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Abstract: Before the Neil Gehrels Swift Observatory, we knew little about short-duration Gamma-ray
bursts (sGRBs). Their briefness led to the suspicion that they resulted from mergers of compact
objects, e.g., two neutron stars or a neutron star and a black hole. However, proof was lacking. sGRB
post-prompt emission, or afterglow, was undetected; thus, we could not apply essential investigation
tools. Swift was the first to pinpoint sGRB afterglows. sGRBs were found to differ from long GRBs in
terms of host galaxies, offset from host, environment, energy and progenitors. The Swift UV/Optical
Telescope (UVOT) has greatly contributed to these discoveries with its unique combination of fast
repointing capabilities and UV sensitivity. But the long-sought proof of the sGRB–merger connection
arrived in 2017. The gravitational signal GW 170817A caused by two NSs collision was associated
with sGRB 170817A. Swift/UVOT discovered that its early optical emission was—unusually for GRB
afterglows—thermal. It was interpreted as an emission from the merger’s hot debris: the kilonova.
Kilonovae have seemingly been found in other sGRBs and—puzzingly—in long GRBs. Over almost
20 years, Swift/UVOT observations have also been pivotal to understanding peculiar events. In this
review, I will summarize UVOT’s major contributions in the fields highlighted.
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1. Introduction

Gamma-ray bursts (GRBs) are evanescent, high-energy (X-ray and γ-ray) sky tran-
sients [1]. They are observed with a random position and occur about once a day. Briefly,
they are the most luminous sources of energy in the Universe, reaching up to ∼1053 erg s−1

assuming isotropy. Thanks to the large number of statistics built by the BATSE instrument
onboard the Compton Gamma-ray Observatory (CGRO, [2]), it has been known since
1993 [3] that GRBs form two distinct groups. One typically has a high energy and “prompt”
emission duration of less than ∼2 s, whereas the other group is generally formed by events
longer than ∼2 s1. The nicknames of such GRBs are “short” and “long” GRBs, respectively.
The spectra of the sources of the two classes differ as well: while the short GRBs are often
hard, the long ones are usually soft. Clearly, the 2 s divide is rather artificial; diverse
instruments will have different sensitivity in different parts of the spectrum and may set
the divide at a different time [4]. Despite these issues, the presence of two classes of events
was proven beyond doubt.

The extragalactic nature of long GRBs was determined thanks to the Italian–Dutch
satellite BeppoSAX [5,6] in 1997. Its X-ray wide field cameras pinpointed the prompt
emission and allowed narrow field instruments to find the so-called “afterglow” emission,
coming after the prompt, which in turn enabled us to find GRBs’ redshifts, energies, ejecta
geometries, radiation mechanisms and host galaxies [7,8].

As for the origin of long GRBs, it was found in 1998, when they were first associated
with a peculiar class of energetic Type Ic supernovae (GRB-SNe; [9]) and correlated well
with the star-forming regions in star-forming galaxies [10,11]. Successively, investigated

Universe 2024, 10, 5. https://doi.org/10.3390/universe10010005 https://www.mdpi.com/journal/universe

https://doi.org/10.3390/universe10010005
https://doi.org/10.3390/universe10010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0002-4036-7419
https://doi.org/10.3390/universe10010005
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe10010005?type=check_update&version=5


Universe 2024, 10, 5 2 of 28

nearby long GRBs have shown features due to Type Ic SNe in their light-curve and spec-
tra. Such associations have been ultimately possible thanks to the well-localized GRB
afterglows.

The origin of the short GRBs (sGRBs), with duration of ∼2 s or much less, remained
obscure for longer. They did not produce a detection in BeppoSAX wide field cameras or in
general X-ray detectors in space, nor an afterglow in telescopes when these were repointed
to the direction of the burst, hours or even days after the trigger. Still, their brief duration
suggested a scenario involving two compact objects, for example, a binary system of two
neutron stars (NSs) or an NS and a black hole (BH). They would spiral in, losing energy via
gravitational waves (GWs). Eventually, the two objects would merge at a fraction of the
speed of light in an utterly catastrophic event in which the laws of physics are pushed to
the extreme, generating the short GRB [12,13].

Launched in 2004, the Neil Gehrels [14] Swift Observatory has tremendously advanced
our knowledge on sGRBs thanks to the fact that it discovers, localizes with an accuracy of at
least a few arcminutes with its Burst Alert Telescope (BAT; [15]), and autonomously starts
observations of the newly found GRB with its X-ray [16] and UV/Optical Telescope [17]—
XRT and UVOT, respectively—just ∼100 s after the trigger. Meanwhile, it notifies ground
telescopes of the new source in real time. Crucially, BAT is sensitive enough and it has
the accuracy to discover and pinpoint short GRBs, which thus can be immediately (when
they are brighter) followed up by other spacecraft instruments and ground observatories.
Nowadays, Swift has the only fast re-pointing UV observatory in space, with sensitivity
between 170 and 650 nm. Its first detection of optical emission from a GRB is that of
the long GRB 050318 [18]; the first sGRB with optical afterglow detected by UVOT is
sGRB 060313 [19]. Since then, Swift has allowed us to individually and systematically study
the sGRB’s weak X-ray and optical afterglows [20,21] from the very beginning. Swift was
the first mission to find the host galaxy of a sGRB (sGRB 050509, [22]), which turned out
to be a passive (i.e., without present star formation) galaxy, and enabled us to determine
other associations between a non-star-forming galaxy and a short burst, to unearth sGRBs
redshifts, to find large off-sets of sGRBs from their hosts, to constrain a low density for
sGRB surroundings [23–25], and to determine the absence of any supernova associated
down to very deep upper limits [10,26]. All these findings converged to or were at least
consistent with the merger scenario. However, the “smoking gun” for the sGRB progenitor
had not yet been found.

Finally, in 2017, the watershed event happened. The Advanced LIGO telescope [27]
detected GWs from a two-NS merger in a sky area where the Fermi Gamma-ray Burst
Monitor (GBM; [28]) simultaneously detected the weak sGRB 170817A [29]. The worldwide
hunt for the electromagnetic (EM) counterpart of this event led to the discovery of the
uncatalogued optical transient AT2017gfo [30] in the error region. Swift rapidly slewed
to study its EM emission with UVOT, and found that the UV-bright AT2017gfo did not
show the typical power-law spectrum of GRB afterglows, but it had a rapidly cooling
thermal spectrum [31]. The consensus is that AT2017gfo was a kilonova (KN): a theoret-
ically predicted [32] short-duration source appearing early, broadly isotropic, optically
thick, and heated by the radioactive decay of the neutron-rich material coming from the
impact [32,33]. Spectral analysis has indicated the presence of r-elements (see Section 2.5),
confirming the theories that these mergers produce the heaviest neutron-rich nuclei in the
Universe. However, AT2017gfo’s fast change in colour tells us that the properties of the
merger ejecta are not that simple. Given the interest in compact objects such as NS and
BH for estimating how much and when the KNe could produce the amount of r-elements
in the Universe, and the opportunity to study GWs and physics theories at the extreme,
searches for KNe possibly present in other sGRB light curves which are not recognized for
what they were have been undertaken. In addition, these searches have also attempted
to constrain the dynamics and the temperature/opacity of the kilonova, which can tell
us about the physics and the geometry of the merger and its complex outcome. All in
all, a new multi-messenger research approach was born in 2017: it attempts to explore
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extreme objects and events and their physics by using the two channels of EM and GW
radiation. Radio observations showed an off-axis relativistic jet in sGRB 170817A; thus,
the low fluence and the late appearance of the “genuine” power-law afterglow emission
could be explained as an off-axis point of view ([34,35]; see Sections 2 and 3). Moreover,
Swift data have somehow “blurred” the separation between short and long GRBs (see
Section 2.7): some short bursts present a spectrally soft “extended emission” (EE) after the
initial short spike [36,37], which may cause them to be mistaken for long GRBs if bright
enough ([38]; see Section 3).

The Swift UV Optical Telescope has also contributed to the study of several peculiar
short GRB afterglows, as in the case of sGRB 090510 and sGRB 060614, by creating early
spectra and light curves. While the former is the only short event with Fermi-LAT GeV and
simultaneous Swift BAT, XRT and UVOT detection, the latter is a prototype of a “hybrid”
class: GRBs that show some characteristics of the short class and of the long class. By
unveiling the optical behavior of bursts at the very beginning, UVOT has also enabled
us to extend the study of GRB spectra, including sGRB spectra, down to the eV range by
building spectral energy distributions that extend over several orders of magnitude and
test the models quite strongly.

In this short review, I will thus focus on contributions that UV/Optical Telescope
onboard Swift has made to the field of short GRBs.

2. Methods and Results of the Study of Short GRB
2.1. The Swift UV/Optical Telescope

For the particular aim of this article, a brief description of the Swift UV/Optical
Telescope and its capabilities is provided. The telescope has a modified Ritchey–Chrétien
configuration, with a 30 cm primary mirror and a focal ratio of 12.7. The light that enters the
telescope tube is directed by a mirror to the detector behind a filter wheel with 11 positions.
There are astronomical band filters, which are v, b, u, uw1, um2, and uw2, in order of
decreasing wavelength they let pass; there are also a clear or “white” filter, two grism filters
(one for the optical band and one for the UV wavelengths), and a blocked filter. The detector
is a charged coupled device (CCD), provided with a mechanism of intensification of
the signal. The detector and filter wheel are duplicated for redundancy. The working
wavelength band is about 170–650 nm and the field of view is 17’ × 17’, aligned with
that of the X-ray telescope that is also mounted on the same optical bench. The CCD has
256 × 256 pixels, but it samples at 2048 × 2048 “virtual pixels” with a resulting point spread
function of 0.9” FWHM. Operating from space where the light background level is much
smaller than those at the ground, the UVOT sensitivity was found to be b∼22 magnitude
source with a 1000 s integration time [39–42].

