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ABSTRACT

Multimessenger astronomy received a great boost following the discovery of kilonova (KN)
AT2017gfo, the optical counterpart of the gravitational wave source GW170817 associated
with the short gamma-ray burst GRB 170817A. AT2017gfo was the first KN that could be
extensively monitored in time using both photometry and spectroscopy. Previously, only few
candidates have been observed against the glare of short GRB afterglows. In this work, we aim
to search the fingerprints of AT2017gfo-like KN emissions in the optical/NIR light curves of
39 short GRBs with known redshift. For the first time, our results allow us to study separately
the range of luminosity of the blue and red components of AT2017gfo-like kilonovae in short
GRBs. In particular, the red component is similar in luminosity to AT2017gfo, while the blue
KN can be more than 10 times brighter. Finally, we exclude a KN as luminous as AT2017gfo
in GRBs 050509B and 061201.

Key words: gravitational waves—gamma-ray burst: general — gamma-ray bursts —neutron
star mergers — stars: magnetars.
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1 INTRODUCTION

Gamma-ray bursts (GRBs) are divided in two populations consisting
of long and short GRBs (e.g. Kouveliotou et al. 1993). Long GRBs
(i.e. GRBs with a burst duration longer than ~2 s) have been
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conclusively linked to the explosive deaths of massive stars (e.g.
Hjorthetal. 2003). For along time, only indirect evidence associated
short GRBs to the merging of compact objects, however a watershed
occurred after the simultaneous detection of the gravitational wave
(GW) source GW170817 (Abbott et al. 2017a) by aLIGO/AdVirgo
(Acernese et al. 2015; LIGO Scientific Collaboration 2015) and
the short GRB 170817A (Abbott et al. 2017¢; Goldstein et al.
2017; Savchenko et al. 2017). Their identification with the same
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astrophysical source has provided the first direct evidence that at
least a fraction of short GRBs is associated with the merging of two
neutron stars (NSs). At the same time, the discovery of the optical
counterpart of GW 170817, AT2017gfo (Coulter et al. 2017), and its
identification with the elusive ‘kilonova’ (KN) emission (e.g. Li &
Paczynski 1998; Metzger et al. 2010), has indirectly told us that
these poorly sampled astrophysical phenomena can potentially be
detected as a possible additional component to the optical and near-
infrared (NIR) afterglow of (nearby) short GRBs in the temporal
window that goes from about a few hours to a few weeks after the
onset of the burst (e.g. Kasen, Ferndndez & Metzger 2015; Barnes
et al. 2016; Ferndndez & Metzger 2016; Metzger 2017).

AT2017gto was discovered during its brightening phase at ~11 h
after the GW event (Coulter et al. 2017) and was followed up by
several groups both photometrically and spectroscopically in the
optical and NIR bands (Andreoni et al. 2017; Arcavi et al. 2017;
Chornock et al. 2017; Covino et al. 2017; Drout et al. 2017; Evans
etal.2017; Kasliwal etal. 2017a; Pian et al. 2017; Smartt et al. 2017,
Tanvir et al. 2017; Troja et al. 2017). This enormous observational
effort, well summarized in Abbott et al. (2017b), allowed several
of these groups to recognize a thermal emission in the data, with a
blackbody temperature evolving from ~7300 K at ~0.6 d (Evans
etal.2017) to ~5000 K at 1.5 d after the GW event (Pian et al. 2017,
Smartt et al. 2017). At ~6 d, the maximum moved to the longer
wavelengths peaking in the J band, indicating rapid cooling. This
behaviour was markedly different not only from an afterglow but
also from a supernova event. Instead, both the light-curve evolution
and the early (<15 d) spectra nicely matched the expected KN
modelling, i.e. a thermal emission powered by the radioactive decay
of elements formed via r-process nucleosynthesis in the ejecta of
the NS—-NS merger (e.g. Kasen et al. 2017; Metzger, Thompson &
Quataert 2018). In particular, the observations are consistent with
a KN characterized by a blue, rapidly decaying, component and
a red, more slowly evolving, component. Moreover, Covino et al.
(2017) reported a low degree of linear polarization of the optical
blue component which is consistent with a symmetric geometry of
the emitting region and with low inclination of the merger system.

At the same position of AT2017gfo, a non-thermal emission
consistent with a GRB afterglow was first identified in the X-ray and
radio bands no more than one week after the GW event (Hallinan
et al. 2017; Troja et al. 2017), and only months later in the optical
(Lyman et al. 2018; Margutti et al. 2018; Rossi et al. 2018b; Piro
et al. 2019) due to Sun observational constraints. Afterwards, the
multiwavelength follow-up continued for up to one year after the
GW event (D’Avanzo et al. 2018; Troja et al. 2018b; Piro et al.
2019). The observations show an achromatic slow rising flux up to
~150 d after the explosion followed by a decay and are interpreted
as emission from a structured jet expanding in the ISM and observed
off-axis from a viewing angle of ~20 deg with respect to the jet axis
(Kathirgamaraju, Barniol Duran & Giannios 2018; Mooley et al.
2018a; Troja et al. 2018b; Ghirlanda et al. 2019; Kathirgamaraju
etal.2019; Salafiaetal. 2019). This is consistent with the inclination
of the system derived combining the GW signal and the distance
of the source (Abbott et al. 2017¢; Mandel 2018). Such a scenario
predicts a late-time rising afterglow, in contrast with the on-axis
case (i.e. when the viewing angle is along, or very close to, the
jet axis). The afterglow observations and their consistency with the
off-axis model further confirm that all the early (i.e. <1 month after
the GW event) optical/NIR data of AT2017gfo are not contaminated
by the afterglow emission, as the latter is initially much fainter as it
was already noticed (e.g. Pian et al. 2017).

The precise nature of the different ejection mechanisms and
of the different ejecta components is still under debate (Kasen
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et al. 2017; Perego, Radice & Bernuzzi 2017; Metzger et al. 2018;
Radice et al. 2018; Tanaka et al. 2018). Numerical simulations show
that, during the merger of two NSs, a small fraction (~0.05 Mg
or less) of the total mass is ejected into space with a latitude-
dependent pattern of density, velocity, and opacity. Specifically,
it is thought that along the polar regions the ejecta have lower
velocities and opacities (the blue KN component; Kasen et al.
2017) with respect to the equatorial region if an NS remnant is
formed after the merger. If a black hole (BH) is promptly formed,
the ejecta are mostly concentrated on the equatorial plane and have
high velocity and large opacities (the red KN component; Kasen
et al. 2017). The analysis of the complete set of data of AT2017gfo
has clearly demonstrated that early ultraviolet (UV) and optical
observations are of key importance to disentangle the different
thermal contributions that are present in the observed emission
(e.g. Cowperthwaite et al. 2017; Pian et al. 2017; Villar et al. 2017;
Arcavi 2018; Bulla et al. 2019) and at least two, possibly three, dif-
ferent emitting components have been identified (e.g. Perego et al.
2017).

The most plausible evidence of a KN before AT2017gfo is that
observed as an emerging component in the light curve of the NIR
afterglow of the short GRB 130603B at z = 0.356 (Berger, Fong &
Chornock 2013b; Tanvir et al. 2013). Other possible KN signatures
were found in the optical counterpart light curves of GRBs 050709
at z = 0.161 (Jin et al. 2016), 060614 at z = 0.125 (Jin et al. 2015;
Yang et al. 2015), 080503 (Perley et al. 2009; Gao et al. 2017) at
unknown redshift, 150101B at z = 0.134 (Troja et al. 2018b), and
both in the NIR and (perhaps less clearly) in the optical counterpart
light curve of 160821B at z = 0.16 (Kasliwal et al. 2017b; Jin et al.
2018; Lamb et al. 2019; Troja et al. 2019). Gao et al. (2017) found
three other possible KN candidates associated with GRBs 050724,
070714B, and 061006. However, their peak luminosity at ~1 d after
the burst are more than one order of magnitude brighter than the
typical predicted values of the KN associated with GRBs 050709
and 130603B. It should also be noted that in all these possible
KN identifications (but GRB 150101B), the emission was preceded
by a bright GRB afterglow indicating an on-axis configuration,
thus suggesting that the KN emission may exceed the afterglow
luminosity even for on-axis GRBs.

After the discovery of AT2017gfo, Gompertz et al. (2018)
compared the optical/NIR light curves of AT2017gfo with those
of 23 short GRBs with redshift below 0.5. They were able to firmly
exclude the presence of an AT2017gfo-like component in three
GRBs (050509B, 061201, and 080905A). At the same time, they
confirmed that AT2017gfo was much fainter than the claimed KN
candidates (see also Fong et al. 2017). These results suggest that
kilonovae may display very different luminosity, colours, and time-
scale evolutions.

