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A B S T R A C T 

A significant fraction (30 per cent) of well-localized short gamma-ray bursts (sGRBs) lack a coincident host galaxy. This leads to 

two main scenarios: (i) that the progenitor system merged outside of the visible light of its host, or (ii) that the sGRB resided within 

a faint and distant galaxy that was not detected by follo w-up observ ations. Discriminating between these scenarios has important 
implications for constraining the formation channels of neutron star mergers, the rate and environments of gravitational wave 
sources, and the production of heavy elements in the Universe. In this work, we present the results of our observing campaign 

targeted at 31 sGRBs that lack a putative host galaxy. Our study ef fecti vely doubles the sample of well-studied sGRB host 
galaxies, now totaling 72 events of which 28 per cent lack a coincident host to deep limits ( r � 26 or F 110 W � 27 AB mag), 
and represents the largest homogeneously selected catalogue of sGRB offsets to date. We find that 70 per cent of sub-arcsecond 

localized sGRBs occur within 10 kpc of their host’s nucleus, with a median projected physical offset of 5.6 kpc. Using this larger 
population, we disco v er an apparent redshift ev olution in their locations: b ursts at low- z occur at 2 × larger offsets compared 

to those at z > 0.5. This evolution could be due to a physical evolution of the host galaxies themselves or a bias against faint 
high- z galaxies. Furthermore, we disco v er a sample of hostless sGRBs at z � 1 that are indicative of a larger high- z population, 
constraining the redshift distribution and disfavoring lognormal delay time models. 

Key words: transients: gamma-ray bursts – transients: neutron star mergers – stars: jets. 

1

S  

o  

c  

P  

R  

o  

S  

S  

�

w  

d  

e  

2  

l  

a  

s  

o  

d  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
 I N T RO D U C T I O N  

hort duration gamma-ray bursts (sGRBs) are bright, brief flashes
f gamma rays ( < 2 s; Kouveliotou et al. 1993 ) produced by the
oalescence of two compact objects (Eichler et al. 1989 ; Narayan,
aczynski & Piran 1992 ), either a binary neutron star system (BNS;
uffert & Janka 1999 ; Rosswog, Ramirez-Ruiz & Davies 2003 )
r a neutron star and a black hole (NS–BH; Faber et al. 2006 ;
hibata & Taniguchi 2011 ). Beginning in the era of the Neil Gehrels
wift Observatory (subsequently Swift ; Gehrels et al. 2004 ), sGRBs
 E-mail: oconnorb@gwmail.gwu.edu 

e  

c  

2

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
ere, for the first time, localized to arcsecond accuracy based on the
etection of their X-ray afterglows (Barthelmy et al. 2005 ; Gehrels
t al. 2005 ), and shortly thereafter, their optical afterglows (Fox et al.
005 ; Hjorth et al. 2005 ; Villasenor et al. 2005 ). These accurate
ocalization’s allowed for the identification of their host galaxies,
nd, in turn, their redshifts. Nevertheless, ∼ 20 − 30 per cent of
ub-arcsecond localized sGRBs are classified as hostless, hereafter
bservationally hostless, due to their lack of a coincident galaxy to
eep limits ( � 26 mag; Stratta et al. 2007 ; Perley et al. 2009 ; Berger
010 ; Rowlinson et al. 2010b ; Fong & Berger 2013 ; Tunnicliffe
t al. 2014 ) or multiple galaxies with a similar probability of
hance coincidence (Bloom, Kulkarni & Djorgovski 2002 ; Berger
010 ). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Although these events lack a coincident galaxy, a number of low- z 
andidate hosts have been identified at large physical offsets (out to 

75 kpc; Bloom et al. 2007 ; Stratta et al. 2007 ; Troja et al. 2008 ;
erger 2010 ; Rowlinson et al. 2010b ) localizing the sGRBs to well
utside of the galaxy’s light and potentially in tenuous (low density) 
nvironments. Furthermore, some events with secure host associa- 
ions have been discovered within the outskirts of their galaxies at 
 15 kpc from their host’s nucleus (D’Avanzo et al. 2009 ; Rowlinson

t al. 2010b ; Lamb et al. 2019 ; Troja et al. 2019 ), while others
re found at < 1 kpc (Antonelli et al. 2009 ; D’Avanzo et al. 2009 ;
evesque et al. 2010 ; Troja et al. 2016 ; O’Connor et al. 2021 ). The
iverse environments of sGRBs could be an indicator of multiple pro-
enitor formation channels within the observed population: (i) a pri- 
ordial (isolated) formation channel (Portegies Zwart & Yungelson 

998 ; Voss & Tauris 2003 ; O’Shaughnessy et al. 2005 ; Belczynski
t al. 2006 , 2008 ; Abbott et al. 2017 ; Tauris et al. 2017 ; Kruckow et al.
018 ; Vigna-G ́omez et al. 2018 ; Zevin et al. 2019 ), (ii) dynamical
ormation in a globular cluster (Phinney & Sigurdsson 1991 ; Davies 
995 ; Grindlay, Portegies Zwart & McMillan 2006 ; Hopman et al.
006 ; Salvaterra et al. 2008 , 2010 ; Guetta & Stella 2009 ; Lee,
amirez-Ruiz & van de Ven 2010 ; Church et al. 2011 ; Bae, Kim &
ee 2014 ; Andrews & Mandel 2019 ; Adhikari et al. 2020 ; Ye et al.
020 ; Stegmann, Antonini & Moe 2021 ), or (iii) even formation in
 galaxy cluster environment (Niino & Totani 2008 ; Salvaterra et al.
010 ). Thus, identifying events formed through these multiple chan- 
els impacts our understanding of stellar formation and evolution 
nd provides useful insight for population synthesis studies. 