From the point of view of operation, the UVOT starts observations with a chosen filter
when Swift is still slewing but is within 10’ of the target position provided by BAT and XRT.
This is the “settling” exposure. Once the spacecraft has stopped slewing, UVOT commences
a sequence of exposures that can be modified. The first settled observation provides the
“finding chart”, whose central part is immediately sent to ground observatories via Notices.
UVOT has an catalogue of bright sources in its onboard computer, and it compares the
finding chart with the catalogue in the region observed; if a new source is found, this is
also stated in the Notices. Typically, the finding chart is taken starting ∼100 s from the
burst trigger time given by the BAT [41,42]. Later, the complete finding chart and following
observations are downloaded when Swift passes over ground stations.

Overall, with its characteristics, the UVOT has routinely shown us the previously
largely unknown initial optical emission of GRB afterglows. Since afterglow emission
decays with time, UVOT generally observes it when it is at its brightest and with the best
S/N. The capability of starting observations of GRBs that early is of particular importance
for sGRBs, given the fact that their afterglows, including optical afterglows, are on average
weaker than those of long GRBs ([20]; see also Section 2.2). Moreover, early exposures
enable us to study physical processes that are expected to occur in the first few hundred
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seconds from the GRB explosion, such as the so-called “reverse shock” and the “forward
shock” peaks [43]. Usually, for an afterglow of average brightness, the UV/optical light
curve is at least a few hundred seconds long. Other scientific goals of UVOT have been to
determine the fraction of bursts that are highly extinguished, the kind of extinction law
in far-away galaxies, and, for very bright GRBs, a direct estimate of the redshift thanks to
photometry and grisms.

2.2. Short GRBs Observations and Their Physical Parameters

By their very nature, sGRBs are first detected by space facilities because our atmo-
sphere stops the initial X and γ-ray radiation. When a detection is made, follow-up
observations take place. Swift BAT operates between 15 and 350 keV and, as already
mentioned in the Introduction, is responsible for the discovery and real-time positioning of
a high-energy uncatalogued source. This is used by the satellite to autonomously slew and
start observations with the XRT and UVOT, usually within ∼100 s from the high-energy
trigger; XRT and UVOT can also pinpoint the afterglow down to ∼1–2”. The position is
immediately sent to ground observatories. Swift detects about 10 short GRBs/yr, and of
these, 7 are immediately localized within a few arcseconds thanks to the detection and
localization of their X-ray afterglows by the XRT and sometimes by UVOT (in which case,
the localization has ≃0.6” accuracy).

The study of the GRB afterglow is of particular importance because it enables us to test
and use the successful “forward shock” model (FS; [21,44]) to study these extremely violent
explosions. Basically, it is assumed that the ultra-relativistic ejecta drive a “forward shock
wave” ahead of them, thus accelerating electrons of the circumburst medium. In turn,
electrons re-emit the acquired energy as synchrotron radiation. With the FS model, one
can constrain essential parameters of the burst, such as the opening angle of the outflow
and thus the true, beamed-corrected energy, both of which depend on the burst “central
engine”. Moreover, other shock parameters, such as the fraction of shock energy given to
the synchrotron-radiating electrons and to the magnetic field of the circumburst-shocked
medium, ϵe and ϵB, respectively, the index of the power-law energy distribution of radiating
electrons p, and the density n of the medium environment itself, can be constrained.
However, to use the FS model, one should determine at least the power-law temporal decay
and spectral indexes of the afterglows, α and β, respectively, preferably in more than one
band. The FS flux density is characteristically a power law both in the space and temporal
domain, i.e., Fν ∝ ν−βt−α.

Fong et al., 2015 ([24]; F15 onwards) systematically analyzed the X-ray, optical and
radio data of a sample of 107 sGRBs with T90 < 2 s detected in large majority by Swift
(with smaller addition from other orbital facilities) between 2004 and 2015 (a span of about
10 years). The archive they built and the related sources are available in their online article.
When taking out those events affected by observational constraints and considering the
fact that some events were observed by more than one facility, F15 found that 91% of short
GRBs have an X-ray afterglow, 40% have an optical afterglow and 7% have a radio one.
The rate of optical detection is essentially the same as that found in the second catalogue
of Swift/UVOT GRB afterglows [42], for which detection at ≳3σ level are ≃40% of the
total, if one optimally sums the available exposures (for details, see said catalogue). In F15,
the X-ray decay index was calculated with a fit based on χ2 statistics, as in the case of the
decay index of the optical emission obtained by one or more good-quality light curves.
The decay index αopt thus calculated is used to extrapolate the flux in other filters to a
common epoch, thus enabling us to calculate the spectral index βopt. UVOT data were used
for this effort essentially in collaboration with ground observatories, since UVOT discovers
optical/UV afterglows at the beginning of observations of a newly discovered GRB in
≈10% of cases (based on [23] and Oates S., priv. comm.; as mentioned, this fraction rises
to ∼40% if we include all the UVOT exposures optimally summed together, but temporal
information is basically lost in these cases) and UVOT starts taking data very early, giving
us leverage to establish the overall light curve. With UVOT, observations at late epochs
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have exposures longer than the first, thus allowing us to recover the optical afterglow
emission down to a magnitude b∼22.

F15 analyzed the 38 bursts with the best optical and X-ray data, by means of the
equations of the FS model. They fixed ϵe = ϵB = 0.1 as fiducial values. However, given the
inclusion of radio data, sGRB 050724 and sGRB 140903A require ϵB equals to ≲10−4, ≲10−3,
respectively. The fit of sGRB 051221 is significantly better if ϵB = 0.01. Furthermore, F15
notes that for 33 bursts out of 38, a solution with ϵB = 0.01 is acceptable. F15 then derived
how the kinetic energy and density depends on the observed optical, X-ray, and radio (when
available) flux density, according to the FS equations. This is because these three bands may
be found in three different intervals of the spectrum: between the self-absorption frequency
νSA and the peak frequency νM; between νM and the cooling frequency νC; and above νC.
Each interval provides a different relation between E and n; thus, for a given flux, it will
correspond to a different segment in an EK − n diagram. The “correct” value of kinetic
energy and density is found where the segments intersect. In a few cases, we have only
observations in one of the three frequency intervals above; for example, we may have
that νM < νOpt < νX < νC. If radio observations are not available, the two segments
corresponding to the optical and X-ray flux have the same slope, they may overlap, and the
EK − n measurement is much less defined and density could take infinitely small values.
In practice, we bind n to be >10−6 cm−3. Since EK and n are inversely proportional, when
it comes to produced flux, the low bound for n creates an upper limit of EK as well. In this
sense, one may say that energy and density are somehow degenerated. When radio data are
available, even in the form of upper limits, they provide another constraint. Moreover, F15
imposes a further constraint that νC, which depends on EK and n, is higher than ≃2.4× 1018

Hz = 10 keV in the frequency configuration above; the opposite applies if νC < νX . Finally,
F15 found that having different minimum values of density does not greatly affect the
median of the distribution of this parameter. Overall, with the aforementioned values of
the ϵ’s parameters (and the exceptions for sGRBs 050724 and 140903A), F15 found that
the density and isotropic kinetic energy median values are <n> ≃ 2.9 × 10−3 cm−3 and
<EK,iso> ≃ 1.9 × 1051 erg. The cumulative distribution of density gives n ≲ 1 cm−3

in 95% of cases. F15 noted that events with a ”high” density may only be found close
to their host. Among the 38 events, 18 GRBs have the synchrotron cooling frequency
νC and injection frequency νM in the following order: νX > νC > νOPT > νM. These
events have better-constrained energy and density (one can use two or three equations
provided by the FS model, that is, two or three segments of different slopes in the EK − n
diagram). Assuming the aforementioned values for ϵB and ϵe, F15 found a density median
<n> = 3.7 × 10−2 cm−2; 90% of GRBs have n ≲ 1 cm−3. The median kinetic energy
assuming isotropy is <EK,iso> ≃ 9.6 × 1050 erg. Finally, even adopting ϵB = 0.01 for
all bursts except 050724A and 140903A, the median values of kinetic energy and density
increase but change by less than a factor of two (Figure 6 of F15).

Surprisingly, for sources often connected with ancient star populations, some short
GRBs present significant extinction (∼1 magnitude). This was taken into account in those
bursts with the best data; otherwise, the extinction AV was fixed to 0. It is remarkable that
sGRB 080919 has AV ≳ 6 magnitudes (F15).

2.3. Short GRB Host Galaxies

Swift instruments provided the error region of many short bursts that were subse-
quently investigated by very large telescopes to spot and study the host galaxies, something
nearly impossible before. The XRT has a refined error radius of very few arcseconds while,
as mentioned, sources in UVOT have positions with less than 1” errors.

In addition, if the sGRB host galaxy was sufficiently close, Swift/UVOT could provide
its magnitudes in the UV bands. In doing so, it could help constrain parameters such as the
star formation rate (De Pasquale et al.).

Fong et al. (2022) ([25], F22 onwards) analyzed all sGRBs from Swift’s launch to
2021 whose positions had an error ≲5” in order to attempt a meaningful association with
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their host galaxy (almost all XRT-detected bursts obey such a condition). They used the
literature/archival data as well as their own observations carried out with large optical and
NIR ground facilities, HST and Spitzer. They gathered both photometric and spectroscopic
data. They took out the bursts with observational constraints. Astrometry of the host
galaxies was carried out over the well-known catalogues Gaia DR2 [45], Pan-STARRS [46],
SDSS DR12 [47], or 2MASS [48]; the centroids of the sources was determined via standard
software such as SExtractor and IRAF [49–51]. The positions of afterglows were determined
again by means of SExtractor and IRAF. The online version of F22 contains the catalogue
of the host and afterglow positions. If they could not access afterglow discovery images,
they employed published positions from the literature or GCNs. Overall, their sample
is constituted of 90 sGRBs. The probability of a galaxy being associated with a GRB was
evaluated as in [11]: basically, the probability of finding a galaxy of a given magnitude
at a given radius distance from the given afterglow. While they associate 84 sGRBs with
galaxies, actually 50 of these (i.e., 56% of the sample) have a probability only of 2% or less of
not being the real host. These tend to have the most luminous host galaxies, lower redshifts,
and smaller offsets. Bursts for which the probability of a wrong association is larger than
0.02 are still important, because they would still include progenitors that, for example, have
traveled further from their birth site. Thus, F22 included galaxies with a probability of
being a false of up to 0.2; one major reason for such a high probability is that sGRB and the
putative host may well have a large distance, as mentioned.