To further investigate the possible range of KN luminosity, we
compare the optical/NIR light curves of all short GRB with known
redshift up to 2019 June with those of AT2017gfo. This paper is
organized as follows. In Section 2, we describe the AT2017gfo data
used in this work and the short GRB sample selection. In Section 3,
we describe the methods we used to compare AT2017gfo with other
short GRB optical/NIR counterparts. Section 4 then illustrates the
results about the most compelling short GRBs. These results are
then discussed in Section 5. Finally, our conclusions are given in
Section 6.

Throughout this work, we adopt the notation according to which
the flux density of a counterpart is described as F,(f) oc r*v=F
and we use a ACDM world model with Qy = 0.308, Q) =
0.692, and Hy = 67.8 km s~! Mpc~! (Planck Collaboration XIII
2016).
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2 DATA

In this section, we describe spectroscopic and photometric data of
AT2017gfo, and the optical/NIR photometric data of short GRBs
with known redshift that we compiled and used in this work.

2.1 AT2017gfo data

The follow-up with VLT/X-Shooter of AT2017gfo is not only the
first spectroscopic observation of a KN, but it also provided the first
temporal sampling of this new class of sources. The 10 spectra,
described in Pian et al. (2017) and Smartt et al. (2017), were taken
between ~1.5 and ~10.5 d after the GW trigger and have a coverage
from UV to NIR bands. We did not consider Gemini-S/GMOS and
VLT/FORS spectroscopic observations which are limited only to
the optical window. All but two epochs are obtained from Pian et al.
(2017). The two epochs at ~2.5 and ~4.5 after the GW trigger are
from Smartt et al. (2017)! and have been taken from the last version
available on WISeREP (Yaron & Gal-Yam 2012).

At epochs earlier than the first spectrum (i.e. <1.5 d after the
GW trigger), we have collected photometric observations from the
works of Tanvir et al. (2017), Drout et al. (2017), Evans et al.
(2017), Covino et al. (2017), Coulter et al. (2017), Troja et al.
(2017), Pian et al. (2017), Cowperthwaite et al. (2017); see also
the Kilonova Project: Guillochon et al. (2017). We interpolated the
photometric light curves using a cubic spline to build the spectral
energy distribution (SEDs) at three epochs. The first epoch at
~0.5 d after the trigger roughly corresponds to the first optical/NIR
observations, the second epoch at 0.66 d is the first one with UV
data, and the third epoch at ~1 d after the trigger lays between
the first photometric and the first X-Shooter observations (Fig. 1).
Note that we did not use all data available in the literature, because
these data show great variation in values, even though the single
data points have in most cases very small uncertainties. This can
be ascribed to different calibration and the problematic removal of
light from the underlying host galaxy. Therefore, we decided to use
only photometric data from large telescopes and from the restricted
number of works given above.

All data have been corrected for the Galactic absorption using the
interstellar extinction curve derived by Cardelli, Clayton & Mathis
(1989), the dust maps of Schlafly & Finkbeiner (2011), and an
optical total-to-selective extinction ratio Ry = 3.1. All observations
have been converted to flux densities F,, using transmission curves
or instrument-specific conversion factors when available, or the
standard conversions following Blanton & Roweis (2007).

2.2 The short GRB data sample

Our starting sample of short GRBs is that presented by Fong
et al. (2015) which includes 87 short GRBs with optical and NIR
counterparts observed between 2004 November and 2015 March.
We considered only the 33 events that have a redshift determination.
We extended this sample by including six short GRBs with known
redshift, detected between 2015 March and 2019 June.

In addition, we took into account many works that show that the
short/hard versus long/soft division does not map directly on to what
would be expected from the two classes of progenitors (e.g. Kann
etal. 2011). For instance, Bromberg et al. (2012) showed that the 2 s
duration commonly used to separate collapsars and non-collapsars is
inconsistent with the duration distributions of Swift and Fermi GRBs

IThey are limited to ~22000 A due to the presence of K-band blocking
filter.

Short GRB afterglows and AT2017gfo 3381

Table 1. The 39 short GRBs used in this work.

GRB z P..(< 8R) References Accurate
a b redshift®
050509B¢ 0.225 5% 1073 1-2 y
0507094 0.161 3% 1073 1 y
0507244 0.258 2% 1073 1 y
051221A 0.546 5% 1073 1 y
060502B 0.287 0.03 1-3 n
060614¢ 0.125" - 1-4 y
060801 1.13 0.02 1-3 n
0610064 0.438 4x 1074 1 y
0612014 0.111 0.08 1-5-6 n
0612104 0.41 0.02 1-3 y
061217 0.827 0.24 1-5 n
0704298 0.902 3x 1073 1 y
070714B4 0.923 5% 1073 1 y
070724A7 0.456 8 x 10~ 1 y
070729 0.8 0.05 1-5-7 y
070809 0.473 0.03 1-4-6 n
0712274 0.381 0.01 1 y
080905A4 0.122 0.01 1 n
0905104 0.903 8 x 1073 1-5 y
090515 0.403 0.15 1-4 n
100117A 0.915 7 x 1073 1 y
100206A 0.407 1x1073 1-8 y
100625A 0.452 0.04 1 y
100816A° 0.805" - 9 y
101219A 0.718 0.06 1 y
111117A 2211 0.02 1-10-11 y
120804A 13 210 — 4 12 y
130603B¢ 0.356/ - 13 y
131004A 0.717 - 14-15 y
140903A¢ 0.351 3x 1074 16 y
141212A 0.596 0.03 17-18-this work n
150101B 0.134 48 x10~* 19 y
150120A 0.46 0.02 20-21-this work n
150423A° 1.394 See text 22-23 n
150424A¢ 0.3 0.02 24-25-26-this work n
160410A° 1.717 - 22 y
160624A° 0.483 0.01 27-this work y
160821B°¢ 0.16 0.02 28-29 y
170428A¢ 0.454 4x1073 30-this work y

“Probability of chance coincidence (Bloom, Kulkarni & Djorgovski 2002).
bReferences for the probability of chance association and redshift: (1) Fong
et al. (2013); (2) Bloom et al. (2006); (3) Berger et al. (2007); (4) (Price,
Berger & Fox 2006); (5) Berger (2010); (6) Stratta et al. (2007); (7) Fong &
Berger (2013); (8) Perley et al. (2012); (9) (Tanvir et al. 2010); (10) Margutti
et al. (2012); (11) Selsing et al. (2018); (12) Berger et al. (2013a); (13) de
Ugarte Postigo et al. (2014); (14) Chornock, Lunnan & Berger (2013); (15)
D’Eliaetal. (2013); (16) Trojaetal. (2016); (17) Malesani et al. (2014); (18)
Chornock, Fong & Fox (2014); (19) Fong et al. (2016); (20) Chornock &
Fong (2015); (21) Perley & Cenko (2015); (22) (Selsing et al. 2019); (23)
(Malesani et al. 2015); (24) (Castro-Tirado et al. 2015); (25) Jin et al. (2018);
(26) Tanvir et al. (2015); (27) (Cucchiara & Levan 2016); (28) (Levan et al.
2016); (29) Troja et al. (2019); (30) (Izzo et al. 2017).

“See Section 2.3

Light curve updated with respect to Fong et al. (2015) with new data. See
Table A2.

“Not in Fong et al. (2015), photometry in Table A2.

TRedshift measured from the afterglow spectrum. In these cases, association
with a host galaxy was not necessary and therefore not reported.
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and only holds for old BATSE GRBs. For this reason, we included
the two peculiar long GRBs 060614 and 100816A, because their
spectral hardness and negligible spectral lags are typical of short
GRBs (see also Bernardini et al. 2015). With respect to the Fong
etal. (2015) sample, we removed GRB 140622A because only very
early upper limits exist (i.e. <0.1 h after trigger) that could not be
compared with AT2017gfo observations that started 0.5 d after the
trigger. We also excluded GRB 090426 which, although having a
duration shorter than 2 s, has features similar to collapsar events
(soft spectra, dwarf blue host, very luminous afterglow, Antonelli
et al. 2009; Nicuesa Guelbenzu et al. 2011, 2012). In addition, we
have also updated the light curves of the whole short GRB sample
by adding photometric measurements that were not included in
the original Fong et al. (2015) data set (see Table A2). Finally,
we have updated the redshift of GRB 111117A with the more
refined measure of z = 2.211 (Sakamoto et al. 2013; Selsing et al.
2018). Note that, contrary to Gompertz et al. (2018), we decided
to not include GRB 051210 because, according to the most recent
literature, only a lower limit on the redshift exists (z > 1.4, see
Berger et al. 2007; Fong et al. 2015). The final sample thus consists
of 39 short GRBs within the redshift range 0.1 < z < 2.2 and is
summarized in Table 1.