In the primordial formation channel, these large offsets are 
xpected due to a change in velocity (a natal kick) imparted to
he system, following mass ejection from the second supernova 
xplosion (Lyne & Lorimer 1994 ; Hansen & Phinney 1997 ; Bloom,
igurdsson & Pols 1999 ; Fryer, Woosley & Hartmann 1999 ; Wex,
alogera & Kramer 2000 ; Hobbs et al. 2005 ; Belczynski et al.
006 ). Combined with the long merger delay times (10 7 –10 11 yr)
redicted for BNS systems (Zheng & Ramirez-Ruiz 2007 ; Zemp, 
amirez-Ruiz & Diemand 2009 ), a large natal kick can allow the
inary to reach substantial distances and even escape its birth galaxy. 
o we ver, a binary escaping its galaxy, denoted as physically hostless,

s theorized to occur in an extremely low density ( n < 10 −4 cm 

−3 )
ntergalactic medium (IGM) environment, making detection of an 
fterglow unlikely (P anaitescu, K umar & Narayan 2001 ; Salvaterra 
t al. 2010 ; Duque et al. 2020 ). Moreo v er, by studying their early
-ray afterglow light curves, O’Connor, Beniamini & Kouveliotou 

 2020 ) found that � 16 per cent of sGRBs are consistent with such
ow densities, including only a single observationally hostless event 
GRB 080503; Perley et al. 2009 ). Nevertheless, this does not exclude 
GRBs with large offsets from having occurred within the halo’s of
heir host galaxies or within a dense globular cluster environment 
Salvaterra et al. 2010 ). 

An alternative explanation for observationally hostless bursts 
s that these sGRBs occurred in faint, undetected host galaxies 
t higher redshifts (i.e. z � 1 − 2; Berger 2010 ; Tunnicliffe et al.
014 ). Such high- z events suggest progenitors that formed through 
 primordial channel with short merger delay times (e.g. Andrews & 

ezas 2019 ; Beniamini & Piran 2019 ), indicating that BNS systems
ay have formed early enough to pollute the early Universe with 

eavy metals (Ji et al. 2016a , b ; Roederer et al. 2016 ; Hansen et al.
017 ; Safarzadeh & Scannapieco 2017 ; Beniamini, Dvorkin & Silk 
018 ; Safarzadeh et al. 2019 ; Zevin et al. 2019 ). Furthermore, our
nderstanding of the environments and formation channels of sGRBs 
as fundamental implications for inferring the rate of detectable 
ra vitational wa ve (GW) sources and for the follow-up of their
lectromagnetic (EM) counterparts, as the quick localization of the 
M counterpart depends on inferences (such as, e.g. stellar mass, 
tar formation rate, offset) from the known population of sGRB host
alaxies (Nissank e, Kasliw al & Georgie v a 2013 ; Gehrels et al. 2016 ;
rcavi et al. 2017 ; Artale et al. 2020b ; Ducoin et al. 2020 ) and on

argeted searches using catalogs of nearby galaxies (White, Daw & 

hillon 2011 ; Dalya et al. 2016 ; Cook et al. 2019 ). 
Disentangling between the different scenarios is observationally 

hallenging. Due to the faintness of sGRB afterglows, redshift 
easurements from afterglow spectroscopy are rarely successful 

e.g. de Ugarte Postigo et al. 2014 ; Ag ̈u ́ı Fern ́andez et al. 2021 ).
herefore, deep imaging and spectroscopic observations from the 
ost sensitive telescopes are required to identify the GRB host 

alaxy and estimate its distance scale. In this work, we targeted a
ample of 31 sGRBs that lack a putative host galaxy with large-
perture telescopes to search for faint, coincident galaxies. Our 
acilities include: the Lowell Disco v ery Telescope (LDT), the Keck
bserv atory, the Gemini Observ atory, the Gran Telescopio Canarias 

GTC), the Very Large Telescope (VLT), and the Hubble Space 
elescope ( HST ). 

The paper is outlined as follows. In Section 2 , we define our sample
election criteria, and the optical and near-infrared (nIR) imaging 
nalysis techniques used in this work. In Section 3 , we describe
he methods employed to detect, localize, and compute photometry 
f the host galaxies, as well as the probabilistic criteria used for
ost assignment. In Section 4 , we present the results and discuss the
emographics of sGRB offsets, host galaxies, and environments. We 
resent a discussion of these results in Section 5 and conclude in
ection 6 . We present a detailed summary of the individual events
nalyzed in this work in Appendix A . 

We adopt the standard � CDM cosmology with parameters H 0 =
7.4, �M 

= 0.315, and �� 

= 0 . 685 (Planck Collaboration VI 2020 ).
ll confidence intervals are at the 1 σ level and upper limits at the
 σ level, unless otherwise stated. All reported magnitudes are in the
B system, and are corrected for Galactic extinction (Schlafly & 

inkbeiner 2011 ). Throughout the paper we adopt the convention 
 ν ∝ t −αν−β . 

 OBSERVATI ONS  A N D  ANALYSI S  

.1 Sample selection 

he association of a GRB with a host galaxy relies on the accurate
ocalization of its afterglow. Therefore, we consider the sample of 
hort GRBs detected with Swift and localized by the X-ray Telescope
XRT; Burrows et al. 2005 ) to arcsecond accuracy. We include both
RBs with a short duration, 1 defined as T 90 < 2 s (Kouveliotou et al.
993 ), and GRBs with a temporally extended emission (hereafter 
GRBEE), as defined by Norris & Bonnell ( 2006 ). 

.1.1 GRB classification 

s of 2021 May, the Swift Burst Alert Telescope (BAT; Barthelmy
t al. 2005 ) has detected 127 short duration GRBs of which 91
72 per cent) have an X-ray afterglow localization. These X-ray 
ocalized events form the basis of our sample. Short duration bursts
ith soft spectra (i.e. a hardness ratio S 50 −100 keV /S 25 −50 keV < 1,
here S represents the gamma-ray fluence in a given energy range;
ien et al. 2016 ) or non-negligible spectral lag (Norris & Bonnell
MNRAS 515, 4890–4928 (2022) 
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Figure 1. The distribution of short GRB localization methods between X-ray 
and optical for the sample of 31 events analysed in this work and the sample 
of 36 events in Fong et al. ( 2013 ). 
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Figure 2. Breakdown of host classification for the Swift /BAT sample of 159 
short GRBs used in this work: GRBs with a published host galaxy in the 
literature are shown in blue, those classified as hostless are shown in green, 
and those with no published host galaxy are displayed in purple. Poorly 
localized short GRBs, such as those with only BAT detections or a large 
positional uncertainty based on their afterglow σAG > 4 arcsec, are shown in 
grey, and are excluded from the sample compiled in this work. 
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006 ) were flagged as ‘possibly short’ (see e.g. Lien et al. 2016 )
s some of these events may be produced by collapsar progenitors
see e.g. GRB 040924, Huang et al. 2005 ; Soderberg et al. 2006 ;