To determine the redshift, spectroscopic data were analyzed or, when this was not
possible, a photometric evaluation was carried out.

Overall, F22 found a median redshift for the full population of <z> = 0.64+0.83
−0.32,

and <z> = 0.93+1.16
−0.46 for those objects whose redshift was determined photometrically.

The median physical offset of sGRB with respect to their host is 7.72+20.91
−6.05 kpc. This is ≃6

times the offset of long GRBs from their hosts [52]. The offsets of sGRBs with best and
clearest data, when compared to the size of their host galaxies, give a median of 1.45+2.57

−0.93
light radius re, which is still ≃2.5 the value for long GRBs. In addition, F22 found that
sGRBs with extended emission are not different from events without in terms of off-set.

Another result of F22 is that sGRB hosts have a median luminosity <L> ≈ 8 × 109 L⊙;
sGRB host galaxies seem to be, on average, more luminous than hosts of long GRBs.
The latter show several objects with L ≲ 109 L⊙, whereas there are only two sGRB hosts
with such low luminosities of up to redshift z ≲ 3 (F22). Yet, the deep photometry
performed by F22 would have spotted host galaxies with L < 109 L⊙, at least up to
redshift 1.

Nugent et al. (2022) ([53], N22 hereafter) examined the properties of the stellar pop-
ulations of the sample of host galaxies of F22 with associated sGRBs by means of the
PROSPECTOR [54] code in order to constrain the redshift, if not known already, and
the stellar population properties, such as stellar mass, star formation rate, metallicity,
and dust attenuation. In turn, such measurements about the star populations could inform
us about the progenitor of sGRBs. Their sample is somehow reduced from that of F22 since
they require observations in at least three filters.

N22 found a median redshift of GRBs with a spectoscopic redshift <z>= 0.47+0.58
−0.26.

If we add the GRBs with photometrical redshift, we find a median of z = 0.64; this is not
surprising, since photometric redshift allows us to constrain the redshift of objects at z > 1.
We find that the average stellar mass is log M∗/M⊙ = 9.7+0.8

−0.7, SFR = 1.4+9.4
−1.4 M⊙/year,

log Z∗/Z⊙ = −0.4 ± 0.4, and AV = 0.4+0.9
−0.4 magnitudes. Overall, 84% of sGRBs hosts are

star-forming objects, 6% are transitioning to quiescent, and 10% are quiescent. The latter
percentage rises to ≈40% when one considers hosts at z ≲ 0.25. A similar trend is also
found in the general field galaxy population. sGRB hosts populate the star-forming main
sequence (SFMS; see, e.g., [55,56]), i.e., the star formation rate as a function of stellar mass.
In this case, they behave like most field galaxies (note that SFMS changes with redshift:
the higher the redshift, the more star-forming a galaxy is for a given stellar mass). In other
words, the hosts of sGRBs have a star formation rate typical of their mass and redshift:
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more star formation is present in more massive galaxies. We wrote above that the host
galaxies of sGRBs do not seem to be dimmer than ∼109 L⊙. However, N22 found also that
the fraction of massive host sGRB galaxies is lower than that in the field galaxies; thus,
sGRB hosts do not track stellar mass alone (see also some very recent and preliminary work
from the N22 group [57]). Since these hosts still follow the SFMS, one concludes that sGRBs
trace a combination of star formation and stellar mass. N22 found that for those sGRB hosts
at z > 1, about 1/3 of the sample, the average age of the population is systematically less
than ≈20% the age of the Universe at that redshift. Note that at z ≈ 1, we are quite close to
the peak of stellar formation in the Universe. Instead, those hosts at z < 1 show a wide
span of stellar ages. Another result of N22 is that the metallicity is what we would expect
from their stellar mass and star formation: sGRBs do not appear to select galaxies for their
metallicity. Note, for example, that NGC 4993, the host of the only sGRB so far associated
with a GW signal, has an old stellar population, ≃10 Gyr and nearly solar metallicity. It is
also quiescent, and it is not surprising to find such properties in a low-redshift sGRB host.

According to N22, sGRBs seem to be farther away from their host if the galaxy is
not star-forming, 26.1+34.3

−23.7 kpc, than if it is star-forming, 9.0+11.6
−6.82 kpc. Such a difference

cancels out, though, if one considers the relative size of the galaxies. Nonetheless, a large
offset indicates a longer delay time since the formation of these progenitors. Anyway, no
correlation between host galaxy distance and SF rate and optical afterglow luminosity
is found.

Finally, hosts of long GRBs have, on average, a mass lower by ∼1 order of magnitude
and a few times higher specific star formation rates than hosts of sGRBs (N22). Instead, the
hosts of sGRB have typical mass close to the hosts of supernovae Ia, which are thought to
derive from an old population.

2.4. Opening Angle of the Ejecta Jet

Short GRBs, like long GRBs, are expected to be beamed, jetted sources. Because of rela-
tivistic beaming, the high-energy prompt emission is basically detected only if
θobs < Γ−1 + θjet, where θobs is the observing off-axis angle, θjet is the semi-opening angle
of the jet, and Γ is the Lorentz factor of the jet. Now, the relativistic beaming effect brings
about the “jet break phenomenon”. The jet decelerates by piling up circumburst medium;
consequently, its Γ decreases and an increasing fraction of the emitting surface is seen. Once
the ejecta have decelerated enough, the observer will detect emission from the “edge” of
the jet, beyond which there is no more emitting surface. The light curve will thus show
a break to a faster decay: this is the jet break [58]. According to the FS model, the decay
slope becomes α ≃ p in all bands above νM. Finding the opening angle of the short GRB
jets is of the utmost importance if we want to compute the true energy and rate of these
events ([59]). The opening angle θjet ∝ t3/8

jet , where tjet is the jet break time; thus, the longer
the observation, the more probable it is to find the jet break. In the sample of F15, only a
few bursts showed jet breaks; the weakness of the events may be responsible, given the
low count/rate at the epoch of the possible jet break. To consider wide opening angles,
F15 added events with published limits on the opening angle (they were observed for
several days and led to θjet ≳ 50), and bursts of their own analysis. F15 found opening
angles variable between 5 and 25 degrees. If one fixes θjet < 30 degrees, a median of
<θjet> = 16 ± 10 degrees is found. This is comparable to the θjet = 13+5

−9 degrees found
for long GRBs (see F15 and references therein). With this value of θjet, the typical beamed-
corrected energy is fb ≃ θ2

jet/2 ≃ 0.04+0.07
−0.03 times that inferred in the isotropic case. Thus,

the typical beamed-corrected total (kinetic + radiated) energy budget of a short GRB is of
the order of 1049–1050 erg.

2.5. sGRB 170817A—GW 170817—AT2017gfo

Swift/UVOT provided an important contribution to monitoring the UV Optical NIR
emission of this source because it is the only fast-repointing UV observatory in space.
UVOT began observation of AT2017gfo, the optical counterpart to GW 170817 found in
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the passive galaxy NGC 4993 at 43 Mpc [30], about 0.6 days after the GW signal. UVOT
data were reduced and analyzed using standard routines—i.e., NASA ftools especially
created for UVOT2—and procedures. In the first exposures, UVOT detected a source that
was bright, especially in the UV, with magnitude u = 18.19+0.09

−0.08, uw1 = 19.46 ± 0.11 (AB)
[31]. The absolute magnitude of this source in the u band is thus Mu ≃ −15. Successive
exposures showed that the flux at UV wavelength was decaying faster, whereas the source
was almost constant in the optical and near-infrared (see Figure 1).
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Figure 1. (A) Early light curve of AT2017gfo. (B,C) Spectra of AT2017gfo at 0.6 d and 1 d after Trigger.
The blue and red color represent the KN emission at 7300 and 6400 K, respectively. In particular, the
“fluctuating” light curves show the observed thermal spectrum after predicted extinction in the source.
The non-extinguished spectra show the typical black-body shape. Taken from [31].

The fit of the spectral energy distributions at 0.6 and 1 day after the trigger with a
power-law model, which usually reproduces the GRB afterglow spectra, was statistically
very poor. Instead, the fit with the thermal spectrum model is good. Moreover, no X-ray
emission was detected at the beginning of observations, nor for a few days after the trigger,
whereas GRB afterglows are very X-ray luminous after the prompt emission. At 0.6 days,
the optical-to-X-ray spectral index limit—built using UVOT data—is βOX > 1.6, which
is hardly found in GRB afterglows. Noticeably, the thermal source was cooling fast. The
fitting of the data indicated that the temperatures had decreased from 73000 ± 2000 K to
64000 ± 2000 K between 0.6 and 1 day. This rapidity excluded a supernova. Furthermore,
the thermal emission was also produced by material moving at trans-relativistic speeds.
By deriving the radii of the emitting regions at 0.6 and 1.0 days (using the temperature
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and the luminosity calculated thanks to knowing the distance) and dividing by the time
intervals, one finds speeds of 0.2–0.3 c. This source is the “kilonova”.