In all cases, we pay particular attention to not include photometry
that was dominated by the host according to the literature from
which we obtained the data. In the case the origin of the emission
was not specified or was not certain in the literature, then we
considered only data that showed to be fading. However, in all
cases we have not considered necessary to model the light curves
to search for a constant component, i.e. the host.

2.3 On the redshift accuracy

Accurate and reliable redshift determination through optical/NIR
spectroscopy of short GRB afterglows have been obtained only in
three cases (GRBs 100816A, 130603B, 160410A). In case of GRBs
060614 and 131004A, the redshift is measured from emission lines
of the host superposed from the afterglow spectrum.? In all other
34 cases, the redshifts have been obtained through spectroscopy of
the associated host galaxies. To assess the probability that the burst
originated from a host candidate, we have collected or calculated the
probability of chance coincidence, P..(< SR) (Bloom et al. 2002),
at a given angular separation (6R), and apparent magnitude (m) for
galaxies candidates.

In Table 1, we indicate redshifts, probabilities, and their ref-
erences. In few cases, the probabilities are not negligible (larger
than 1 percent), but given the lack of any other possible galaxy
with similarly low chance association, they are considered as good
association. They are GRBs 061210, 070729, 100625A, 101219A,
111117A. In nine cases, no clear association can be made with
a galaxy in the field (GRBs 060502B, 060801, 061201, 061217,
070809, 090515, 141212A, 150120A, 150424A). Therefore, they
do not have well-defined redshift measurements.

In almost all other cases, the association with the host is well
defined following the criteria of Bloom et al. (2002) and it was
possible to measure a redshift (Table 1). Only two cases deserve
more caution: GRBs 080905A and 150423A. In the first case,
D’ Avanzo et al. (2014) find that its properties are not consistent with
the Epea—Liso (Yonetoku et al. 2004), and the Ej.—Ejs, relations
(Amati et al. 2002). They conclude that either GRB 080905A

2In case of GRB 131004A possible weak absorption lines at this same
redshift are also present (Chornock et al. 2013).
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is really a peculiar subluminous (and subenergetic) burst, or the
associated host galaxy is just a foreground source, and the distance
is underestimated. In the case of GRB 150423A, we adopted the
redshift of z = 1.394 measured by Malesani et al. (2014) and Selsing
etal. (2019). However, as noted in Malesani et al. (2014) the redshift
is based only on a tentative detection of an absorption doublet in the
faint afterglow continuum, and identified as Mg 1l at z = 1.394. Our
independent analysis of the reduced spectrum has not permitted us
to confirm the presence of the absorption lines. We note that Perley
(2015) reports the presence of a galaxy at redshift of z = 0.456
with r = 23.3 (Varela, Knust & Greiner 2015) and 4" away from the
afterglow position (with P, = 0.13) and thus leaving the distance
measurement for this burst still uncertain.

Finally, in the case of GRB 061201 we used the redshift of 0.111
of the nearest galaxy (Stratta et al. 2007), used also by Fong et al.
(2015), which is different from z = 0.084 used by Gompertz et al.
(2018) that is the redshift of the galaxy cluster within which this
GRB happened. In summary, we estimate that for 28 short GRBs
out of 39 events, the associated redshift is highly reliable.

3 DATA ANALYSIS

In order to compare AT2017gfo with GRB optical counterparts, we
computed the AT2017gfo luminosity in the GRB rest-frame filters.
This approach allows us to use the exceptionally high-quality data
set of AT2017gfo which provides much better spectral accuracy
and coverage than that of typical GRB afterglows, enabling a more
precise flux estimate in the redshifted frequencies. We thus first
built a set of rest-frame AT2017gfo spectra at different epochs,
which hereafter we will refer as KN spectral templates. We then
convolved these spectra with the optical/NIR filters scaled to the rest
frame of each GRB and proceeded with the luminosity comparison.

This procedure is similar to that used by Gompertz et al. (2018).
However, the use of X-Shooter spectra allows us to simplify the
approach. First of all, except for the blackbody modelling of the
photometry for the first three epochs, we do not interpolate the SED
to obtain the photometry in a specific filter, because the X-Shooter
spectroscopy guarantees full spectral coverage. Secondly, we do
not need to make any special assumption for the bluer part of the
spectra of AT2017gfo, because the X-Shooter spectra extends down
to 3500 A (including half of the U band). With our method, we can
give robust constraints to the rest-frame optical data (<6000 A)
up to redshift ~0.7. We also note that, in our case, we do not use
an analytical function to model the light curves, since we have
better temporal sampling. Instead, we interpolate the photometry
derived from the spectral templates when we need to compute the
luminosity ratio (Table Al). Below we explain all the steps of this
analysis in more detail.

3.1 Kilonova spectral templates

After including the three SEDs built at 0.5, 0.66, and 1 d after the
trigger, we have a total of 13 epochs that we use to build the KN
spectral templates.

We modelled the three SEDs following the current theoretical
interpretation of AT2017gfo, where the observed emission is the
combination of at least two different blackbody components.’

3We note that a more sophisticated model has been used by other authors
(Cowperthwaite et al. 2017; Villar et al. 2017) who found some evidence
of an intermediate blackbody component. However, given that our goal is
only to model the extremes of the spectral interval, we considered that an
intermediate component is too sophisticated for the aim of this work.
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Figure 1. Photometry at 0.5, 0.66, and 1 d after trigger (blue dots
with errorbars) of AT2017gfo modelled with a double blackbody model
(in black), with single blackbody components in green and yellow (see
Section 3.1).

Results are plotted in Fig. 1. We note that even in the early
phase when matter is extremely dense, opaque, and hot, strong line
blanketing can be at work and the absorption in the UV may not
be negligible and thus the real temperature of the blue component
can be higher. In the first epoch at 0.5 d after the trigger, the peak
of the blackbody is at much bluer wavelengths than the available
photometry and cannot be constrained therefore in this case, we
have only extrapolated the model to the NIR, after imposing the
blackbody temperatures to be <10000 K. For this reason, the U-
and B-band KN template light curves start at 0.66 and not at 0.5 d
after the trigger, like the other bands.

In order to maximize the possibilities of comparison with GRB
counterparts down to the UV and up to the NIR regimes, we
then modelled the UV and NIR extremes of the spectra, leaving
untouched the rest of the spectral interval already covered. At the
time of the X-shooter spectra (>1.5 d), it is likely that the ejected
matter becomes more transparent and absorption features start to
dominate the spectra. Therefore, modelling the data with one or
more blackbody components without considering absorption is not
possible. However, given that we are only interested in expanding
the spectral interval of the templates in the case of the X-Shooter
spectra we have modelled the data with two power laws, one below
5000 A and one above 21000 A (see Fig. 2). The best-fitting
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models have been used to extrapolate the AT2017gfo flux down
to 1500 A and up to 26 000 A. Finally, we have computed the best-
fitting spectral models in the KN rest frame. For AT2017gfo, we
have adopted the redshift zxx = 0.0098 (Hjorth et al. 2017) that,
with the assumed PLANCK cosmology, corresponds to a luminosity
distance of Dy = 43.7 Mpc.

The result of this procedure is a set of spectral templates, covering
the UV to NIR range, computed at different epochs between 0.5 and
10 d after the GW trigger. We then used these templates to produce
rest-frame light curves of AT2017gfo for all the GRB filters as
explained in the next section. In Fig. 3, we show a sample of light
curves for few selected optical/NIR filters (see also Table A3),
computed also assuming a luminosity distance of 40.7 Mpc, as
found by Cantiello et al. (2018). It is clear that the peak of the
optical emission lies in the first day after the trigger, while the NIR
emission is almost constant during the first 6 d and dominates the
emission after 2 d.

3.2 Comparison with short GRBs

To proceed with the AT2017gfo—short GRBs comparison, each
short GRB flux F, measured at the time fgrg Was converted to
a luminosity and, for each filter, a rest-frame light curve was built.
In order to compare the AT2017gfo and GRB luminosity in the same
frequency, we proceeded as follows. For each GRB of our sample,
we have a set of filters used for the observations. Given a GRB at
redshift zgrp, for each filter X centred at the observed frequency vy,
we computed an effective rest-frame filter X centred at vy o =
vx X (1 + zgrs). By integrating the AT2017gfo luminosity spectra
taken at different epochs (¢) over the effective rest-frame filter X.s,*
we were able to build a AT2017gfo luminosity light curve Ly, «s(f)
in the rest-frame filter X, i.e. the same in which the GRB was
observed.

