051/0004-6361:
20031403.

Fletcher, C., Fermi GBM Team, 2020. Fermi GBM Observation of a bright flare from
magnetar SGR 1935+2154. GRB Coord. Netw. 27659, 1.

Freiburghaus, C., Rosswog, S., Thielemann, F.K.,, 1999. R-process in neutron star
mergers. Astrophys. J. 525 (2), L121-L124. http://dx.doi.org/10.1086,/312343.
Gao, H., Lei, W.-H., You, Z.-Q., Xie, W., 2016. The black hole central engine for ultra-
long gamma-ray burst 111209A and its associated supernova 2011kl. Astrophys.
J. 826 (2), 141. http://dx.doi.org/10.3847/0004-637X/826/2/141, arXiv:1605.

04660.

Gao, H., Lei, W.-H., Zou, Y.-C., Wu, X.-F., Zhang, B., 2013. A complete reference of the
analytical synchrotron external shock models of gamma-ray bursts. New A Rev. 57
(6), 141-190. http://dx.doi.org/10.1016/j.newar.2013.10.001, arXiv:1310.2181.

Gao, S., Pohl, M., Winter, W., 2017. On the direct correlation between gamma-rays
and PeV neutrinos from blazars. Astrophys. J. 843 (2), 109. http://dx.doi.org/10.
3847/1538-4357/aa7754, arXiv:1610.05306.

Ghirlanda, G., Salafia, O.S., Paragi, Z., Giroletti, M., Yang, J., Marcote, B., Blan-
chard, J., Agudo, I, An, T. Bernardini, M.G., Beswick, R., Branchesi, M.,
Campana, S., Casadio, C., Chassand e-Mottin, E., Colpi, M., Covino, S., D’Avanzo, P.,
D’Elia, V., Frey, S., Gawronski, M., Ghisellini, G., Gurvits, L.I., Jonker, P.G., van
Langevelde, H.J., Melandri, A., Moldon, J., Nava, L., Perego, A., Perez-Torres, M.A.,
Reynolds, C., Salvaterra, R., Tagliaferri, G., Venturi, T., Vergani, S.D., Zhang, M.,
2019. Compact radio emission indicates a structured jet was produced by a binary
neutron star merger. Science 363 (6430), 968-971. http://dx.doi.org/10.1126/
science.aau8815, arXiv:1808.00469.

Giacomazzo, B., Perna, R., 2013. Formation of stable magnetars from binary neutron
star mergers. Astrophys. J. 771 (2), L26. http://dx.doi.org/10.1088/2041-8205/
771/2/126, arXiv:1306.1608.


http://dx.doi.org/10.3847/1538-4357/aaf726
http://arxiv.org/abs/1810.02764
http://dx.doi.org/10.1103/PhysRevD.86.043521
http://dx.doi.org/10.1103/PhysRevD.86.043521
http://dx.doi.org/10.1103/PhysRevD.86.043521
http://arxiv.org/abs/1205.3170
http://dx.doi.org/10.1093/mnras/stx638
http://arxiv.org/abs/1703.10173
http://dx.doi.org/10.1038/s41550-018-0612-z
http://dx.doi.org/10.1038/s41550-018-0612-z
http://dx.doi.org/10.1038/s41550-018-0612-z
http://arxiv.org/abs/1811.00360
http://dx.doi.org/10.1038/nature20797
http://arxiv.org/abs/1701.01098
http://arxiv.org/abs/1701.01098
http://arxiv.org/abs/1701.01098
http://dx.doi.org/10.1134/S1063773719100025
http://dx.doi.org/10.1134/S1063773719100025
http://dx.doi.org/10.1134/S1063773719100025
http://arxiv.org/abs/2005.11606
http://dx.doi.org/10.1038/s41586-020-2398-2
http://arxiv.org/abs/2001.10275
http://dx.doi.org/10.3847/2041-8213/ab4a80
http://dx.doi.org/10.3847/2041-8213/ab4a80
http://dx.doi.org/10.3847/2041-8213/ab4a80
http://arxiv.org/abs/1908.03507
http://dx.doi.org/10.1038/s41586-020-2863-y
http://dx.doi.org/10.1038/s41586-020-2863-y
http://dx.doi.org/10.1038/s41586-020-2863-y
http://arxiv.org/abs/2005.10324
http://dx.doi.org/10.3847/2041-8213/aaa4f2
http://dx.doi.org/10.3847/2041-8213/aaa4f2
http://dx.doi.org/10.3847/2041-8213/aaa4f2
http://arxiv.org/abs/1801.02305
http://dx.doi.org/10.3847/2041-8205/826/1/L6
http://arxiv.org/abs/1602.03920
http://dx.doi.org/10.1146/annurev-astro-091918-104501
http://dx.doi.org/10.1146/annurev-astro-091918-104501
http://dx.doi.org/10.1146/annurev-astro-091918-104501
http://arxiv.org/abs/1906.05878
http://dx.doi.org/10.1093/mnras/stv2948
http://dx.doi.org/10.1093/mnras/stv2948
http://dx.doi.org/10.1093/mnras/stv2948
http://arxiv.org/abs/1501.00753
http://dx.doi.org/10.1093/mnras/sty2174
http://dx.doi.org/10.1093/mnras/sty2174
http://dx.doi.org/10.1093/mnras/sty2174
http://arxiv.org/abs/1805.09371
http://dx.doi.org/10.1051/0004-6361:20031172
http://dx.doi.org/10.1051/0004-6361:20031172
http://dx.doi.org/10.1051/0004-6361:20031172
http://arxiv.org/abs/astro-ph/0308047
http://dx.doi.org/10.1051/0004-6361/201832664
http://dx.doi.org/10.1051/0004-6361/201832664
http://dx.doi.org/10.1051/0004-6361/201832664
http://arxiv.org/abs/1801.06164
http://dx.doi.org/10.1088/0004-637X/794/1/23
http://arxiv.org/abs/1405.3668
http://dx.doi.org/10.1126/science.aap9580
http://arxiv.org/abs/1710.05437
http://arxiv.org/abs/1710.05437
http://arxiv.org/abs/1710.05437
http://dx.doi.org/10.1051/0004-6361/201321996
http://dx.doi.org/10.1051/0004-6361/201321996
http://dx.doi.org/10.1051/0004-6361/201321996
http://arxiv.org/abs/1307.1409
http://dx.doi.org/10.1051/0004-6361:20031403
http://dx.doi.org/10.1051/0004-6361:20031403
http://dx.doi.org/10.1051/0004-6361:20031403
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb47
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb47
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb47
http://dx.doi.org/10.1086/312343
http://dx.doi.org/10.3847/0004-637X/826/2/141
http://arxiv.org/abs/1605.04660
http://arxiv.org/abs/1605.04660
http://arxiv.org/abs/1605.04660
http://dx.doi.org/10.1016/j.newar.2013.10.001
http://arxiv.org/abs/1310.2181
http://dx.doi.org/10.3847/1538-4357/aa7754
http://dx.doi.org/10.3847/1538-4357/aa7754
http://dx.doi.org/10.3847/1538-4357/aa7754
http://arxiv.org/abs/1610.05306
http://dx.doi.org/10.1126/science.aau8815
http://dx.doi.org/10.1126/science.aau8815
http://dx.doi.org/10.1126/science.aau8815
http://arxiv.org/abs/1808.00469
http://dx.doi.org/10.1088/2041-8205/771/2/L26
http://dx.doi.org/10.1088/2041-8205/771/2/L26
http://dx.doi.org/10.1088/2041-8205/771/2/L26
http://arxiv.org/abs/1306.1608

C. Ferrigno et al.

Goldstein, A., Veres, P., Burns, E., Briggs, M.S., Hamburg, R., Kocevski, D., Wilson-
Hodge, C.A., Preece, R.D., Poolakkil, S., Roberts, O.J., Hui, C.M., Connaughton, V.,
Racusin, J., von Kienlin, A., Dal Canton, T., Christensen, N., Littenberg, T.,
Siellez, K., Blackburn, L., Broida, J., Bissaldi, E., Cleveland, W.H., Gibby, M.H.,
Giles, M.M., Kippen, R.M., McBreen, S., McEnery, J., Meegan, C.A., Paciesas, W.S.,
Stanbro, M., 2017. An ordinary short gamma-ray burst with extraordinary im-
plications: Fermi-GBM detection of GRB 170817a. Astrophys. J. 848 (2), L14.
http://dx.doi.org/10.3847/2041-8213/aa8f41, arXiv:1710.05446.

Graham, M.J., Ford, K.E.S., McKernan, B., Ross, N.P., Stern, D., Burdge, K., Cough-
lin, M., Djorgovski, S.G., Drake, A.J., Duev, D., Kasliwal, M., Mahabal, A.A., van
Velzen, S., Belecki, J., Bellm, E.C., Burruss, R., Cenko, S.B., Cunningham, V.,
Helou, G., Kulkarni, S.R., Masci, F.J., Prince, T., Reiley, D., Rodriguez, H.,
Rusholme, B., Smith, R.M., Soumagnac, M.T., 2020. Candidate electromagnetic
counterpart to the binary black hole merger gravitational-wave event $190521g*.
Phys. Rev. Lett. 124 (25), 251102. http://dx.doi.org/10.1103/PhysRevLett.124.
251102, arXiv:2006.14122.

Greiner, J., Burgess, J.M., Savchenko, V., Yu, H.F., 2016. On the Fermi-GBM event 0.4
s after GW150914. Astrophys. J. 827 (2), L38. http://dx.doi.org/10.3847/2041-
8205/827/2/L38, arXiv:1606.00314.

Gruber, D., Goldstein, A., Weller von Ahlefeld, V., Narayana Bhat, P., Bissaldi, E.,
Briggs, M.S., Byrne, D., Cleveland, W.H., Connaughton, V., Diehl, R., Fishman, G.J.,
Fitzpatrick, G., Foley, S., Gibby, M., Giles, M.M., Greiner, J., Guiriec, S., van der
Horst, A.J., von Kienlin, A., Kouveliotou, C., Layden, E., Lin, L., Meegan, C.A.,
McGlynn, S., Paciesas, W.S., Pelassa, V., Preece, R.D., Rau, A., Wilson-Hodge, C.A.,
Xiong, S., Younes, G., Yu, H.-F., 2014. The Fermi GBM gamma-ray burst spectral
catalog: Four years of data. Astrophys. J. Suppl. 211 (1), 12. http://dx.doi.org/10.
1088/0067-0049/211/1/12, arXiv:1401.5069.

Hamburg, R., Fletcher, C., Burns, E., Goldstein, A., Bissaldi, E., Briggs, M.S., Cleve-
land, W.H., Giles, M.M., Hui, C.M., Kocevski, D., et al., 2020. A joint Fermi-GBM
and LIGO/Virgo analysis of compact binary mergers from the first and second
gravitational-wave observing runs. Astrophys. J. 893 (2), 100. http://dx.doi.org/
10.3847/1538-4357/ab7d3e, arXiv:2001.00923.