Several authors investigated how the kilonova source showed a blue component for
some time, which points to a low opacity of the emitting medium; then, it turned red,
and thus had a high opacity. Ref. [31] tried to recreate the kilonova temporal and spectral
behavior as follows. They created several 2D models, varying the parameters of mass,
velocity and composition. Two ejecta components were assumed. One is neutron-rich dy-
namic ejecta, with an electron fraction Ye ≃ 0.04, which produces lanthanides and actinides.
These are high-opacity heavy r-elements, where “r” stands for “rapid”; these elements can
only form in environments with an extremely large flux of neutrons, with nuclei piling up
more neutrons than those that can decay. This is supposed to happen in the “dynamical”
ejecta, i.e., matter stripped tidally before the impact or scattered at the moment of impact.
The “wind” ejecta instead were given Ye varying from 0.27 to 0.37 under the assumption
that they spent more time close to the neutrino-emitting system formed by a central object
and its accretion disk. This object is thought to be a Hyper-Massive Neutron Star (HMNS),
or a rapidly rotating black hole ([60]; see Section 3) that formed out of the merger. These
ejecta are expected to be less neutron-rich and produce the lightest and most transparent
of r-elements. Spatially, the best scenario to explain observations is that dynamical ejecta
roughly form a disk around the merged objects; the wind ejecta emerge from the centre
of it, possibly helped by the jet that has burrowed a hole through which the wind ejecta
can pass. Thus, the light elements are visible only if the off-axis angle is less than 30–40
degrees. This value is in agreement with the GW observations. Moreover, the wind ejecta
are taken over by the faster-moving dynamic ejecta within 1–2 days. After some fitting,
Ref. [31] find that the UVOIR emission can be globally reproduced with a wind ejecta mass
≳0.03 M⊙, Ye ≃ 0.27 and v = 0.08 c, while the Ye ≃ 0.37 (Fe-peak elements) is disfavoured.
As for the dynamical ejecta, although not well constrained by observations, masses around
0.01 M⊙ and speeds about v ≃ 0.3 c give a good fit, in agreement with other studies. A high
resolution spectrum of AT2017gfo ([61]; see [62] as well), taken about 1.5 days after the
trigger, seems to show spectral features due to the Strontium. This element has an atomic
weight of about 90 (there are several isotopes) and atomic number of 38, and is regarded
as also being produced in NS mergers as an r-element. Recently, Ref. [63] claimed to have
resolved the spectrum of another kilonova, associated with GRB 230307A, and found indi-
cation of another r-element, Tellurium, with atomic number Z = 52 and weight ≈130. Note
that many neutron-rich r-element nuclei predicted to form in kilonovae are radioactive;
this probably contributes to maintaining high the temperature of the ejecta for a relatively
long time. All in all, AT2017gfo has demonstrated that NS-NS mergers produce a sizeable
amount of r-elements. According to [64], for merger rates consistent with the “best bet” (see
Section 3.1), i.e., ∼1000 events Gpc−3 yr−1, mergers alone can explain the abundance of
r-elements, including the heaviest ones, in the Universe.

An X-ray source at the position of GRB170817A started to be detected ≃9 days after the
trigger by the Chandra X-ray Observatory, and successive Chandra observations showed
that this X-ray source brightness was slowly increasing [65]. The detection of the radio
counterpart followed two weeks after the trigger [66,67]. In the optical band, one had
to wait for the kilonova emission to fade away to find a weak, rising source 110 days
after the trigger [68–70]. The spectrum of radio, optical and X-ray emission could be
modelled well by a simple power law as predicted by the FS scenario, with β = 0.59 ± 0.01.
The emission at all wavelengths reached a peak at ≃150 d and started to decline fast with a
decay slope approximately ∝ t−2, where t is the time since the merging event. A joint fit
of all data in several bands (radio, optical, X-ray) with a broken power-law model yields
αrise ≈ 0.86 ± 0.04, tpeak ≈ 155 ± 0.04 days, αdecay ≈ 1.92 ± 0.12 [70,71]. Similar results have
been obtained by several authors.

Such an afterglow behavior, though never seen so clearly before, had been predicted
for misaligned jets (e.g., [72]). At the very beginning, basically all radiation is beamed away
from the off-axis observer. As the ejecta and the forward shock producing the emission
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slow down, the radiation becomes less and less beamed, until it fully reaches the observer.
The maximum occurs when Γ−1 ∼ θobs, with Γ being the Lorentz factor of the ejecta and θobs
being the angle between the jet axis and the observer. Following this epoch, little and then
no illuminating surface enters the line of sight and the light curve begins a steep decay in all
bands, typical of a relativistic jet [58] with a decay slope t−p, with p ≈ 2–2.5 or thereabouts.
Note that in this model, the jet must go through and emerge from the merger ejecta and,
in doing so, it is likely to acquire a “structure”. The core of the jet would have the largest,
roughly constant, amount of energy/solid angle, while the “wings” would have less of it.
However, the exact structure of the head of the jet is not clear since different models still
give acceptable results in reproducing the afterglow rising light curve. Nonetheless, some
structure is needed: a “top hat” jet, with uniform energy density throughout the emitting
surface, would have shown a much faster rise than that observed [72].

One such model is as follows. By means of fitting multi-wavelength data with the
EMCEE Markov Chain Monte Carlo package [73], Ref. [70] assumed that the energy

density on the jet head has a Gaussian form, with E(θ) = E0e
− θ2

2θ2
core . They retrieve a

half-opening jet core of θcore = 4.50 ± 0.03 degrees, a truncation angle (i.e., the half-total
angular extension of the jet) θwide = 43.9+26.8

−21.7 degrees, a visual angle θobs = 29.64 ± 9.12
degrees, an isotropic kinetic energy E = (2.95+16.10

−2.14 ) × 1052 erg, a beaming-corrected
total energy of Etot = (1.74+10.28

−1.15 )× 1050 erg, environment density n = 0.015+0.073
−0.014 cm−3,

ϵe = 0.074+0.176
−0.064, ϵB = (0.66+0.42

−0.49)× 10−5, p = 2.17 ± 0.01 (see the modeled light curves in
Figure 2). The kinetic energy is not subpar when compared to that of other sGRBs. Other
authors have obtained similar results.

Figure 2. The rise and decay of the afterglow of sGRB 170817A (from [70]).
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To date, the afterglow of 170817A can be thus modeled with the standard forward
shock scenario, with the only addition of an off-side observer and some structure in the
energy density on the jet head. In this scenario, sGRB 170817A may be basically a “normal”
short GRB seen off-axis at ∼200 from the jet axis. However, among the “anomalities” of
this short GRB, there is the fact that the prompt high-energy release assumed isotropy is
only (3.1 ± 0.7)× 1046 erg, four to five orders of magnitude less than usual. Among the
proposed hypothesis is that emission from the merger ejecta is heated by the GRB jet when
the latter goes out of the ejecta cloud, or “cocoon shock break-out” (see [74] and references
therein). However, in this case, the emission should be thermal, but it is not. Alternatively,
we may be initially seeing emission from the low-energy “wings” of the jet, which extends
up to ≃400 in [70] modeling; apart from this lower energy density of the ejecta, the emission
mechanism could be akin to that producing the “normal” prompt emission when the jet is
seen on-axis.

Alternative scenarios existed, e.g., a radially stratified spherical outflow ([74] and
reference therein). However, polarization studies and the discovery of a super-relativistic
point-like radio source demonstrated that a relativistic jet was present ([34,35]). According
to the latter studies, the off-axis angle is somehow smaller than that calculated by modeling
the sGRB 170817A afterglow, i.e., ∼150; however, it is still consistent within the errors.

2.6. Other Short GRBs Hosting Kilonovae

The case of the short GRB 170817A, associated with a gravitational signal and a likely
kilonova emission, has spurred the research on such transients in previous short GRBs.
Swift/UVOT, as well as ground observatories, might have detected kilonovae events and
not recognized them as such [75]. In their work, Ref. [76] (see also [77]) have examined
the sGRB of the sample of F15, looking for kilonova signatures in the light curves. First,
they took the sample built by F15 and considered mostly (but not exclusively) the events
with redshift. After this and other minor cuts and additions, they focused on 39 events. By
fitting the UVOT UV and optical data and X-shooter spectra, as well as ground observatory
data, they reconstructed 13 AT2017gfo SEDs from UV to NIR and from 0.5 to 10.5 days
after the trigger time, and determined the flux density in the filters they were going to
use. Subsequently, they compared spectrally and temporally the short GRB afterglow light
curves with these templates. They obtained three main sets: GRBs with afterglow weaker
than AT2017gfo at least in one filter, short GRBs with shallow decay, and short GRBs with
claimed kilonova emission. Moreover, they can separate the blue and the red kilonova
components depending on whether they focus on light curves at less or more than 900 nm.
Some overlapping is present among the groups. Seven short GRBs fall into the first class
(see [76] for details). Their optical counterpart is dimmer than what AT2017gfo would have
been at the same epoch and band. The X-ray data could help to disentangle the afterglow
vs. kilonova conundrum, but X-ray data are not always available for comparison. Among
these, there are sGRB 050709 and sGRB 160821A, for which claims of kilonova emission
have been made ([78,79]). For the events of this group, only the kilonova blue component
could be constrained, and it has been found that they were 0.2 (at most) - 1 as luminous as
AT2017gfo. The exception is sGRB 160821A, for which the red component kilonova was
constrained to be 0.4–0.9 as luminous as that of 2017gfo.

For the bursts falling in the second group, we observe a decay too slow to be simple
FS emission. The optical band is expected to be between νM and νC, a regime in which
α = 3

4 (p − 1). Since p is generally not predicted to be less than 2, α ≳ 0.75. Furthermore,
AT2017gfo had a slow decay in the blue component only within 1 day after trigger; however
theoretical models predict that the KN could peak later. So the target is sGRBs with slow
decay before this timescale, but [76] studied also sGRB 050709, whose shallow decay lasted
a few days. Several events of this class have a shallow optical light curve; they might
be interpreted as energy injection into the KN ejecta by a magnetar, result of the merger.
The same magnetar might power the X-ray afterglow, resulting in a shallow decline in both
bands. Overall, some of these events would end up with a KN brighter than AT2017gfo,
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others with still a weaker one. Eight sGRBs are in the class in which the KN has allegedly
been found. Some of them belongs to previous groups as well.

Overall, the blue kilonova range is between ∼17 times brighter and at least ∼5 times
weaker (considering upper limits) than that of AT2017gfo; the possible exception being
sGRB 070714B, which might have a blue KN more than 200 times brighter than that of
AT2017gfo.

