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Figure 1. Phase space of cosmic explosions in the Zwicky era: novae and Ia
supernovae. An explosion has several basic parameters: energy of explosion, mass
of ejecta, velocity of ejecta, rise time of explosion, peak luminosity and decay time of
explosion. Peak luminosity and decay timescale are easily measured and therefore
constitute the principal axes of the phase space of transients. The horizontal axis
is the decay timescale (1 day to 1 year) and the y-axis is the peak luminosity but
shown as absolute magnitude in the V-band. Type II explosions have not been
shown because the explosion physics is masked by the envelope. Notice the wide
gap between novae and super-novae.

sought for their purported use in determining the distance to the Andromeda galaxy (fast
novae are, on the average, brighter than slow ones). Telescopes on Mt. Wilson were pressed
into M31 novae observations by E. Hubble and others.

The modern era of transients with controlled cadence and a physics-based enquiry began
with F. Zwicky and W. Baade. Recognizing the importance of the then newly invented
“Schmidt” type wide-field telescope2, Zwicky obtained funds from a wealthy family in
Pasadena and had an 18-inch telescope using the Schmidt camera design constructed. The
“P18” was the first telescope on the Palomar mountain3.

The first major result was the recognition of two distinct families: classical novae and
“super-novae” (Baade & Zwicky 1934); see Figure 1. In their very next paper the authors
made the bold conjecture that supernovae mark the transmutation of an aging star into
a neutron star, a most compact object (which itself was a novel hypothesis first proposed
by L. Landau in 1931). The resulting enormous release of gravitational binding energy
would accelerate some particles to relativistic velocities or cosmic rays. Next, thanks to
the systematic survey carried out by F. Zwicky, families of supernovae were recognized.4

2Alerted to Zwicky by W. Baade who knew the inventor Bernhard Schmidt.
3The telescope still exists and will soon be moved to the Palomar Museum; the P18 dome now is our

aeronomy center and houses a polar telescope for seeing monitoring.
4Type I and Type II have certainly survived the passage of time. It would be interesting to revisit types

III, IV and V that Zwicky had proposed.
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First time-domain optical surveys
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transients this would require spectroscopy. At the final level is a clear pigeon holing of
the transient (classification). The importance of this point was re-iterated, even more
forcefully, in the concluding talk (Bloom 2011). It is frustrating to hear some astronomers,
especially at august meeting such as this, to claim a discovery merely on the basis that
they had observed the transient earlier than others.

Recognizing the above issue we adopted a “No Transient Left Behind” strategy. Three-
color photometry on P60 allows for crude classification. Follow up up with low resolution
spectroscopy on a bevy of larger telescopes (Palomar 200-inch, KPNO 4-m, WHT 4.2-m
and the Lick 3-m)9. As a result we have amassed a set of nearly 1500 spectroscopically

classified supernovae of which a good fraction were detected prior to maximum.
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Figure 3. An update of Figure 1 and 2 with new classes and sub-classes of non-
relativistic transients. Notice the emerging class of Calcium-rich halo transients,
.Ia supernovae and two types of Luminous Red Novae (events in the bulges of M85
and V838 Mon; the others are in spiral arms). The color of the symbol is that
at maximum light. Apparently the new data show that novae do not obey the
classical “Maximum Magnitude Rate of Decay” relation (see Kasliwal 2011).

Given that follow-up is at premium having a small sample of transients with desired or
well-understood selection criteria is more valuable than a large sample of transients with
a potpourri of properties. Thus choice of pointings and cadence control are critical. We
have scoured around the sky to select PTF pointings with large local (d . 200Mpc) over

to have the first level of sub-typing (eg. flare star/DN/CV; Ia/Ibc/II SN). This knowledge is essential
given the very large fog of foreground (M dwarf flares, dwarf noave) and background transients (routine
supernovae at a late phase, burps from an AGN).

9Even so, as in real life, two thirds of the transients are unclassified and left behind.
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Section a: Extended Synopsis of the scientific proposal 
 

1. Scientific background 
    The sky is variable. Transient objects continuously appear and encompass all astronomical distances, rang-
ing from solar system objects to the most distant sources in the Universe. Already nowadays, the stream of 
transients detected in optical surveys, such as the Zwicky Transient Facility (ZTF) and other smaller surveys, 
counts more than 103 events per night. Shortly. The Rubin/Legacy Survey of Space and Time (LSST) will 

increase these numbers by at least a factor of ~10.  
 
1.1 Fast-evolving optical transients 
In the past, wide-field surveys were focused on novae and 
supernovae (SN), with a rise-time of 15-20 d. The improve-
ments in-depth and area coverage led to the discovery of new 
types of transients, e.g., super-luminous SNe (Quimby et al. 
2011; Gal-Yam 2019) or Ca-rich transients (Perets et al. 
2010). The current challenge is to improve the surveys ca-
dence. Confirmed theoretical expectations for short time-
scale extragalactic events (<1 d) include shock breakout emis-
sion (SBO) from SN explosions, with timescale up to ~1 hr 
for red supergiant progenitors (e.g., Klein & Chevalier 1978), 
followed by cooling emission for a few days; the afterglow 

emission from long and short g-ray bursts (GRBs), and the kilonova 
emission associated to the merging of two neutron stars. Other ex-
pected fast transients can originate from a disc outflow from black-
hole-forming SNe (< a few d, Kashiyama & Quataert 2015) or from 
the accretion induced collapse of a white dwarf (~1 d, Metzger et 

al. 2009).  
Pan-STARSS and Dark Energy (DES) sur-
veys were the first to discover a sizable 
number of fast (rise-time <10 d) and lumi-
nous transients (−15>M>−22, see FigB1-
1; Drout et al. 2014; Pursiainen et al. 2018; 
Ho et al. 2021). These transients form a ra-
ther inhomogeneous class, with a rapid 
rise-time (<10 d), an exponential decay 
(~30 d), a narrow peak (t1/2<12 d). They 
are luminous (though likely a survey bias), 
often with featureless spectra at maximum, 
and blue. Thus, they were named as fast-
evolving transient (FET, Rest et al. 2018), fast 
blue optical transients (FBOT, Margutti et al. 
2019) or rapidly evolving transients (RET, Pur-
siainen et al. 2018). The fast rise-time con-
nected with the high peak luminosity (and 
lack of UV blanketing) makes Ni56 radioac-
tive decay an implausible powering mecha-
nism for these events.  
FBOT (we adopt this name in the follow-
ing) are primarily found in star-forming galaxies, thus, they likely highlight 
a poorly understood endpoint of massive-star evolution. Most of them 
show SN-like features (see Fig. B1-2) even if ~40% are still unclassified. 
FBOT are not rare, comprising ~10% of the core-collapse SN population, 
but they are difficult to follow up, due to their fast evolution.  
Despite the puzzling heterogeneity (e.g., Inserra 2019), two broad scenar-
ios have been envisaged to explain most of the FBOT properties: i) inter-
action of the explosion’s shock wave with a dense circumstellar medium (CSM) or extended progenitor atmos-
phere or wind (e.g., Kasen 2017, Inserra 2019); ii) prolonged energy injection from a central compact source, 
e.g., a fast-rotating, young magnetar or an accreting black hole (e.g., Metzger & Piro 2014).  

Figure B1-1: Peak absolute magnitude as a 
function of characteristic decay/variability 
timescale for luminous optical transients and 
variables (adapted from Cenko 2017). 

Figure B1-2: Parameter space of 
short-duration (t1/2<6d) extragalactic 
transients in ZTF Transient Survey. 
Red lines mark the Ni mass and above 
the blue line cannot be powered by Ni 
decay (adapted from Ho et al. 2021). 
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Figure 19. The rise time vs. peak luminosity of the ZTF objects in our sample, the literature comparison events that meet
our criteria, and several additional events from the literature that do not strictly meet our search criteria due to a second peak
of comparable luminosity but which are clearly related phenomena. We include two Type Ic-BL SNe with shock-cooling peaks,
SN 2006aj (Campana et al. 2006) and SN2020bvc (Ho et al. 2020c). We include three Type IIb SNe with shock-cooling peaks:
SN 2016gkg (Bersten et al. 2018), ZTF18aalrxas (Fremling et al. 2019), and SN1993J (Schmidt et al. 1993). We include the
double-peaked Type Ic SN iPTF14gqr, argued to be an ultra-stripped SN (De et al. 2018). Finally, we include the Type Icn
SN2021csp (Perley et al. 2021a). Measurements are in the rest-frame and as close to g-band as possible.
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The case for fast-evolving transients

❖ Long-duration GRBs (collapse of massive stars, with a 
jet pointing toward us) & Shock breakout 

❖ Short-duration GRBs (merger of NS-NS binary systems - 
or NS-BH- with a jet pointing toward us)

❖ GW-kilonovae (merger of NS-NS binary systems -or NS-
BH- signalled by GW emission) 

❖ FBOT (fast blue optical transients)



GRB Optical light curves

Kann et al. 2010
Nicuesa Guelbenzu et al. 2012

1d

segment of the burst and a given α, the average cRed
2 for all

filters is calculated. The α with an average cRed
2 that most

closely approaches unity is the temporal slope used for the
given segment in the remaining steps.

With newly determined temporal slopes for each burst,
optimal coaddition was rerun on each burst in the image/event
database. The newly produced light curves were then refitted as
described previously (e.g., Figure 1). All color light curves
for each burst were then normalized to a given band (typically v-
band) and then fit with a single, broken, or multiply broken
power law (e.g., Figure 1), as described in Racusin et al. (2009).