With this procedure, we built a set of AT2017gfo luminosity
light curves in the same set of filters used to observe a given GRB.
In this way, we could proceed in a straightforward manner to the
comparison of the luminosity of AT2017gfo and the GRB afterglow
in each filter. Note that using the distance of 40.7 Mpc found by
Cantiello et al. (2018), AT2017gfo would become fainter of a factor
~1.15 and therefore the luminosity ratios would change. However,
this would not change qualitatively our conclusions.

4 RESULTS

In the following, we present the results obtained from the compar-
ison in each filter of the AT2017gfo luminosity and those of the
optical and NIR counterparts of our selected sample of short GRBs.

The GRB counterparts and AT2017gfo light curves in different
bands are plotted as luminosity (left side) and apparent magnitude
(right side) versus rest-frame time in Figs A1-A4. Note that several
filters with similar wavelength have been grouped into a single one
in the plots for visualization purposes, and that the filters quoted in
each plot are the ‘effective’ ones, i.e. the observed filters shifted to
the GRB rest frame (Section 3.2).

In order to avoid any model-dependent temporal extrapolation, in
this work we limited the comparison to the short GRBs observations
that fall in the sampled AT2017gfo temporal window (0.5-10.5 d
in rest-frame). For this reason, for 13 short GRBs the comparison

4The effective rest-frame filter was obtained by multiplying the filter
response matrix by (1 + zgrs)-
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Figure 2. X-Shooter spectra between 1.5 and 10.5 d after the trigger (black) of AT2017gfo. The blue and NIR tails have been modelled with a power-law

F(v) oc v (blue and red lines; see Section 3.1).

with AT2017gfo was not possible. However, we still show their
light curves as illustrative examples of the magnitude range of
AT2017gfo-like emission in comparison with those of the observed
GRB counterparts (see Fig. A4). In the case of GRB 100206A,
albeit not covered by the KN templates, the gap is negligible and
the observations are clearly fainter than the KN template (see below
Section 4.1). In Table Al, we quote the luminosity as well as the
ratios between GRB counterpart and AT2017gfo luminosity in the
spectral bands and at the time of the observations at which such
comparison was possible.

On the basis of the luminosity ratios and on the temporal
behaviour of the GRB counterpart luminosity, we built three main
groups as described below (see Sections 4.1-4.3). The first group
includes seven GRBs with a counterpart fainter than AT2017gfo
in at least one filter. The light curves of these GRBs are shown in
Fig. Al and two examples are plotted in Fig. 4. The 19 short GRB
counterparts brighter than AT2017gfo are plotted in Figs A2 and
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A3.Moreover, we distinguish between the blue and red components,
depending on whether the rest-frame effective wavelength is below
or above 900 nm, respectively. In Table 2, we summarize the short
GRBs that stand out for their properties.

4.1 Short GRBs with optical counterpart fainter than
AT2017gfo

We find that in seven cases (namely GRBs 050509B, 050709,
061201, 080905A, 090515, 100206A, and 160821B), the luminos-
ity of the optical counterparts is smaller than that of AT2017gfo in
at least one filter. This is also true in the case of GRB 100206A,
although the photometric monitoring ends before the temporal
window of the light curve of AT2017gfo.

In the first part of Table 2, we report the rest-frame time after
the GRB event (together with the effective rest-frame filters and
wavelengths; see Section 3.2) in which we find that AT2017gfo
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Figure 3. Rest-frame light curves of AT2017gfo in few selected filters
(continuous lines; distance of 43.7 Mpc). The U- and Ks-band light curves
were obtained by extrapolating photometry and spectroscopy to obtain a
full coverage of the filter transmissions (see Section 3.1 and Table A3). The
dashed line curves have been obtained assuming a distance of 40.7 Mpc as
found by Cantiello et al. (2018).

Table 2. Summary of the GRB to KN luminosity ratios in the effective rest-
frame filters (Section 3.2) of short GRBs that stand out for their properties
(full Table in Al). The sample is divided between events fainter (first part
of the table) and brighter (second part of the table) than AT2017gfo. GRBs
with accurate redshift (Section 2.3) are quoted in bold.

GRB Time’ Band® JAgr®  Lratio DY Com?
(h) (eff) (nm)  GRB/KN
0505098 212 R4+ 523 <0.3 Blue -
36.6 R/(1 +72) 523 <0.2 Blue
52.2 R/(] +2) 523 <0.7 Blue
050709 508  Ij147 681 0.8 Blue  S,KN
061201 298 Ly 712 <0.3 Blue -
73.3 I/(] +2) 712 <0.7 Blue
080905A" 128 Ryio 572 0.3 Blue -
090515 178 1147 446 0.4 Blue S
160821B 221 a4 539 0.9 Blue  S,KN
781 Jso 1081 0.5 Red
102.8 Ky14+, 1863 0.9 Red
100206A ~10 Q4 544 <1 Blue -
050724 277 T4, 628 6.0 Blue S,MKN
66.1 I/(] +2) 628 24 Blue
278 Ryito 510 9.1 Blue
060614 128 Ryi4+z 570 16.9 Blue  S,KN
1438 R4z 570 8.6 Blue
070714B 549 Ryi4+, 333 263 Blue  MKN
070809 238 Ry 435 3.4 Blue KN
1306038 283 1147 462 1.3 Blue KN
1647 Hyii, 1218 3.0 Red
150101B 351 a4y 552 2.1 Blue KN
150424A 164 114, 481 15.2 Blue S
124 Jaio 964 37.2 Red

“Rest-frame time.

bRest-frame effective band and effective wavelength (Section 3.2).

“GRB optical counterpart to AT2017gfo luminosity ratio.

dThis column indicates if the effective wavelength is below (blue) or above
(red) 900 nm.

¢‘S” = evidence of shallow decay from this work; ‘KN’ = evidence of KN
from the literature; ‘MKN’ = evidence of magnetar-powered KN from Gao
et al. (2017).

n the case of GRB 080905A, the decay index of the optical/NIR light curve
isa = 0.4 &= 1.3 between 7 and 16 h after the trigger (rest frame), preventing
us to constrain any anomalous shallow decay.
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was fainter than the optical/NIR counterpart of the GRB by a factor
quoted in the fifth column as the luminosity ratio. We note that for
two of these seven short GRBs (namely GRB 050709 and GRB
160821B), a KN emission has been invoked in the literature (Jin
et al. 2016, 2018; Kasliwal et al. 2017a; Lamb et al. 2019; Troja
et al. 2019). These GRBs have been labelled in the last column of
Table 2 with ‘KN’. The cases with evidence of magnetar-powered
KN (see Gao et al. 2017) have been labelled with ‘MKN’. Moreover,
for three GRBs we find evidence of a shallow decay not consistent
with the standard fireball model (see next section). The latter ones
are labelled with ‘S’ in Table 2. For all the short GRBs belonging to
this group, we could probe the blue KN component and constrain its
luminosity within a range of 0.2—1 times the AT2017gfo luminosity.
In the NIR, only the red counterpart of GRB 160821B is fainter
(0.4-0.9 times) than At2017gfo (Table 2).

4.2 Short GRB counterparts with shallow decay

A KN is expected to show a shallow evolution close to its maximum
brightness. Therefore, it can be distinguished from the standard
afterglow decay, which at the typical observing time (i.e. >minutes
after the burst) has a constant power-law decay (e.g. Sari, Piran &
Narayan 1998; Sari, Piran & Halpern 1999; Zhang & Mészdros
2004; Zhang et al. 2006).

KN peak brightness is typically estimated around a few days
after the merger assuming simple one-component modelling and
fiducial values (e.g. Metzger et al. 2010). However, according
to more sophisticated models (e.g. Radice et al. 2018), the KN
maximum brightness can be as early as <0.1 d, depending on the
nature of the central remnant (i.e. if a BH or an NS is generated,
see their fig. 28). Thus, we considered as possible evidence of a KN
a shallow evolution in the optical counterpart of the short GRBs
that can happen from a few hours after the burst up to a few days.
Our simple method of KN identification is effective only near the
KN peak epoch. In fact, it is not suited to find events where the
KN is dominating but its decay is too steep to be distinguished
from an afterglow (for example see the case of GRB 150101B in
Section 4.3). A shallow decay simultaneous to a X-ray plateau can
possibly indicate the presence of an MKN (see Gao et al. 2017),
although other explanations are possible (e.g. Mangano et al. 2007).
Therefore, we also describe the simultaneous behaviour of the X-ray
light curve.