The red kilonova range is much more restricted, being between 3 and 0.3 times that in
AT2017gfo. However, in the case of sGRB 150424A, for which the redshift is unknown, it
is possible that we had a red kilonova 30 times brighter than that of AT2017gfo. But this
cannot be confirmed without knowing the redshift.

2.7. GRB 060614: Short GRBs Masqueraded as Long GRBs?

A few GRBs would be classified in the category of “long GRBs” on the basis of duration,
but they are actually better interpreted as mergers/sGRB. Chiefly, they do not show any
supernova emission, even with deep searches. One example of these events is GRB 060614,
an event that Swift/UVOT enabled us to study in great detail. It shows traits of the events
classified as “long” GRB, in particular its T90 ≃100 s duration, but no SN was found down
to an absolute magnitude MV ≃ −14. We briefly discuss this event since it has an extended
UVOT coverage (as well as observations by other telescopes), but we refer the reader
to [76,80] and the two following articles for a full, in-depth study.

This burst was in the group of events that has an afterglow flux decay slope too
shallow to be simple FS emission, and for which a KN has been claimed ([81,82]; note,
however, that [76], with their careful analysis, do not fully support this scenario). The light
curves of the afterglow of this event are shown in Figure 3. The GRB 060614 blue filter
light curves show a slowly decaying flux up to ≃30 ks after the trigger time T0, followed
by a phase of decay with slope ≃1 which lasted from ≃30 ks to ≃104 ks. The redder
filter light curves, instead, showed a rise up to ≃30 ks, followed by a phase of decline
with slope ≃1. All optical light curves then break to a steep decline α ≈ 2.44 ± 0.08 at
≃104 ± 22 ks after the trigger. The X-ray light curve shows an initial slow decay, α ≃ 0.1,
until epoch T − T0 = 36.6 ± 2.4 ks, when it breaks to a decay with α ≃ 1, and finally at
T − T0 = 104 ks becomes a much steeper α = 2.13 ± 0.07. Spectral Energy Distributions
(SEDs) were created at 10, 30, 60 and 150 ks. The first SED shows a flat optical spectrum,
while the following SEDs show the optical points and the X-ray points lined up. In the
frame of the FS model, this event has been interpreted as follows [80]. Around ∼10–20 ks,
the synchrotron peak frequency νM crosses the optical band in the redwards direction.
There is an energy injection [83,84] ending at ≃30–35 ks, and the decay from 35 ks to
≃104 ks has the typical FS decay slope of α ∼ 1. This is visible in the X-ray band as well,
whose flux decay becomes steeper with slope α ≃ 1 at T0+ ≃ 35 ks. A slope steepening
at all wavelengths is expected in the energy injection scenario when such injection ends:
indeed, the break time in the X-ray and that in the optical bands is consistent within 3σ.
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Figure 3. Left: light curves of GRB 060614 in different bands, including X-ray. Right: Individual UV
and optical light curves centred on the ≃30 ks break. From [80].

Thereafter, at ≃104 ks, the flux breaks down to a rather steep decay: α3,opt ≃ 2.44± 0.08
in the UVOIR and α3,X = 2.13 ± 0.07: the two decay slopes are consistent within 3σ. This
achromatic change of decay index (occurring in both the X-ray, UV and optical bands
simultaneously) can be attributed to a jet break. It remains somehow puzzling that the
energy injection ended and the transit of νM occurred almost at the same time to create
the observed light curves; thus, a kilonova occurring at an early epoch should not be
discarded. If the emission at ∼30 ks is not forward shock emission but kilonova emission,
it is ≃17 times brighter than AT2017gfo. If the KN was not present a few hours after the
trigger, it might have unfolded later on.

Refs. [81,82] added late HST and VLT data to the UVOT data of GRB 060614. By assum-
ing that the afterglow flux, jet break time, decay slope and spectral slope are those given
mostly by UVOT, they could subtract the afterglow component and unveil a substantial
second component. According to [81,82], this emission is a KN. However, while [81] argued
this using a single data point, Ref. [82] used a few of them. Ref. [82] could fit the few points
they derived, and found a good fit for the thermal model. Moreover, the latter authors
assume that the emission between 1.7 and 3 days after the trigger is a simple FS power-law
synchrotron, with no KN contribution, and extrapolate it to later epochs when the excess
should be visible, whereas the former include these epochs in their modeling. According
to [82], the second component starts to become evident between ≃3 and ≃4 days and
peaks around the latter epoch. However, it is still present up to two weeks after the trigger.
At a time T − T0 ≈ 13.6 d, Ref. [82] estimate a temperature of 2700 K, while the absolute
magnitude is in the range MR ≃ −13.5 (Vega). To obtain such an absolute magnitude,
one needs an ejecta mass ≃0.03–0.1 M⊙ and ejecta speeds ≃ 0.2 c. However, these figures
could be diminished if one assumes that the rate of deposition of energy into the ejecta
is underestimated.

It is important to point out that [76] does not detect such a second component in the
late afterglow of GRB 060614. Furthermore, the spectroscopic confirmation of a KN has
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occurred only for sGRB 170817A and the recent GRB 230307A. Other cases, including GRB
060614, rely on less decisive photometry.

2.8. sGRB 090510: The Only Short GRB That Triggered Both Swift and Fermi

To date, GRB 090510 [85] represents the only case of a short GRB that triggered both
the Large Area Telescope (LAT) [28] instrument onboard Fermi and the BAT instrument
onboard Swift. The result is that both satellites observed this event from the very begin-
ning, thus covering a very—and unprecedented at that time—wide spectral range: from
Swift/UVOT (≃0.002 eV) up to Fermi LAT (20 MeV–300 GeV). The methods used to ana-
lyze the LAT data are described in [86]. The light curve of GRB 090510 seen by the LAT
instrument shows a possible initial peak at ≃0.3 s after the GBM trigger T0, followed by
an un-interrupted power-law decay with slope αLAT = 1.38 ± 0.07 and a spectral index
of βLAT = 1.1 ± 0.1. The last GeV photon is seen at T − T0 ≃ 100 s. The analyzed XRT
data were taken from the XRT repository [87,88]. They start at T0 + 98 s and show an
initial slow decline with slope α1,X = 0.74 ± 0.03, a break time tX = 1.43+0.09

−0.15 ks, and a
steeper decay α2,X = 2.18 ± 0.10. The UVOT data were used to produce the optical light
curve; after being reduced using standard UVOT ftools, the light curves in the single filters
were normalized to the white filter. UVOT observations started ≃100 s after the trigger.
The instrument detected an initial slow rise in the afterglow, with α1,opt = −0.50+0.50

−0.13,
a peak at tpeak = 1.58+0.46

−0.37 ks, and a late decay α2,opt = 1.13+0.11
−0.10. Adding a constant does

not change the fit substantially. Light curves are shown in Figure 4.
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VLT observations of the likely host galaxy led to a redshift z = 0.903 and an isotropic
energy emitted in γ-rays is Eγ,iso = 1.08 × 1053 erg, making sGRB090510 one the brightest
sGRBs detected.

One model to interpret the data can be as follows. The optical is the deceleration peak of
the FS emission in a thin medium (in the average denser medium of long GRBs, such a peak
occurs a few ×100 s after the trigger; see [89]) while the X-ray and LAT are still late prompt
emission. Imposing an initial Lorentz factor of ejecta ≃1000 (from transparency to photons of
GeV energy), a minimum deceleration time of 730 s (from fitting), a peak flux of ≃100 µJy and
νM ≃ νopt, and a standard ϵB ≃ 0.01, from FS equations one obtains that the isotropic kinetic
energy E ≳ 5.4× 1053 erg and density n ≲ 5.9× 10−5 × (E/1053)−2 cm−3 [44,90,91].

The XRT and LAT fluxes can be explained by internal shock (IS) synchrotron emission
with νC < νOpt < νSA < νX < νM, where νSA is the synchrotron self-absorption frequency.
The synchrotron luminosity, estimated from the 100 s spectral energy distribution, is
L ≃ 1050 erg/s. One finds [92] that for this value of L and for p = 2.4, ϵe = 0.55, ϵB = 0.33,
Γ = 410, tv = 3 × 10−5 s, where p, ϵe, Γ and tv are the index of the power-law electron
energy distribution, the fraction of energy given to electrons, the bulk Lorentz factor, and
the variability timescale, respectively, we have νM ≃ 210 keV, F(1.7 keV) ≃ 75 µJy, which
is within a factor ∼3 from the observations, and F(100 MeV) ≃ 4.2 × 10−3 µJy, which is
consistent within 2σ of the data. The cut-off energy for pair production is hνγγ ≃ 1.6 GeV,
thus allowing the late emission of ≃1 GeV photons. IS does not produce detectable emission
in the optical, since this is below νSA ≃ 0.32 keV.