Hansen, B.M.S., Lyutikov, M., 2001. Radio and X-ray signatures of merging neutron
stars. Mon. Not. R. Astron. Soc. 322 (4), 695-701. http://dx.doi.org/10.1046/j.
1365-8711.2001.04103.x, arXiv:astro-ph/0003218.

Hurley, K., Boggs, S.E., Smith, D.M., Duncan, R.C., Lin, R., Zoglauer, A., Krucker, S.,
Hurford, G., Hudson, H., Wigger, C., Hajdas, W., Thompson, C., Mitrofanov, I.,
Sanin, A., Boynton, W., Fellows, C., von Kienlin, A., Lichti, G., Rau, A., Cline, T.,
2005. An exceptionally bright flare from SGR 1806-20 and the origins of short-
duration y-ray bursts. Nature 434 (7037), 1098-1103. http://dx.doi.org/10.1038/
nature03519, arXiv:astro-ph/0502329.

Hurley, K., Mitrofanov, L.G., Golovin, D., Litvak, M.L., Sanin, A.B., Kozlova, A.,
Golenetskii, S., Aptekar, R., Frederiks, D., Svinkin, D., Cline, T., Goldstein, A.,
Briggs, M.S., Wilson-Hodge, C., von Kienlin, A., Zhang, X., Rau, A., Savchenko, V.,
E. Bozzo, E., Ferrigno, C., Barthelmy, S., Cummings, J., Krimm, H., Palmer, D.,
Boynton, W., Fellows, C., Harshman, K., Enos, H., Starr, R., 2020. IPN Triangulation
of a bright burst from SGR 1935+2154. GRB Coord. Netw. 27625, 1.

Hurley, K., Pal’shin, V.D., Aptekar, R.L., Golenetskii, S.V., Frederiks, D.D., Mazets, E.P.,
Svinkin, D.S., Briggs, M.S., Connaughton, V., Meegan, C., Goldsten, J., Boyn-
ton, W., Fellows, C., Harshman, K., Mitrofanov, I.G., Golovin, D.V., Kozyrev, A.S.,
Litvak, M.L., Sanin, A.B., Rau, A., von Kienlin, A., Zhang, X., Yamaoka, K.,
Fukazawa, Y., Hanabata, Y., Ohno, M., Takahashi, T., Tashiro, M., Terada, Y.,
Murakami, T., Makishima, K., Barthelmy, S., Cline, T., Gehrels, N., Cummings, J.,
Krimm, H.A., Smith, D.M., Del Monte, E., Feroci, M., Marisaldi, M., 2013. The
interplanetary network supplement to the Fermi GBM catalog of cosmic gamma-
ray bursts. Astrophys. J. Suppl. 207 (2), 39. http://dx.doi.org/10.1088/0067-
0049/207/2/39, arXiv:1301.3522.

IceCube Collaboration, 2013. Evidence for high-energy extraterrestrial neutrinos at the
icecube detector. Science 342 (6161), 1242856. http://dx.doi.org/10.1126/science.
1242856, arXiv:1311.5238.

IceCube Collaboration, Aartsen, M.G., Ackermann, M., Adams, J., Aguilar, J.A.,
Ahlers, M., Ahrens, M., Al Samarai, I., Altmann, D., Andeen, K., Anderson, T.,
et al., 2018. Multimessenger observations of a flaring blazar coincident with high-
energy neutrino icecube-170922a. Science 361 (6398), eaat1378. http://dx.doi.org/
10.1126/science.aat1378, arXiv:1807.08816.

Kadler, M., Krauf}, F., Mannheim, K., Ojha, R., Miiller, C., Schulz, R., Anton, G.,
Baumgartner, W., Beuchert, T., Buson, S., 2016. Coincidence of a high-fluence
blazar outburst with a PeV-energy neutrino event. Nat. Phys. 12 (8), 807-814.
http://dx.doi.org/10.1038/nphys3715, arXiv:1602.02012.

Karuppusamy, R., Stappers, B.W., van Straten, W., 2010. Giant pulses from the crab
pulsar. a wide-band study. Astron. Astrophys. 515, A36. http://dx.doi.org/10.1051/
0004-6361/200913729, arXiv:1004.2803.

Kasen, D., Badnell, N.R., Barnes, J., 2013. Opacities and spectra of the r-process ejecta
from neutron star mergers. Astrophys. J. 774 (1), 25. http://dx.doi.org/10.1088/
0004-637X/774/1/25, arXiv:1303.5788.

Kashiyama, K., Ioka, K., Mészaros, P., 2013. Cosmological fast radio bursts from binary
white dwarf mergers. Astrophys. J. 776 (2), L39. http://dx.doi.org/10.1088/2041-
8205/776/2/L39, arXiv:1307.7708.

Keane, E.F., Stappers, B.W., Kramer, M., Lyne, A.G., 2012. On the origin of a highly
dispersed coherent radio burst. Mon. Not. R. Astron. Soc. 425 (1), L71-L75.
http://dx.doi.org/10.1111/§.1745-3933.2012.01306.x, arXiv:1206.4135.

14

New Astronomy Reviews 92 (2021) 101595

Keivani, A., Murase, K., Petropoulou, M., Fox, D.B., Cenko, S.B., Chaty, S., Coleiro, A.,
DeLaunay, J.J., Dimitrakoudis, S., Evans, P.A., 2018. A multimessenger picture of
the flaring blazar TXS 0506+056: Implications for high-energy neutrino emission
and cosmic-ray acceleration. Astrophys. J. 864 (1), 84. http://dx.doi.org/10.3847/
1538-4357/aad59a, arXiv:1807.04537.

Kozlova, A.V., Israel, G.L., Svinkin, D.S., Frederiks, D.D., Pal’shin, V.D., Tsvetkova, A.E.,
Hurley, K., Goldsten, J., Golovin, D.V., Mitrofanov, 1.G., Zhang, X.L., 2016. The
first observation of an intermediate flare from SGR 19354+2154. Mon. Not. R.
Astron. Soc. 460 (2), 2008-2014. http://dx.doi.org/10.1093/mnras/stw1109, arXiv:
1605.02993.

Labanti, C., Di Cocco, G., Ferro, G., Gianotti, F., Mauri, A., Rossi, E., Stephen, J.B.,
Traci, A., Trifoglio, M., 2003. The Ibis-Picsit detector onboard Integral. Astron.
Astrophys. 411, L149-L152. http://dx.doi.org/10.1051/0004-6361:20031356.

Laurent, P., Limousin, O., Cadolle-Bel, M., Goldoni, P., Malaguti, G., Caroli, E.,
De Cesare, G., Del Santo, M., Bird, A.J., Grygorczuk, J., 2003. Status of the
integral/IBIS telescope modeling and of the response matrices generation. Astron.
Astrophys. 411, L185-L188. http://dx.doi.org/10.1051/0004-6361:20031585.

Lebrun, F., Leray, J.P., Lavocat, P., Crétolle, J., Arqués, M., Blondel, C., Bonnin, C.,
Boueére, A., Cara, C., Chaleil, T., Daly, F., Desages, F., Dzitko, H., Horeau, B.,
Laurent, P., Limousin, O., Mathy, F., Mauguen, V., Meignier, F., Molinié, F.,
Poindron, E., Rouger, M., Sauvageon, A., Tourrette, T., 2003. ISGRI: The INTEGRAL
soft gamma-ray imager. Astron. Astrophys. 411, L141-L148. http://dx.doi.org/10.
1051/0004-6361:20031367, arXiv:astro-ph/0310362.

Li, CK., Lin, L., Xiong, S.L., Ge, M.Y., Li, X.B,, Li, T.P., Lu, F.J., Zhang, S.N., Tuo, Y.L,
Nang, Y., Zhang, B., Xiao, S., Chen, Y., Song, L.M., Xu, Y.P.,, Liu, C.Z., Jia, S.M.,
Cao, X.L., Zhang, S., Qu, J.L., Liao, J.Y., Zhao, X.F., Tan, Y., Nie, J.Y., Zhao, H.S.,
Zheng, S.J., Zheng, Y.G., Luo, Q., Cai, C., Li, B., Xue, W.C., Bu, Q.C., Chang, Z.,
Chen, G., Chen, L., Chen, T.X., Chen, Y.B., Chen, Y.P.,, Cui, W., Cui, W.W.,
Deng, J.K., Dong, Y.W., Du, Y.Y., Fu, M.X., Gao, G.H., Gao, H., Gao, M., Gu, Y.D.,
Guan, J., Guo, C.C., Han, D.W., Huang, Y., Huo, J., Jiang, L.H., Jiang, W.C., Jin, J.,
Jin, Y.J., Kong, L.D., Li, G, Li, M.S., Li, W,, Li, X., Li, X.F., Li, Y.G., Li, ZW.,
Liang, X.H., Liu, B.S., Liu, G.Q., Liu, HW., Liu, X.J., Liu, Y.N,, Lu, B, Lu, X.F,,
Luo, T., Ma, X., Meng, B., Ou, G., Sai, N., Shang, R.C., Song, X.Y., Sun, L., Tao, L.,
Wang, C., Wang, G.F., Wang, J.,, Wang, W.S., Wang, Y.S., Wen, X.Y., Wu, B.B,,
Wu, B.Y., Wu, M,, Xiao, G.C., Yang, J.W., Yang, S., Yang, Y.J., Yang, Y.-J., Yi, Q.B.,
Yin, Q.Q., You, Y., Zhang, A.M., Zhang, C.M., Zhang, F., Zhang, H.M., Zhang, J.,
Zhang, T., Zhang, W., Zhang, W.C., Zhang, W.Z., Zhang, Y., Zhang, Y., Zhang, Y.F.,
Zhang, Y.J., Zhang, Z., Zhang, Z., Zhang, Z.L., Zhou, D.K., Zhou, J.F., Zhu, Y.,
Zhu, Y.X., Zhuang, R.L., 2020. Identification of a non-thermal X-ray burst with the
galactic magnetar SGR 193542154 and a fast radio burst with insight-HXMT. arXiv
e-prints, arXiv:2005.11071.

Lin, L., Zhang, C.F., Wang, P., Gao, H., Guan, X., Han, J.L., Jiang, J.C., Jiang, P.,
Lee, K.J., Li, D., Men, Y.P., Miao, C.C., Niu, C.H., Niu, J.R., Sun, C., Wang, B.J.,
Wang, Z.L., Xu, H., Xu, J.L.,, Xu, J.W., Yang, Y.H., Yang, Y.P., Yu, W., Zhang, B.,
Zhang, B.B., Zhou, D.J., Zhu, W.W., Castro-Tirado, A.J., Dai, Z.G., Ge, M.Y,,
Hu, Y.D, Li, CK, Li, Y., Li, Z, Liang, E.W., Jia, S.M., Querel, R., Shao, L.,
Wang, F.Y., Wang, X.G., Wu, X.F., Xiong, S.L., Xu, RX., Yang, Y.S., Zhang, G.Q.,
Zhang, S.N., Zheng, T.C., Zou, J.H., 2020. No pulsed radio emission during a
bursting phase of a galactic magnetar. Nature 587 (7832), 63-65. http://dx.doi.
org/10.1038/541586-020-2839-y, arXiv:2005.11479.