3.3. Quality Control

As in Paper 1, we compare a sample of the resultant light
curves with those published in the literature to check for
consistency: GRBs 050525A (Blustin et al. 2006), 050603
(Grupe et al. 2006), 050730 (Perri et al. 2007), 050801 (De
Pasquale et al. 2007), 050802 (Oates et al. 2007), 060124
(Romano et al. 2006), 060313 (Roming et al. 2006a), 060729
(Grupe et al. 2007), 061007 (Schady et al. 2007), 070125
(Updike et al. 2008), 080319B (Racusin et al. 2008), 080810
(Page et al. 2009), 081008 (Yuan et al. 2010), 081203A (Kuin
et al. 2009), 090426 (Xin et al. 2011), 090510 (De Pasquale

Figure 2. Top left: histogram of the magnitude of the first detections. Top right: histogram of the magnitude of the peak detections. Bottom left: histogram of the time
since burst for first observation. Only the first 300 s are shown. Bottom right: histogram of the time to peak observations. Also, only the first 300 s are shown.
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Roming et al. 2019
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Figure 3  

 
Hydrodynamical model of the V -band light curve of SN 2016gkg. Our preferred model              
(red line) is able to self-consistently reproduce the observations (points) during three            
distinct phases of the SN evolution, with different characteristic timescales and dictated by             
different physical properties: the SBO phase, the post-shock cooling peak, and the            
radioactivity-powered peak. Note the use of a logarithmic scale for the time axis. 
  

 

Figure 1  

 
Photometry of SN 2016gkg at discovery. ​The data show a 5-sigma detection limit (red              
arrow) and sharp rise (points) starting less than 1 hr later. The inset images display a                
combination of the first series of 40 images (left), and a combination of the last series of 21                  
images (right). Photometry is shown for individual images (grey points), combinations of 5             
or 6 images (blue diamonds), and combinations of 17-21 images (red triangles). The             
dashed line is a linear fit to the blue diamonds, with a slope of 43 ± 6 mag d ​-1​.                   
Uncertainties are given as 1σ standard deviations. Photometry from combined images           
reveals hints of structure around the linear fit, although its statistical significance is low (the               
reduced χ​2​ of the linear fit is 0.85). 
 

Bersten et al. 2018

SN2016gkg
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Section a: Extended Synopsis of the scientific proposal 
 

1. Scientific background 
    The sky is variable. Transient objects continuously appear and encompass all astronomical distances, rang-
ing from solar system objects to the most distant sources in the Universe. Already nowadays, the stream of 
transients detected in optical surveys, such as the Zwicky Transient Facility (ZTF) and other smaller surveys, 
counts more than 103 events per night. Shortly. The Rubin/Legacy Survey of Space and Time (LSST) will 

increase these numbers by at least a factor of ~10.  
 
1.1 Fast-evolving optical transients 
In the past, wide-field surveys were focused on novae and 
supernovae (SN), with a rise-time of 15-20 d. The improve-
ments in-depth and area coverage led to the discovery of new 
types of transients, e.g., super-luminous SNe (Quimby et al. 
2011; Gal-Yam 2019) or Ca-rich transients (Perets et al. 
2010). The current challenge is to improve the surveys ca-
dence. Confirmed theoretical expectations for short time-
scale extragalactic events (<1 d) include shock breakout emis-
sion (SBO) from SN explosions, with timescale up to ~1 hr 
for red supergiant progenitors (e.g., Klein & Chevalier 1978), 
followed by cooling emission for a few days; the afterglow 

emission from long and short g-ray bursts (GRBs), and the kilonova 
emission associated to the merging of two neutron stars. Other ex-
pected fast transients can originate from a disc outflow from black-
hole-forming SNe (< a few d, Kashiyama & Quataert 2015) or from 
the accretion induced collapse of a white dwarf (~1 d, Metzger et 

al. 2009).  
Pan-STARSS and Dark Energy (DES) sur-
veys were the first to discover a sizable 
number of fast (rise-time <10 d) and lumi-
nous transients (−15>M>−22, see FigB1-
1; Drout et al. 2014; Pursiainen et al. 2018; 
Ho et al. 2021). These transients form a ra-
ther inhomogeneous class, with a rapid 
rise-time (<10 d), an exponential decay 
(~30 d), a narrow peak (t1/2<12 d). They 
are luminous (though likely a survey bias), 
often with featureless spectra at maximum, 
and blue. Thus, they were named as fast-
evolving transient (FET, Rest et al. 2018), fast 
blue optical transients (FBOT, Margutti et al. 
2019) or rapidly evolving transients (RET, Pur-
siainen et al. 2018). The fast rise-time con-
nected with the high peak luminosity (and 
lack of UV blanketing) makes Ni56 radioac-
tive decay an implausible powering mecha-
nism for these events.  
FBOT (we adopt this name in the follow-
ing) are primarily found in star-forming galaxies, thus, they likely highlight 
a poorly understood endpoint of massive-star evolution. Most of them 
show SN-like features (see Fig. B1-2) even if ~40% are still unclassified. 
FBOT are not rare, comprising ~10% of the core-collapse SN population, 
but they are difficult to follow up, due to their fast evolution.  
Despite the puzzling heterogeneity (e.g., Inserra 2019), two broad scenar-
ios have been envisaged to explain most of the FBOT properties: i) inter-
action of the explosion’s shock wave with a dense circumstellar medium (CSM) or extended progenitor atmos-
phere or wind (e.g., Kasen 2017, Inserra 2019); ii) prolonged energy injection from a central compact source, 
e.g., a fast-rotating, young magnetar or an accreting black hole (e.g., Metzger & Piro 2014).  

Figure B1-1: Peak absolute magnitude as a 
function of characteristic decay/variability 
timescale for luminous optical transients and 
variables (adapted from Cenko 2017). 

Figure B1-2: Parameter space of 
short-duration (t1/2<6d) extragalactic 
transients in ZTF Transient Survey. 
Red lines mark the Ni mass and above 
the blue line cannot be powered by Ni 
decay (adapted from Ho et al. 2021). 
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Figure 19. The rise time vs. peak luminosity of the ZTF objects in our sample, the literature comparison events that meet
our criteria, and several additional events from the literature that do not strictly meet our search criteria due to a second peak
of comparable luminosity but which are clearly related phenomena. We include two Type Ic-BL SNe with shock-cooling peaks,
SN 2006aj (Campana et al. 2006) and SN2020bvc (Ho et al. 2020c). We include three Type IIb SNe with shock-cooling peaks:
SN 2016gkg (Bersten et al. 2018), ZTF18aalrxas (Fremling et al. 2019), and SN1993J (Schmidt et al. 1993). We include the
double-peaked Type Ic SN iPTF14gqr, argued to be an ultra-stripped SN (De et al. 2018). Finally, we include the Type Icn
SN2021csp (Perley et al. 2021a). Measurements are in the rest-frame and as close to g-band as possible.
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What are they?

● SNe (or failed SNe) of massive stripped stars
(e.g. Drout+ 2013, Tauris+ 2013, 2015, Kleiser & Kasen 2014, Kazumi & 
Quataert 2015, Suwa+ 2015…)

● Breakout of a SN shock from a dense wind or extended progenitor 
(e.g. Ofek+ 2010, Drout+ 2014, Pastorello+ 2015, Shivvers+ 2016, Arcavi+ 
2017, Tanaka+ 2016, Rest+ 2018)

● Cooling envelope emission from radially extended red supergiants
(e.g. Drout+ 2014, Tanaka+ 2016)

● Prolonged energy injection from:
● Millisecond magnetar (e.g. Gao+ 2013, Yu+ 2013, Metzger & Piro 2014, 

Hotokezaka+ 2017)
● Accreting neutron star (e.g. Margalit & Metzger 2016)
● Accreting black hole (e.g. Kashiyama & Quataert 2015, Strubbe & Quataert 

2009, Cenko+ 2012)

● Detonation of a helium shell on a white dwarf (e.g. Shen+ 2010, Perets+ 2010)

● Shockwave afterglows from GRBs (Cenko+ 2013, 2015, Stalder+ 2017; 
Bhalerao+ 2017)

?

from Coppejans talk



The Cow at optical wavelenghts

Sergio Campana Part B2      3 
 

 
  3 

These observations provide a fair sample of the possible events, ranging from longer and energetic events (e.g., 
SN2017iuk) to shorter and dimmer ones (e.g., SN2016gkg). A key ingredient is also the geometry of the emis-
sion, involving a jet and a cocoon for the most energetic events, to more symmetric and spherical explosions. 
With FEET, we aim at finding a unifying path along this sequence and infer properties of the 
entire population in an unbiased way, providing constraints on the jet geometry. 
     The same physical elements (jet, cocoon, shock breakout) describe also the emission of short-duration GRBs. 
The detection of the first binary neutron star merger event (GW170817), coincident with an SGRB first and 
an optical counterpart several hours later, confirmed the long-sought connection between SGRBs and binary 
neutron star merger events. Optical and nIR emission was associated with a kilonova. A kilonova is a transient 
powered by the radioactive decay of heavy r-process nuclei that are produced in the neutron-rich ejecta fol-
lowing the merger. Elements heavier than iron are generated in this kilonova. The best spectroscopic sequence 
was gathered with the X-shooter instrument at the VLT/ESO (Pian et al. 2017; Smartt et al. 2017). These 
spectra showed broad features, never observed in the spectra of any other source, and were related to the 
neutron-capture element strontium (Watson et al. 2019). Besides lines, these spectra confirmed the basic pre-
diction of kilonova models of a late decay in the redder filters, whereas the early and fast-decaying UV-blue 
component discovered by Swift (Evans et al. 2017) came as a surprise. This blue component is possibly related 
to a polar less-enriched emission (cocoon). The overall picture comprises the emission from equatorial ejecta, 
rich in heavy elements (lanthanides and actinides), slowly decaying and expanding at ~0.2 c (light velocity), 
responsible for the ‘red’ emission, together with a fast (0.3-0.4 c) polar wind/cocoon, of lighter elements mate-
rial, responsible for the ‘blue’ kilonova component. The merger gave rise to a beamed emission (jet), which 
would have been detected as a typical SGRB if the jet axis would have intercepted our line of sight. Instead, 
the jet axis is inclined at ~20° and has a narrow cone (~5°, Mooley et al. 2018; Ghirlanda et al. 2019) and an 
extended structure (cocoon).  
In a few cases, a blue optical emission has been reported and passed unnoticed in the literature (e.g., 
GRB060614, Mangano et al. 2007; Campana et al. in preparation), closely reminiscent of the UV-blue of 
GW170817. This might be related to a polar cocoon, resembling the same physics of ll-GRBs. We will focus 
our work on searching for this blue component in SGRBs. This can shed light on the cocoon emission in 
SGRBs, linking it to the emission of a newly formed magnetar. Instead, I decided to leave the study of (red) 
kilonovae out of the FEET project. The number of GW events predicted within the FEET timeframe that can 
be well studied with the facilities we have direct access to is too limited to have an impact: predications for 
events similar to GW170817 are at a level of 1 event in 5 years, if any. With FEET, instead, we want to 
discover and study in-depth new short GRB counterparts to search for and fully characterise 
a prompt blue emission.  
 