iersema et al. 2008 ; and 200826A, Ahumada et al. 2021 ; Rossi
t al. 2021 ; Zhang et al. 2021 ). In addition, we include sGRBEEs
nd candidate sGRBEEs identified by Lien et al. ( 2016 ), Dichiara
t al. ( 2021 ), and GCN Circulars. We note that a classification as
GRBEE can be highly subjective due to the fact that they share
roperties of both short hard bursts and long GRBs (see e.g. GRBs
60614, Della Valle et al. 2006 ; Gehrels et al. 2006 ; Gal-Yam et al.
006 ; and 211211A, Troja et al., in preparation; Rastinejad et al.
022 ; Gompertz et al. 2022 ; Yang et al. 2022 ). One example is
RB 170728B which displays a short pulse ( < 2 s) followed by
isibly extended emission ( T 90 = 48 ± 27 s). Ho we ver, the spectrum
f the initial short pulse is quite soft with E peak ∼ 80–175 keV. Not
aving any additional information on, e.g. the spectral lag, host
alaxy, or supernova, we label GRB 170728B a candidate sGRBEE.

Other events which display the characteristic features of sGRBEE,
uch as a spectrally hard initial pulse with negligible spectral lag
Norris & Bonnell 2006 ), can be more confidently assigned to this
lass. In total, we identify 32 sGRBEE (including 18 candidate
GRBEE 

2 ) of which 29 (90 per cent) have an X-ray localization.
herefore, our initial sample totals 159 events which are either
lassical sGRBs ( T 90 < 2 s) or sGRBEEs. 

.1.2 GRB localization 

ast searches for the host galaxies of short GRBs (e.g. Prochaska
t al. 2006 ; D’Avanzo et al. 2009 ; Berger 2010 ; Fong & Berger
013 ; Tunnicliffe et al. 2014 ) mainly focused on optically localized
vents with sub-arcsecond positions (Fig. 1 ). However, an optically
elected sample is potentially subject to multiple observing biases,
hich can affect the observed redshift and offset distributions. An
ptical position disfa v ors small offsets from the host’s nucleus (e.g.
’Connor et al. 2021 ) as the afterglow light can be masked by the
lare of the host galaxy, especially in the case of faint short GRB
fterglows or dusty environments. In addition it may disfa v or events
ccurring in the low-density environments expected for large-offset
RBs (Panaitescu et al. 2001 ; Salvaterra et al. 2010 ; Duque et al.
020 ; O’Connor et al. 2020 ). 
In order to mitigate potential biases due to an optical selection

f the sample, we included all XRT localized events within our
ollow-up campaign. Although XRT positions typically have larger
ncertainties than optical, radio, or Chandra localizations, XRT
NRAS 515, 4890–4928 (2022) 

 GRBs 051210, 120804A, and 181123B satisfy T 90 < 2 s but also display 
vidence for extended emission, see Dichiara et al. ( 2021 ) for details. We 
herefore include these in the sample of candidate sGRBEEs. 

3

1
a
4

0

ocalized b ursts contrib ute valuable information to the demographics
f sGRB host galaxies in terms of redshift, stellar mass, star formation
ate, and galaxy type (e.g. Gehrels et al. 2005 ; Bloom et al. 2006 ).
ereafter, we consider only the 120 events with at least an X-

ay localization, of which 49 ( ∼40 per cent) also have an optical
ocalization. 

.1.3 Selection criteria 

e adopt two additional criteria to build a homogeneous sample of
ursts. The first is that the uncertainty on the GRB’s localization is
 4 arcsec (90 per cent confidence level, hereafter CL) as bursts with
 poorer localization can only be securely associated to bright ( r � 21
ag) galaxies and would not benefit from a campaign of deep optical

maging. This requirement excludes 13 XRT localized events from
ur sample. 3 We further impose a limit of A V < 1.5 mag (Schlafly &
inkbeiner 2011 ) on the Galactic extinction along the GRB sightline

n order to eliminate regions where host galaxy searches would be less
ensitive. 4 This cut allows us to remo v e crowded re gions along the
alactic plane ( | b | < 15 ◦) where our search would not be meaningful
ue to chance alignment with foreground stars. 
Among the remaining 99 short GRBs matching our criteria (see

ig. 2 ), 43 are associated to a host galaxy, 7 are classified as hostless
ased on deep ground-based and HST imaging (see e.g. Berger 2010 ;
ong & Berger 2013 ), and 49 more events lack evidence of an
nderlying host galaxy based on the initial ground-based follow-up
eported through GCN circulars. The latter group of bursts is the focus
f our study. Deep late-time imaging is crucial to determine whether
he lack of a candidate host galaxy is due to the shallow depth of
he initial ground-based follow-up, a high redshift, or a large angular
eparation due, for example, to a high natal kick velocity imparted
o the progenitor. 

.1.4 Observing strategy 

s a first step (see Fig. 3 ), we targeted these bursts with the 4.3-
 LDT (PIs: Troja, Cenko, Gatkine, Dichiara) and performed deep

ptical imaging, typically in r band, to search for an underlying
 These are: GRBs 050509B, 060502B, 061210 (EE), 090621B, 100206A, 
00628A, 130313A, 140320A, 140611A, 150301A, 150728A, 161104A, 
nd 170524A. 
 This condition excluded GRBs 050724A (EE), 080426A, 080702A, 
81024A, 150101A, 180402A, 200907B, and 201006A. 

art/stac1982_f1.eps
art/stac1982_f2.eps
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Figure 3. An outline of the candidate selection process, and follow-up 
methodology employed in this work in order to locate and identify the host 
galaxies of short GRBs. Optical spectroscopy was carried out if the candidate 
host galaxy was brighter than 21–22 mag, otherwise multicolour imaging was 
obtained in order to derive a photometric redshift. 
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5 IRAF is distributed by the National Optical Astronomy Observatory, which 
is operated by the Association of Universities for Research in Astronomy 
(AURA) under cooperative agreement with the National Science Foundation 
(NSF). 
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ost galaxy to depth r � 25 mag. In the case of a detection, we
cheduled the target for multicolour imaging in order to charac- 
erize the galaxy’s spectral energy distribution (SED) and, if the 
alaxy’s candidate was brighter than ≈ 21–22 AB mag, for optical 
pectroscopy in order to measure its redshift. In total, 30 out of
6 short GRBs (65 per cent of the sample) were followed-up with
he LDT from 2014 to 2021 through our programs. Those events 
hich were not observed by LDT were either only visible from the
outhern hemisphere or already had limits comparable to LDT’s 

ypical depth ( r ∼ 24.5–25 mag). In all other cases, we flagged the
urst for further deep imaging with large-aperture telescopes. We 
argeted these sGRBs as part of our programs on the twin 8.1-
 Gemini telescopes (PI: Troja) and the 10-m Keck-I telescope 

PI: Cenko) to search for host galaxies to deeper limits ( r � 26–
8 AB mag). These observations were further complemented with 
ublic archi v al data from the 10.4-m GTC, the K eck Observ atory,
he Gemini Observatory, and HST . 