Loeb, A., 2016. Electromagnetic counterparts to black hole mergers detected by
LIGO. Astrophys. J. 819 (2), L21. http://dx.doi.org/10.3847/2041-8205/819/2/
L21, arXiv:1602.04735.

Lorimer, D.R., Bailes, M., McLaughlin, M.A., Narkevic, D.J., Crawford, F., 2007. A
bright millisecond radio burst of extragalactic origin. Science 318 (5851), 777.
http://dx.doi.org/10.1126/science.1147532, arXiv:0709.4301.

Lucarelli, F., Pittori, C., Verrecchia, F., Donnarumma, I., Tavani, M., Bulgarelli, A.,
Giuliani, A., Antonelli, L.A., Caraveo, P., Cattaneo, P.W., 2017. AGILE Detection of a
candidate gamma-ray precursor to the ICECUBE-160731 neutrino event. Astrophys.
J. 846 (2), 121. http://dx.doi.org/10.3847/1538-4357/aa81c8, arXiv:1707.08599.

Lund, N., Budtz-Jgrgensen, C., Westergaard, N.J., Brand t, S., Rasmussen, LL., Horn-
strup, A., Oxborrow, C.A., Chenevez, J., Jensen, P.A., Laursen, S., Andersen, K.H.,
Mogensen, P.B., Rasmussen, 1., Omg, K., Pedersen, S.M., Polny, J., Andersson, H.,
Andersson, T., Kdmérdinen, V., Vilhu, O., Huovelin, J., Maisala, S., Morawski, M.,
Juchnikowski, G., Costa, E., Feroci, M., Rubini, A., Rapisarda, M., Morelli, E., Caras-
siti, V., Frontera, F., Pelliciari, C., Loffredo, G., Martinez Nuiiez, S., Reglero, V.,
Velasco, T., Larsson, S., Svensson, R., Zdziarski, A.A., Castro-Tirado, A., Attina, P.,
Goria, M., Giulianelli, G., Cordero, F., Rezazad, M., Schmidt, M., Carli, R.,
Gomez, C., Jensen, P.L., Sarri, G., Tiemon, A., Orr, A., Much, R., Kretschmar, P.,
Schnopper, H.W., 2003. JEM-X: The X-ray monitor aboard INTEGRAL. Astron.
Astrophys. 411, L231-1238. http://dx.doi.org/10.1051/0004-6361:20031358.

Lyubarsky, Y., 2020. Fast radio bursts from reconnection in a magnetar magnetosphere.
Astrophys. J. 897 (1), 1. http://dx.doi.org/10.3847/1538-4357/ab97b5, arXiv:
2001.02007.

Lyutikov, M., 2002. Radio emission from magnetars. Astrophys. J. 580 (1), L65-L68.
http://dx.doi.org/10.1086/345493, arXiv:astro-ph/0206439.

Marcote, B., Nimmo, K., Hessels, JW.T., Tendulkar, S.P., Bassa, C.G., Paragi, Z.,
Keimpema, A., Bhardwaj, M., Karuppusamy, R., Kaspi, V.M., Law, C.J., Michilli, D.,
Aggarwal, K., Andersen, B., Archibald, A.M., Bandura, K., Bower, G.C., Boyle, P.J.,


http://dx.doi.org/10.3847/2041-8213/aa8f41
http://arxiv.org/abs/1710.05446
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://arxiv.org/abs/2006.14122
http://dx.doi.org/10.3847/2041-8205/827/2/L38
http://dx.doi.org/10.3847/2041-8205/827/2/L38
http://dx.doi.org/10.3847/2041-8205/827/2/L38
http://arxiv.org/abs/1606.00314
http://dx.doi.org/10.1088/0067-0049/211/1/12
http://dx.doi.org/10.1088/0067-0049/211/1/12
http://dx.doi.org/10.1088/0067-0049/211/1/12
http://arxiv.org/abs/1401.5069
http://dx.doi.org/10.3847/1538-4357/ab7d3e
http://dx.doi.org/10.3847/1538-4357/ab7d3e
http://dx.doi.org/10.3847/1538-4357/ab7d3e
http://arxiv.org/abs/2001.00923
http://dx.doi.org/10.1046/j.1365-8711.2001.04103.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04103.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04103.x
http://arxiv.org/abs/astro-ph/0003218
http://dx.doi.org/10.1038/nature03519
http://dx.doi.org/10.1038/nature03519
http://dx.doi.org/10.1038/nature03519
http://arxiv.org/abs/astro-ph/0502329
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb61
http://dx.doi.org/10.1088/0067-0049/207/2/39
http://dx.doi.org/10.1088/0067-0049/207/2/39
http://dx.doi.org/10.1088/0067-0049/207/2/39
http://arxiv.org/abs/1301.3522
http://dx.doi.org/10.1126/science.1242856
http://dx.doi.org/10.1126/science.1242856
http://dx.doi.org/10.1126/science.1242856
http://arxiv.org/abs/1311.5238
http://dx.doi.org/10.1126/science.aat1378
http://dx.doi.org/10.1126/science.aat1378
http://dx.doi.org/10.1126/science.aat1378
http://arxiv.org/abs/1807.08816
http://dx.doi.org/10.1038/nphys3715
http://arxiv.org/abs/1602.02012
http://dx.doi.org/10.1051/0004-6361/200913729
http://dx.doi.org/10.1051/0004-6361/200913729
http://dx.doi.org/10.1051/0004-6361/200913729
http://arxiv.org/abs/1004.2803
http://dx.doi.org/10.1088/0004-637X/774/1/25
http://dx.doi.org/10.1088/0004-637X/774/1/25
http://dx.doi.org/10.1088/0004-637X/774/1/25
http://arxiv.org/abs/1303.5788
http://dx.doi.org/10.1088/2041-8205/776/2/L39
http://dx.doi.org/10.1088/2041-8205/776/2/L39
http://dx.doi.org/10.1088/2041-8205/776/2/L39
http://arxiv.org/abs/1307.7708
http://dx.doi.org/10.1111/j.1745-3933.2012.01306.x
http://arxiv.org/abs/1206.4135
http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.3847/1538-4357/aad59a
http://dx.doi.org/10.3847/1538-4357/aad59a
http://arxiv.org/abs/1807.04537
http://dx.doi.org/10.1093/mnras/stw1109
http://arxiv.org/abs/1605.02993
http://arxiv.org/abs/1605.02993
http://arxiv.org/abs/1605.02993
http://dx.doi.org/10.1051/0004-6361:20031356
http://dx.doi.org/10.1051/0004-6361:20031585
http://dx.doi.org/10.1051/0004-6361:20031367
http://dx.doi.org/10.1051/0004-6361:20031367
http://dx.doi.org/10.1051/0004-6361:20031367
http://arxiv.org/abs/astro-ph/0310362
http://arxiv.org/abs/2005.11071
http://dx.doi.org/10.1038/s41586-020-2839-y
http://dx.doi.org/10.1038/s41586-020-2839-y
http://dx.doi.org/10.1038/s41586-020-2839-y
http://arxiv.org/abs/2005.11479
http://dx.doi.org/10.3847/2041-8205/819/2/L21
http://dx.doi.org/10.3847/2041-8205/819/2/L21
http://dx.doi.org/10.3847/2041-8205/819/2/L21
http://arxiv.org/abs/1602.04735
http://dx.doi.org/10.1126/science.1147532
http://arxiv.org/abs/0709.4301
http://dx.doi.org/10.3847/1538-4357/aa81c8
http://arxiv.org/abs/1707.08599
http://dx.doi.org/10.1051/0004-6361:20031358
http://dx.doi.org/10.3847/1538-4357/ab97b5
http://arxiv.org/abs/2001.02007
http://arxiv.org/abs/2001.02007
http://arxiv.org/abs/2001.02007
http://dx.doi.org/10.1086/345493
http://arxiv.org/abs/astro-ph/0206439

C. Ferrigno et al.

Brar, C., Burke-Spolaor, S., Butler, B.J., Cassanelli, T., Chawla, P., Demor-
est, P., Dobbs, M., Fonseca, E., Giri, U., Good, D.C., Gourdji, K., Josephy, A.,
Kirichenko, A.Y., Kirsten, F., Landecker, T.L., Lang, D., Lazio, T.J.W., Li, D.Z.,
Lin, H.H., Linford, J.D., Masui, K., Mena-Parra, J., Naidu, A., Ng, C., Patel, C.,
Pen, U.L., Pleunis, Z., Rafiei-Ravandi, M., Rahman, M., Renard, A., Scholz, P.,
Siegel, S.R., Smith, K.M., Stairs, I.H., Vanderlinde, K., Zwaniga, A.V., 2020. A
repeating fast radio burst source localized to a nearby spiral galaxy. Nature
577 (7789), 190-194. http://dx.doi.org/10.1038/s41586-019-1866-z, arXiv:2001.
02222.

Marcote, B., Paragi, Z., Hessels, J.W.T., Keimpema, A., van Langevelde, H.J., Huang, Y.,
Bassa, C.G., Bogdanov, S., Bower, G.C., Burke-Spolaor, S., Butler, B.J., Camp-
bell, R.M., Chatterjee, S., Cordes, J.M., Demorest, P., Garrett, M.A., Ghosh, T.,
Kaspi, V.M., Law, C.J., Lazio, T.J.W., McLaughlin, M.A., Ransom, S.M., Salter, C.J.,
Scholz, P., Seymour, A., Siemion, A., Spitler, L.G., Tendulkar, S.P., Wharton, R.S.,
2017. The repeating fast radio burst FRB 121102 as seen on milliarcsecond angular
scales. Astrophys. J. 834 (2), L8. http://dx.doi.org/10.3847,/2041-8213/834/2/L8,
arXiv:1701.01099.

Margalit, B., Beniamini, P., Sridhar, N., Metzger, B.D., 2020. Implications of a fast radio
burst from a galactic magnetar. Astrophys. J. 899 (2), L27. http://dx.doi.org/10.
3847/2041-8213/abac57, arXiv:2005.05283.

Margalit, B., Metzger, B.D., 2017. Constraining the maximum mass of neutron stars
from multi-messenger observations of GW170817. Astrophys. J. 850 (2), L19.
http://dx.doi.org/10.3847/2041-8213/aa991c, arXiv:1710.05938.

Margalit, B., Metzger, B.D., Sironi, L., 2020b. Constraints on the engines of fast radio
bursts. Mon. Not. R. Astron. Soc. 494 (4), 4627-4644. http://dx.doi.org/10.1093/
mnras/staal036, arXiv:1911.05765.