1.2 Fast Blue Optical Transients 
Initially, wide-field surveys were tailored to discover supernovae, with a rise-time of 15-20 d. As coverage in 
depth and area improved, super-luminous SNe (Quimby et al. 2011; Gal-Yam 2019) or Ca-rich transients 
(Perets et al. 2010) come to light. As the cadence improved, a variety of rapidly evolving transients were dis-

covered, too. Theoretical expectations for short time-
scale extragalactic events (<1 d) range from shock 
breakout emission from a SN, with a timescale up to 
~1 hr for red supergiant progenitors (e.g., Klein & 
Chevalier 1978) and the following colling emission for 
a few days. The afterglow emission from long and 
short g-ray bursts evolves on such short timescales, 
and the kilonova emission is associated with the merg-
ing of two neutron stars, too. Other predicted fast-
evolving transients involve a disc outflow from black-
hole-forming SNe (<a few days, Kashiyama & 
Quataert 2015), or the accretion induced collapse of a 
white dwarf (~1 d, Metzger et al. 2009).  
Pan-STARRS and DES surveys were the first to dis-
cover a sizable number of fast (rise-time <10 d) and 
luminous transients (−15>M>−22, see FigB1-1; 
Drout et al. 2014; Pursiainen et al. 2018; Ho et al. 
2021). These transients form a rather inhomogeneous 

2.3. Soft X-Rays: Swift-XRT and XMM-Newton

The X-Ray Telescope (XRT) on board the Neil Gehrels Swift
Observatory (Gehrels et al. 2004; Burrows et al. 2005) started
observing AT 2018cow on 2018 June 19 (∼3 days following
discovery). We reduced the Swift-XRT data with HEAsoft
v.6.24 and corresponding calibration files, applying standard
data filtering as in Margutti et al. (2013a). A bright X-ray
source is detected at the location of the optical transient, with
clear evidence for persistent X-ray flaring activity on timescales
of a few days (Section 2.9), superimposed on an overall fading
of the emission (Figure 4).

A time-resolved spectral analysis reveals limited spectral
evolution. Fitting the 0.3–10 keV data with an absorbed power-
law model within XSPEC, we find that the XRT spectra are well
described by a photon index 1.5G ~ and no evidence for intrinsic
neutral hydrogen absorption (Figure 4, upper panel). We employ
Cash statistics and derive the parameter uncertainties from a series
of MCMC simulations. We adopt a Galactic neutral hydrogen

column density in the direction of AT 2018cow, NH,MW =
0.05 10 cm22 2´ - (Kalberla et al. 2005). With a different method
based on X-ray afterglows of GRBs, Willingale et al. (2013)
estimated N 0.07 10 cmH,MW

22 2= ´ - . In particular, the earliest
XRT spectrum extracted between 3 and 5 days since discovery can
be fitted with Γ=1.55±0.05 and can be used to put stringent
constraints on the amount of neutral material in front of the
emitting region, which is N 6 10 cmH,int

20 2< ´ - (we adopt
solar abundances from Asplund et al. 2009 within XSPEC).
The material is thus either fully ionized or absent (Section 3.3.2).
The results from the time-resolved Swift-XRT analysis are reported
in Table 4. The total XRT spectrum collecting data in the
time interval 3–60 days can be fitted with an absorbed power
law with Γ=1.55±0.04 and N 0.03 10 cmH,int

22 2< ´ - .
From this spectrum, we infer a 0.3–10 keV count-to-flux con-
version factor of 4.3 10 erg cm ct11 2 1´ - - - (absorbed), 4.6 ´
10 erg cm ct11 2 1- - - (unabsorbed), which we use to flux-calibrate
the XRT light curve (Figure 4). At the distance of ∼60Mpc, the

Figure 1. Panel (a): AT 2018cow maintains observed blue colors (B − V )<0 until late times, while the UV/optical/NIR flux rapidly decays. Panel (b): filled circles:
extinction-corrected, host-galaxy subtracted flux densities derived from Swift-UVOT observations. Filled squares: extinction-corrected flux densities derived from our
CTIO photometry (BVRI at δt < 50 days), Keck photometry (BVRI at δt > 50 days), and UKIRT and WIYN photometry (JHK ). For the NIR bands, empty symbols
mark the times when significant contamination from the host-galaxy emission is present. Inset: RGB false-color image of AT 2018cow and its host galaxy obtained on
2018 August 17 with DEIMOS mounted on Keck II. The position of AT 2018cow is clearly off-center. Panels (c)–(d): optical light-curve properties of AT 2018cow in
the context of other stellar explosions and FBOTs from the literature. AT 2018cow shows an extremely rapid rise time of a few days (as constrained by Perley et al.
2019; Prentice et al. 2018), and a decay significantly faster than 56Ni-powered decays (orange dashed line in panel (d)). AT 2018cow rivals in luminosity the most
luminous normal SNe in the R-band (panel (d)), but it is more luminous at peak than some SLSNe when its bolometric output is considered (panel (c); Section 2.8) due
to its remarkably blue colors. Following Gal-Yam (2012), we show in panel (d) prototypical events for each class: PTF 09cnd (SLSN-I; Quimby et al. 2011);
SN 2006gy (SLSN-II); the “Nugent template” for normal type Ia SNe, SN 2005cl (SN IIn; Kiewe et al. 2012); the average type Ibc light curve from Drout et al.
(2011), SN 2011dh (SN IIb; Arcavi et al. 2011; Soderberg et al. 2012); and the prototypical type II-P SN 1999em (Leonard et al. 2002). Other references: Hamuy
(2003), Campana et al. (2006), Taubenberger et al. (2006), Valenti et al. (2008), Botticella et al. (2009), Cobb et al. (2010), Kasliwal et al. (2010), Ofek et al. (2010),
Poznanski et al. (2010), Andrews et al. (2011), Chomiuk et al. (2011), Arcavi et al. (2012), Bersten et al. (2012), Valenti et al. (2012), Drout et al. (2013), Inserra et al.
(2013), Lunnan et al. (2013), Drout et al. (2014), Margutti et al. (2014), Vinkó et al. (2015), Nicholl et al. (2016), Arcavi et al. (2016), Whitesides et al. (2017),
Pursiainen et al. (2018).
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Fig. B2-2: optical light curves of several class of sources, in-
cluding AT2018cow (adapted from Margutti et al. 2018). 
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Figure 1. BAT-XRT-UVOT light curve. The UVOT magnitudes are given in six filters uvw2, uvm2, uvw1, u, b, and v starting at Td and have been corrected
for the galaxy background and have been binned to increase signal-to-noise ratio. The BAT survey data panel includes the NuSTAR data projected into the
BAT band, as well as the BAT survey quality processed data for 8-d periods. During the first 8-d period significant detections occur, thereafter the BAT count
rate is consistent with no detection. The flaring seen in the XRT possibly lines up with an increase in the BAT flux prior to day Td + 8.

sure since the whole overall emission is decreasing over time, and
it could just as well be continuous flaring that shows evolution.
We will investigate the temporal behaviour of the flares further in
Section 2.6.

2.4 BAT analysis

BAT is a coded aperture imaging instrument (Barthelmy et al. 2005).
A sky image can be constructed by deconcolving the detector plane
image with the BAT mask aperture map (Markwardt et al. 2007).
We performed a special analysis of the BAT data. This analysis
utilizes the BAT survey data from 2018 June 1 to 18 (i.e. the
available HEASARC data at the time of the analysis). Even when
the BAT has not been triggered by a Gamma Ray Burst (GRB),
it collects continuous survey data with time bins of ∼300 s (see
detailed descriptions in Markwardt et al. 2007).

The S/Ns reported here are calculated using the source count
and background variation estimated from sky images with different
exposure time (for details, see Tueller et al. 2010). Note that due
to the nature of the deconvolution technique, the resulting noise
(background variation) is Gaussian instead of Poissonian. These
sky images are mosaic images created by adding up all the snapshot
observations within the desired durations (i.e. two 8-d intervals
and one 17-d period). The mosaic technique adopted here is the
same one that is used to create the BAT survey catalogues (Tueller
et al. 2010; Baumgartner et al. 2013; Oh et al. 2018). This analysis

pipeline carefully takes care of many instrumental effects, such
as potential contamination from bright sources, systematic noise
introduced by differences between each detector (so-called pattern
noise), and corrections for sources with a different partial coding
fraction when creating a mosaic image from individual snapshot
observations.