Under the reasonable assumption of a slow cooling regime for the
electrons producing the observed afterglow radiation (see Sari et al.
1998, 1999), the predicted shallowest flux decay power-law index is
a =3(p — 1)/4 where p is the power-law index of the electron energy
distribution. In this context, using a minimal electron index p = 2 in
the slow cooling regime, we considered a decay to be anomalously
shallow when o < 0.75. We computed the decay index « for all
GRBs for which two or more observations were available. We note
that the flattening in the GRBs 071027 and 061006 is due to the
contribution from the host (D’ Avanzo et al. 2009), and thus they are
not considered here.

In seven cases, we have found a suspicious shallow decay that
can indicate the presence of a KN emission dominating over the
afterglow component. We quote them in Table 2. Note that in all
cases, we could measure a shallow decay only in the optical filters,
i.e. in the regime of the blue component. The results are summarized
in Table 3. In Fig. 5, we compare the estimated decay indexes with
those of AT2017gfo, computed assuming a power-law evolution
between consecutive template epochs (Fig. 3). Note that the decay
index of the KN is always smaller in the J band than in optical bands
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Figure 4. Two examples of short GRBs for which the optical counterpart luminosity (circle for a detection and triangle for an upper limit) is fainter than
AT2017gfo luminosity (dotted lines with crosses) in at least one effective rest-frame filter (see Section 3.2 for effective rest-frame filter definition). See Fig. Al
for the full sample of short GRBs with similar properties. Note that GRB 160821B (lower panel) shows evidence of a temporal decay index lower than the
shallowest index predicted by the fireball model (i.e. « = 0.75, see Section 4.2, black dashed line). If this anomalous shallow decay is due to an emerging KN
emission, its NIR Iuminosity is a factor of 1.2-2 fainter than AT2017gfo at epochs later than 3 d after the merger time in r and J bands (see Table 2).
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Table 3. Summary of the short GRBs with evidence of an anomalous
shallow decay and/or with a claimed KN in the literature. GRBs with well-
defined redshift (Section 2.3) are quoted in bold and represent our golden
sample (Section 5.2).

GRB Band“ al Tstart © tend € Com.4
(eff) (h) (h)

050709 T+ 0.6 +0.2 50.7 115.8 KN, S
L+ 1.2+0.1 115.8 202.1

050724 Ry 42 <0 4.4 9.4 MKN, S
Ry +2 1.5+0.1 9.4 27.8

060614 R4z 02%£0.1 1.0 10.0 KN, S

090515 /(1 + 2) 0.1 +0.1 1.2 17.8 S

150423A /(1 + 2) 04+0.2 0.4 1.7 S

150424A Rii+z 0.09£0.03 1.2 10.1 S

160821B Rii+z 00+£0.1 1.0 1.6 KN,S
Rii+z 0.40=£0.03 1.6 22.1

070714B Ry + 2 1.0+£0.3 12.3 54.9 MKN

130603B Hyi 4+ 1.6 £0.1 10.7 164.7 KN
R4z 27+£0.1 10.9 28.3

150101B /(1 +2) 1.0+0.3 35.1 56.1 KN

4Rest-frame effective band (Section 3.2).

hDecay index (F, (1) oc t7%).

“Rest-frame time interval within which o was computed.

d:§> = evidence of shallow decay from this work; ‘KN’ = evidence of KN
from the literature; ‘MKN’ = evidence of magnetar-powered KN from Gao
et al. (2017).
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1501
070714B
1 Forward shock region

050709

o index

05| 150423A

060614
09051 ; 150424A

ot —v
050724
160821B
-0.5
0.1 1 10 100
t-tg [hours]

Figure 5. The decay indices of the GRB optical counterparts during the
shallow decay. See Table 3. The short GRBs labels are coloured following
the band in which the decay index was computed. Upper limits are indicated
as downward triangles. GRBs in the golden sample are highlighted in bold.
The horizontal line indicates the lowest possible decay index predicted by the
afterglow theory (o = 0.75; see Section 4.2). The curves are the smoothed
splines of the decay indices of AT2017gfo in the V and J bands, from top
to bottom, computed in the 13 epochs. These are derived by computing the
decay between two epochs in the template light curves shown in Section 3
with a time-step of 0.5 d.

thus reflecting the expected smoother evolution in the red band with
respect to the blue one.

In the following, we discuss in more detail these bursts. Note that
three of them (GRBs 050709, 090515, 160821B) are also part of the
first group, i.e. those GRBs with optical counterparts fainter than
AT2017gfo. According to AT2017gfo templates (Fig. 3), the blue
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component dominates during the first 24 h, therefore we first list
those short GRBs for which we measured a shallow decay before
1 d. We include also those short GRBs for which we measured a
shallow decay at epochs earlier than the first AT2017gfo observation
(i.e. before ~11 h).

(1) GRB 050724. Its early R-band light curve is rising between
5.6 and 11.8 h after the trigger (4.4 and 9.4 h in rest frame), with «
~ —0.5. Simultaneous X-ray and radio data show a similar trend.
Gao et al. (2017) interpreted this behaviour as evidence for a KN
powered by a magnetar. We find that, if it were an emerging KN,
its blue component is brighter than AT2017gfo up a factor 9 and
6 in R and [ bands at ~28 h (rest frame), respectively. This factor
decreases to ~2.4 at ~66 h.

(ii) GRB 060614A. In this case, the R-band light curve shows
a clear shallow decay phase between 1.5 and 11 h (1 and 10 h
in rest frame) simultaneous with an X-ray plateau feature, with
a brightening peaking at ~4 h after the trigger. In this case, the
detected luminosity are a factor of ~16 larger than the R-band
luminosity of AT2017gfo at ~12.8 h after the trigger. Jin et al.
(2015) and Yang et al. (2015) found a KN component for this burst
at more than ~3 d after the trigger from an optical excess in the
afterglow. At this time we find no clear evidence of an optical
shallow decay (see Section 5.2.1).

(iii) GRB 090515. In this case, the r-band light curve has a
decay index o ~ 0.1 between 1.7 and 25 h after the trigger (1.2
and 17.8 h in rest frame). Moreover, a very late (~10° h) deep
upper limit confirms that no emission from an underlying host is
affecting the early data. The X-ray afterglow is very weak and no
data are available for a comparison after the first hour. If a KN is
emerging from the afterglow emission, it is fainter than AT2017gfo
by a factor of 2.3 at ~18 h after the trigger. Note that this case was
already presented in Section 4.1.

(iv) GRB 150423A. This burst shows a shallow decay behaviour
in the i and z bands, with index o = 0.4 & 0.2 in the r band before
4 h after the trigger (1.7 h in rest frame). The temporal mismatch
with the AT2017gfo light curves prevents us from performing a more
quantitative comparison. We note that during the same time interval,
the X-ray light curve is much steeper (a¢x ~ 0.96 £ 0.07), thus
suggesting a different origin with respect to the optical counterpart.

(v) GRB 150424A. In this case, the r-band light curve has an
atypical shallow decay with index o ~ 0.1 between 1.6 and 13 h
after the trigger (1.2 and 10.1 h in rest frame), simultaneous with
an X-ray plateau feature. If a KN is the dominant component, its
blue component is brighter than AT2017gfo by a factor of ~15 at
~16.4 h after the trigger (rest frame), i.e. at the end of the shallow
phase. At the same time in the J, H bands, the light curve is brighter
than AT2017gfo by a factor ~30 and falls to ~2.3 times brighter at
~124 h after the trigger.

(vi) GRB 160821B. For this event, the presence of a KN emission
was claimed by Troja et al. (2019). In this case, the R-band
counterpart shows a brightening at ~1 h after the trigger (o« ~
—0.3), which then steepens to o ~ 0.9 between 1 and 86 h after the
trigger (1.6 and 74.5 h in rest frame). A very weak X-ray afterglow
possibly shows evidence of a plateau lasting ~1 d after the burst.
If an underlying blue KN component is peaking at ~1 d after the
trigger, the KN is fainter than AT2017gfo by a factor in the range
1.1-2.5 (see Table 2). As also noted by Troja et al. (2019), the
late J- and H-band light curves have a behaviour similar to that of
KN170817, but have a decay index larger than one (see also Lamb
et al. 2019). This case was already presented in Section 4.1.