Margutti, R., Alexander, K.D., Xie, X., Sironi, L., Metzger, B.D., Kathirgamaraju, A.,
Fong, W., Blanchard, P.K., Berger, E., MacFadyen, A., Giannios, D., Guidorzi, C.,
Hajela, A., Chornock, R., Cowperthwaite, P.S., Eftekhari, T., Nicholl, M., Vil-
lar, V.A., Williams, P.K.G., Zrake, J., 2018. The binary neutron star event
LIGO/Virgo GW170817 160 days after merger: Synchrotron emission across the
electromagnetic spectrum. Astrophys. J. 856 (1), L18. http://dx.doi.org/10.3847/
2041-8213/aab2ad, arXiv:1801.03531.

Margutti, R., Metzger, B.D., Chornock, R., Vurm, I, Roth, N., Grefenstette, B.W.,
Savchenko, V., Cartier, R., Steiner, J.F., Terreran, G., Margalit, B., Migliori, G.,
Milisavljevic, D., Alexand er, K.D., Bietenholz, M., Blanchard, P.K., Bozzo, E.,
Brethauer, D., Chilingarian, 1.V., Coppejans, D.L., Ducci, L., Ferrigno, C., Fong, W.,
Gotz, D., Guidorzi, C., Hajela, A., Hurley, K., Kuulkers, E., Laurent, P.,
Mereghetti, S., Nicholl, M., Patnaude, D., Ubertini, P., Banovetz, J., Bartel, N.,
Berger, E., Coughlin, E.R., Eftekhari, T., Frederiks, D.D., Kozlova, A.V., Laskar, T.,
Svinkin, D.S., Drout, M.R., MacFadyen, A., Paterson, K., 2019. An embedded X-Ray
source shines through the aspherical AT 2018cow: Revealing the inner workings
of the most luminous fast-evolving optical transients. Astrophys. J. 872 (1), 18.
http://dx.doi.org/10.3847/1538-4357 /aafa01, arXiv:1810.10720.

Martin-Carrillo, A., Hanlon, L., Topinka, M., LaCluyzé, A.P., Savchenko, V., Kann, D.A.,
Trotter, A.S., Covino, S., Kriihler, T., Greiner, J., McGlynn, S., Murphy, D.,
Tisdall, P., Meehan, S., Wade, C., McBreen, B., Reichart, D.E., Fugazza, D.,
Haislip, J.B., Rossi, A., Schady, P., Elliott, J., Klose, S., 2014. GRB 120711la:
an intense INTEGRAL burst with long-lasting soft y-ray emission and a powerful
optical flash. Astron. Astrophys. 567, A84. http://dx.doi.org/10.1051/0004-6361/
201220872, arXiv:1405.7396.

Mas-Hesse, J.M., Giménez, A., Culhane, J.L., Jamar, C., McBreen, B., Torra, J.,
Hudec, R., Fabregat, J., Meurs, E., Swings, J.P., Alcacera, M.A., Balado, A.,
Beiztegui, R., Belenguer, T., Bradley, L., Caballero, M.D., Cabo, P., Defise, J.M.,
Diaz, E., Domingo, A., Figueras, F., Figueroa, 1., Hanlon, L., Hroch, F., Hudcova, V.,
Garcia, T., Jordan, B., Jordi, C., Kretschmar, P., Laviada, C., March, M., Martin, E.,
Mazy, E., Menéndez, M., Mi, J.M., de Miguel, E., Mufioz, T., Nolan, K., Olmedo, R.,
Plesseria, J.Y., Polcar, J., Reina, M., Renotte, E., Rochus, P., Sianchez, A., San
Martin, J.C., Smith, A., Soldan, J., Thomas, P., Timén, V., Walton, D., 2003a.
OMC: An optical monitoring camera for integral. Instrument description and
performance. Astron. Astrophys. 411, L261-1268. http://dx.doi.org/10.1051/0004-
6361:20031418.

Mas-Hesse, J.M., Giménez, A., Culhane, J.L., Jamar, C., McBreen, B., Torra, J.,
Hudec, R., Fabregat, J., Meurs, E., Swings, J.P., Alcacera, M.A., Balado, A.,
Beiztegui, R., Belenguer, T., Bradley, L., Caballero, M.D., Cabo, P., Defise, J.M.,
Diaz, E., Domingo, A., Figueras, F., Figueroa, I., Hanlon, L., Hroch, F., Hudcova, V.,
Garcia, T., Jordan, B., Jordi, C., Kretschmar, P., Laviada, C., March, M., Martin, E.,
Mazy, E., Menéndez, M., Mi, J.M., de Miguel, E., Muiioz, T., Nolan, K., Olmedo, R.,
Plesseria, J.Y., Polcar, J., Reina, M., Renotte, E., Rochus, P., Sédnchez, A., San
Martin, J.C., Smith, A., Soldan, J., Thomas, P., Timén, V., Walton, D., 2003b.
OMC: An optical monitoring camera for integral. Instrument description and
performance. Astron. Astrophys. 411, L261-L268. http://dx.doi.org/10.1051/0004-
6361:20031418.

Masui, K., Lin, H.-H., Sievers, J., Anderson, C.J., Chang, T.-C., Chen, X., Ganguly, A.,
Jarvis, M., Kuo, C.-Y., Li, Y.-C., Liao, Y.-W., McLaughlin, M., Pen, U.-L., Peter-
son, J.B., Roman, A., Timbie, P.T., Voytek, T., Yadav, J.K., 2015. Dense magnetized
plasma associated with a fast radio burst. Nature 528 (7583), 523-525. http:
//dx.doi.org/10.1038/nature15769, arXiv:1512.00529.

Mereghetti, S., Gotz, D., Borkowski, J., Beck, M., von Kienlin, A., Lund, N., 2004. The
INTEGRAL burst alert system: Results and future perspectives. In: Schoenfelder, V.,

15

New Astronomy Reviews 92 (2021) 101595

Lichti, G., Winkler, C. (Eds.), 5th INTEGRAL Workshop on the INTEGRAL Universe.
In: ESA Special Publication, vol. 552, p. 599, arXiv:astro-ph/0404019.

Mereghetti, S., Gotz, D., Tiengo, A., Beckmann, V., Borkowski, J., Courvoisier, T.J.L.,
von Kienlin, A., Schoenfelder, V., Roques, J.P., Bouchet, L., Ubertini, P., Castro-
Tirado, A., Lebrun, F., Paul, J., Lund, N., Mas-Hesse, J.M., Hermsen, W., den
Hartog, P.R., Winkler, C., 2003. INTEGRAL And XMM-Newton observations of
the weak gamma-ray burst GRB 030227. Astrophys. J. 590 (2), L73-L77. http:
//dx.doi.org/10.1086,/376853, arXiv:astro-ph/0304477.

Mereghetti, S., Gotz, D., von Kienlin, A., Rau, A., Lichti, G., Weidenspointner, G.,
Jean, P., 2005. The first giant flare from SGR 1806-20: Observations using the
anticoincidence shield of the spectrometer on INTEGRAL. Astrophys. J. 624 (2),
L105-L108. http://dx.doi.org/10.1086/430669, arXiv:astro-ph/0502577.

Mereghetti, S., Gotz, D., Weidenspointner, G., von Kienlin, A., Esposito, P., Tiengo, A.,
Vianello, G., Israel, G.L., Stella, L., Turolla, R., Rea, N., Zane, S., 2009. Strong bursts
from the anomalous X-Ray pulsar 1E 1547.0-5408 observed with the INTEGRAL/SPI
anti-coincidence shield. Astrophys. J. 696 (1), L74-L78. http://dx.doi.org/10.1088/
0004-637X/696/1/L74, arXiv:0903.1974.

Mereghetti, S., Savchenko, V., Ferrigno, C., Gotz, D., Rigoselli, M., Tiengo, A.,
Bazzano, A., Bozzo, E., Coleiro, A., Courvoisier, T.J.-L., Doyle, M., Goldwurm, A.,
Hanlon, L., Jourdain, E., von Kienlin, A., Lutovinov, A., Martin-Carrillo, A.,
Molkov, S., Natalucci, L., Onori, F., Panessa, F., Rodi, J., Rodriguez, J., Sdnchez-
Fernandez, C., Sunyaev, R., Ubertini, P., 2020. Integral discovery of a burst with
associated radio emission from the magnetar SGR 1935+2154. Astrophys. J. 898
(2), L29. http://dx.doi.org/10.3847,/2041-8213/aba2cf.

Metzger, B.D., 2017. Kilonovae. Living Rev. Relativ. 20 (1), 3. http://dx.doi.org/10.
1007/s41114-017-0006-z, arXiv:1610.09381.

Metzger, B.D., Fernandez, R., 2014. Red or blue? A potential kilonova imprint of the
delay until black hole formation following a neutron star merger. Mon. Not. R.
Astron. Soc. 441 (4), 3444-3453. http://dx.doi.org/10.1093/mnras/stu802, arXiv:
1402.4803.

Metzger, B.D., Piro, A.L., 2014. Optical and X-ray emission from stable millisecond
magnetars formed from the merger of binary neutron stars. Mon. Not. R. Astron.
Soc. 439 (4), 3916-3930. http://dx.doi.org/10.1093/mnras/stu247, arXiv:1311.
1519.

Metzger, B.D., Thompson, T.A., Quataert, E., 2018. A magnetar origin for the kilonova
ejecta in GW170817. Astrophys. J. 856 (2), 101. http://dx.doi.org/10.3847/1538-
4357/aab095, arXiv:1801.04286.

Minaev, P.Y., Pozanenko, A.S., Loznikov, V.M., 2010. Extended emission from short
gamma-ray bursts detected with SPI-ACS/INTEGRAL. Astron. Lett. 36 (10),
707-720. http://dx.doi.org/10.1134/51063773710100026, arXiv:1009.2685.

Mooley, K.P., Deller, A.T., Gottlieb, O., Nakar, E., Hallinan, G., Bourke, S., Frail, D.A.,
Horesh, A., Corsi, A., Hotokezaka, K., 2018a. Superluminal motion of a relativistic
jet in the neutron-star merger GW170817. Nature 561 (7723), 355-359. http:
//dx.doi.org/10.1038/541586-018-0486-3, arXiv:1806.09693.

Mooley, K.P., Frail, D.A., Dobie, D., Lenc, E., Corsi, A., De, K., Nayana, A.J.,
Makhathini, S., Heywood, 1., Murphy, T., Kaplan, D.L., Chandra, P., Smirnov, O.,
Nakar, E., Hallinan, G., Camilo, F., Fender, R., Goedhart, S., Groot, P., Kasli-
wal, M.M., Kulkarni, S.R., Woudt, P.A., 2018b. A strong jet signature in the
late-time light curve of GW170817. Astrophys. J. 868 (1), L11. http://dx.doi.org/
10.3847/2041-8213/aaeda?7, arXiv:1810.12927.