The analysis produces results in the following eight energy bands:
14–20, 20–24, 24–35, 35–50, 50–75, 75–100, 100–150, and 150–
195 keV.

Fig. 1 shows the daily BAT mask-weighted light curve in 14–
195 keV. Note that we exclude data collected from 2018 June 3 to
13, during which the BAT underwent maintenance and recovery
activities and the calibration of survey data is uncertain.

A spectrum was created for the 17-d period starting from 2018
June 16 (day 0) to July 2, as well as for two 8-d periods of 2018
June 16–23 and 2018 June 23–July 1. For the 17-d period, the S/N
was 3.3, and for the two 8-d periods 3.95 and 1.31, respectively. For
new sources, the BAT detection limit is a higher level of S/N of 5,
so these 3–4σ detections are marginal detections that do not stand
on their own.

2.5 The high-energy spectra

The Swift XRT data up to day 27 have been discussed in Rivera
Sandoval et al. (2018) who fit an absorbed PL to the data. Their
spectral fits did not show any evidence for spectral evolution in the

MNRAS 487, 2505–2521 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/487/2/2505/5287985 by IN
A

F
 B

rera M
ilano (O

sservatorio A
stronom

ico di B
rera) user on 01 O

ctober 2021

Kuin et al. 2019



…and finally the spectra



Long GRBs
normally just a few absorption lines from the ISM and 

sometimes emission lines from the host
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first in X-rays and later in ultraviolet and optical light. While regular GRBs have relativistic jets lasting for long 
enough to break out of the progenitor star successfully, ll-GRBs, ‘relativistic’ SNe and SN Ic-BL could be 
associated with failed GRBs (Bromberg et al. 2011) and/or with the GRB cocoon emission (Nakar & Piran 
2017).  
About 70% of the observed SNe (in volume) originates from the explosion of massive stars. The emergence of 
the radiation at the star after the explosion depends on the star dimensions and can last a few seconds for Wolf-
Rayet progenitor stars. This phase is known as shock breakout (SBO). This transient signal should accompany 
every core-collapse SN. Following the shock breakout, the early SN light curve is powered by radiation from 
the expanding and cooling SN ejecta. The luminosity and temperature evolution of the early thermal expan-
sion phase can be used as a diagnostic for the radius of the progenitor star, as well as the explosion energy to 
ejecta mass ratio. This is an important tool, since the direct detection of SN progenitors is incredibly difficult, 
and has only been possible for a small number of nearby SNe with pre-explosion high-resolution imaging. In 
the UV, the Galex satellite serendipitously detected the cooling envelope phase following the SBO from Type 
IIP SNe SLSN-04D2dc at z=0.185, from SLSN-06D1jd at z=0.324 (Schawinski et al. 2008; Gezari et al. 2008) 
and from SN2010aq at z=0.086 (Gezari et al. 2010).  
Although the duration of the radiative precursor from shock breakout is too short to be resolved by rolling SN 
surveys, the thermal expansion phase in the following days can be studied in detail. If the progenitor star emit-
ted a strong wind just before exploding or if it had emitted shells of material, then it is not the star’s radius to 
drive the SBO, but the surface at optical depth t~1, which could be much larger (e.g., Waxman, Meszaros & 
Campana 2007). The duration of the SBO is comparable to the diffusion timescale: 

tSBO~ t R/c ~1.2 d (R/1014 cm) (v/104 km s-1)    (1) 
where R is the distance at which the SBO occurs and v the breakout velocity. The radiative luminosity is then: 

LSBO~ (4πc/k) R v2 ∼ 1044 erg s-1 (R/1014 cm) (v/104 km s-1)2  (2) 
where the opacity k is typically assumed to be 0.34 cm2 g-1.  
A wind-SBO was detected thanks to a GRB (the closest detected by Swift at ~145 Mpc), used as a signpost for 
the SN explosion. GRB060218/SN2006aj triggered the BAT onboard Swift lasting ~2,100 s. Swift XRT and 
UVOT started observing the event 150 s after the initial trigger, showing a bright event in the X-ray band and 
a rising flux in all the UVOT photometric filters. The X-ray emission was characterised by a power-law com-
ponent together with a soft, blackbody-like component, cooling in time and increasing in radius. This compo-
nent was associated with the SBO from an extended envelope around the GRB progenitor (Campana et al. 
2006). An SBO from SN2008D, associated with a weak X-ray flash (but no proper GRB), was observed seren-
dipitously in the star-forming galaxy NGC2770 at 27 Mpc (Soderberg et al. 2008). The event lasted ~200 s 
with a non-thermal X-ray spectrum and a weak signal in UVOT, which was operated in imaging mode with 
a UV filter. A weak X-ray flash was revealed using XMM-Newton archive data and interpreted as a distant SBO 
(435 Mpc, Novara et al. 2020). In the optical, three SBOs were observed by Kepler with a 60 s cadence (Gar-
navich et al. 2016; Armstrong et al. 2021) and one by an amateur astronomer trying his camera on NGC613 

and discovering SN2016gkg (IIb) at 24 Mpc (Bersten et al. 
2018).  
The idea of using GRBs as signposts for (bright) SNe, 
catching them in the act of exploding, allowed us to carry 
out the first early-time spectroscopic study on 
GRB171205A/SN2017iuk (160 Mpc, Izzo et al. 2019). 
Two spectra on the same night were collected, one 1.5 hr 
(X-shooter/VLT) and the second 23 hr (Osiris/GTC) after 
the event. These observations were able to disentangle the 
emission from the emerging jet and a cocoon, i.e., the gas 
that surrounds the jet path, producing a highly pressurised, 
hot bubble (Fig. B2-1). The cocoon carries information 
about the interaction between the jet and the star’s enve-
lope, opening a window on the inner workings of the ex-
plosion, in particular on the stratification and composition 
of the exploding star. In the spectra there were signs that 
the jet cocoon from GRB171205A contained iron, cobalt 
and nickel, which formed at the star’s core, moving at 
115,000 km s−1. 

Figure B2-1: Spectra of GR171205A over time. Dotted 
curves represent the black-body and the power-law spectral 
models; dashed curves represent the combination of the two 
models for each epoch. Note the very fast spectral evolution 
during the first day (from Izzo et al. 2019). 
 

Early observations found evidence for a 
cocoon in a closely GRB-SN

Izzo et al. 2019 

V. D’Elia et al.: X-shooter spectroscopy of GRB 090926A afterglow
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Fig. 1. The flux-calibrated X-shooter spectrum of GRB 090926A. Top:
ultraviolet/blue and visual arms. Bottom: near-infrared arm. The abso-
lute flux calibration may be not accurate due to slit losses.

nodding along the slit with an offset of 5 arcsec between ex-
posures in a standard ABBA sequence. The sequence began on
September 27, 2007 at 02:23:14 UT, ∼22 h after the GRB trig-
ger. The magnitude of the afterglow at the time of the observa-
tion was reported by R10 to be R = 18.7, which translates into
a 6600 Å flux of 0.8 × 10−16 erg cm−2 s−1 Å−1. The total net ex-
posure time of our observations is 40 min. The slit width was
set to 0.9′′ in the VIS and NIR arms and 1.0′′ in the UVB arm.
The UVB and VIS CCD detectors were rebinned to 1 × 2 pix-
els (binned in the spectral direction but not in the spatial one) to
reduce the readout noise.

We processed the spectra using a preliminary version of the
X-shooter data reduction pipeline (Goldoni et al. 2006). The
pipeline performed the following actions: The raw frames were
first bias-subtracted, and cosmic ray hits were detected and re-
moved using the method developed by van Dokkum (2001).
The orders were extracted and rectified in wavelength space us-
ing a wavelength solution previously obtained from calibration
frames. The resulting rectified orders were shifted and coadded
to obtain the final two-dimensional spectrum. In the overlap-
ping regions, orders were merged by weighting them accord-
ing to the errors propagated during the entire reduction process.
From the resulting two-dimensional merged spectrum, a one-
dimensional spectrum was extracted at the source position. The
one-dimensional spectrum with the corresponding error file and
bad pixel map is the final product of the reduction.

The resolution is R ∼ 10 000 and the achieved spectral
range is ∼3000 to ∼24 800 Å. The data below ∼3020 and above
∼24 000 Å are, however, totally dominated by noise. To perform
flux calibration we extracted a spectrum from a staring observa-
tion of the flux standard BD +17deg4708 (Bohlin & Gilliland
2004b). In this case we subtracted the sky emission lines using
the Kelson (2003) method. This spectrum was divided by the
flux table of the same star from the CALSPEC HST database
(Bohlin 2007, http://www.stsci.edu/hst/observatory/
cdbs/calspec.html) to produce the response function. The
response was then interpolated where needed in the atmospheric
absorption bands in VIS and NIR and applied to the spectrum of
the source. No telluric correction was applied, so that prominent
atmospheric bands, especially in the NIR arm, can still be seen
(Fig. 1). We searched for variability in the absorption features,
but we found none (the equivalent widths in the four spectra

are constant at the 1.5σ level), so we summed the four flux-
calibrated observations (see Fig. 1). This lack of variability is
not surprising, since the spectra were acquired nearly 1 day af-
ter the burst (see Sect. 4.3 for details). The signal-to noise ratio
(per pixel) ranges from ∼10 to ∼30 in the co-added spectrum. To
perform line fitting (see Sect. 4) the spectrum was normalized to
the continuum, which was evaluated by fitting the data with cu-
bic splines, after removing the absorption features. Finally, the
noise spectrum, used to determine the errors on the best fit line
parameters, was calculated from the real, background-subtracted
spectrum using line-free regions. This takes both statistical and
systematic errors into account in the pipeline processing and
background subtraction.