Another model to explain the observations is as follows. The entire EM emission,
from the optical to the LAT band, is forward shock radiation. According to the model, the af-
terglow broad spectrum consists of three segments: a low-energy tail, with β1 = −1/3;
an intermediate segment νM < νobs < νC with slope β2 = (p − 1)/2; and a third, high-
energy segment with slope β3 = p/2 = β2 + 1/2. Five SEDs (see Figure 5) were created
from 100 to 12,000 s after the trigger, including UVOT, XRT, LAT data, and fitted simul-
taneously with the aforementioned FS spectral model template; breaks were allowed to
vary. The fit is statistically acceptable, with χ2/d.o.f = 110.3/83; the independent spectral
index β2,X = 0.77 ± 0.04. Thus, in the case of sGRB 090510, the FS model can explain
the whole spectrum of the radiation from eV to GeV. In this interpretation, the rise in the
optical band is due to peak νM approaching the optical band, while the X-ray flux is already
decreasing since it lies above νM. The late steep X-ray decay is due to a jet break occurring
at tjet ≃ 1.4 ks. We set the conditions Fν ≃ 2.2 µJy at 1018 Hz, and νM = 1016 Hz at 1 ks after
the trigger. Using the expression for such quantities from [44], one finds fiducial values for
energy and density E

1053
ϵe
0.1 ≃ 5, n ≃ 1.5 × 10−6 ( E

1053 )
−1[ 3(p−2)

(p−1) ]
4 cm−3. With these values

(see [85] for a more complete treatment) the fluxes in the several bands are explained.
One notes, however, that the initial Lorentz factor is rather high, Γ0 ≳ 5800( E

1053 / n
10−4 )

1/8,
if the onset of the LAT emission is one second or less. While the spectrum and the fluxes
are well explained by this second scenario, the temporal properties are not. First, the initial
shallow decay in the X-ray band does not have the slope predicted by the FS [44]. Moreover,
even assuming a contribution from the host galaxy, the late optical decay is not consis-
tent with the late X-ray decay (see, however, [93]) as it should be in a jet break regime,
and thirdly, the slope of the UVOT spectrum is already red at T0 + 1000 s (see Figure 5)
if taken at face value, i.e., the lower frequencies carry more flux density. In our second
model, the synchrotron νM is still above the optical band at that epoch; as a consequence,
the spectrum should be “blue”, with more energy carried by higher frequencies. However,
the predictions of the FS model are highly idealized and not all GRB afterglows obey
them well. In fact, a phase of energy injection (see [83,84]) and/or evolving microphysical
parameters of the shock wave might make the early X-ray flux shallow; the transit of νM
in the optical band slightly after the jet break could explain a shallow decay given the
curvature of the spectrum. Some fine-tuning would be needed, however (e.g., jet break
nearly at the same time as the rather late transit of νM across the optical band). In addition,
a jet as early as ≃1.4 ks implies an opening angle of θjet ≃ 0.004 rad, i.e., less than a quarter



Universe 2024, 10, 5 16 of 28

of degree. Such a narrow jet is not usually observed in GRBs (see [59]), which generally
have jets at least an order of magnitude wider.

Figure 5. The five SEDs of sGRB 090510 containing data from GeV to eV, fitted simultaneously by a
FS spectral template. Successive SEDs in time order are rescaled by 1:1, 1:10, 1:100, 1:1000, 1:10,000.
From [85].

3. Discussion
3.1. General Properties of Short GRB in the Swift Era

When F15 systematically examined all sGRBs observed by Swift from the launch
to 2015, i.e., more than one hundred events, after removing those with observational
constraints, they found that X-ray and optical afterglows are not a rare occurrence in
sGRBs; thus, analysis involving the study of the afterglows can be systematically used. By
applying broad-band (X-ray, optical including Swift/UVOT, and radio when available)
FS-based modeling to the 38 events with best data and with reasonable assumptions of the
parameters ϵB and ϵe, F15 found that the median of circumburst density is of the order of a
few ×10−3 cm−3, while the isotropical kinetic energy is of the order of 1051 erg, similar to
the value of isotropical energy emitted in γ-rays during the prompt. The values above do
not change much if ϵB or the minimum of the density interval are allowed to be set lower
and higher, respectively. The low density obtained is not surprising: sGRBs are often—not
always—seen far from their host galaxy and their environment density is not expected
to be high. This is in agreement with the idea that sGRB progenitors are a binary NS or
BH–NS. Two supernova explosions had to happen to create them, and SNes “kick” the
compact objects they produce at hundreds of km s−1. Orbital decay can take billions of
years, so by the time the merger occurs, the pairs have traveled far from their birthplace.
More unexpected is the fact that a few short GRBs present substantial amount of extinction.
On the other hand, some sGRB are found basically within or nearby the disk of their host
([25]), and sGRBs modeled with large densities may be found only in those environments
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(but see N22). This finding suggests observing sGRBs with optical filters of UVOT, which
are less sensitive to extinction (but see Section 3.4).

Under the assumption that the max semi-opening angle of jetted ejecta θjet < 30 degrees,
F15 found a median <θjet> = 16 ± 10 degrees. Remarkably, this is similar to the median
beaming angle inferred for long GRBs using the same method: θjet,long = 13+5

−9 degrees.
The true beaming-corrected energy is lower than the isotropic value by a beaming

factor fb = 1− cos θjet = 0.04+0.07
−0.03. The sGRB beaming-corrected energy is thus ∼ 1.5 orders

of magnitude less than the isotropic value; one finds Ek,short,beam ∼ Eγ,short,beam ∼ 1050 erg.
These values are important in order to constrain the mechanism able to produce the sGRB.
At present, there is more than one mechanisms we think capable to produce an energy of a
few 1050 erg. For example, ν − ν̄ annihilation [94], extraction of kinetic energy of the BH
remnant of the merger via the Blandford–Znajek mechanism [95], or by a superburst from
a massive magnetar outcome of the merger [60]. The similitude between kinetic energy
and emitted γ-ray energy tells us of an efficiency in converting the initial total energy into
Eγ of ≃50%. This efficiency is similar to what is found for long GRBs, perhaps indicating
that, once a relativistic jet is launched, the proportion of its energy converted into γ-rays
is more or less the same, regardless of the progenitors. However, an efficiency of 50% is
not low, and many models for the prompt emission struggle to reach it. Still, some works
indicate that this might be possible (e.g., [96]).

The true rate Rtrue of sGRB will be f−1
b Robserved the observed one. In fact, the jet break

theory implies that, for each short GRB whose high energy prompt emission we detect,
there are f−1

b that we do not detect.
Ref. [97] had pointed out that no short GRBs like those occurring at cosmological

distances (say, z ≳ 0.2–0.4) have been detected within the range of gravitational wave
detectors (200 Mpc at design; z ≃ 0.07) since major orbital, high-energy sensitive facilities
are in place. Had this not been the case, we would have seen fantastically bright short GRBs.
However, this has never happened. Note that in the sensitive volume of GW detectors
(i.e., a sphere of radius ≃ 0.2 Gpc), we expect that mergers have taken place since the
space era began. Ref. [98] place a “best bet” of ∼40 y−1 NS-NS mergers in the volume in
which ALIGO and ALIGO-like detectors will be able to monitor, that is, 4

3 π 0.23 = 0.032
Gpc3. The current estimate sGRB rate is believed to be ≈10 Gpc−3 yr−1 [99]. Thus, in the
volume scanned by GW sensors, we would expect ∼0.3 events y−1; facilities that have
observed the whole sky over many years now have not seen this rate of very bright
sGRB, and the short GRBs without redshift are rather weak events [97]. An even higher
estimate of the sGRB rate was obtained by [100]. By using a Lynden–Bell c-method to
determine the luminosity function of sGRBs and their rate, they find that the latter is
203.31+1152.09

−135.54 Gpc−3 yr−1. If every short GRB produced a GW signal, we would have ∼0.8
signal yr−1 (for the horizon of ≃100 Mpc in the O4 run; at detector design sensitivity, the
rate should rise to ≃6 signals yr−1).

To reconcile the dearth of nearby sGRBs with the best-bet number of mergers, one thus
needs a local population of on-axis weak sGRBs, a semi-opening angle narrower than 160

(so a larger fraction of sGRBs beam their jets away from us), not all mergers to bring about
a short GRB because the right conditions are not met, and/or the true rate of mergers in the
local Universe to be less than that predicted. For example, if the semi-opening angles of
the jet were θjet ≃ 70, then fb ≃ 0.007 and only 1 merger in every 130 will have its prompt
emission pointing towards the Earth. This is within the errors for the beaming factor found
by F15. In this scenario, there will be “normal” sGRBs occurring within 200 Mpc, but if
the observer is off-axis, because of relativistic effects, the derived γ-ray fluence will be
much smaller than in the usual, bright on-axis sGRBs. So, we may well miss the prompt
Gamma-ray emission completely. Instead, we might detect the delayed afterglow emission
if the observer is not too off-axis [72]. In the Methods, we have indicated how an off-axis
sGRB might explain the rise and decay in the afterglow emission with a peak ≃5 months
after the trigger, as seen in sGRB 170817A (see Figure 2).
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All of that is important for GW detectors. In fact, GW radiation is emitted by the merger
roughly isotropically. Thus, it might well be detected in coincidence with a weak sGRB,
or without an sGRB at all. Furthermore, kilonova emission is approximately isotropic as well;
thus, it can be detected if the sGRB is absent or too far off axis [101], and the afterglow may
also be detected if an sGRB has followed the merger and the observer is not too far off axis.

This was confirmed with GW 170817A/sGRB 170817A/AT2017gfo. A GW signal,
flagging the merger of two neutron stars, was first detected. Almost simultaneously, a very
weak short GRB was detected in the error region by the Fermi GBM. A few hours later,
a new optical source, having properties unmatched by anything known, was found as well
in the error region. This optical source did not have the properties of a GRB afterglow, but it
was due to the glowing ejecta of the merger: the so-called kilonova. Finally, the afterglow
emission showed up with its characteristic power-law spectrum.

As mentioned in Methods, Refs. [34,35] have proven that a relativistic jet was produced
in the case of sGRB 170817A. Such an analysis led to an off-axis angle ≃ 15 degrees from
the Earth’s observer. Modeling of the afterglow, as we have seen, leads to a slightly larger
off-axis angle. Anyway, both kinds of study give results that are consistent within errors,
and importantly they abide by the GW data analysis result put forward, according to
which we were observing the binary with an an off-axis angle less than ≃ 300 [102]. In such
conditions, we would have first seen the kilonova and later on a rising afterglow in all bands
(not immediately after the prompt, as in “on axis” GRBs). This seems to be what happened.