Mooley, K.P., Nakar, E., Hotokezaka, K., Hallinan, G., Corsi, A., Frail, D.A., Horesh, A.,
Murphy, T., Lenc, E., Kaplan, D.L., de, K., Dobie, D., Chand ra, P., Deller, A.,
Gottlieb, O., Kasliwal, M.M., Kulkarni, S.R., Myers, S.T., Nissanke, S., Piran, T.,
Lynch, C., Bhalerao, V., Bourke, S., Bannister, K.W., Singer, L.P., 2018c. A mildly
relativistic wide-angle outflow in the neutron-star merger event GW170817. Nature
554 (7691), 207-210. http://dx.doi.org/10.1038/nature25452, arXiv:1711.11573.

Nakar, E., 2007. Short-hard gamma-ray bursts. Phys. Rep. 442 (1-6), 166-236. http:
//dx.doi.org/10.1016/j.physrep.2007.02.005, arXiv:astro-ph/0701748.

Nissanke, S., Kasliwal, M., Georgieva, A., 2013. Identifying elusive electromagnetic
counterparts to gravitational wave mergers: An end-to-end simulation. Astrophys. J.
767 (2), 124. http://dx.doi.org/10.1088/0004-637X/767/2/124, arXiv:1210.6362.

Paiano, S., Falomo, R., Treves, A., Scarpa, R., 2018. The redshift of the BL lac
object TXS 0506+056. Astrophys. J. 854 (2), L32. http://dx.doi.org/10.3847/2041-
8213/aaad5e, arXiv:1802.01939.

Palmer, D.M., 2020. A forest of bursts from SGR 1935+2154. The Astronomer’s
Telegram 13675, 1.

Pen, U.-L., Connor, L., 2015. Local circumnuclear magnetar solution to extragalactic
fast radio bursts. Astrophys. J. 807 (2), 179. http://dx.doi.org/10.1088/0004-
637X/807/2/179, arXiv:1501.01341.

Perna, R., Lazzati, D., Giacomazzo, B., 2016. Short gamma-ray bursts from the merger
of two black holes. Astrophys. J. 821 (1), L18. http://dx.doi.org/10.3847/2041-
8205/821/1/L18, arXiv:1602.05140.

Petroff, E., Barr, E.D., Jameson, A., Keane, E.F., Bailes, M., Kramer, M., Morello, V.,
Tabbara, D., van Straten, W., 2016. FRBCAT: The fast radio burst catalogue.
Publ. Astron. Soc. Aust. 33, e045. http://dx.doi.org/10.1017/pasa.2016.35, arXiv:
1601.03547.

Petroff, E., Hessels, J.W.T., Lorimer, D.R., 2019. Fast radio bursts. Astron. Astrophys.
Rev. 27 (1), 4. http://dx.doi.org/10.1007/s00159-019-0116-6, arXiv:1904.07947.

Petropoulou, M., Mastichiadis, A., 2015. Bethe-heitler emission in BL lacs: filling
the gap between X-rays and y-rays. Mon. Not. R. Astron. Soc. 447 (1), 36-48.
http://dx.doi.org/10.1093/mnras/stu2364, arXiv:1411.1908.


http://dx.doi.org/10.1038/s41586-019-1866-z
http://arxiv.org/abs/2001.02222
http://arxiv.org/abs/2001.02222
http://arxiv.org/abs/2001.02222
http://dx.doi.org/10.3847/2041-8213/834/2/L8
http://arxiv.org/abs/1701.01099
http://dx.doi.org/10.3847/2041-8213/abac57
http://dx.doi.org/10.3847/2041-8213/abac57
http://dx.doi.org/10.3847/2041-8213/abac57
http://arxiv.org/abs/2005.05283
http://dx.doi.org/10.3847/2041-8213/aa991c
http://arxiv.org/abs/1710.05938
http://dx.doi.org/10.1093/mnras/staa1036
http://dx.doi.org/10.1093/mnras/staa1036
http://dx.doi.org/10.1093/mnras/staa1036
http://arxiv.org/abs/1911.05765
http://dx.doi.org/10.3847/2041-8213/aab2ad
http://dx.doi.org/10.3847/2041-8213/aab2ad
http://dx.doi.org/10.3847/2041-8213/aab2ad
http://arxiv.org/abs/1801.03531
http://dx.doi.org/10.3847/1538-4357/aafa01
http://arxiv.org/abs/1810.10720
http://dx.doi.org/10.1051/0004-6361/201220872
http://dx.doi.org/10.1051/0004-6361/201220872
http://dx.doi.org/10.1051/0004-6361/201220872
http://arxiv.org/abs/1405.7396
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1051/0004-6361:20031418
http://dx.doi.org/10.1038/nature15769
http://dx.doi.org/10.1038/nature15769
http://dx.doi.org/10.1038/nature15769
http://arxiv.org/abs/1512.00529
http://arxiv.org/abs/astro-ph/0404019
http://dx.doi.org/10.1086/376853
http://dx.doi.org/10.1086/376853
http://dx.doi.org/10.1086/376853
http://arxiv.org/abs/astro-ph/0304477
http://dx.doi.org/10.1086/430669
http://arxiv.org/abs/astro-ph/0502577
http://dx.doi.org/10.1088/0004-637X/696/1/L74
http://dx.doi.org/10.1088/0004-637X/696/1/L74
http://dx.doi.org/10.1088/0004-637X/696/1/L74
http://arxiv.org/abs/0903.1974
http://dx.doi.org/10.3847/2041-8213/aba2cf
http://dx.doi.org/10.1007/s41114-017-0006-z
http://dx.doi.org/10.1007/s41114-017-0006-z
http://dx.doi.org/10.1007/s41114-017-0006-z
http://arxiv.org/abs/1610.09381
http://dx.doi.org/10.1093/mnras/stu802
http://arxiv.org/abs/1402.4803
http://arxiv.org/abs/1402.4803
http://arxiv.org/abs/1402.4803
http://dx.doi.org/10.1093/mnras/stu247
http://arxiv.org/abs/1311.1519
http://arxiv.org/abs/1311.1519
http://arxiv.org/abs/1311.1519
http://dx.doi.org/10.3847/1538-4357/aab095
http://dx.doi.org/10.3847/1538-4357/aab095
http://dx.doi.org/10.3847/1538-4357/aab095
http://arxiv.org/abs/1801.04286
http://dx.doi.org/10.1134/S1063773710100026
http://arxiv.org/abs/1009.2685
http://dx.doi.org/10.1038/s41586-018-0486-3
http://dx.doi.org/10.1038/s41586-018-0486-3
http://dx.doi.org/10.1038/s41586-018-0486-3
http://arxiv.org/abs/1806.09693
http://dx.doi.org/10.3847/2041-8213/aaeda7
http://dx.doi.org/10.3847/2041-8213/aaeda7
http://dx.doi.org/10.3847/2041-8213/aaeda7
http://arxiv.org/abs/1810.12927
http://dx.doi.org/10.1038/nature25452
http://arxiv.org/abs/1711.11573
http://dx.doi.org/10.1016/j.physrep.2007.02.005
http://dx.doi.org/10.1016/j.physrep.2007.02.005
http://dx.doi.org/10.1016/j.physrep.2007.02.005
http://arxiv.org/abs/astro-ph/0701748
http://dx.doi.org/10.1088/0004-637X/767/2/124
http://arxiv.org/abs/1210.6362
http://dx.doi.org/10.3847/2041-8213/aaad5e
http://dx.doi.org/10.3847/2041-8213/aaad5e
http://dx.doi.org/10.3847/2041-8213/aaad5e
http://arxiv.org/abs/1802.01939
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb110
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb110
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb110
http://dx.doi.org/10.1088/0004-637X/807/2/179
http://dx.doi.org/10.1088/0004-637X/807/2/179
http://dx.doi.org/10.1088/0004-637X/807/2/179
http://arxiv.org/abs/1501.01341
http://dx.doi.org/10.3847/2041-8205/821/1/L18
http://dx.doi.org/10.3847/2041-8205/821/1/L18
http://dx.doi.org/10.3847/2041-8205/821/1/L18
http://arxiv.org/abs/1602.05140
http://dx.doi.org/10.1017/pasa.2016.35
http://arxiv.org/abs/1601.03547
http://arxiv.org/abs/1601.03547
http://arxiv.org/abs/1601.03547
http://dx.doi.org/10.1007/s00159-019-0116-6
http://arxiv.org/abs/1904.07947
http://dx.doi.org/10.1093/mnras/stu2364
http://arxiv.org/abs/1411.1908

C. Ferrigno et al.

Pian, E., D’Avanzo, P., Benetti, S., Branchesi, M., Brocato, E., Campana, S., Cap-
pellaro, E., Covino, S., D’Elia, V., Fynbo, J.P.U., Getman, F., Ghirland a, G.,
Ghisellini, G., Grado, A., Greco, G., Hjorth, J., Kouveliotou, C., Levan, A.,
Limatola, L., Malesani, D., Mazzali, P.A., Melandri, A., Mgller, P., Nicastro, L.,
Palazzi, E., Piranomonte, S., Rossi, A., Salafia, O.S., Selsing, J., Stratta, G.,
Tanaka, M., Tanvir, N.R., Tomasella, L., Watson, D., Yang, S., Amati, L., An-
tonelli, L.A., Ascenzi, S., Bernardini, M.G., Boér, M., Bufano, F., Bulgarelli, A.,
Capaccioli, M., Casella, P., Castro-Tirado, A.J., Chassande-Mottin, E., Ciolfi, R.,
Copperwheat, C.M., Dadina, M., De Cesare, G., di Paola, A., Fan, Y.Z., Gendre, B.,
Giuffrida, G., Giunta, A., Hunt, LK., Israel, G.L., Jin, Z.P., Kasliwal, M.M.,
Klose, S., Lisi, M., Longo, F., Maiorano, E., Mapelli, M., Masetti, N., Nava, L.,
Patricelli, B., Perley, D., Pescalli, A., Piran, T., Possenti, A., Pulone, L., Razzano, M.,
Salvaterra, R., Schipani, P., Spera, M., Stamerra, A., Stella, L., Tagliaferri, G.,
Testa, V., Troja, E., Turatto, M., Vergani, S.D., Vergani, D., 2017. Spectroscopic
identification of r-process nucleosynthesis in a double neutron-star merger. Nature
551 (7678), 67-70. http://dx.doi.org/10.1038/nature24298, arXiv:1710.05858.

Pilia, M., Burgay, M., Possenti, A., Ridolfi, A., Gajjar, V., Corongiu, A., Perrodin, D.,
Bernardi, G., Naldi, G., Pupillo, G., Ambrosino, F., Bianchi, G., Burtovoi, A.,
Casella, P., Casentini, C., Cecconi, M., Ferrigno, C., Fiori, M., Gendreau, K.C., Ghe-
dina, A., Naletto, G., Nicastro, L., Ochner, P., Palazzi, E., Panessa, F., Papitto, A.,
Pittori, C., Rea, N., Castillo, G.A.R., Savchenko, V., Setti, G., Tavani, M., Trois, A.,
Trudu, M., Turatto, M., Ursi, A., Verrecchia, F., Zampieri, L., 2020. The lowest-
frequency fast radio bursts: Sardinia radio telescope detection of the periodic FRB
180916 at 328 MHz. Astrophys. J. 896 (2), L40. http://dx.doi.org/10.3847/2041-
8213/ab96¢0, arXiv:2003.12748.