MNRAS 493, 3379-3397 (2020)

120z Arenugad zz uo 1senb AQ Z2€.20%.S/6.E€/E/S6Y/PIIE/SEIUL/WOO"dNO"0lWapede//:SdRy WOy papeojumoq



3388 A. Rossi et al.

Time (days)
10%° 1 3 1‘0
102 b i
| O ]
] ®Q ©
%1027 L @ O i
o
>
— o6 | i
10 ©O

050709 ® 0505098
050724 ® 090515
10%% |070714B 150424A R
1306038 060614
150101B Golden sample
24 | [160821B °
10%
10° | 1
6]
102 | 1
=
N
q
[ (ﬁﬁ@
O 10! ® 1
2 ® ©6
3 @O
" @0 @ ® @
100 |ooeeereeeen @ ,,,,,,,,,,,,,,,,,,,,,,,,,,, @ @ ,,,,,,,,,,,,,,,,,, @ ,,,,,,,,
@ @ ®
°
v
v
10—1 L L
10 30 100 300

Time (hours)

Time (days)

1 3 10
10% ‘ : :
29
1077 | 1
©)
8
~ 28 O
N 10 | 1
Z
<
on
5
_;1027 L i
~
26 | i
10" | 050709 ® 150424A
060614 Golden sample O @
070714B
130603B
1025 |-[160821B o 1
10° 1
2
10° 1
s | %0
8 ®
O 1o’ 1 1
2
S
< @
100 o ® @ @ o
® O]
10—1 . !
10 30 100 300

Time (hours)

Figure 6. Luminosity (fop) and luminosity ratios (bottom) of GRB and AT2017gfo versus time from merger for the blue (left) and red (right) spectral bands
(blue: <900 nm, red: >900 nm). Data are taken from Table A1 after shifting the effective wavelengths of the filter bands to the rest-frame value. Upper limits
are indicated as downward triangles and plotted only when below AT2017gfo luminosity. Short GRBs with anomalous shallow decay are highlighted with
different colours, including those without a well-defined redshift. Bursts that belong to our golden sample are highlighted with a black circle (see Section 5.2).
The blue and red solid lines in the top panels indicate the AT2017gfo luminosity at 800 and 1600 nm wavelength, respectively.

Below we describe the short GRB for which we measured a
shallow decay at more than 24 h after the trigger.

(1) GRB 050709A. For this burst, the presence of a KN was
claimed by Jin et al. (2016). In this case, the R-band light curve is
very shallow with o ~ 0.7 between 59 and 134 h after the trigger
(51 and 116 h in rest frame) and no straightforward comparison
with X-ray data was possible due to the lack of enough statistics in
the data (Fox et al. 2005). From the comparison with AT2017gfo, if
the claimed KN signature is real, then its luminosity is comparable
within the uncertainties in the K, 7, and V bands, although afterglow
contamination is still possible. This case was already presented in
the previous section.

4.3 Short GRBs with known kilonova candidates

In few cases, a KN component has been found in the optical/NIR
GRB counterpart light curves and published in the literature. Two
of them (GRBs 050709 and 160821B) have an optical counterpart
fainter than AT2017gfo and are already part of the first group in
Table 2. Others (namely GRBs 050724, 060614, 070714B, 070809,
130603B, and 150101B) have an optical/NIR counterpart brighter
than AT2017gfo and we report them in the second part of Table 2.
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Gao et al. (2017) found evidence of KN in GRBs 050724 (see
Section 4.2), 061006, and 070714B by modelling the X-rays and
optical light curves with an MKN model. However, as we noted
in Section 4.2, D’ Avanzo et al. (2009) found that the optical light
curve of 061006 is dominated by the host galaxy, thus we have
included only GRB 050724 and GRB 070714B in our analysis (see
Table 3). In case of 070714B, we cannot identify a shallow phase,
but Gao et al. (2017) found an MKN peaking at ~2 d (observer
frame; ~1 d in rest frame). During the time when this component
is dominating there are two photometric epochs, one at ~11 h (just
earlier than the first AT2017gfo photometric measurement) and one
at ~55 h. During the first epoch, the blue counterpart is clearly more
than 10 times brighter than AT2017gfo, and the ratio increases to
~260 times at the second epoch.

In the case of GRB 070809, recently Jin et al. (2020) discovered
a KN in its optical light curve. Unfortunately, its redshift is not well
determined and therefore it cannot be used to constrain the optical
luminosity of the KN with confidence.

For GRBs 130603B and 150101B, a KN component was claimed
in the literature (Tanvir et al. 2013). The KN was detected with an
observation taken ~7 d after the burst in the H band (Tanvir et al.
2013). At that time, its luminosity in the same band is ~3 times
brighter than AT2017gfo (see Fig. A3).
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In the case of GRB 150101B, the r-band light curve has a decay
index o ~ 1 between 35 and 56 h after the trigger which is above
the shallow decay limit. Troja et al. (2018a) show that this light
curve is compatible with the late evolution of the blue component
of AT2017gfo, well after the peak emission. We find that if a blue
KN is the dominant component, it is brighter than AT2017gfo by
a factor ~2 at ~35 h after the trigger. Moreover, the deep and late
upper limits confirm that no emission from an underlying host is
affecting the early data.

5 DISCUSSION

In the following, we first discuss those GRBs that are fainter
than AT2017gfo, without considering those with uncertain redshift.
Afterwards, we will discuss the cases with shallow decay or
with a claimed KN, by defining a golden sample of GRBs with
accurate redshifts and by using their luminosity to constrain that of
AT2017gfo-like blue and red KN components.

5.1 Upper limits to AT2017gfo-like kilonovae

In the previous section (Section 4.1), we show that in seven cases
an AT2017gfo-like emission could have been detected since its
expected luminosity is well above the observed optical counterpart
luminosity (see Tables 2 and A1). In particular, we note that in two
cases (GRBs 050509B and 061201) if a KN was present, it should be
less luminous than AT2017gfo up to more than a factor of 5 for the
blue component (see also Gompertz et al. 2018). In the following,
we will consider only those with accurate redshift determination
(see Section 2.3), which are GRB 050509B, 050709, 100206A, and
160821B. The counterpart luminosity of these four GRBs enables
us to robustly set constraining upper limits to a possible underlying
KN component that is fainter than AT2017gfo (see also Dichiara
et al. 2020).

In Fig. 6, we compare their optical and NIR counterpart lumi-
nosity with the blue and red component of AT2017gfo (the spectral
bands of the blue and red component have been defined in Section 4).
In the blue component spectral band, the strongest constrain is given
by GRB 050509B that is more than 5 times fainter than AT2017gfo
~35 h after the trigger. GRBs 100206A and 050709 are marginally
fainter and still comparable in luminosity to AT2017gfo at 12 and
~50 h after the trigger, respectively.

For the red component, GRB 160821B was fainter than
AT2017gfo, although its blue component has similar luminosity.
The deepest and earliest constraint is a factor ~2 fainter than
AT2017gfo at ~1000 nm at ~78 h after the burst, close to the
actual NIR peak of AT2017gfo, indicating that in this case the
red KN is at least partially suppressed. Intriguingly, in the bottom
right panel in Fig. 6 we show that there are no NIR upper limits
below AT2017gfo luminosity after ~50 h (see also Section 5.2.1).
The same is not true in the left-hand panel, where upper limits
exist below AT2017gfo luminosity level, thus possibly suggesting
a larger range of luminosity for the blue counterpart with respect to
the red one.

5.2 Golden sample of GRBs with kilonova candidates

Past evidence of KN emission was found in the GRB optical
counterparts of six short GRBs (050709A, 060614A, 080503,
130603B, 150101B, and 160821B; see Section 1 and references
therein). In addition to those, there are the magnetar-powered
kilonovae identified by Gao et al. (2017; GRBs 050724, 070714B).

Short GRB afterglows and AT2017gfo 3389
In all cases but GRB 080503 the redshift is well defined. Therefore,
we define a golden sample that includes all seven GRBs with KN
candidates claimed in the literature that have accurate redshift.

5.2.1 Interesting extreme events

We define ‘extreme’ events those cases in our golden sample that
are more than 10 times brighter or fainter than AT2017gfo either in
the blue or in the red bands. We find two cases with a bright blue
counterpart, namely GRBs 060614 and 070714B.

Concerning GRB 060614, in this work we show that its optical
light curve has a shallow decay until 10 h after the trigger (rest
frame; see Section 4.2) and the blue counterpart is 17 times brighter
than AT2017gfo at 13 h (i.e. at the end of the shallow decay). We
note that a KN has been found by Yang et al. (2015) but dominating
3 d after the GRB, with a peak in the infrared (Jin et al. 2015). In
Mangano et al. (2007), the early optical behaviour of GRB 060614
is explained as the counterpart of the plateau observed in X-rays.
However, the similarity of the optical and X-ray light curves of GRB
060614 with GRB 050724 (see also Fig. A2), for which an MKN
was claimed by Gao et al. (2017), may support the blue component
interpretation of the early emission for both cases.

The blue counterpart of GRB 070714B is between 10 and
~260 times brighter than AT2017gfo between 11 and 55 h (Sec-
tion 4.3). During this time, Gao et al. (2017) propose that an MKN
is dominating. They show that the peak bolometric luminosity of
MKNs is 2 10 times more luminous than other kilonovae like the one
associated with 050709, which we find more similar to AT2017gfo.
This is also the case for the MKN associated GRB 050724,
which instead is more similar to AT2017gfo in our analysis (see
Section 5.2). However, the proposed MKN peaks at ~0.5 d, i.e. too
early for a comparison with AT2017gfo templates, and afterwards
it decays rapidly. Therefore, our analysis cannot constrain the peak
bolometric luminosity.