Theoretical work and observations are instead needed to explain the weak high energy
prompt emission of sGRB 170817A, which is 4–5 order of magnitudes less than that of
usual short GRBs. Most models put the observer at considerable distance from the core of
the ultrarelativistic jet, implying that it can hardly contribute to prompt emission. In fact,
the fluence one would see off-axis goes as ≃ [(θobs − θcore) · Γ]−6 [72]. Thus, for a fiducial
θcore ≃ 4.5 degrees, an observing angle θobs ≃ 20 degrees [70], and an initial Lorentz factor
Γ ≃ 100, one has a reduction in the fluence, and thus a diminution of the inferred energy
by a factor of ∼108. One must thus invoke alternative models. In a structured jet (see [74]
and reference therein), there are less energetic wings surrounding the core. For example,
in the modeling of [70], the observer is off-axis but the line of view is still within the opening
angle of jet wings. Thus, the mechanism creating the prompt emission of GRB 170817A
might still be the unclear mechanism that typically produces the prompt emission in GRBs,
but the ejecta that produce it are wing ejecta, and are quite off-axis. They have less energy
per unit surface than the core ejecta that create the typical GRBs. Thus, this mechanism
yields a weaker prompt emission. For example, assuming a Gaussian distribution of energy
throughout the surface of the jet, for θcore = 4.5 degrees and θobs = 20 degrees (values fully
consistent with the modeling of [70] and the GW radiation received), the energy per unit
surface is only ∼5 × 10−5 that it would be measured if the observer saw the core of the jet.
Alternatively, the jet may heat the ejecta along the polar axis, causing the production of a
cocoon which will “break out” when the jet reaches the surface of the cocoon. A flash of
hard and much less beamed radiation is then expected. However, such a radiation should
still be thermal, but the spectrum of the prompt emission of sGRB170817A is not thermal.

3.2. Host Galaxies of Short GRBs

While some contamination from false sGRB–host galaxy associations are practically
guaranteed, F22 were right in including less-certain host–sGRB associations in their sample,
since one would like to study also sGRBs whose progenitors have suffered strong natal
kicks and moved far away from their birth place and bursts which have faint host galaxies.
In addition, including photometric redshifts avoided the so-called “redshift desert” at
z ≳ 1, where the prevalent spectral features to identify the redshifts are lacking. In this
respect, knowing the redshift distribution of sGRBs is a powerful instrument to constrain
the distribution of delay times and, in turn, rule out or accept ways for the formation of
progenitor systems. F22 found that ∼1/3 of sGRBs likely originate at z ≳ 1. The deep
observations of F22 practically guarantees that all hosts at z ≲ 1 and brighter than 109 L⊙
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have been detected; however, this value is, for example, still higher than the typical low-
luminosity hosts of long GRBs. This suggests that one requires a sizeable amount of stellar
mass to have an sGRB (see below). Intriguingly, F22 found that, even taking into in account
the larger sizes of sGRB host galaxies, sGRBs explode at a distance that, normalized to the
light radius of the host, is still on average ≃2.5 times larger that of long GRBs. The presence
of sGRBs with no clearly related host (F22) could simply be due to the very long path
taken by the progenitor system: they might have moved so far from their birth place that
we cannot associate them anymore to a certain galaxy. Moreover, the presence of such
distances between the hosts and the merging binary indicates that the process that moves
the progenitor away from the host can be quite efficient.

Short GRB progenitors can form in many environments over a large range of redshifts
and star formation histories (N22). However, there is still a relative deficit of massive
hosts when compared with field galaxies. Since sGRB hosts still follow the SFMS, one can
argue that these bursts follow a combination of star formations and stellar masses together.
Another very important finding of N22 is obtaining a strong indication for two populations
of progenitors: a short-delay-time one, which is present in young and actively star-forming
galaxies, and is the large majority of observed events at z ≳ 0.25, and a long-delay-time one,
which prevails at z ≲ 0.25 and it is associated with quiescent galaxies. In this respect, it is
interesting to note that the typical distance between the host and the sGRB is larger if the
host is quiescent: the median offset is ≈9 kpc if the host is star-forming, while it rises up to
≈26 kpc if the host is quiescent. This difference almost disappears if one divides by the light
radius. Nonetheless, it does take longer to reach the latter distances (if the speed is similar);
thus, it is not unreasonable to assume that progenitors originating from quiescent galaxies
were born when these galaxies were somehow forming stars as well. Through modeling
with PROSPECTOR ([54]), N22 significantly increased the known limits of redshifts and
shed light on the stellar population properties probed by short GRBs. Furthermore, their
study of host properties can constrain specific NS binary quantities, such as natal kicks,
orbital distances, and delay times. Moreover, since NS mergers are known to produce
some (if not most) of the r-process elements in the Universe, a better comprehension of
their redshift distribution would enable us to grasp when in the Universe’s history these
elements were generated and how much mergers contributed. Usefully, given that sGRBs
seem to trace stellar mass and star formation in galaxies, the future hunt for EM counterparts
could be arranged to account for that, rather than simply following up massive but passive
galaxies. sGRBs are presently found much more frequently at redshifts larger than those
of GW-detected NS-NS mergers. Thus, while room for improvement exists—for example
determining the spectroscopic redshift rather than the photometric for the sGRBs and
events at z > 1 with the JWST— N22’s work provides a heritage that will not be matched
by GW detections for at least several years to come.

3.3. Kilonovae: AT2017gfo and Other Sources

As mentioned above, the kilonova is thought to derive from the self-heating ejecta
of the merger ejecta. Still, the Swift/UVOT detection of a substantial yet short-lived UV
and blue thermal component in the kilonova emission during the first day after the trigger
was surprising and had important implications; many models of KNe do not reproduce
this feature. Kilonovae were thought to be basically very opaque, and thus able to emit
only in the red and infrared part of the spectrum [103]. This was believed to be especially
true if the emitting material was dynamical ejecta—those produced by tidal stripping or
at the moment of impact of the two bodies. These ejecta would be very rich in neutrons
(electron fraction Ye ≲ 0.2), and should produce large quantities of r-elements having
high mass numbers such as ∼82, ∼130 and ∼196 (the so-called first, second and third
peak r-elements; [104]). Some of the nuclei will have too many neutrons, which decay
into protons and create new elements, in addition to heating the ejecta. The complex and
numerous atomic transitions in the atoms and ions of the lanthanides and of the actinides
elements would be responsible for the large opacity of such ejecta. Clearly, not all the
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ejecta in AT2017gfo were of this kind, or we would have never seen the UV emission.
The general consensus is that the early emission was produced by wind ejecta, which
are created after the merger in magnetic and/or viscous processes and/or are neutrino-
driven outflows from the possible Hyper-Massive Neutron Star, the outcome of the merger,
and/or its accretion disk. The HMNS may support itself thanks to its fast rotation, but then
it loses enough energy and angular momentum via GWs and/or neutrino winds and
collapses into a black hole. The wind ejecta are less neutron-rich than the dynamical ejecta,
especially if they are exposed to neutrino winds of the HMNS and/or the disk, with values
of Ye ≃ 0.2–0.4 regarded as possible. The outcome of such a large electron fraction is that
r-nucleosynthesis is stopped at the second or even the first r-process peak; this results
in no actinides and little lantanides, if any, being made. As a consequence, the wind
ejecta are more transparent and are responsible, together with the early high temperature
of the ejecta, for the blue kilonova phase. Later on, the emission from the opaque and
faster dynamical ejecta takes over. As mentioned above, [31] find a good fit to the data for
Ye, wind ≲ 0.27, velocity vwind = 0.08 c and Ye, dyn ≃ 0.04, vdyn ≃ 0.3 c ( Figure 6; considering
black-body emission). The mass of the wind ejecta must be substantial, at least of the order
of 0.03 M⊙ to reproduce the results. We emphasize that, without Swift/UVOT UV and
u observations, we would today know less of the important “blue” phase of kilonovae
and the presence of lighter elements. Having established that a sizeable production of
the r-elements can broadly explain the properties of KNe observed in mergers, one may
wonder if they can be responsible for the abundance of r-elements detected, for example,
in the Milky Way. According to [64] (see also references therein), for the expected rate
of ∼1000 mergers Gpc−3 yr−1, one can roughly explain the quantity of such elements.
Production in core-collapse SNe is still possible, but mergers would still be the dominant
source of r-elements.

Figure 6. Two-component kilonova model: “blue” (low opacity) and “red” (high opacity) components
that best fit data ([31]).

The energy lost by the jet during the burrowing would go to an cocoon made of ejecta
material that has been invoked to produce the prompt—and thermal—emission. However,
the high energy prompt emission of sGRB 170817A does not show a thermal spectrum.
Models such as the hot cocoon for the prompt emission are disfavored in this case; however,
in other mergers, it is possible that the jet did not make through the ejecta and the high
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energy emission would be produced by the heated ejecta. This thermal emission may be
detected by instruments such as XRT and UVOT if observations are started early enough.
On this theme, the discovery of a kilonova spurred attention on other nearby sGRBs that
may have it combined with the afterglow emission. However, these sGRBs were seen on-
axis; thus, the prompt emission and the initial afterglow would have been much brighter
than in the case of 170817A. Kilonovae have been claimed to be detected in a few short
GRBs (see [75–78] and references therein); analyses of the light curves seem to indicate that
the luminosity of the blue component of KNe, like that seen early in AT2017gfo, may vary
between ≲0.2 and ∼17 (and perhaps 260) in that event. The most extreme cases may be
energized by a magnetar, a stable (at least for an appreciable amount of time) outcome of
the NS-NS merger [105]. Present studies seem to indicate that there is a lot of latitude in
the mass and energy coupled with the wind ejecta, but little variability in the dynamical
(disk) ejecta.