4. The host galaxy atomic absorption features

The gas residing in the GRB host galaxy is responsible for many
of the features observed in the GRB 090926A afterglow spec-
trum. Metallic features are apparent from neutral (O , Mg ,
Ca ), low-ionization (C , Mg , Al , Al , Si , S , Ca ,
Fe , Ni ), and high-ionization (C , N, O, Si , S )
species. In addition, strong absorption from the fine structure
levels of C , O , Si , Fe  and from the metastable level of
Ni  is identified, suggesting that the intense radiation field from
the GRB excites such features. Table 2 gives a summary of all
the absorption lines due to the host galaxy gas. The spectral
features were analyzed with FITLYMAN (Fontana & Ballester
1995). This program is able to simultaneously fit several absorp-
tion lines, linking the redshifts, column densities and Doppler
parameters if required. FITLYMAN takes the atomic masses
into account when a thermal model of the Doppler broadening
is adopted (as we did), enabling a link to the Doppler param-
eters of different species. The probed ISM of the host galaxy
is resolved into two components separated by 48 km s−1, which
contribute to the absorption system. The wealth of metal-line
transitions allows us to precisely determine the redshift of the
GRB host galaxy. This yields a vacuum-heliocentric value of
z = 2.1071 ± 0.0001, setting the reference point to the red com-
ponent of the main system; this component is the only one for
which there is significant absorption from all the excited levels
of the intervening gas (see Sects. 4.1 and 4.3). This redshift value
supersedes the one reported by Malesani et al. (2009), which is
based on archival calibration data and using an older X-shooter
pipeline version. The host-galaxy environment will be described
in the next sections, together with a study of the excited lines
aimed at estimating the distance from the GRB of the circum-
burst gas.

4.1. Line-fitting procedure

In general, the analysis of the GRB environment is not straight-
forward owing to the complexity of the absorption line profile,
which in several cases cannot be fitted with a single line profile.
This means that many components contribute to the gas in the
GRB environment. In other words, several layers of gas, whether
close to or far from one another, appear mixed together in the
spectrum (in velocity space). The presence of several compo-
nents thus indicates clumpy gas in the GRB environment, com-
posed of different absorbing regions each with different physical
properties. This behavior is particularly evident for GRB after-
glows observed at high resolution (see e.g. Fiore et al. 2005;
Thöne et al. 2008).

For what concerns GRB 090926A, the C  and Si  lines
have the wider velocity range. This behavior is common to many
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Fig. 6. Top panel: Fe  column densities for the ground level (open cir-
cle), first fine structure level (filled circle), and first excited level (upper
limit) transitions for component I in the spectrum of GRB 090926A.
Column density predictions from our time-dependent photo-excitation
code are also shown. They refer to the ground level (dotted line), first
fine structure level (thick solid line), and first excited level (dashed line)
transitions, in the case of an absorber placed at 2.6 kpc from the GRB.
The two thin solid lines display the models that enclose the fine struc-
ture data at 1σ level. Bottom panel: same as top panel, but for ground
and the first fine structure level transitions of Si .

computed from the observed column densities of all the levels of
each ion. The exact values are log(NSi ii/cm−2) = 14.44 ± 0.04
and log(NFe ii/cm−2) = 14.04±0.03. Finally, the Doppler param-
eter values used as input of this model are 30 and 90 km s−1, i.e.
the values that best fit the Fe  and Si  absorptions correspond-
ing to components I and II, respectively.

We first modeled the Fe  photo-excitation. Figure 6 (top)
shows the model that best fits the Fe  data and the two theo-
retical curves compatible within the error bars for the first Fe 
fine structure level column density. The distance of component
I from the GRB explosion site results d = 2.6 ± 0.3 kpc. The
same calculation was performed using the Si  atomic data. The
results are displayed in Fig. 6 (bottom), and the estimated dis-
tance is d = 2.25 ± 0.15 kpc, which is consistent with what
was estimated using the Fe  data. In addition, our distances are
less than 30% away from the estimate with the code by Silva
& Viegas (2002), and compatible with it at the 2σ level, con-
firming that the steady state and optically thin approximations
are appropriate for component I of GRB 090926A. Regarding
component II, we do not have Fe  excited features, so we can
only set a lower limit to the GRB/absorber distance, which is
2.1 (2.2) kpc adopting a Doppler parameter of 30 (90) km s−1.
The Si  fine structure features are instead present in compo-
nent II. The lack of Fe  excited levels in components featuring
Si  fine structure ones is not atypical, see e.g. component III
of GRB 050730 identified in D’Elia et al. (2007). Nevertheless,
the large errors for this feature and the strong dependence of the
model from the Doppler parameter make the distance estima-
tion for this component quite uncertain. We run our code using
the Doppler parameters that best-fit components I (30 km s−1)
and II (90 km s−1). The distance of component II from the GRB
is found to be 4.4± 0.6 kpc for b = 30 km s−1, and 5.8± 0.8 kpc
for b = 90 km s−1. Despite these values are consistent with the
lower limits estimated through Fe  data, we caution that a direct
comparison to check the Si  distance is missing.

5. Other features at the host redshift

In this section we turn our attention to the search for galactic
emission lines (Sect. 5.1) and absorption features not caused by
matter in the atomic gas phase. The latter can be produced by
molecules (Sect. 5.2) or DIBs (Sect. 5.3).

5.1. Emission lines from the host galaxy

We searched for most of the stronger emission lines like [O ] λ
3727, [O ] λ 5007, and the Balmer lines from the host galaxy
in the X-shooter spectrum, but found none. We did this by sub-
tracting the spectral PSF. To derive upper limits for say Hα,
we then added artificial emission lines of increasing strength
to the data, until the line was easily detected. For Hα, which
in this case is observed at 2 µm, we find that an emission line
of 9 × 10−18 erg s−1 cm−2 with an intrinsic velocity width of
100 km s−1 would have been detected (barring slit losses). This
means that we would have detected emission lines from a host
galaxy with a star formation rate !2 M# yr−1 (Kennicutt 1998).
We also note that there is no Lyα emission in the trough of the
DLA. The 5σ detection limit in a 6 Å wide extraction window
is 3.0 × 10−17 erg s−1 cm−2 corresponding to S FR < 1 M# yr−1.
However, this limit is much more senstitive to uncertainties in
the radiative transfer of Lyα photons and to host galaxy dust
extinction (see, e.g., Hayes et al. 2010). Although there is no ev-
idence of dust extinction from the SED of the afterglow radiative
transfer can still completely remove the Lyα emission from the
line-of-sight (e.g., Atek et al. 2008). Many GRB host galaxies do
have higher SFR than this limit (e.g., Christensen et al. 2004), so
we will be able to detect emission lines from many high-z GRB
hosts using X-shooter in the future.
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and if you are lucky .. high-z GRB

Totani et al. 2006 GRB050904 @ Subaru z=6.3

GRB090423 @ TNG z=8.2

Salvaterra et al. 2009
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3. Science cases 
The construction and operations of SOXS are already fully secured. Here I propose to build and lead a dedi-
cated science team at the Brera Observatory on three main science topics, which are of the utmost importance 
nowadays and to which I contributed significantly along the past years. Without this grant, data will be taken 
anyway. What we will deeply miss is a dedicated task force to coordinate, model, interpret, simulate, and pre-
dict new spectral features based on 
the acquired data. The team I pro-
pose to build will be in the unique po-
sition to take full advantage of these 
data and, under my scientific guid-
ance, to produce breakthrough ad-
vances in time-domain astronomy.  
A. Gravitational-waves and 
electromagnetic counterparts  
    With the breakthrough discovery 
of the gravitational wave (GW) signal 
from two coalescing black holes in 
2015, the GW era started. Two years 
later, the LIGO and Virgo interfer-
ometers jointly detected two merging 
neutron stars. An electromagnetic 
signal was associated with this event. 
First, !-rays from the associated 
short-duration GRB170817 were de-
tected by Fermi and INTEGRAL satel-
lites. After a frantic hunt, a new opti-
cal source in the NGC4993 (at 41 
Mpc) elliptical galaxy was discov-
ered, AT2017gfo (Coulter et al. 
2017). This emission turned out to be 
powered by the radioactive decay of 
heavy r-process nuclei, synthesised in 
the ejecta of the merger. A series of 
optical and spectroscopic observa-
tions were collected to follow its evolution. The most impressive dataset is the almost daily collection of broad-
band spectra taken with the X-shooter instrument at the VLT (see Fig. B1-2, Pian et al. 2017; Smartt et al. 
2017). These data show that the spectrum has a very fast evolution from a blue (T~10,000 K) to a red (T~2,000 
K) emission, with broad lines superimposed, which were not yet definitely identified, but was never observed 
in other sources and are probably related to heavy elements. 
What can SOXS do? We are now (August 2019) in the middle of the third observing run (O3) of the GW experi-
ments, ending in Spring 2020, with the addition of a further interferometer (KAGRA) at the end of the period. 
During O3, three likely binary neutron star mergers and one black hole-neutron star event were discovered 
(with no counterparts, yet). This testifies, however, that the rate of events involving at least one neutron star is 
relatively high. O4, at an improved sensitivity and better localisation, will start at the end of 2021, with perfect 
timing with SOXS. SOXS will follow any GW counterpart candidate visible from Chile to first assess its nature 
and then will follow it up for the next few days. The improved sensitivity of SOXS over its father, X-shooter, 
will allow us to monitor events similar in flux to AT2017gfo, with multiple observations on a single night, if 
needed, to catch the initial fast evolution, up to ~6 d (Fig. B1-1, based on the SOXS ETC). Spectroscopy, 
optical and nIR simultaneously, is the main and indispensable route to understand nuclear physics in such an 
extreme ambient and provide answers to the heavy metals’ enrichment in the Universe.  
B. Gamma-ray bursts 
    GRBs come in two flavours: short and long duration (Kouveliotou et al. 1993). This dichotomy, which could 
have been just incidental, turned out to have a tight relationship into the nature of these events. Long-duration 
GRBs are associated with the death of massive stars and, if close enough, a supernova is virtually always ob-
served in concomitance. Short-duration GRBs are instead associated with binary neutron star mergers, as 
brilliantly confirmed by GW170817. The science of GRBs has grown enormously in the last 15 years, thanks 
to the Neil Gehrels Swift (Swift) and Fermi observatories, and the related follow-up from optical/nIR telescopes. 