In the NIR band, all the kilonovae detected (GRBs 050709,
130603B, 160821B, Section 4.3), are no more than 3 times brighter
or fainter than AT2017gfo during the time where the red KN
dominates (after 1 d, see Tanvir et al. 2013; Jin et al. 2016; Lamb
et al. 2019). Moreover, as we noted already in Section 5.1,
there are no upper limits in the NIR comparable to AT2017gfo
luminosity after ~2 d. In other words, in all cases when observations
comparable to AT2017gfo NIR emission exist the KN counterpart
has been detected. This suggests that all red KN detected so far have
similar luminosity, although we are aware that the numbers are not
high enough for a meaningful statistic.

5.3 Interesting events without accurate redshifts

The redshifts of GRBs 090515 and 150424A are not well defined
(see Section 2.3), nevertheless they can be useful to constrain the
luminosity of AT2017gfo-like kilonovae since both show evidence
of shallow decay that can suggest the presence of a KN component.
In particular, GRB 090515 is the most interesting because the blue
component have a well-constrained luminosity 2.3 times fainter
than AT2017gfo (Fig. 5). If its redshift is correct, together with
050509B it would provide the strongest and earliest constraints to
the blue component of an AT2017gfo-like KN (Fig. 6).

GRB 150424A has a shallow decay but its blue component is
~15-40 times brighter than AT2017gfo in the optical (Fig. 6).
During the same time interval, the X-ray light curve shows evidence
of a plateau feature. This could be an MKN similar to GRBs

MNRAS 493, 3379-3397 (2020)

120z Arenugad zz uo 1senb AQ Z2€.20%.S/6.E€/E/S6Y/PIIE/SEIUL/WOO"dNO"0lWapede//:SdRy WOy papeojumoq



3390 A. Rossi et al.

050724, 070714B, and 060614 (Section 5.2.1), although Knust
et al. (2017) found that energy injection from a down spinning
magnetar can explain X-rays, optical, and NIR data without
invoking a KN.

A more detailed analysis is needed to separate the KN and
afterglow components modelling together both optical and X-ray
data (see e.g. Gao et al. 2017; Jin et al. 2020; Lamb et al. 2019).
Unfortunately, in case of GRB 090515 the X-ray data are weak and
detected only during the first hour.

5.4 Interpreting the large range of luminosity

AT2017gfo is the only KN that has been very well sampled and
studied so far, but it is a one-of-its-kind example and other kilonovae
may differ for their evolution and colours. Providing a theoretical
explanation for kilonovae 10 times brighter than AT2017gfo is
beyond the scope of this paper. However, in the following we
describe the possible causes to the large range in luminosity that we
have found.

According to the most accredited model (e.g. Mooley et al. 2018b;
Ghirlanda et al. 2019), AT2017gfo was observed ~15 deg off-axis
while here we are comparing it with likely on-axis events (see also
Bulla et al. 2019; Mandel 2018). A KN luminosity gradient at a
given wavelength is expected between the polar and the equatorial
direction of the binary plane system, and many parameters including
its magnitude depend on the fate of the central remnant (e.g. Kasen
et al. 2017; Radice et al. 2018). According to recent numerical
computations (see e.g. fig. 24 in Radice et al. 2018), in the case of
a binary NS system (BNS) promptly forming a BH the result is an
overall decrease of luminosity by less than a factor 2 (i.e. ~0.5 mag)
in the polar direction with respect to the equatorial one. Accounting
for an off-axis inclination like AT2017gfo, then the polar emission
should be less than 2 times fainter. This is not enough to explain
the low-luminosity ratio of those GRBs with optical counterpart
fainter than AT2017gfo (Table 2). In the case of a hyper massive
NS (HMNS) or a stable NS being formed, then the polar luminosity
should increase in the rest-frame g and z bands by a factor of less
than 1.5 with respect to the equatorial direction (i.e. a decrement
of Ag < 0.4 mag and Az < 0.2 mag). Again, this factor is not
high enough to explain the measured large luminosity ratios for
the peculiar events we describe in Section 5.2.1. We conclude that,
in the prompt BH formation case we cannot explain the measured
luminosity gradient for any viewing angle and even assuming a
central HMNS formation before the collapse to a BH, the viewing
angle correction factors are not large enough to recover the observed
luminosity gradients (Table 2).

A possible solution to explain the faint emission of the KN
associated with the seven GRBs for which the optical counterpart
was fainter than AT2017gfo may invoke not only a different viewing
angle but also a different progenitor, i.e. NS-BH instead of BNS,
where larger opacities are expected with respect to an NS-NS
merger case (Kasen et al. 2015; Metzger 2017; Barbieri et al. 2019).
Although in the most dramatic cases lower masses and velocities of
the ejecta can play an important role (e.g. Dichiara et al. 2020), any
further investigation is beyond the scope of this paper.

On the other side, a possible explanation for the largest luminosity
ratios may invoke the presence of a long-lived NS remnant that can
alter the KN luminosity. In this case, its spin-down emission could
illuminate the ejecta on time-scales much longer (up to hours or
even more) than the typical time-scale of baryon wind ejection and
neutrino irradiation (less than few seconds), effectively increasing
the ejecta kinetic and thermal energy and thus potentially altering
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Figure 7. Peak brightness of AT2017gfo in the r (blue) and H (red) bands at
different redshifts, within the constraints we derived for an AT2017gfo-like
KN from the golden sample. The redshift range is limited at z ~ 2 at which
ET will be able to observe a GW signal from a merging BNS. The vertical
line is the alLIGO/AVirgo detection limits for a BNS event. The horizontal
lines are different detection limits for different class of telescopes with an
exposure time of 10 min.

the brightness of the corresponding KN (e.g. Metzger & Piro 2014;
Gao et al. 2017).

A highly magnetized millisecond pulsar (a magnetar) has been
previously proposed to explain the plateaus observed in the X-ray
light curves of GRBs, where the magnetar loses energy via dipole
radiation and thus provides the energy to sustain the X-ray plateau
phase (Zhang & Mészdros 2001; Yu, Zhang & Gao 2013; Metzger &
Piro 2014; Siegel & Ciolfi 20164, b). Note that an X-ray plateau was
found in the light curves of GRBs 060614A (Mangano et al. 2007;
Stratta et al. 2018b), and 150424 (Knust et al. 2017) that show a blue
component brighter than AT2017gfo. Therefore, it is possible that
what we observed in these cases was a BNS merger exploding as a
short GRB with a bright X-ray plateau and an luminosity-enhanced
blue KN, leaving a magnetar as the final remnant of the merger,
similarly to what proposed by Gao et al. (2017) for GRB 050724.

5.5 Future perspectives for high-redshift events

In the following, we want to investigate up to which redshift a KN
can be followed up, considering the current and future optical and
NIR facilities. In doing so, we do not consider the challenge to
search and identify a KN within the error boxes given by the GW
detectors (e.g. Brocato et al. 2018).

In Fig. 7, we show the maximum brightness of AT2017gfo in the
observed r band (at 12 h in the rest frame) and H band (at 58 h in the
rest frame) up to the redshift at which the future Einstein Telescope
(ET; Sathyaprakash et al. 2012) will be able to observe a GW signal
from a merging BNS (z ~ 2). In light of the results from Section 5.2,
and conservatively assuming that the blue KN is brighter up to
10 times AT2017gfo, we can constrain the peak luminosity of the
blue KN between 0.8 and 10 times that of AT2017gfo and for the
red component between 0.5 and 3 times. These constrain identify
blue and red coloured regions in Fig. 7. We put a lower limit to
the 30 detection with the current largest ground-based and orbiting
telescopes dedicated to the characterization of the source: e.g. VLT,
LBT (r = 26, H = 23 mag in the AB system), and the Hubble
space telescope (HST) along with the forthcoming LSST (Ivezié
etal. 2019; r = 25) and ELT (Spyromilio et al. 2008) ground-based
telescopes and the JWST (Gardner et al. 2006) space telescope (H
~ 28 mag, AB system) assuming 10 min exposure time (see also
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Figure 8. Pie chart summary of analysed short GRBs with optical counterpart brighter, or fainter in at least one filter, than AT2017gfo, and with claimed
evidence of kilonovae and/or evidence of shallow decay. We also show all short GRBs with no evidence of KN or shallow decay, that we call afterglow
dominated, and those with no data in the temporal window where AT2017gfo was sampled, that we call not temporally coincident with AT2017gfo.