Platts, E., Weltman, A., Walters, A., Tendulkar, S.P., Gordin, J.E.B., Kandhai, S.,
2019. A living theory catalogue for fast radio bursts. Phys. Rep. 821, 1-27.
http://dx.doi.org/10.1016/j.physrep.2019.06.003, arXiv:1810.05836.

Popov, S.B., Postnov, K.A., 2013. Millisecond extragalactic radio bursts as magnetar
flares. arXiv e-prints, arXiv:1307.4924.

Pozanenko, A.S., Minaev, P.Y., Grebenev, S.A., Chelovekov, L.V., 2020. Observation
of the second LIGO/Virgo event connected with a binary neutron star merger
S$190425z in the gamma-ray range. Astron. Lett. 45 (11), 710-727. http://dx.doi.
org/10.1134/S1063773719110057, arXiv:1912.13112.

Prochaska, J.X., Zheng, Y., 2019. Probing galactic haloes with fast radio bursts. Mon.
Not. R. Astron. Soc. 485 (1), 648-665. http://dx.doi.org/10.1093/mnras/stz261,
arXiv:1901.11051.

Quadrini, E.M., Bazzano, A., Bird, A.J., Broenstad, K., Di Marco, F., La Rosa, G.,
Michalska, M., Orleanski, P., Solberg, A., Ubertini, P., 2003. IBIS Veto system.
Background rejection, instrument dead time and zoning performance. Astron.
Astrophys. 411, L153-L157. http://dx.doi.org/10.1051/0004-6361:20031259.

Rau, A., Kienlin, A.V., Hurley, K., Lichti, G.G., 2005. The 1st INTEGRAL SPI-acs gamma-
ray burst catalogue. Astron. Astrophys. 438 (3), 1175-1183. http://dx.doi.org/10.
1051/0004-6361:20053159, arXiv:astro-ph/0504357.

Ravi, V., Catha, M., D’Addario, L., Djorgovski, S.G., Hallinan, G., Hobbs, R., Kocz, J.,
Kulkarni, S.R., Shi, J., Vedantham, H.K., Weinreb, S., Woody, D.P., 2019. A fast
radio burst localized to a massive galaxy. Nature 572 (7769), 352-354. http:
//dx.doi.org/10.1038/541586-019-1389-7, arXiv:1907.01542.

Ravi, V., Shannon, R.M., Bailes, M., Bannister, K., Bhandari, S., Bhat, N.D.R., Burke-
Spolaor, S., Caleb, M., Flynn, C., Jameson, A., Johnston, S., Keane, E.F., Kerr, M.,
Tiburzi, C., Tuntsov, A.V., Vedantham, H.K., 2016. The magnetic field and turbu-
lence of the cosmic web measured using a brilliant fast radio burst. Science 354
(6317), 1249-1252. http://dx.doi.org/10.1126/science.aaf6807, arXiv:1611.05758.

Rees, M.J., 1977. A better way of searching for black-hole explosions? Nature 266
(5600), 333-334. http://dx.doi.org/10.1038/266333a0.

Rezzolla, L., Baiotti, L., Giacomazzo, B., Link, D., Font, J.A., 2010. Accurate evolutions
of unequal-mass neutron-star binaries: properties of the torus and short GRB
engines. Classical Quantum Gravity 27 (11), 114105. http://dx.doi.org/10.1088/
0264-9381/27/11/114105, arXiv:1001.3074.

Rezzolla, L., Kumar, P., 2015. A novel paradigm for short gamma-ray bursts with
extended X-Ray emission. Astrophys. J. 802 (2), 95. http://dx.doi.org/10.1088/
0004-637X/802/2/95, arXiv:1410.8560.

Rezzolla, L., Most, E.R., Weih, L.R., 2018. Using gravitational-wave observations
and quasi-universal relations to constrain the maximum mass of neutron stars.
Astrophys. J. 852 (2), L25. http://dx.doi.org/10.3847/2041-8213/aaa401, arXiv:
1711.00314.

Ridnaia, A., Svinkin, D., Frederiks, D., Bykov, A., Popov, S., Aptekar, R., Golenetskii, S.,
Lysenko, A., Tsvetkova, A., Ulanov, M., Cline, T., 2020. A peculiar hard X-ray
counterpart of a Galactic fast radio burst. arXiv e-prints, arXiv:2005.11178.

Roques, J.P., Schanne, S., von Kienlin, A., Knodlseder, J., Briet, R., Bouchet, L., Paul, P.,
Boggs, S., Caraveo, P., Cassé, M., Cordier, B., Diehl, R., Durouchoux, P., Jean, P.,
Leleux, P., Lichti, G., Mandrou, P., Matteson, J., Sanchez, F., Schonfelder, V., Skin-
ner, G., Strong, A., Teegarden, B., Vedrenne, G., von Ballmoos, P., Wunderer, C.,
2003. SPI/INTEGRAL in-flight performance. Astron. Astrophys. 411, L91-L100.
http://dx.doi.org/10.1051/0004-6361:20031501, arXiv:astro-ph/0310793.

Rosswog, S., Piran, T., Nakar, E., 2013. The multimessenger picture of compact object
encounters: binary mergers versus dynamical collisions. Mon. Not. R. Astron. Soc.
430 (4), 2585-2604. http://dx.doi.org/10.1093/mnras/sts708, arXiv:1204.6240.

16

New Astronomy Reviews 92 (2021) 101595

Savchenko, V., Bazzano, A., Bozzo, E., Brandt, S., Chenevez, J., Courvoisier, T.J.L.,
Diehl, R., Ferrigno, C., Hanlon, L., von Kienlin, A., Kuulkers, E., Laurent, P.,
Lebrun, F., Lutovinov, A., Martin-Carrillo, A., Mereghetti, S., Natalucci, L.,
Roques, J.P., Siegert, T., Sunyaev, R., Ubertini, P., 2017a. INTEGRAL IBIS, SPI,
and JEM-x observations of LVT151012. Astron. Astrophys. 603, A46. http://dx.
doi.org/10.1051/0004-6361/201730572, arXiv:1704.01633.

Savchenko, V., Ferrigno, C., Bozzo, E., Bazzano, A., Brandt, S., Chenevez, J., Cour-
voisier, T.J.L., Diehl, R., Hanlon, L., von Kienlin, A., Kuulkers, E., Laurent, P.,
Lebrun, F., Lutovinov, A., Martin-Carillo, A., Mereghetti, S., Roques, J.P., Sun-
yaev, R., Ubertini, P., 2017b. Integral observations of GW170104. Astrophys. J.
846 (2), L23. http://dx.doi.org/10.3847/2041-8213/aa87ae, arXiv:1707.03719.

Savchenko, V., Ferrigno, C., Bozzo, E., Kuulkers, E., Sanchez, C., Mereghetti, S., Rodi, J.,
Bazzano, A., Ubertini, P., Natalucci, L., Chenevez, J., Brandt, S., Diehl, R., von
Kienlin, A., Gotz, D., Laurent, P., Hanlon, L., Martin-Carrillo, A., Roques, J.-P.,
Jourdain, E., Lutovinov, A., Sunyaev, R., 2018. INTEGRAL Observations of the
events in the GWTC-1 catalog.. GRB Coord. Netw. Circular Service, No. 23517, #1
(2018/December-0) 23517.

Savchenko, V., Ferrigno, C., Kuulkers, E., Bazzano, A., Bozzo, E., Brandt, S., Chen-
evez, J., Courvoisier, T.J.L., Diehl, R., Domingo, A., Hanlon, L., Jourdain, E.,
von Kienlin, A., Laurent, P., Lebrun, F., Lutovinov, A., Martin-Carrillo, A.,
Mereghetti, S., Natalucci, L., Rodi, J., Roques, J.P., Sunyaev, R., Ubertini, P.,
2017c. INTEGRAL Detection of the first prompt gamma-ray signal coincident
with the gravitational-wave event GW170817. Astrophys. J. 848 (2), L15. http:
//dx.doi.org/10.3847,/2041-8213/aa8f94, arXiv:1710.05449.

Savchenko, V., Ferrigno, C., Martin-Carillo, A., Rodi, J., Coleiro, A., Mereghetti, S.,
2019. LIGO/Virgo S190425z: further analysis of INTEGRAL data.. GRB Coord.
Netw. 24178, 1.

Savchenko, V., Ferrigno, C., Mereghetti, S., Natalucci, L., Bazzano, A., Bozzo, E.,
Brandt, S., Courvoisier, T.J.-L., Diehl, R., Hanlon, L., von Kienlin, A., Kuulkers, E.,
Laurent, P., Lebrun, F., Roques, J.P., Ubertini, P., Weidenspointner, G., 2016.
INTEGRAL Upper limits on gamma-ray emission associated with the gravitational
wave event GW150914. Astrophys. J. 820, L36. http://dx.doi.org/10.3847/2041-
8205/820/2/L36, arXiv:1602.04180.

Savchenko, V., Neronov, A., Beckmann, V., Produit, N., Walter, R., 2010. SGR-Like
flaring activity of the anomalous X-ray pulsar 1E 1547.0-5408. Astron. Astrophys.
510, A77. http://dx.doi.org/10.1051/0004-6361/200911988, arXiv:0912.0290.

Savchenko, V., Neronov, A., Courvoisier, T.J.-L., 2012. Timing properties of gamma-
ray bursts detected by SPI-acs detector onboard INTEGRAL. Astron. Astrophys. 541,
A122. http://dx.doi.org/10.1051/0004-6361,/201218877, arXiv:1203.1344.

Scholz, P., Bogdanov, S., Hessels, J.W.T., Lynch, R.S., Spitler, L.G., Bassa, C.G.,
Bower, G.C., Burke-Spolaor, S., Butler, B.J., Chatterjee, S., Cordes, J.M., Gourdji, K.,
Kaspi, V.M., Law, C.J., Marcote, B., McLaughlin, M.A., Michilli, D., Paragi, Z.,
Ransom, S.M., Seymour, A., Tendulkar, S.P., Wharton, R.S., 2017. Simultaneous
X-Ray, gamma-ray, and radio observations of the repeating fast radio burst FRB
121102. Astrophys. J. 846 (1), 80. http://dx.doi.org/10.3847/1538-4357/aa8456,
arXiv:1705.07824.