Figure B1-2: Left: X-shooter set of 
broad-band spectra on AT2017gfo over 
11 d (adapted from Pian et al 2017 and 
Smartt et al. 2017). Right: Simulation of 
the Signal-to-Noise ratio reachable with 
SOXS with 1 hr (0.5 d-3.5 d) or 2 hr 
(4.5 d-6.5 d) observations (airmass 1.5, 
3d from new Moon, R~1,000, based on 
the X-shooter spectra and blackbody ex-
trapolation with the SOXS ETC v05). 
Spectra are not corrected for telluric lines. 

20
40

10203040

10
20
30

10
20

5
10
15
20

5101520

5
10
15

5000 104 1.5×104 2×104

5
10
15

Wavelenght (Å)

1.5 d

2.5 d

0.5 d

1.0 d

4.5 d

5.5 d

6.5 d

Si
gn

al
to

 N
oi

se
R

at
io

Wavelenght (Å)

3.5 d

500 | Nature | Vol 574 | 24 OCTOBER 2019

Article

with Ba (Z = 56) in infrequent events, implying the existence of a site that 
produces both light and heavy r-process elements together in quantity, 
as found in some models25,26. This is consistent with our spectral analysis 
of AT2017gfo and analyses of its lightcurve27,28. Together with the differ-
ences observed in the relative abundances of r-process Ba and Sr in stellar 
spectra29, this suggests that the relative efficiencies of light and heavy 
r-process production could vary substantially from merger to merger.

Extreme-density stars composed of neutrons were proposed shortly 
after the discovery of the neutron13, and identified with pulsars three 
decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of 
an element that could only have been synthesized so quickly under an 
extreme neutron flux provides the first direct spectroscopic evidence 
that neutron stars comprise neutron-rich matter.

Online content
Any methods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-019-1676-3.
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FBOT spectra

lines emerge, overlapped with many narrow and strong
emission lines. And there is a flux excess in the red end,
which is probably due to dust emission in later phases. As
proposed by Fox & Smith (2019), the spectra of AT2018cow
might have shown signatures of circumstellar interaction (CSI)
like SNe Ibn and IIn, while the typical features of CSI are
narrow emission lines of H and He. The last spectrum taken by
HET shows many narrow emission lines (FWHM≈ 4Å) that
are apparently from the background host galaxy. Although
other spectra of AT2018cow do show strong but broader Hα
lines since day 8 (Figure 2), it is quite possible that the lines of
H are from the host galaxy, not AT2018cow. The reason is that
those spectra do not have such high resolution as the HET
spectrum, so the narrow lines are broadened. To figure out
whether the narrow emission lines are from the host galaxy or
AT2018cow, we measured the FWHMs of the Hα line in each
spectrum and compared it with other lines in the same
spectrum. The results show that the widths of the Hα lines
are only slightly broader (by less than 10Å, within the
uncertainty) than other narrow lines, such as [N II] and [S II],
indicating that they are probably from the host galaxy. Thus,
we conclude that there is no significant narrow emission of H in
AT2018cow.

To better look into the spectral features of AT2018cow at
t> 10 days, we carefully subtracted the narrow emission lines
of Hα, [N II] λ6548, 6583, and [S II] λ6730, 6716 from the
spectra. For the spectra taken from ∼10 to ∼59 days after

discovery, we identify shallow and broad emission lines that
can be attributed to H I, He I, He II, O I, O III, and C III lines (as
shown in Figure 6). The O I, O III, C III, and He II lines
dissipated after around day 45. The peaks of these lines are all
slightly redshifted by up to 2000 km s−1. The emission lines of
AT2018cow are much broader than most SNe Ibn and IIn. The
He I λ5876 line has an FWHM of ∼300Å (v∼ 15,000 km s−1)
at day 14, which is 1 mag higher than that of most SNe Ibn
(v∼ 1000 km s−1). In late phases, the broad lines become
narrower, with the FWHM decreasing to ∼3000 km s−1 on day
59. Meanwhile, these broad emission lines are redshifted with
velocities decreasing from ∼1800 km s−1 when they first
emerge to hundreds of kilometers per second in late phases.
In the region of Hα, there is a broad emission line, which
should be a blending of Hα and He I λ6678. This line is seen
getting narrower over time and split into two lines after
t∼ 30 days, and the peaks moves to the rest wavelength. In
addition to the long-existing broad emission lines, a weak
and narrow (FWHM ∼ 800−1000 km s−1) He I λ6678 line
emerged in the spectra after t∼ 20 days. This narrow line is
certain to be from AT2018cow, as it does not appear in the
spectrum of the host galaxy. To conclude, the broad emission
lines of highly ionized elements (C III, O III) indicate that there
is possible CSM interaction at very early times (t< 10 days).
And the appearance of narrow He emission lines in late times
(t> 20 days) implies the existence of another distant CSM
formed around the progenitor object.

Figure 2. Optical spectra of AT2018cow. The numbers indicate days since
MJD 58,285. Host galaxy emissions are not removed. The data are smoothed
by a bin of 20 Å for better display.

(The data used to create this figure are available.)

Figure 3. The V-band light curves of AT2018cow compared with other optical
transients. Different colors are used to distinguish object types. The green
shaded area shows the template R-band light curves of SNe Ibn from
Hosseinzadeh et al. (2017). Data references: SN 2011fe (Zhang et al. 2016),
KSN2015K (Rest et al. 2018), SN 1998bw (Galama et al. 1998; McKenzie &
Schaefer 1999; Sollerman et al. 2000), SN 2002ap (Foley et al. 2003),
SN 2017ein (Van Dyk et al. 2018; Xiang et al. 2019), SN 1994I (Yokoo
et al. 1994; Richmond et al. 1996), SN 2007gr (Chen et al. 2014), iPTF16asu
(Whitesides et al. 2017), SN 2008D (Mazzali et al. 2008; Modjaz et al. 2009;
Bianco et al. 2014; Brown et al. 2014), SN 2004aw (Taubenberger et al. 2006),
SN 2006jc (Drout et al. 2011; Bianco et al. 2014; Brown et al. 2014),
SN 2010al (Brown et al. 2014; Hicken et al. 2017), ASASSN-14ms (X. F.
Wang et al. 2020, in preparation), SN 2015U (Tsvetkov et al. 2015; Shivvers
et al. 2016), SN 2011hw (Smith et al. 2012b; Brown et al. 2014), LSQ13ccw
(Smartt et al. 2015), iPTF15ul (Hosseinzadeh et al. 2017), SN 2014av
(Pastorello et al. 2016), SN 2009ip (Mauerhan et al. 2013; Smartt et al.
2015). Some of the reference data are obtained via the Open Supernova Catalog
(Guillochon et al. 2017).
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in Figure 6.12.

spectra and the SED (as listed in Table 6.6 the spectrum was obtained at high
airmass, making it di�cult to correct for telluric features). The model has a C/O
composition, an inner border at 22,000 km s�1 (corresponding to an optical depth
of ⇠50), a density of 4⇥10�12 g cm�3 at this border and a density profile with a
power-law index of �9. In Figure 6.13 we show that the model does a good job
of reproducing both the spectrum and the SED of SN 2018gep. In particular, it is
interesting to note that the “W" feature seem to arise naturally in C/O material at the
observed conditions. A similar conclusion was reached by Dessart (2019), whose
magnetar-powered SLSN-I models, calculated using the NLTE code CMFGEN,
show the “W” feature even when non-thermal processes where not included in the
calculation (as in our case).

In the model, the “W" feature mainly arises from the O II 2p2(3P)3s 4P$ 2p2(3P)3p
4D� (4639–4676 Å), O II 2p2(3P)3s 4P$ 2p2(3P)3p 2D (4649 Å) and O II 2p2(3P)3s
4P $ 2p2(3P)3p 4P� (4317–4357 Å) transitions. The departure from LTE is modest

Ho et al. 2019

SN2018gep Type Ic-BL



How can we improve in the near future?

❖ On one side we will soon have ULTRASAT and Rubin/
LSST

❖ How can we exploit their alerts in the best way?
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Section a: Extended Synopsis of the scientific proposal 
 

1. Scientific background 
    The sky is variable. Transient objects continuously appear and encompass all astronomical distances, rang-
ing from solar system objects to the most distant sources in the Universe. Already nowadays, the stream of 
transients detected in optical surveys, such as the Zwicky Transient Facility (ZTF) and other smaller surveys, 
counts more than 103 events per night. Shortly. The Rubin/Legacy Survey of Space and Time (LSST) will 

increase these numbers by at least a factor of ~10.  
 