3.4. The ”Progenitor” of GRBs: The Real Distinction between Long and Short GRBs

GW 170817A—sGRB 170817A has definitively linked short GRBs and mergers of
neutron stars (at least in a few cases). Generally speaking, the collision of the two NS may
not lead immediately to the collapse into a black hole; if this had been the case, we would
have likely seen little ejecta and kilonova emission in that sGRB and others. Instead, the
merger may result in an object that would sustain itself thanks to its rotation (see [60] and
references therein), until losing enough energy and angular momentum through neutrino
winds and GWs to collapse into a black hole—the aforementioned HMNS. Meanwhile, it
is possible that instabilities make the magnetic field of the disk surrounding the central
object grow to gargantuan levels of ∼1017 gauss or more, while MHD simulations show
that conical funnels open along the polar axis of the central object, with semi-opening
angles of ∼20 degrees. If the BH forms in a fraction of second, it is still surrounded by
the accretion disk; it couples magnetically with the disk material and powers the jets into
the funnels according to the Blandford–Znajek mechanism, which can easily produce the
∼1050 erg of a sGRB. The opening angle of the funnels would also be similar to the median
angle of short GRB jets (see the section on physical parameters of sGRBs). Note, however,
that other mechanisms might produce the jet of such an energy, such as the annihilation
of neutrinos-antineutrinos produced by the accretion disk. See [60,74] for more details. If
the result of the merger does not collapse into a black hole at all (or it does not for a long
time), and has a magnetar-like magnetic field, it can output energy at roughly constant
rate [83,106] via dipole radiation, causing flat plateaux in the afterglow optical and X-ray
light curves (see also [107]). However, this would be an indirect hint of the presence of a
magnetar. It is also supposed that a weak jet or no jet would form if the central object does
not collapse into a black hole within ∼1 s, since the disk is expected to dissipate [60].

The hallmark of a merger is the kilonova emission: if it is present, the GRB comes
from a merger, whereas if the event is associated with a energetic SN, it is initiated by the
collapse of a massive star. The length of the prompt emission is a poor indicator to tell apart
GRBs caused by mergers and those brought about by a massive stellar progenitor. Note,
in addition, that a merger and kilonova may be present even if the physical conditions
have not led to a sGRB. In such a case, we would still detect a GW signal followed by the
KN. Remarkably, kilonova emission has been now found in GRBs that we would classify
as “long GRBs”, recent examples being GRB 211211A [75,108] and 230307A [63]. Such
events, however, share some commonalities with short GRBs. Their prompt light curve
is typically a hard, short spike, followed by a much softer “prompt” emission. Their lags
among the prompt emission bands is not similar to that of long GRBs. Instead, these events
might be like GRB 060614 and sGRB 050724—if the KN is present in them—but brighter.
Swift/UVOT has again contributed to constraining the properties of the KNe associated
with these GRBs thanks to the rapid response and UV sensitivity. It is possible to argue that
GRB 211211A and 23037A are actually short GRBs, in the sense that they are produced by
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the merger of a binary NS or a NS-BH system, but a particularly bright extended emission
make them look like long GRBs.

While detecting the kilonova of an on-axis sGRB seems to be possible, obviously it is
much easier—and can produce more precise data—if the merger is seen off-axis. Catching
the merger off-axis is also much more likely than on-axis (as mentioned before, there might
be ∼40 events y−1 in the GW detectors at design sensitivity), and may lead to a “clean”
kilonova emission, not contaminated by the prompt and/or afterglow emission. If GRBs are
a truly jetted source as 170817A seems to confirm, geometry is in our favour: we shall “see”
many more off-axis merger events than on-axis ones, still associated with a GW signal. We
remind that even if the merger of two NS does not lead to an sGRB because the conditions
are not right, a GW signal is expected and a KN may well occur anyway.

Following what we learnt with GW 170817/AT2017gfo and akin sources, it is perhaps
advisable that EM observation of the GW source error region should contain exposures
in UV and u band, in addition to observations at redder frequencies for the extinguished
sources. It is thus clear that the Swift/UVOT will remain an essential tool in the future of
“multi-messenger” astrophysics.

3.5. sGRB090510: One of the Brightest Short GRBs, Which Triggered both Swift and Fermi

Swift/UVOT greatly contributed to study the bright sGRB 090510, the only short burst
to date so bright that it triggered both Fermi LAT (in the GeV band) and Swift BAT, leading
to simultaneous, and at the time unprecedented, observations from the very beginning
over nine decades of frequency. The UVOT data were pivotal in the efforts of modeling
the afterglow of this event; UVOT coverage started ∼100 s and ended ∼2 × 105 s after the
trigger. In [85], two scenarios are put forward to explain observations. In the first, one tries
to explain the opposite behavior of early X-ray (decreasing) and optical flux (increasing).
The X-ray and LAT flux is due to shocks occurring inside the ejecta (internal shocks (IS)),
while the whole optical emission is attributed to the standard FS. This scenario requires
very low densities (but compatible with the intergalactic medium (IGM)) of the order of
few 10−6 cm−3. Such low densities are expected because the progenitor might have been
expelled from the host galaxy by two successive supernova explosions. The model does
not need an extremely large value of Lorentz factor of the ejecta. The required values of the
physical parameters involved are reasonable, although some fine tuning is needed.

In the second scenario, all EM emissions from eV to GeV are FS radiation. We find that
a simultaneous fit of five SEDs, including LAT, XRT, and UVOT data ( a spectrum as wide
as nine orders of magnitude in frequency), built at different epochs with the FS spectral
template is statistically satisfactory, and most physical parameters needed are reasonable,
although the initial Lorentz factor will have to be bigger than 5000 and a jet break should
occur at as early as 1400 s. Still, the most basic version of this FS model fails to reproduce
the observed temporal behavior; some common extensions of this scenario and some fine
tuning is needed to accommodate the results. If this short GRB indeed underwent a very
early jet break, then UVOT data, together with XRT data, were essential to constrain the
time of its occurrence. UVOT could then help us unveil GRBs with very early jet breaks,
which in turn imply very narrow beaming angles and rates larger than thought previously.

3.6. Is the Central Engine Always the Same?

Last but not least, we remark that observations so far presented may suggest diversity
in the physical parameters of the sGRB central engine.

The prompt, high-energy radiation, which is thought to be produced directly in the
ejecta of the central object, may differ a lot in sGRBs. In some cases, the prompt emission
looks like that of a long GRB, and yet a KN component is present in the later optical
afterglow, thus indicating that the origin of such bursts lies in mergers.

The “blue” kilonova luminosity may vary a lot among bursts [76], while the “red”
kilonova is more or less of the same order of magnitude among different events. This
may, in turn, indicate that the amount of slow, wind-like ejecta produced close to the
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central object and made of r-elements with low neutron numbers may change a lot among
different events, whereas the amount of heavier r-elements that should be produced in the
pre-merger tidal ejecta is roughly the same under different conditions.

At least two different channels—one quick, one taking billions of years—seem to bring
about mergers, which may thus have different physical parameters for the two modalities,
leading to central objects with different properties.

The possibility that the the post-merger central object might have quite different
parameters could help explain why, according to population studies, there are much more
local mergers than short GRBs, even considering beamed sources. The parameters of
some mergers may not always lead to creating an ultra-relativistic jet and a dissipation
mechanism in them to have short GRBs.

4. Conclusions

sGRBs have allowed us to enter the “multi-messenger” era of astronomical research:
we can detect NS-NS (and NS-BH) mergers by means of both electromagnetic waves and
gravitational waves. GWs allow us to gather information on the “inner workings” of some
of the most violent phenomena in nature. The EM observations, on the other hand, have
confirmed basic theoretical predictions, such as the kilonova and the off-axis afterglow
emission. However, when we go into details, there is still a lot to learn.

Modelling and studying of the prompt and afterglow emission of sGRBs, as well as
host population studies, have shown diversity in lengths of the prompt emission, “blue
kilonova” luminosity due to material emerging from the vicinity of the central object result
of the merger, and the time needed for the compact object binary to merge. All these clues
may indicate that the central engine of short GRBs can be quite diverse and sometimes the
conditions to create the ultrarelativistic jet and/or dissipation mechanism in it are not met.

We have not pinned down the process that produced the weak-prompt Gamma-ray
emission in the case of sGRB 170817A, nor do we know the precise structure of the jet as
it emerges from the merger wind/ejecta, and we still do not know very well the number
of r-elements globally produced by the sGRB and released into the Universe. This can be
clarified only by spectroscopically studying more KNe and knowing more precisely the
rate of mergers involving NSs which, as we mentioned before, can be different from the
rate of sGRBs, even off-axis ones.

The Swift/UVOT will continue to provide us with data of crucial importance, which,
at present, cannot be obtained by other instruments. Very powerful supercomputers are
needed to study what happens in the extreme conditions occurring when an NS-NS or
BH-NS binary merge, and under which conditions a jet and an sGRB can be produced.

From both the observational and the theoretical computational sides, the study of
sGRBs seems to promise very important advancements in physics and astronomy in the
years to come.
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Abbreviations
The following abbreviations are used in this manuscript:

2MASS Two micron all sky survey
BAT Burst alert telescope
BH Black hole
CCD Charged-coupled device
CGRO Compton Gamma-ray Observatory
EM Electromagnetic
F15 Fong et al. (2015)
F22 Fong et al. (2022)
FS Forward shock
FWHM Full width at half maximum
Gaia DR Gaia data release
GBM Gamma-ray burst monitor
GeV Giga electron volt
GW Gravitational wave
GRB Gamma-ray burst
sGRB short Gamma-ray burst
HMNS Hyper-massive neutron star
HST Hubble Space Telescope
IGM Intergalactic medium
IRAF Image reduction and analysis facility
IS Internal shock
KN Kilonova
JWST James Webb Space Telescope
LAT Large area telescope
N22 Nugent et al. (2022)
NS Neutron star
Pan-STARRS Panoramic survey telescope & rapid response system
(Beppo)SAX Satellite per astronomia X
SDSS Sloan digital sky survey
SED Spectral energy distribution
SExtractor Source-extractor
SFMS Star-forming main sequence
SFR Star formation rate
UVOT UV/Optical Telescope
UVOIR UV optical infrared
XRT X-ray telescope
Z Metallicity
S/N Signal/Noise ratio

Notes
1. The duration is measured as T90, defined as the time interval to collect 90% of the source counts by the detector

2. https://heasarc.gsfc.nasa.gov/lheasoft/ftools/caldb/help/uvot.html, (accessed on 30 August 2017)
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