Maiorano et al. 2018). An AT2017gfo-like KN would be detectable
up to redshift 0.5 in the optical and 0.2 in the NIR by ground-based
very large telescopes. The JWST will be able to detect AT2017gfo
at redshift larger than one.

From Fig. 7, we note that a AT2017gfo-like KN would be brighter
in NIR bands at redshift larger than ~0.5, but only the JWST or the
ELT would be able to detect this emission. Note that the current
largest telescopes are able to detect the brightest AT2017gfo-like
blue kilonovae above z = 1, a distance at which only HST is able
to detect the brightest red kilonovae. The situation will improve
when, due to JWST and ELT, we will be able to detect a KN up
to z ~ 0.7-1.6 for the blue component and z ~ 1-2 for the red
component (Fig. 7). This shows that follow-up of GRB/kilonovae
with large-sized ground-based telescopes and space observatories
at redshifts beyond that of AT2017gfo is possible, although in most
cases it can be difficult to distinguish the GRB afterglow from the
KN component.

Again, we stress that the real challenge will be to search and
identify a KN within the error boxes given by the GW detectors.
Distant GW sources (z > 0.5) will be discovered only with inter-
ferometers of third generation as ET and will be localized within
several thousands square degrees with a single interferometer and
within few tens of square degrees with three detector network (e.g.
Chan et al. 2018). Therefore, only the association with a GRB will
permit to localize high-redshift kilonovae with enough accuracy.
This can be provided by future space-based GRB dedicated missions
as for example THESEUS (Amati et al. 2018; Rossi et al. 2018a;
Stratta et al. 2018a).

6 SUMMARY AND CONCLUSIONS

The discovery of GW170817 and GRB 170817A has provided the
first direct evidence of the association of at least a fraction of
short GRBs with binary NS merging systems. It also provided the
most compelling evidence that KN emission may be an additional

component in sSGRB optical/NIR afterglows. Motivated by this
discovery, we have searched for AT2017gfo-like KN emissions in
the optical/NIR light curves of 39 short GRBs with known redshift,
using optical and NIR rest-frame light curves obtained from the
spectroscopic and photometric data set of AT2017gfo.

In addition to past works, due to the large spectral coverage of our
data sample, we were able to confirm the presence of a significant
KN luminosity gradient for both the blue and red components.
Our main results and conclusions are summarized in Fig. 8 and
below:

(1) We find robust evidence that not all short GRBs are associated
with a AT2017gfo-like KN. Indeed, we find seven events in which the
GRB optical counterpart is less luminous than AT2017gfo in at least
one filter (pink slices in Fig. 8). For these cases, if an AT2017gfo-
like KN was present, it should had been detected. In particular for
two GRBs with accurate redshift (050509B and 061201), the optical
counterpart luminosity is fainter than AT2017gfo by a factor up to
>5 for the blue component (see Fig. 6 and Table 2).

(i) We find evidence for a significant KN luminosity gradient
for the blue component. In 7 per cent of the cases with well-defined
redshift (GRBs 050709 and 160821B), the kKNluminosity is fainter
than AT2017gfo (violet slice in Fig. 8) while 18 per cent is brighter
(bright cyan slice), providing evidence for a luminosity range of
~[0.6-17] times the AT2017gfo luminosity for the blue component
and more than 200 times in the case of the claimed magnetar-
powered KN of GRB 070714B. (see Fig. 6 and Table 2). These
percentages become 8 per cent (fainter) and 20 per cent (brighter)
if we consider all the sample (i.e. also those GRBs with not well-
defined redshift). As noted by others, a different observer angle is not
sufficient to explain the measured luminosity range (e.g. Gompertz
et al. 2018), and the central remnant can play a role (e.g. Metzger
etal. 2018; Ascenzi et al. 2019). In particular, it is possible that if a
magnetar forms after the merger even for a short time, it can inject
energy in the blue KN emission (e.g. Gao et al. 2017).
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(iii) We find evidence for a similar KN luminosity for all kilonovae
detected in the NIR (the red component). In three cases (GRBs
050709, 130603B, 160821B), the KN is detected in the NIR after
~2 d, and it is less than a factor ~[0.5-3] times the AT2017gfo
luminosity. Although the numbers are small, this suggests that the
red component is similar in luminosity to AT2017gfo.

By taking into account a conservative range of blue luminosity
for the KN, we estimate up to which redshift the KN peak brightness
can be detected with current and future facilities. We find that for
example with the ELT and JWST we will be able to follow-up a KN
with redshift z ~ 1-2 (Fig. 7). The precise sky localization for the
KN follow-up will be provided by the associated GRB and afterglow
that will be detected by future space-based GRB dedicated missions
as for example THESEUS.
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GRB050509B and AT2017gfo at z=0.2248
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Figure Al. Short GRBs for which the optical counterpart luminosity (circles mark the detections and triangles the upper limits) are fainter than AT2017gfo
luminosity (dotted lines with crosses) in at least one effective rest-frame filter (see Section 3.2). Note that GRB 050709, GRB 090515, and GRB160821B show
evidence of a temporal decay index lower than the shallowest index predicted by the fireball model (i.e. « < 0.75, see Section 4.2, black dashed line).
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Figure A2. Same as Fig. Al but for GRB optical counterparts for which the luminosity light curves are above the AT2017gfo luminosity in any filter and for
which we found evidence of an anomalous shallow decay. If this feature is due to an emerging KN emission, from these short GRBs we can infer the upper
range of possible N luminosity values (i.e. not just upper limits). We include here also the light curves of GRBs 070714B, 130603B, and 150101B for which a
KN is claimed in the literature.
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Figure A3. Short GRB optical counterparts for which the luminosity light
curves are above the AT2017gfo luminosity in any filter. Circles mark the
detections and triangles mark the upper limits, AT2017gfo luminosity is
indicated with dotted lines with crosses. The plots of the whole sample are
available online.

MNRAS 493, 3379-3397 (2020)

Figure A4. Same as Fig. Al but for three examples of short GRB
optical counterparts for which the luminosity light curves do not cover
the AT2017gfo sampled temporal window and no direct (i.e. with no
extrapolation) luminosity comparison could be performed. The plots of
the whole sample are available online.
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Short GRB afterglows and AT2017gfo 3397

Table Al. Table with GRB and AT2017gfo luminosity ratios. The full table is available online.

GRB Time Band LGRB LKN LGRB/LKN Zz krest }Lobs

(h) eff.  (10% ergs™' Hz™') (10*° ergs—! Hz™ 1) (nm)  (nm)
050509B 40.9 g <3.21 1.24 <2.59 0225 3917 479.8
0505098 77.1 1% <0.50 0.36 <138 0.225 4549 557.1
050509B 155.6 14 <5.01 0.08 <59.43 0225 4549 557.1
0505098 233.0 v <10.50 0.08 <123.82 0.225 4549 557.1
050509B 16.1 R <60.60 10.50 <5.77 0225 5235 6412

Table A2. Short GRBs with known redshift in addition to Fong et al. (2015). The full table is available online.

GRB AT Telescope/Instr Filter Mag Flux density Gal. Ext. Refs
() (1dy) Ay
050509B 0.37175 1.3 m PAIRITEL J >19.30 <71.79 0.05 Bloom et al. (2006)
0.37175 1.3 m PAIRITEL H >19.50 <59.41
0.37175 1.3 m PAIRITEL Ks >18.95 <98.36
0.55656 3.5 m WIYN OPTIC CCD i >20.95 <1597
0.63008 3.5 m WIYN OPTIC CCD i >22.05 <5.80

Table A3. Rest-frame light curves of AT2017gfo. The full table is available online.

Time Luminosity M aps Filter Time Luminosity M aps Filter
(d) (ergs'Hz™')  AB (d  (ergs 'Hz ™) AB

0.50 - - U 0.50 1.29E+427 —16.16 r
0.64 7.18E426 —15.52 U 0.64 1.15E4+27 —16.03 r
0.99 3.81E+26 —14.83 U 0.99 8.50E+26 —15.70 r
1.49 1.02E+4-26 —13.40 U 1.49 6.22E+4-26 —15.36 r
243 1.65E+25 —11.42 U 243 2.43E4-26 —14.35 r
347 5.35E+24 —10.20 U 347 1.18E+4-26 —13.56 r
4.41 4.51E+24 —10.01 U 4.41 6.90E+-25 —12.98 r
5.45 3.18E+24 —9.64 U 5.45 4.64E+4-25 —12.54 r
6.44 2.99E+-24 —9.57 U 6.44 3.03E+25 —12.08 r
7.43 3.21E+24 —9.65 U 7.43 2.65E+25 —11.94 r
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