1.1 Fast-evolving optical transients 
In the past, wide-field surveys were focused on novae and 
supernovae (SN), with a rise-time of 15-20 d. The improve-
ments in-depth and area coverage led to the discovery of new 
types of transients, e.g., super-luminous SNe (Quimby et al. 
2011; Gal-Yam 2019) or Ca-rich transients (Perets et al. 
2010). The current challenge is to improve the surveys ca-
dence. Confirmed theoretical expectations for short time-
scale extragalactic events (<1 d) include shock breakout emis-
sion (SBO) from SN explosions, with timescale up to ~1 hr 
for red supergiant progenitors (e.g., Klein & Chevalier 1978), 
followed by cooling emission for a few days; the afterglow 

emission from long and short g-ray bursts (GRBs), and the kilonova 
emission associated to the merging of two neutron stars. Other ex-
pected fast transients can originate from a disc outflow from black-
hole-forming SNe (< a few d, Kashiyama & Quataert 2015) or from 
the accretion induced collapse of a white dwarf (~1 d, Metzger et 

al. 2009).  
Pan-STARSS and Dark Energy (DES) sur-
veys were the first to discover a sizable 
number of fast (rise-time <10 d) and lumi-
nous transients (−15>M>−22, see FigB1-
1; Drout et al. 2014; Pursiainen et al. 2018; 
Ho et al. 2021). These transients form a ra-
ther inhomogeneous class, with a rapid 
rise-time (<10 d), an exponential decay 
(~30 d), a narrow peak (t1/2<12 d). They 
are luminous (though likely a survey bias), 
often with featureless spectra at maximum, 
and blue. Thus, they were named as fast-
evolving transient (FET, Rest et al. 2018), fast 
blue optical transients (FBOT, Margutti et al. 
2019) or rapidly evolving transients (RET, Pur-
siainen et al. 2018). The fast rise-time con-
nected with the high peak luminosity (and 
lack of UV blanketing) makes Ni56 radioac-
tive decay an implausible powering mecha-
nism for these events.  
FBOT (we adopt this name in the follow-
ing) are primarily found in star-forming galaxies, thus, they likely highlight 
a poorly understood endpoint of massive-star evolution. Most of them 
show SN-like features (see Fig. B1-2) even if ~40% are still unclassified. 
FBOT are not rare, comprising ~10% of the core-collapse SN population, 
but they are difficult to follow up, due to their fast evolution.  
Despite the puzzling heterogeneity (e.g., Inserra 2019), two broad scenar-
ios have been envisaged to explain most of the FBOT properties: i) inter-
action of the explosion’s shock wave with a dense circumstellar medium (CSM) or extended progenitor atmos-
phere or wind (e.g., Kasen 2017, Inserra 2019); ii) prolonged energy injection from a central compact source, 
e.g., a fast-rotating, young magnetar or an accreting black hole (e.g., Metzger & Piro 2014).  

Figure B1-1: Peak absolute magnitude as a 
function of characteristic decay/variability 
timescale for luminous optical transients and 
variables (adapted from Cenko 2017). 

Figure B1-2: Parameter space of 
short-duration (t1/2<6d) extragalactic 
transients in ZTF Transient Survey. 
Red lines mark the Ni mass and above 
the blue line cannot be powered by Ni 
decay (adapted from Ho et al. 2021). 
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of comparable luminosity but which are clearly related phenomena. We include two Type Ic-BL SNe with shock-cooling peaks,
SN 2006aj (Campana et al. 2006) and SN2020bvc (Ho et al. 2020c). We include three Type IIb SNe with shock-cooling peaks:
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ESO/VLT
At ESO/Paranal the Rapid Response Mode (RRM) is active to be on source in ~10min

- Approved time
- Instrument mounted
- Have not finished the observing time



SOXS
ESO call for new instruments at NTT (06/2014) 

Proposal submission (02/2015) 

SOXS selected by ESO (05/2015) out of  19 

RAB~20.5



Institutes	from	6	Countries		

	

q  Common	Path,	NIR	Spectrograph,	

Control	Software	&	Electronics,	

Vacuum	and	Cryogenics,	Detectors	

control	(INAF)	

q  UV/VIS	Spectrograph	(Weizmann)	

q  Acquisition	Camera	(Millennium	

Institute	of	Astrophysics	-	MAS)	

q  Calibration	Unit	(Turku	University)	
q  Data	Reduction	(Queen’s	Un.	Belfast)	
q  Tel	Aviv	University	
q  Dark	Cosmology	Center	

SoXS Consortium

Neils Bohr Institute & Aarhus Univ.



SoXS NIR arm



SoXS UV-VIS arm
Mirror*	 CaF2	corrector*	

Field	flattener*	

*Aspheric	



Kulkarni’s comparison

 
https://arxiv.org/abs/2004.03511

https://arxiv.org/abs/2004.03511
https://arxiv.org/abs/2004.03511


SoXS pipeline 
• Pixel	detrending	–	bias,	flat,	dark,	linearity	corrections	(dark	only	for	NIR)	
• Produce	2D	distortion	corrected,	orders	merged	pre-extraction	spectrum	
for	each	arm	(rectification)		

•  X-shooter like reduction recipes 
and data products 

 
•  But faster production of 

science ready products    

Very quick. Data reduction in near-
real time. No need for a 
quicklook.

Pipeline also for the acquisition 
camera data; astrometric and 
photometric corrections with 

Pan-STARSS

SoXS pipeline will be public



SoXS timeline & operations
Project	Phase Start End Dura2on
Preliminary	Design 08/2016 07/2017 12	months

Final	Design 08/2017 10/2018 14	months

MAIT	&	PAE 11/2018 05/2022

Commissioning	&	PAC	(Chile) 09/2022 03/2023

Opera2ons 2023 2027

SOXS Consortium time 180 night/yr for 5 years at the 
NTT

All SOXS Consortium observing time is dedicated to 
observation of transient and variable sources



SOXS 

Integrated approach

SOXS Consortium will manage the entire schedule 
including ‘SOXS’ time and ‘ESO’ time.



Schedule day-by-day, optimising for into account the 
Moon, airmass, seeing, water vapour, sky brightness, 
wind direction constraints.



Overall balance among ESO and SOXS time in 
terms of  dark-grey-bright time, water vapour, seeing, 
etc.




Possibility to change the observing schedule on the fly. 
One SoXS scientist always on duty.



Data policy
SOXS-GTO sources selected with clear triggering criteria, 
criteria will be made public before the start of the operations 
(and updated every 6 months). 

Consortium GTO data will remain private for 12 months (or 
when data are published). 

SOXS will also take classification spectra of sources from optical 
surveys (up to 25% of SoXS GTO observing time). 
These data can be claimed by the SOXS Consortium within 3 
days, if they fall under a GTO proposal (and will then remain 
private for 12 months). Otherwise classification data are public.  



SoXS for GW sources
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3. Science cases 
The construction and operations of SOXS are already fully secured. Here I propose to build and lead a dedi-
cated science team at the Brera Observatory on three main science topics, which are of the utmost importance 
nowadays and to which I contributed significantly along the past years. Without this grant, data will be taken 
anyway. What we will deeply miss is a dedicated task force to coordinate, model, interpret, simulate, and pre-
dict new spectral features based on 
the acquired data. The team I pro-
pose to build will be in the unique po-
sition to take full advantage of these 
data and, under my scientific guid-
ance, to produce breakthrough ad-
vances in time-domain astronomy.  
A. Gravitational-waves and 
electromagnetic counterparts  
    With the breakthrough discovery 
of the gravitational wave (GW) signal 
from two coalescing black holes in 
2015, the GW era started. Two years 
later, the LIGO and Virgo interfer-
ometers jointly detected two merging 
neutron stars. An electromagnetic 
signal was associated with this event. 
First, !-rays from the associated 
short-duration GRB170817 were de-
tected by Fermi and INTEGRAL satel-
lites. After a frantic hunt, a new opti-
cal source in the NGC4993 (at 41 
Mpc) elliptical galaxy was discov-
ered, AT2017gfo (Coulter et al. 
2017). This emission turned out to be 
powered by the radioactive decay of 
heavy r-process nuclei, synthesised in 
the ejecta of the merger. A series of 
optical and spectroscopic observa-
tions were collected to follow its evolution. The most impressive dataset is the almost daily collection of broad-
band spectra taken with the X-shooter instrument at the VLT (see Fig. B1-2, Pian et al. 2017; Smartt et al. 
2017). These data show that the spectrum has a very fast evolution from a blue (T~10,000 K) to a red (T~2,000 
K) emission, with broad lines superimposed, which were not yet definitely identified, but was never observed 
in other sources and are probably related to heavy elements. 
What can SOXS do? We are now (August 2019) in the middle of the third observing run (O3) of the GW experi-
ments, ending in Spring 2020, with the addition of a further interferometer (KAGRA) at the end of the period. 
During O3, three likely binary neutron star mergers and one black hole-neutron star event were discovered 
(with no counterparts, yet). This testifies, however, that the rate of events involving at least one neutron star is 
relatively high. O4, at an improved sensitivity and better localisation, will start at the end of 2021, with perfect 
timing with SOXS. SOXS will follow any GW counterpart candidate visible from Chile to first assess its nature 
and then will follow it up for the next few days. The improved sensitivity of SOXS over its father, X-shooter, 
will allow us to monitor events similar in flux to AT2017gfo, with multiple observations on a single night, if 
needed, to catch the initial fast evolution, up to ~6 d (Fig. B1-1, based on the SOXS ETC). Spectroscopy, 
optical and nIR simultaneously, is the main and indispensable route to understand nuclear physics in such an 
extreme ambient and provide answers to the heavy metals’ enrichment in the Universe.  
B. Gamma-ray bursts 
    GRBs come in two flavours: short and long duration (Kouveliotou et al. 1993). This dichotomy, which could 
have been just incidental, turned out to have a tight relationship into the nature of these events. Long-duration 
GRBs are associated with the death of massive stars and, if close enough, a supernova is virtually always ob-
served in concomitance. Short-duration GRBs are instead associated with binary neutron star mergers, as 
brilliantly confirmed by GW170817. The science of GRBs has grown enormously in the last 15 years, thanks 
to the Neil Gehrels Swift (Swift) and Fermi observatories, and the related follow-up from optical/nIR telescopes. 