The final sample of ev ents observ ed through these programs
omprises 31 sGRBs (see Table 1 ) disco v ered between 2009 and
020 (14 of which have only an XRT localization). Of these 31
vents, about 20 per cent display extended emission. When compared 
o previous studies of sGRB host galaxies, which included 36 sGRBs
isco v ered between 2005 and 2013 (e.g. Fong et al. 2013 ), our
rogram doubles the sample of well-studied sGRB environments. 
 table of the X-ray and gamma-ray properties of sGRBs in our

ample is shown in Table B1 . 

.2 Optical/nIR Imaging 

ue to the isotropic distribution of GRBs on the sky and the
ultiyear nature of this project, the optical and near-infrared 

maging obtained for our sample is heterogeneous and spans a range
f observatories, filters, and exposure times. These observations 
ere typically taken months to years after the explosion when 

ontamination from the GRB afterglow is negligible. The majority 
f our optical observations were carried out by the Large Monolithic
mager (LMI) on the LDT, the Gemini Multi-Object Spectographs 
GMOS; Hook et al. 2004 ) on both Gemini North (GMOS-N)
nd Gemini South (GMOS-S), the Low Resolution Imaging 
pectrometer (LRIS; Oke et al. 1995 ) at the Keck Observatory, and

he Optical System for Imaging and low-Intermediate-Resolution 
ntegrated Spectroscopy (OSIRIS; Cepa et al. 2000 ) at the GTC. We
lso include publicly a vailable near -infrared observations obtained 
ith the HST Wide Field Camera 3 (WFC3). A log of observations
resented in this work is reported in Table 1 . 

.2.1 Lowell Discovery Telescope (LDT) 

bservations with the Large Monolithic Imager (LMI) mounted on 
he 4.3-m LDT at the Lo well Observ atory in Happy Jack, AZ were
arried out starting in 2014 as part of a long-term project (PIs: Troja,
atkine, Dichiara) to study the afterglow and host galaxies of sGRBs.

n order to have good visibility, only bursts with declination � −30 ◦

ere selected. Over 60 sGRBs were observed as part of this program,
nd results on single events were presented in, e.g. Troja et al. ( 2016 ,
018 , 2019 ), O’Connor et al. ( 2021 ), and Ahumada et al. ( 2021 ). In
his work, we present unpublished observations for 22 sGRBs in our
ample. 

LDT/LMI observations were carried out largely in the r band 
ith a typical exposure of 1200–1500 s, chosen to obtain a depth
f r � 24.5–25 mag in good observing conditions. Ho we ver, the true
mage depth varies depending on the observing conditions at the time
f our observations, which span multiple observing cycles across 
7 yr. All images were visually inspected and those flagged as poor
ere re-acquired at a later date. When a candidate host galaxy was
etected, we performed additional observations in the g , i , and z 
ands in order to better characterize the galaxy’s SED. 
Data were reduced and analyzed using a custom pipeline (Toy 

t al. 2016 ) that makes use of standard CCD reduction techniques
n the IRAF 5 package including bias subtraction, flat-fielding, sky 
ubtraction, fringe correction, and cosmic ray rejection using Lapla- 
ian edge detection based on the L.A.Cosmic algorithm (van 
okkum 2001 ). Following this image reduction process, the pipeline 
ses SExtractor (Bertin & Arnouts 1996 ) to identify sources 
n each frame, and then the Software for Calibrating 
stroMetry and Photometry ( SCAMP ; Bertin 2006 ) to com-
ute the astrometric solution. The aligned frames are then stacked 
MNRAS 515, 4890–4928 (2022) 

art/stac1982_f3.eps
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Table 1. Log of imaging observations of sGRB host galaxies. 

GRB T c 90 RA Dec. Obs. date Telescope Instrument Filter Exp. AG Image b AB Mag d A λ

(s) (J2000) (J2000) (UT) (s) (mag) 

091109B 0.3 07:30:56.61 −54:05:22.85 11-10-2009 VLT FORS2 R 3600 Y ... ... 
... ... ... ... 11-01-2016 HST WFC3 F110W 5600 ... > 27.3 0.13 

101224A 0.2 19:03:41.72 45:42:49.5 06-11-2020 LDT LMI g 750 ... 22.71 ± 0.06 0.17 
... ... ... ... 06-11-2020 LDT LMI r 750 ... 22.11 ± 0.06 0.12 
... ... ... ... 06-11-2020 LDT LMI i 750 ... 21.91 ± 0.05 0.09 
... ... ... ... 06-11-2020 LDT LMI z 800 ... 21.84 ± 0.05 0.06 

110112A 0.5 21:59:43.85 26:27:23.9 01-12-2011 WHT ACAM i 900 Y ... ... 
... ... ... ... 10-13-2016 HST WFC3 F110W 5200 ... > 27.3 0.05 

110402A 

a 56 13:09:36.53 61:15:09.9 04-02-2011 Swift UV O T wh 1630 Y ... ... 
... ... ... ... 05-27-2014 Keck LRIS B 180 ... 24.19 ± 0.11 0.06 
... ... ... ... 05-27-2014 Keck LRIS I 570 ... 23.35 ± 0.10 0.03 
... ... ... ... 08-03-2020 Gemini GMOS-N r 900 ... 24.24 ± 0.20 0.04 
... ... ... ... 05-05-2021 LDT LMI i 1500 ... 23.35 ± 0.09 0.03 
... ... ... ... 05-06-2021 LDT LMI z 2100 ... 23.0 ± 0.16 0.02 