Scholz, P., Cook, A., Cruces, M., Hessels, J.W.T., Kaspi, V.M., Majid, W.A., Naidu, A.,
Pearlman, A.B., Spitler, L.G., Bandura, K.M., Bhardwaj, M., Cassanelli, T.,
Chawla, P., Gaensler, B.M., Good, D.C., Josephy, A., Karuppusamy, R., Keim-
pema, A., Kirichenko, A.Y., Kirsten, F., Kocz, J., Leung, C., Marcote, B., Masui, K.,
Mena-Parra, J., Merryfield, M., Michilli, D., Naudet, C.J., Nimmo, K., Pleunis, Z.,
Prince, T.A., Rafiei-Ravandi, M., Rahman, M., Shin, K., Smith, K.M., Stairs, L.H.,
Tendulkar, S.P., Vanderlinde, K., 2020. Simultaneous X-ray and radio observations
of the repeating fast radio burst FRB 180916.j0158+65. Astrophys. J. 901 (2), 165.
http://dx.doi.org/10.3847/1538-4357/abb1a8, arXiv:2004.06082.

Scholz, P., Spitler, L.G., Hessels, J.W.T., Chatterjee, S., Cordes, J.M., Kaspi, V.M.,
Wharton, R.S., Bassa, C.G., Bogdanov, S., Camilo, F., Crawford, F., Deneva, J., van
Leeuwen, J., Lynch, R., Madsen, E.C., McLaughlin, M.A., Mickaliger, M., Parent, E.,
Patel, C., Ransom, S.M., Seymour, A., Stairs, I.H., Stappers, B.W., Tendulkar, S.P.,
2016. The repeating fast radio burst FRB 121102: Multi-wavelength observations
and additional bursts. Astrophys. J. 833 (2), 177. http://dx.doi.org/10.3847/1538-
4357/833/2/177, arXiv:1603.08880.

Siegel, D.M., Ciolfi, R., 2016a. Electromagnetic emission from long-lived binary neutron
star merger remnants. I. Formulation of the problem. Astrophys. J. 819 (1), 14.
http://dx.doi.org/10.3847/0004-637X/819/1/14, arXiv:1508.07911.

Siegel, D.M., Ciolfi, R., 2016b. Electromagnetic emission from long-lived binary neutron
star merger remnants. II. Lightcurves and spectra. Astrophys. J. 819 (1), 15.
http://dx.doi.org/10.3847/0004-637X/819/1/15, arXiv:1508.07939.

Siegert, T., Coc, A., Delgado, L., Diehl, R., Greiner, J., Hernanz, M., Jean, P., José, J.,
Molaro, P., Pleintinger, M.M.M., Savchenko, V., Starrfield, S., Tatischeff, V., Wein-
berger, C., 2018. Gamma-ray observations of Nova Sgr 2015 no. 2 with INTEGRAL.
Astron. Astrophys. 615, A107. http://dx.doi.org/10.1051/0004-6361/201732514,
arXiv:1803.06888.

Smartt, S.J., Chen, T.W., Jerkstrand, A., Coughlin, M., Kankare, E., Sim, S.A., Fraser, M.,
Inserra, C., Maguire, K., Chambers, K.C., Huber, M.E., Kriihler, T., Leloudas, G.,
Magee, M., Shingles, L.J., Smith, K.W., Young, D.R., Tonry, J., Kotak, R., Gal-
Yam, A., Lyman, J.D., et al., 2017. A kilonova as the electromagnetic counterpart
to a gravitational-wave source. Nature 551 (7678), 75-79. http://dx.doi.org/10.
1038/nature24303, arXiv:1710.05841.


http://dx.doi.org/10.1038/nature24298
http://arxiv.org/abs/1710.05858
http://dx.doi.org/10.3847/2041-8213/ab96c0
http://dx.doi.org/10.3847/2041-8213/ab96c0
http://dx.doi.org/10.3847/2041-8213/ab96c0
http://arxiv.org/abs/2003.12748
http://dx.doi.org/10.1016/j.physrep.2019.06.003
http://arxiv.org/abs/1810.05836
http://arxiv.org/abs/1307.4924
http://dx.doi.org/10.1134/S1063773719110057
http://dx.doi.org/10.1134/S1063773719110057
http://dx.doi.org/10.1134/S1063773719110057
http://arxiv.org/abs/1912.13112
http://dx.doi.org/10.1093/mnras/stz261
http://arxiv.org/abs/1901.11051
http://dx.doi.org/10.1051/0004-6361:20031259
http://dx.doi.org/10.1051/0004-6361:20053159
http://dx.doi.org/10.1051/0004-6361:20053159
http://dx.doi.org/10.1051/0004-6361:20053159
http://arxiv.org/abs/astro-ph/0504357
http://dx.doi.org/10.1038/s41586-019-1389-7
http://dx.doi.org/10.1038/s41586-019-1389-7
http://dx.doi.org/10.1038/s41586-019-1389-7
http://arxiv.org/abs/1907.01542
http://dx.doi.org/10.1126/science.aaf6807
http://arxiv.org/abs/1611.05758
http://dx.doi.org/10.1038/266333a0
http://dx.doi.org/10.1088/0264-9381/27/11/114105
http://dx.doi.org/10.1088/0264-9381/27/11/114105
http://dx.doi.org/10.1088/0264-9381/27/11/114105
http://arxiv.org/abs/1001.3074
http://dx.doi.org/10.1088/0004-637X/802/2/95
http://dx.doi.org/10.1088/0004-637X/802/2/95
http://dx.doi.org/10.1088/0004-637X/802/2/95
http://arxiv.org/abs/1410.8560
http://dx.doi.org/10.3847/2041-8213/aaa401
http://arxiv.org/abs/1711.00314
http://arxiv.org/abs/1711.00314
http://arxiv.org/abs/1711.00314
http://arxiv.org/abs/2005.11178
http://dx.doi.org/10.1051/0004-6361:20031501
http://arxiv.org/abs/astro-ph/0310793
http://dx.doi.org/10.1093/mnras/sts708
http://arxiv.org/abs/1204.6240
http://dx.doi.org/10.1051/0004-6361/201730572
http://dx.doi.org/10.1051/0004-6361/201730572
http://dx.doi.org/10.1051/0004-6361/201730572
http://arxiv.org/abs/1704.01633
http://dx.doi.org/10.3847/2041-8213/aa87ae
http://arxiv.org/abs/1707.03719
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb135
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://arxiv.org/abs/1710.05449
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb137
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb137
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb137
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb137
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb137
http://dx.doi.org/10.3847/2041-8205/820/2/L36
http://dx.doi.org/10.3847/2041-8205/820/2/L36
http://dx.doi.org/10.3847/2041-8205/820/2/L36
http://arxiv.org/abs/1602.04180
http://dx.doi.org/10.1051/0004-6361/200911988
http://arxiv.org/abs/0912.0290
http://dx.doi.org/10.1051/0004-6361/201218877
http://arxiv.org/abs/1203.1344
http://dx.doi.org/10.3847/1538-4357/aa8456
http://arxiv.org/abs/1705.07824
http://dx.doi.org/10.3847/1538-4357/abb1a8
http://arxiv.org/abs/2004.06082
http://dx.doi.org/10.3847/1538-4357/833/2/177
http://dx.doi.org/10.3847/1538-4357/833/2/177
http://dx.doi.org/10.3847/1538-4357/833/2/177
http://arxiv.org/abs/1603.08880
http://dx.doi.org/10.3847/0004-637X/819/1/14
http://arxiv.org/abs/1508.07911
http://dx.doi.org/10.3847/0004-637X/819/1/15
http://arxiv.org/abs/1508.07939
http://dx.doi.org/10.1051/0004-6361/201732514
http://arxiv.org/abs/1803.06888
http://dx.doi.org/10.1038/nature24303
http://dx.doi.org/10.1038/nature24303
http://dx.doi.org/10.1038/nature24303
http://arxiv.org/abs/1710.05841

C. Ferrigno et al.

Spitler, L.G., Scholz, P., Hessels, J.W.T., Bogdanov, S., Brazier, A., Camilo, F., Chat-
terjee, S., Cordes, J.M., Crawford, F., Deneva, J., Ferdman, R.D., Freire, P.C.C.,
Kaspi, V.M., Lazarus, P., Lynch, R., Madsen, E.C., McLaughlin, M.A,, Patel, C., Ran-
som, S.M., Seymour, A., Stairs, I.H., Stappers, B.W., van Leeuwen, J., Zhu, W.W.,
2016. A repeating fast radio burst. Nature 531 (7593), 202-205. http://dx.doi.org/
10.1038/naturel7168, arXiv:1603.00581.

Sun, H., Zhang, B., Gao, H., 2017. X-RAy counterpart of gravitational waves due to
binary neutron star mergers: Light curves, luminosity function, and event rate
density. Astrophys. J. 835 (1), 7. http://dx.doi.org/10.3847/1538-4357/835/1/7,
arXiv:1610.03860.

Tavani, M., Casentini, C., Ursi, A., Verrecchia, F., Addis, A., Antonelli, L.A., Argan, A.,
Barbiellini, G., Baroncelli, L., Bernardi, G., Bianchi, G., Bulgarelli, A., Caraveo, P.,
Cardillo, M., Cattaneo, P.W., Chen, A.W., Costa, E., Del Monte, E., Di Cocco, G., Di
Persio, G., Donnarumma, 1., Evangelista, Y., Feroci, M., Ferrari, A., Fioretti, V.,
Fuschino, F., Galli, M., Gianotti, F., Giuliani, A., Labanti, C., Lazzarotto, F.,
Lipari, P., Longo, F., Lucarelli, F., Magro, A., Marisaldi, M., Mereghetti, S.,
Morelli, E., Morselli, A., Naldi, G., Pacciani, L., Parmiggiani, N., Paoletti, F.,
Pellizzoni, A., Perri, M., Perotti, F., Piano, G., Picozza, P., Pilia, M., Pittori, C., Puc-
cetti, S., Pupillo, G., Rapisarda, M., Rappoldi, A., Rubini, A., Setti, G., Soffitta, P.,
Trifoglio, M., Trois, A., Vercellone, S., Vittorini, V., Giommi, P., D’ Amico, F., 2020.
An X-Ray burst from a magnetar enlightening the mechanism of fast radio bursts.
arXiv e-prints, arXiv:2005.12164.

Tendulkar, S.P., Bassa, C.G., Cordes, J.M., Bower, G.C., Law, C.J., Chatterjee, S.,
Adams, E.AK., Bogdanov, S., Burke-Spolaor, S., Butler, B.J., Demorest, P.,
Hessels, J.W.T., Kaspi, V.M., Lazio, T.J.W., Maddox, N., Marcote, B., McLaugh-
lin, M.A., Paragi, Z., Ransom, S.M., Scholz, P., Seymour, A., Spitler, L.G., van
Langevelde, H.J., Wharton, R.S., 2017. The host galaxy and redshift of the repeating
fast radio burst FRB 121102. Astrophys. J. 834 (2), L7. http://dx.doi.org/10.3847/
2041-8213/834/2/L7, arXiv:1701.01100.

Tendulkar, S.P., Kaspi, V.M., Patel, C., 2016. Radio nondetection of the SGR 1806-
20 giant flare and implications for fast radio bursts. Astrophys. J. 827 (1), 59.
http://dx.doi.org/10.3847,/0004-637X/827/1/59, arXiv:1602.02188.