Figure B1-2: Left: X-shooter set of 
broad-band spectra on AT2017gfo over 
11 d (adapted from Pian et al 2017 and 
Smartt et al. 2017). Right: Simulation of 
the Signal-to-Noise ratio reachable with 
SOXS with 1 hr (0.5 d-3.5 d) or 2 hr 
(4.5 d-6.5 d) observations (airmass 1.5, 
3d from new Moon, R~1,000, based on 
the X-shooter spectra and blackbody ex-
trapolation with the SOXS ETC v05). 
Spectra are not corrected for telluric lines. 
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3. Science cases 
The construction and operations of SOXS are already fully secured. Here I propose to build and lead a dedi-
cated science team at the Brera Observatory on three main science topics, which are of the utmost importance 
nowadays and to which I contributed significantly along the past years. Without this grant, data will be taken 
anyway. What we will deeply miss is a dedicated task force to coordinate, model, interpret, simulate, and pre-
dict new spectral features based on 
the acquired data. The team I pro-
pose to build will be in the unique po-
sition to take full advantage of these 
data and, under my scientific guid-
ance, to produce breakthrough ad-
vances in time-domain astronomy.  
A. Gravitational-waves and 
electromagnetic counterparts  
    With the breakthrough discovery 
of the gravitational wave (GW) signal 
from two coalescing black holes in 
2015, the GW era started. Two years 
later, the LIGO and Virgo interfer-
ometers jointly detected two merging 
neutron stars. An electromagnetic 
signal was associated with this event. 
First, !-rays from the associated 
short-duration GRB170817 were de-
tected by Fermi and INTEGRAL satel-
lites. After a frantic hunt, a new opti-
cal source in the NGC4993 (at 41 
Mpc) elliptical galaxy was discov-
ered, AT2017gfo (Coulter et al. 
2017). This emission turned out to be 
powered by the radioactive decay of 
heavy r-process nuclei, synthesised in 
the ejecta of the merger. A series of 
optical and spectroscopic observa-
tions were collected to follow its evolution. The most impressive dataset is the almost daily collection of broad-
band spectra taken with the X-shooter instrument at the VLT (see Fig. B1-2, Pian et al. 2017; Smartt et al. 
2017). These data show that the spectrum has a very fast evolution from a blue (T~10,000 K) to a red (T~2,000 
K) emission, with broad lines superimposed, which were not yet definitely identified, but was never observed 
in other sources and are probably related to heavy elements. 
What can SOXS do? We are now (August 2019) in the middle of the third observing run (O3) of the GW experi-
ments, ending in Spring 2020, with the addition of a further interferometer (KAGRA) at the end of the period. 
During O3, three likely binary neutron star mergers and one black hole-neutron star event were discovered 
(with no counterparts, yet). This testifies, however, that the rate of events involving at least one neutron star is 
relatively high. O4, at an improved sensitivity and better localisation, will start at the end of 2021, with perfect 
timing with SOXS. SOXS will follow any GW counterpart candidate visible from Chile to first assess its nature 
and then will follow it up for the next few days. The improved sensitivity of SOXS over its father, X-shooter, 
will allow us to monitor events similar in flux to AT2017gfo, with multiple observations on a single night, if 
needed, to catch the initial fast evolution, up to ~6 d (Fig. B1-1, based on the SOXS ETC). Spectroscopy, 
optical and nIR simultaneously, is the main and indispensable route to understand nuclear physics in such an 
extreme ambient and provide answers to the heavy metals’ enrichment in the Universe.  
B. Gamma-ray bursts 
    GRBs come in two flavours: short and long duration (Kouveliotou et al. 1993). This dichotomy, which could 
have been just incidental, turned out to have a tight relationship into the nature of these events. Long-duration 
GRBs are associated with the death of massive stars and, if close enough, a supernova is virtually always ob-
served in concomitance. Short-duration GRBs are instead associated with binary neutron star mergers, as 
brilliantly confirmed by GW170817. The science of GRBs has grown enormously in the last 15 years, thanks 
to the Neil Gehrels Swift (Swift) and Fermi observatories, and the related follow-up from optical/nIR telescopes. 

Figure B1-2: Left: X-shooter set of 
broad-band spectra on AT2017gfo over 
11 d (adapted from Pian et al 2017 and 
Smartt et al. 2017). Right: Simulation of 
the Signal-to-Noise ratio reachable with 
SOXS with 1 hr (0.5 d-3.5 d) or 2 hr 
(4.5 d-6.5 d) observations (airmass 1.5, 
3d from new Moon, R~1,000, based on 
the X-shooter spectra and blackbody ex-
trapolation with the SOXS ETC v05). 
Spectra are not corrected for telluric lines. 
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3. Science cases 
The construction and operations of SOXS are already fully secured. Here I propose to build and lead a dedi-
cated science team at the Brera Observatory on three main science topics, which are of the utmost importance 
nowadays and to which I contributed significantly along the past years. Without this grant, data will be taken 
anyway. What we will deeply miss is a dedicated task force to coordinate, model, interpret, simulate, and pre-
dict new spectral features based on 
the acquired data. The team I pro-
pose to build will be in the unique po-
sition to take full advantage of these 
data and, under my scientific guid-
ance, to produce breakthrough ad-
vances in time-domain astronomy.  
A. Gravitational-waves and 
electromagnetic counterparts  
    With the breakthrough discovery 
of the gravitational wave (GW) signal 
from two coalescing black holes in 
2015, the GW era started. Two years 
later, the LIGO and Virgo interfer-
ometers jointly detected two merging 
neutron stars. An electromagnetic 
signal was associated with this event. 
First, !-rays from the associated 
short-duration GRB170817 were de-
tected by Fermi and INTEGRAL satel-
lites. After a frantic hunt, a new opti-
cal source in the NGC4993 (at 41 
Mpc) elliptical galaxy was discov-
ered, AT2017gfo (Coulter et al. 
2017). This emission turned out to be 
powered by the radioactive decay of 
heavy r-process nuclei, synthesised in 
the ejecta of the merger. A series of 
optical and spectroscopic observa-
tions were collected to follow its evolution. The most impressive dataset is the almost daily collection of broad-
band spectra taken with the X-shooter instrument at the VLT (see Fig. B1-2, Pian et al. 2017; Smartt et al. 
2017). These data show that the spectrum has a very fast evolution from a blue (T~10,000 K) to a red (T~2,000 
K) emission, with broad lines superimposed, which were not yet definitely identified, but was never observed 
in other sources and are probably related to heavy elements. 
What can SOXS do? We are now (August 2019) in the middle of the third observing run (O3) of the GW experi-
ments, ending in Spring 2020, with the addition of a further interferometer (KAGRA) at the end of the period. 
During O3, three likely binary neutron star mergers and one black hole-neutron star event were discovered 
(with no counterparts, yet). This testifies, however, that the rate of events involving at least one neutron star is 
relatively high. O4, at an improved sensitivity and better localisation, will start at the end of 2021, with perfect 
timing with SOXS. SOXS will follow any GW counterpart candidate visible from Chile to first assess its nature 
and then will follow it up for the next few days. The improved sensitivity of SOXS over its father, X-shooter, 
will allow us to monitor events similar in flux to AT2017gfo, with multiple observations on a single night, if 
needed, to catch the initial fast evolution, up to ~6 d (Fig. B1-1, based on the SOXS ETC). Spectroscopy, 
optical and nIR simultaneously, is the main and indispensable route to understand nuclear physics in such an 
extreme ambient and provide answers to the heavy metals’ enrichment in the Universe.  
B. Gamma-ray bursts 
    GRBs come in two flavours: short and long duration (Kouveliotou et al. 1993). This dichotomy, which could 
have been just incidental, turned out to have a tight relationship into the nature of these events. Long-duration 
GRBs are associated with the death of massive stars and, if close enough, a supernova is virtually always ob-
served in concomitance. Short-duration GRBs are instead associated with binary neutron star mergers, as 
brilliantly confirmed by GW170817. The science of GRBs has grown enormously in the last 15 years, thanks 
to the Neil Gehrels Swift (Swift) and Fermi observatories, and the related follow-up from optical/nIR telescopes. 

Figure B1-2: Left: X-shooter set of 
broad-band spectra on AT2017gfo over 
11 d (adapted from Pian et al 2017 and 
Smartt et al. 2017). Right: Simulation of 
the Signal-to-Noise ratio reachable with 
SOXS with 1 hr (0.5 d-3.5 d) or 2 hr 
(4.5 d-6.5 d) observations (airmass 1.5, 
3d from new Moon, R~1,000, based on 
the X-shooter spectra and blackbody ex-
trapolation with the SOXS ETC v05). 
Spectra are not corrected for telluric lines. 
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Shock break out 

GRB 060218

NIR



Summary
Fast Evolving Extra-galactic Transients (FEET)
- LGRB
- SGRB
- GW
- SBO
- FBOT

A new era is starting with Rubin/LSST and ULTRASAT

- Complement photometry from ground 
- Fast repointing of Swift for X-rays
- Fast optical spectroscopy (SOXS & VLT/RRM)
- Synergies between ULTRASAT and SOXS



Thanks