120305A 0.1 03:10:08.68 28:29:31.0 03-13-2012 Gemini GMOS-N i 2340 ... 21.56 ± 0.08 0.71 
... ... ... ... 03-06-2014 LDT LMI r 2700 ... 22.32 ± 0.09 0.81 
... ... ... ... 10-25-2014 Keck LRIS G 3000 ... 23.00 ± 0.06 1.30 
... ... ... ... 10-25-2014 Keck LRIS R 2750 ... 22.28 ± 0.04 0.75 
... ... ... ... 11-09-2021 LDT LMI y 1980 ... < 20.6 0.38 

120630A 0.6 23:29:11.07 42:33:20.3 07-01-2012 Gemini GMOS-N r 500 ... 21.60 ± 0.06 0.21 
... ... ... ... 07-01-2012 Gemini GMOS-N i 500 ... 21.25 ± 0.07 0.19 
... ... ... ... 07-01-2012 Gemini GMOS-N z 500 ... 21.08 ± 0.05 0.14 
... ... ... ... 09-05-2014 LDT LMI r 700 ... 21.56 ± 0.05 0.21 
... ... ... ... 09-05-2014 LDT LMI i 400 ... 21.16 ± 0.06 0.16 
... ... ... ... 2014-09-05 LDT LMI z 800 ... 21.0 ± 0.2 0.11 
... ... ... ... 10-25-2014 Keck LRIS R 3300 ... 21.63 ± 0.04 0.20 
... ... ... ... 10-25-2014 Keck LRIS G 3600 ... 22.45 ± 0.03 0.34 
... ... ... ... 11-09-2021 LDT LMI y 1980 ... < 20.2 0.09 
... ... ... ... – WISE – W1 – ... 19.48 ± 0.05 0.02 
... ... ... ... – WISE – W2 – ... 19.61 ± 0.08 0.016 

130822A 0.04 01:51:41.27 -03:12:31.7 08-23-2013 Gemini GMOS-N i 600 ... 17.79 ± 0.03 0.05 
... ... ... ... 10-25-2014 Keck LRIS G 3000 ... 18.84 ± 0.03 0.08 
... ... ... ... 10-25-2014 Keck LRIS R 2750 ... 18.18 ± 0.03 0.05 

130912A 0.3 03:10:22.23 13:59:48.7 09-13-2013 WHT ACAM i 900 Y ... ... 
... ... ... ... 02-25-2014 LDT LMI r 2700 ... > 24.9 0.56 
... ... ... ... 10-25-2014 Keck LRIS G 2400 ... > 26.3 0.90 
... ... ... ... 10-25-2014 Keck LRIS R 2750 ... > 26.2 0.52 
... ... ... ... 01-09-2017 HST WFC3 F110W 5200 ... > 27.2 0.22 

131004A 1.5 19:44:27.08 -02:57:30.2 10-04-2013 Swift UV O T wh 520 Y ... ... 
... ... ... ... 10-07-2013 Keck MOSFIRE K s 290 ... > 22.3 0.08 
... ... ... ... 10-11-2016 HST WFC3 F110W 5212 ... 25.80 ± 0.05 0.22 

140129B 1.35 21:47:01.66 + 26:12:23.0 01-29-2014 Swift UV O T wh 150 Y ... ... 
... ... ... ... 06-10-2014 LDT LMI r 1500 ... 23.55 ± 0.10 0.20 
... ... ... ... 11-03-2019 LDT LMI r 1200 ... 23.50 ± 0.09 0.20 
... ... ... ... 08-06-2021 LDT LMI g 1200 ... 24.52 ± 0.18 0.30 
... ... ... ... 08-06-2021 LDT LMI i 1200 ... 23.52 ± 0.10 0.15 
... ... ... ... 08-06-2021 LDT LMI z 1000 ... < 23.0 0.11 

140516A 0.2 16:51:57.40 39:57:46.3 05-16-2014 Gemini GMOS-N i 1800 ... > 26.1 0.02 
... ... ... ... 09-04-2014 LDT LMI r 4200 ... > 25.0 0.03 
... ... ... ... 10-15-2019 Keck MOSFIRE K s 1800 ... > 23.6 0.005 

140622A 0.13 21:08:41.53 -14:25:9.5 08-05-2021 LDT LMI g 1200 ... 22.75 ± 0.07 0.22 
... ... ... ... 08-05-2021 LDT LMI r 1200 ... 22.43 ± 0.07 0.15 
... ... ... ... 08-05-2021 LDT LMI i 750 ... 21.95 ± 0.06 0.11 
... ... ... ... 08-05-2021 LDT LMI z 800 ... 22.0 ± 0.2 0.08 

140930B 0.8 00:25:23.4 24:17:41.7 10-01-2014 Gemini GMOS-N r 1350 Y ... ... 
... ... ... ... 10-02-2014 Gemini GMOS-N r 1350 Y ... ... 
... ... ... ... 08-01-2020 Gemini GMOS-N r 1650 ... 23.8 ± 0.2 0.06 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022



sGRB host galaxies 4895 

Table 1 – continued 

GRB T c 90 RA Dec. Obs. date Telescope Instrument Filter Exp. AG Image b AB Mag d A λ

(s) (J2000) (J2000) (UT) (s) (mag) 

150423A 0.08 14:46:18.86 12:17:00.70 04-23-2015 VLT FORS2 R 300 Y ... ... 
... ... ... ... 02-03-2017 HST WFC3 F110W 5200 ... > 27.2 0.02 

150831A 1.15 14:44:05.84 -25:38:06.4 09-01-2016 VLT FORS2 R 2400 ... > 25.8 0.22 
... ... ... ... 03-07-2017 VLT FORS2 I 2400 ... > 24.5 0.16 
... ... ... ... 07-29-2020 Gemini GMOS-S i 2040 ... > 25.7 0.16 

151229A 1.4 21:57:28.78 -20:43:55.2 03-08-2019 LDT LMI r 1200 ... > 24.5 0.05 
... ... ... ... 07-30-2019 Gemini GMOS-S z 1920 ... 24.47 ± 0.10 0.03 
... ... ... ... 10-15-2019 Keck MOSFIRE Y 1340 ... 24.0 ± 0.2 0.03 
... ... ... ... 08-11-2020 Gemini GMOS-N r 2250 ... 25.75 ± 0.20 0.05 
... ... ... ... 06-16-2021 LDT LMI i 900 ... > 23.8 0.04 
... ... ... ... 07-22-2021 Gemini F2 J 1680 ... 23.10 ± 0.18 0.02 
... ... ... ... 07-22-2021 Gemini F2 K s 1680 ... 22.78 ± 0.19 0.01 
... ... ... ... 07-30-2021 Gemini GMOS-S i 1680 ... 25.41 ± 0.20 0.04 