Thornton, D., Stappers, B., Bailes, M., Barsdell, B., Bates, S., Bhat, N.D.R., Burgay, M.,
Burke-Spolaor, S., Champion, D.J., Coster, P., D’Amico, N., Jameson, A., John-
ston, S., Keith, M., Kramer, M., Levin, L., Milia, S., Ng, C., Possenti, A., van
Straten, W., 2013. A population of fast radio bursts at cosmological distances.
Science 341 (6141), 53-56. http://dx.doi.org/10.1126/science.1236789, arXiv:
1307.1628.

Totani, T., 2013. Cosmological fast radio bursts from binary neutron star mergers.
Publ. Astron. Soc. Japan 65, L12. http://dx.doi.org/10.1093/pasj/65.5.L12, arXiv:
1307.4985.

Troja, E., Piro, L., Ryan, G., van Eerten, H., Ricci, R., Wieringa, M.H., Lotti, S.,
Sakamoto, T., Cenko, S.B., 2018. The outflow structure of GW170817 from late-
time broad-band observations. Mon. Not. R. Astron. Soc. 478 (1), L18-L23. http:
//dx.doi.org/10.1093/mnrasl/sly061, arXiv:1801.06516.

Troja, E., van Eerten, H., Zhang, B., Ryan, G., Piro, L., Ricci, R., O’Connor, B.,
Wieringa, M.H., Cenko, S.B., Sakamoto, T., 2020. A thousand days after the merger:
continued X-ray emission from GW170817. Mon. Not. R. Astron. Soc. 498 (4),
5643-5651. http://dx.doi.org/10.1093/mnras/staa2626, arXiv:2006.01150.

Ubertini, P., Lebrun, F., Di Cocco, G., Bazzano, A., Bird, A.J., Broenstad, K., Gold-
wurm, A., La Rosa, G., Labanti, C., Laurent, P., Mirabel, LF., Quadrini, E.M.,
Ramsey, B., Reglero, V., Sabau, L., Sacco, B., Staubert, R., Vigroux, L., Weis-
skopf, M.C., Zdziarski, A.A., 2003. IBIS: The imager on-board INTEGRAL. Astron.
Astrophys. 411, L131-L139. http://dx.doi.org/10.1051/0004-6361:20031224.

Vedrenne, G., Roques, J.P., Schonfelder, V., Mand rou, P., Lichti, G.G., von Kienlin, A.,
Cordier, B., Schanne, S., Knodlseder, J., Skinner, G., Jean, P., Sanchez, F.,
Caraveo, P., Teegarden, B., von Ballmoos, P., Bouchet, L., Paul, P., Matteson, J.,
Boggs, S., Wunderer, C., Leleux, P., Weidenspointner, G., Durouchoux, P., Diehl, R.,
Strong, A., Cassé, M., Clair, M.A., André, Y., 2003. SPI: The spectrometer aboard
INTEGRAL. Astron. Astrophys. 411, L63-L70. http://dx.doi.org/10.1051/0004-
6361:20031482.

17

New Astronomy Reviews 92 (2021) 101595

Veres, P., Bissaldi, E., Briggs, M.S., Fermi GBM Team, 2020. SGR 1935+2154: Fermi
GBM observation. GRB Coord. Netw. 27531, 1.

Vigano, D., Mereghetti, S., 2009. Calibration of the INTEGRAL SPI anti coincidence
shield with gamma ray bursts observations. In: The Extreme Sky: Sampling the
Universe above 10 KeV. p. 49, arXiv:0912.5329.

von Kienlin, A., Beckmann, V., Rau, A., Arend, N., Bennett, K., McBreen, B., Connell, P.,
Deluit, S., Hanlon, L., Hurley, K., Kippen, M., Lichti, G.G., Moran, L., Preece, R.,
Roques, J.P., Schonfelder, V., Skinner, G., Strong, A., Williams, R., 2003. INTEGRAL
Spectrometer spi’s GRB detection capabilities. GRBs detected inside spi’s fov and
with the anticoincidence system ACS. Astron. Astrophys. 411, L299-L305. http:
//dx.doi.org/10.1051/0004-6361:20031231, arXiv:astro-ph/0308346.

Wadiasingh, Z., Timokhin, A., 2019. Repeating fast radio bursts from magnetars with
low magnetospheric twist. Astrophys. J. 879 (1), 4. http://dx.doi.org/10.3847/
1538-4357/ab2240, arXiv:1904.12036.

Younes, G., Guver, T., Enoto, T., Arzoumanian, Z., Gendreau, K., Hu, C.-P., Ray, P.S.,
Kouveliotou, C., Guillot, S., Ho, W.C.G., Ferrara, E.C., Malacaria, C., 2020. Burst
forest from SGR 1935+2154 as detected with NICER. Astron. Telegr. 13678, 1.

Yu, Y.-W., Zhang, B., Gao, H., 2013. Bright “merger-nova” from the remnant of a
neutron star binary merger: A signature of a newly Born, massive, millisecond
magnetar. Astrophys. J. 776 (2), L40. http://dx.doi.org/10.1088/2041-8205/776/
2/140, arXiv:1308.0876.

Zhang, B., 2013. Early X-Ray and optical afterglow of gravitational wave bursts from
mergers of binary neutron stars. Astrophys. J. 763 (1), L22. http://dx.doi.org/10.
1088/2041-8205/763/1/L22, arXiv:1212.0773.

Zhong, S.-Q., Dai, Z.-G., 2020. Magnetars from neutron star-white dwarf mergers:
Application to fast radio bursts. Astrophys. J. 893 (1), 9. http://dx.doi.org/10.
3847/1538-4357/ab7bdf, arXiv:2002.11975.

Carlo Ferrigno

Current position:

Born in 1975. Principal Investigator of the INTEGRAL
science data centre (ISDC, Switzerland), an entity that
provides data of the ESA/NASA mission INTEGRAL to the
world-wide community, participates to the in-flight cali-
bration, distributes the software to exploit the data, and
performs quick-look analysis to find relevant X-ray transient
phenomena. Project manager of Swiss participation to the
hardware of the XRISM mission.

His research interests are mainly:

Multimessenger astronomy: Detection of Gamma Ray
Bursts and flares with hard X-ray facility and search for
electromagnetic counterparts of gravitational wave events,
fast radio bursts, and high-energy neutrino detection.

Accretion physics: Study of stellar-size Galactic compact
objects. Observational characterization of relativistic radi-
ation transfer in a magnetized medium using timing and
spectral signatures in the X-ray domain.

Author of more than 130 referred journal papers in 19
years. Author of more than 700 non-refereed publications
of which astronomer’s telegrams GCNs are related to the
INTEGRAL quick-look analysis; two white papers for the
ASTRO-H mission.

Teaching:

2005-2007: Lecturer of general physics, University of
Palermo, bachelor course of engineer, Subjects: Mechanics,
Thermodynamics, Electromagnetism, Optics.

2016-2020: Lecturer of high energy astrophysics, at
the university of Geneva in the master and Phd course physics
Subjects.



http://dx.doi.org/10.1038/nature17168
http://dx.doi.org/10.1038/nature17168
http://dx.doi.org/10.1038/nature17168
http://arxiv.org/abs/1603.00581
http://dx.doi.org/10.3847/1538-4357/835/1/7
http://arxiv.org/abs/1610.03860
http://arxiv.org/abs/2005.12164
http://dx.doi.org/10.3847/2041-8213/834/2/L7
http://dx.doi.org/10.3847/2041-8213/834/2/L7
http://dx.doi.org/10.3847/2041-8213/834/2/L7
http://arxiv.org/abs/1701.01100
http://dx.doi.org/10.3847/0004-637X/827/1/59
http://arxiv.org/abs/1602.02188
http://dx.doi.org/10.1126/science.1236789
http://arxiv.org/abs/1307.1628
http://arxiv.org/abs/1307.1628
http://arxiv.org/abs/1307.1628
http://dx.doi.org/10.1093/pasj/65.5.L12
http://arxiv.org/abs/1307.4985
http://arxiv.org/abs/1307.4985
http://arxiv.org/abs/1307.4985
http://dx.doi.org/10.1093/mnrasl/sly061
http://dx.doi.org/10.1093/mnrasl/sly061
http://dx.doi.org/10.1093/mnrasl/sly061
http://arxiv.org/abs/1801.06516
http://dx.doi.org/10.1093/mnras/staa2626
http://arxiv.org/abs/2006.01150
http://dx.doi.org/10.1051/0004-6361:20031224
http://dx.doi.org/10.1051/0004-6361:20031482
http://dx.doi.org/10.1051/0004-6361:20031482
http://dx.doi.org/10.1051/0004-6361:20031482
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb159
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb159
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb159
http://arxiv.org/abs/0912.5329
http://dx.doi.org/10.1051/0004-6361:20031231
http://dx.doi.org/10.1051/0004-6361:20031231
http://dx.doi.org/10.1051/0004-6361:20031231
http://arxiv.org/abs/astro-ph/0308346
http://dx.doi.org/10.3847/1538-4357/ab2240
http://dx.doi.org/10.3847/1538-4357/ab2240
http://dx.doi.org/10.3847/1538-4357/ab2240
http://arxiv.org/abs/1904.12036
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb163
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb163
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb163
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb163
http://refhub.elsevier.com/S1387-6473(20)30071-3/sb163
http://dx.doi.org/10.1088/2041-8205/776/2/L40
http://dx.doi.org/10.1088/2041-8205/776/2/L40
http://dx.doi.org/10.1088/2041-8205/776/2/L40
http://arxiv.org/abs/1308.0876
http://dx.doi.org/10.1088/2041-8205/763/1/L22
http://dx.doi.org/10.1088/2041-8205/763/1/L22
http://dx.doi.org/10.1088/2041-8205/763/1/L22
http://arxiv.org/abs/1212.0773
http://dx.doi.org/10.3847/1538-4357/ab7bdf
http://dx.doi.org/10.3847/1538-4357/ab7bdf
http://dx.doi.org/10.3847/1538-4357/ab7bdf
http://arxiv.org/abs/2002.11975

	Multi-messenger astronomy with INTEGRAL
	Introduction
	Binary mergers and observable counterparts
	Binary black hole mergers
	Binary neutron star mergers

	High-energy neutrinos
	Fast radio bursts
	Methods for serendipitous search of impulsive events with INTEGRAL
	SPI
	SPI-ACS
	IBIS/ISGRI
	IBIS/PICsIT
	IBIS–VETO
	IBIS–Compton mode
	JEM-X
	OMC
	The IBAS software suite
	An automatic system to react to transient events

	Follow up observations
	Some selected results
	GW150914
	GW170817
	Other GW events
	IceCube-170922A
	FRB counterparts
	Optical transient follow-up

	Conclusions and future perspectives
	Acknowledgments
	Appendix A. The complete list of GCNs related to INTEGRAL results on multi-messenger astronomy until July 2020
	References