160408A 0.3 08:10:29.81 71:07:43.7 04-08-2016 Gemini GMOS-N r 900 Y ... ... 
... ... ... ... 04-09-2016 Gemini GMOS-N r 900 ... > 25.8 0.06 
... ... ... ... 03-29-2020 LDT LMI g 1500 ... > 24.6 0.08 
... ... ... ... 03-29-2020 LDT LMI r 1500 ... > 24.5 0.06 
... ... ... ... 03-29-2020 LDT LMI i 1500 ... > 24.2 0.04 
... ... ... ... 03-29-2020 LDT LMI z 1500 ... > 23.7 0.03 

160410A 

a 96 10:02:44.37 03:28:42.4 04-10-2016 Swift UV O T wh 540 Y ... ... 
... ... ... ... 04-28-2016 Keck DEIMOS R 330 ... > 25.0 0.05 
... ... ... ... 04-28-2016 Keck DEIMOS I 330 ... > 24.2 0.03 
... ... ... ... 12-15-2020 LDT LMI r 2100 ... > 24.5 0.05 
... ... ... ... 02-06-2021 LDT LMI g 1950 ... > 24.9 0.07 

160525B 0.3 09:57:32.23 51:12:24.9 05-25-2016 Swift UV O T wh 150 Y ... ... 
... ... ... ... 01-29-2020 LDT LMI g 1200 ... 23.30 ± 0.15 0.03 
... ... ... ... 01-29-2020 LDT LMI r 1200 ... 23.29 ± 0.09 0.02 
... ... ... ... 02-29-2020 LDT LMI i 1500 ... 23.29 ± 0.18 0.016 
... ... ... ... 12-15-2020 LDT LMI z 2000 ... 23.4 ± 0.3 0.012 
160601A 0.12 15:39:43.97 64:32:30.5 06-02-2016 Gemini GMOS-N r 900 Y ... ... 
... ... ... ... 06-03-2016 LDT LMI r 720 ... > 24.6 0.05 
... ... ... ... 09-08-2016 GTC OSIRIS r 1680 ... > 25.9 0.05 
... ... ... ... 03-25-2019 Keck MOSFIRE K s 2400 ... > 23.5 0.01 
... ... ... ... 08-01-2020 Gemini GMOS-N r 1800 ... > 25.6 0.05 
... ... ... ... 02-05-2021 LDT LMI g 800 ... > 22.5 0.07 
... ... ... ... 02-05-2021 LDT LMI i 1200 ... > 22.5 0.04 
... ... ... ... 02-05-2021 LDT LMI z 1500 ... > 22.0 0.03 

160927A 0.48 17:04:58.22 17:19:54.9 09-28-2016 GTC OSIRIS r 1915 Y ... ... 
... ... ... ... 02-23-2017 GTC OSIRIS r 1200 ... > 26.1 0.15 
... ... ... ... 05-20-2018 LDT LMI r 300 ... > 24.3 0.15 
... ... ... ... 10-06-2018 Keck LRIS G 2760 ... > 25.9 0.25 
... ... ... ... 10-06-2018 Keck LRIS R 600 ... > 25.2 0.14 
... ... ... ... 09-04-2019 Keck LRIS Z 800 ... > 24.8 0.10 
... ... ... ... 08-01-2020 Gemini GMOS-N i 720 ... > 26.0 0.13 

170127B 0.5 01:19:54.47 -30:21:28.6 2018-01-27 Gemini GMOS-S g 1800 ... > 24.2 0.06 
... ... ... ... 2018-10-06 Keck LRIS G 2520 ... > 26.1 0.07 
... ... ... ... 2018-10-06 Keck LRIS R 1720 ... > 26.0 0.04 
... ... ... ... 2019-09-04 Keck LRIS G 1920 ... > 26.0 0.07 
... ... ... ... 2019-09-04 Keck LRIS I 1600 ... > 25.9 0.04 
... ... ... ... 2019-10-15 Keck MOSFIRE J 2010 ... > 24.1 0.01 
... ... ... ... 01-30-2021 Gemini GMOS-S z 1440 ... > 23.9 0.03 

170428A 0.2 22:00:18.78 26:54:57.0 04-29-2017 LDT LMI i 1200 ... 22.2 ± 0.2 0.09 
... ... ... ... 05-01-2017 TNG LRS i 1470 ... 22.05 ± 0.15 0.09 
... ... ... ... 05-01-2017 TNG LRS z 1620 ... 21.94 ± 0.15 0.06 
... ... ... ... 05-21-2018 LDT LMI g 100 ... > 23.5 0.17 
... ... ... ... 05-21-2018 LDT LMI r 200 ... 22.21 ± 0.10 0.12 
... ... ... ... 05-21-2018 LDT LMI i 200 ... 21.93 ± 0.15 0.09 
... ... ... ... 05-21-2018 LDT LMI z 100 ... 22.1 ± 0.3 0.06 
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Table 1 – continued 

GRB T c 90 RA Dec. Obs. date Telescope Instrument Filter Exp. AG Image b AB Mag d A λ

(s) (J2000) (J2000) (UT) (s) (mag) 

170728A 1.3 03:55:33.17 12:10:54.7 07-28-2017 Swift UV O T wh 150 Y ... ... 
... ... ... ... 01-14-2018 Keck LRIS G 1380 ... > 25.3 0.76 
... ... ... ... 01-14-2018 Keck LRIS R 1380 ... > 25.1 0.44 
... ... ... ... 01-08-2019 LDT LMI r 900 ... > 24.6 0.47 

170728B 

a 48 15:51:55.47 70:07:21.1 07-28-2017 Swift UV O T wh 900 Y ... ... 
... ... ... ... 11-03-2019 LDT LMI r 1200 ... 23.13 ± 0.06 0.06 
... ... ... ... 12-07-2019 LDT LMI g 900 ... 23.82 ± 0.06 0.09 
... ... ... ... 12-07-2019 LDT LMI i 1200 ... 22.67 ± 0.05 0.04 
... ... ... ... 12-07-2019 LDT LMI z 1200 ... 22.36 ± 0.15 0.03 

171007A 

a 68 09:02:24.14 42:49:08.8 01-09-2020 LDT LMI r 1200 ... > 24.9 0.04 
... ... ... ... 02-01-2021 Gemini GMOS-N i 1440 ... > 26.1 0.03 

180618A 

a 47 11:19:45.87 73:50:13.5 06-18-2018 Liverpool IO:I r 60 Y ... ... 
... ... ... ... 04-07-2019 LDT LMI r 1200 ... 23.08 ± 0.08 0.16 
... ... ... ... 12-07-2019 LDT LMI g 1200 ... 24.11 ± 0.12 0.22 
... ... ... ... 12-07-2019 LDT LMI i 1200 ... 22.45 ± 0.10 0.12 
... ... ... ... 05-05-2021 LDT LMI z 1800 ... 22.34 ± 0.12 0.09 
... ... ... ... 05-05-2021 LDT LMI y 1400 ... > 21.5 0.06 

180727A 1.1 23:06:39.68 -63:03:06.7 10-14-2018 Gemini GMOS-S i 2520 ... > 26.0 0.03 
... ... ... ... 07-28-2019 Gemini GMOS-S r 1560 ... > 26.1 0.04 
... ... ... ... 07-30-2019 Gemini GMOS-S g 1800 ... > 26.3 0.06 
... ... ... ... 07-30-2019 Gemini GMOS-S z 1800 ... > 26.0 0.02 

180805B 

a 122 01:43:07.59 -17:29:36.4 09-10-2018 Keck LRIS G 1920 ... 23.52 ± 0.07 0.06 
... ... ... ... 09-10-2018 Keck LRIS I 1600 ... 22.34 ± 0.12 0.03 
... ... ... ... 09-04-2019 Keck LRIS V 1680 ... 22.83 ± 0.09 0.04 
... ... ... ... 09-04-2019 Keck LRIS Z 1400 ... 22.01 ± 0.14 0.02 
... ... ... ... 10-15-2019 Keck MOSFIRE K s 1800 ... 21.23 ± 0.15 0.005 
... ... ... ... 01-16-2021 LDT LMI z 2000 ... 21.98 ± 0.09 0.02 

191031D 0.3 18:53:09.57 47:38:38.8 11-02-2019 Gemini GMOS-N r 720 ... 21.78 ± 0.05 0.14 
... ... ... ... 11-03-2019 LDT LMI g 1200 ... 22.89 ± 0.07 0.21 
... ... ... ... 04-18-2021 LDT LMI i 600 ... 21.3 ± 0.2 0.11 
... ... ... ... 04-18-2021 LDT LMI z 700 ... 21.3 ± 0.3 0.08 
... ... ... ... 04-18-2021 LDT LMI y 700 ... 21.1 ± 0.3 0.07 
... ... ... ... – PS1 – i – ... 21.53 ± 0.06 0.11 
... ... ... ... – PS1 – z – ... 21.03 ± 0.03 0.08 
... ... ... ... – WISE – W1 – ... 19.6 ± 0.15 0.014 
... ... ... ... – WISE – W2 – ... 20.16 ± 0.30 0.01 

200411A 0.3 03:10:39.39 -52:19:03.4 01-25-21 Gemini GMOS-S r 1800 ... 22.55 ± 0.03 0.03 
... ... ... ... – DES – g – ... 23.6 ± 0.2 0.06 
... ... ... ... – DES – r – ... 22.6 ± 0.1 0.04 
... ... ... ... – DES – i – ... 21.9 ± 0.1 0.03 
... ... ... ... – DES – z – ... 21.3 ± 0.1 0.02 
... ... ... ... – VISTA – J – ... 20.9 ± 0.2 0.01 
... ... ... ... – VISTA – K – ... 20.0 ± 0.2 0.005 
... ... ... ... – WISE – W1 – ... 20.0 ± 0.1 0.003 
... ... ... ... – WISE – W2 – ... 20.2 ± 0.3 0.003 

a sGRBEE. 
b Afterglow image used for relative alignment. 
c T 90 values were retrieved from the Swift BAT GRB catalogue (Lien et al. 2016 ). 
d Host galaxy magnitudes not corrected for Galactic extinction A λ (Schlafly & Finkbeiner 2011 ). 
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sing the SWarp software (Bertin et al. 2002 ; Bertin 2010 ). The
bsolute astrometry of the stacked image was calibrated against the
strometric system of either the Sloan Digital Sky Survey ( SDSS ;
humada et al. 2020 ) Data Release 16 or the Panoramic Survey
elescope and Rapid Response System Surv e y (P an-STARRS1,
ereafter PS1; Chambers et al. 2016 ) Data Release 2, likewise using
he combination of SExtractor and SCAMP . The SDSS and PS1
atalogues were further used to calibrate the photometric zeropoint
NRAS 515, 4890–4928 (2022) 
using SExtractor aperture photometry for the magnitude de-
ermination). We selected the SDSS catalogue when available, and
therwise used PS1. We ensured that the sources used for both the
strometric and photometric calibrations were isolated point sources
y sorting out those which did not pass our selection criteria based
n their signal-to-noise ratio (SNR), full width at half-maximum
ntensity (FWHM), ellipticity, and SExtractor CLASS STAR
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.2.2 Gemini Observatory 

e carried out observations (PI: Troja) of short GRB host galaxies 
sing the Gemini Multi-Object Spectographs (GMOS) mounted on 
he twin 8.1-m Gemini North and Gemini South telescopes located 
n Mauna Kea and Cerro P ach ́on, respectiv ely. These observations
argeted 9 sGRBs (GRBs 110402A, 140930B, 151229A, 160601A, 
60927A, 170127B, 171007A, 191031D, and 200411A) with deep 
onstraints ( r � 25 mag) on an underlying host galaxy. The observa-
ions occurred between 2019 No v ember 3 and 2021 February 1. We

ainly selected the r band and i band with exposure times ranging
rom 900 to 2250 s and 355–1440 s, respectively. We supplemented 
ur observations with archival data for GRBs 120305A, 120630A, 
30822A, 140516A, 140930B, 150831A, 160408A, and 180727A. 
We made use of tasks within the Gemini IRAF package (v. 

.14) to perform bias and o v erscan subtraction, flat-fielding, de- 
ringing, and cosmic ray rejection. The individual frames were then 
ligned and stacked using the IRAF task imcoadd . We additionally 
erformed sky subtraction using the photutils 6 package to 
stimate the median sky background after masking sources in the 
mage. The world-coordinate systems were then calibrated against 
he astrometric systems of SDSS or PS1 using either astrome- 
ry.net (Lang et al. 2010 ) or the combination of SExtractor
nd SCAMP outlined in Section 2.2.1 . For southern targets we used the
ark Energy Surv e y (DES; DES Collaboration 2021 ) Data Release
. Isolated field stars selected from these catalogues were used for
hotometric calibration. 
We additionally performed observations of GRB 151229A with 

lamingos-2 (hereafter, F2) at Gemini South in Cerro Pach ́on, Chile
n 2021 July 22. These observations were carried out in the J and
 s filters (see Table 1 ). We reduced and analysed these data using

he DRAGONS 7 software (Labrie et al. 2019 ). The photometry was 
alibrated using nearby point-sources in the Two Micron All Sky 
urv e y (2MASS; Skrutskie et al. 2006 ) catalogue. We then applied a
tandard conversion between the Vega and AB magnitude systems. 

.2.3 Keck Observatory 

hrough our program (PI: Cenko) on the 10-m Keck-I Telescope on 
auna Kea we obtained deep late-time imaging of GRBs 120305A, 

20630A, 130822A, and 130912A. The K eck/LRIS observ ations 
ook place during one half-night on 2014 October 25 and were carried
ut in both the G and R filters with exposure times of 3000 and 2750 s,
especti vely. Observ ations of a fifth target (GRB 110112A) were 
ncorrectly pointed by 0.15 deg and do not cover the GRB position
Gelino, Pri v ate Communication). Therefore, these data were not 
ncluded. We complemented our observations with public archival 
RIS data for GRBs 110402A, 140516A, 160927A, 170127B, 
70728A, and 180805B. 
The data were retrieved from the Keck Observatory Archive, and 

nalyzed using the LPipe pipeline (Perley 2019 ). The pipeline 
rocesses raw files through standard CCD reduction techniques 
e.g. bias-subtraction, flat-fielding, sky-subtraction, and cosmic ray 
ejection) to produce fully calibrated and stacked images. The final 
tacked image’s absolute astrometry was calculated based on either 
he SDSS or PS1 catalogues. We used astrometry.net or the 
ombination of SExtractor and SCAMP outlined in Section 2.2.1 . 
e found that astrometry.net provided an accurate astrometric 

olution for sparse fields by making use of the standard stars
 ht tps://phot ut ils.readthedocs.io/en/st able/
 https:// dragons.readthedocs.io/ 
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1

1

ithin the Keck field of view. The photometric zeropoints were 
ikewise calibrated using unsaturated SDSS (when available) or PS1 
ources. 

We additionally include archi v al infrared imaging obtained with 
eck MOSFIRE (McLean et al. 2012 ) for GRBs 131004A, 151229A,
60601A, 170127B, and 180805B. These data were reduced using 
he MOSFIRE data reduction pipeline, 8 and calibrated using point 
ources in the 2MASS catalogue. Standard offsets were applied to 
onvert magnitudes into the AB system. 

.2.4 Gran Telescopio Canarias (GTC) 

e obtained publicly available images of GRBs 160601A and 
60927A (Table 1 ) taken with the 10.4-m GTC, which is located
t the Roque de los Muchachos Obervatory in La Palma, Spain.
he observations used the OSIRIS instrument, and were carried out 

n r band. The data were retrieved from the GTC Public Archive. 9 

hey were reduced and aligned using standard techniques within 
he astropy (Astropy Collaboration 2018 ) software library to 
erform bias subtraction and flat-fielding. The individual frames were 
hen combined to produce the final reduced image. The absolute 
strometric correction was performed using astrometry.net , 
nd the photometric zero-points were calibrated to SDSS . 

.2.5 Very Large Telescope (VLT) 

e analysed archi v al images of GRBs 091109B, 150423A, and
50831A (Table 1 ) obtained with the 8.2-m VLT, operated by the
uropean Southern Observatory (ESO) in Cerro Paranal, Chile. 
he observations were taken with the FOcal Reducer/low dis- 
ersion Spectrograph 2 (FORS2) in R band for GRBs 091109B, 
50423A, and 150831A and an additional I -band observation for 
RB 150831A. The raw images were retrieved from the ESO Science 
rchive. 10 The data were processed using standard tasks within 
stropy (similarly to Section 2.2.4 ). 

.2.6 Hubble Space Telescope ( HST ) 

e obtained the publicly available Hubble Space Telescope ( HST )
ide Field Camera 3 (WFC3) data from the Mikulski Archive 

or Space Telescopes (MAST) 11 for GRBs 091109B, 110112A, 
31004A, and 150423A. The observations (ObsID: 14685; PI: Fong) 
ere taken between 2016 October 11 and 2017 February 3 in the
110W filter with a typical exposure of 5200 s ( ∼ 2 HST orbits). 
The data were processed using standard procedures within the 
rizzlePac package (Gonzaga et al. 2012 ) in order to align,
rizzle, and combine exposures. The observations within a single 
poch were aligned to a common world-coordinate system with the 
weakReg package. The AstroDrizzle softw are w as then used 

o reject cosmic rays and bad pixels, and to create the final drizzled
mage combining all exposures within a single epoch. The final pixel
cale was 0.06”/pix using pixfrac = 0.8. The HST photometric 
ero-points were determined with the photometry k eyw ords obtained 
rom the HST image headers, and were corrected with the STScI
abulated encircled energy fractions. 
MNRAS 515, 4890–4928 (2022) 
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Table 2. Log of spectroscopic observations of sGRB host galaxies. The redshift and the emission or absorption lines of the spectroscopic target are also 
reported. 

GRB Obs. date Telescope Instrument Grating λcen Exp. Slit width Redshift Lines 
UT (nm) (s) (arcsec) 

060121 05-27-2014 Keck LRIS 600/4000 330 2720 1.0 – No trace 
... ... ... ... 400/8500 588 2720 1.0 

101224A 05-27-2014 Keck LRIS 600/4000 330 1570 1.0 0.4536 ± 0.0004 H α, H β, H γ

... ... ... ... 400/8500 588 1570 1.0 [O II ], [O III ] 

110402A 

a 05-27-2014 Keck LRIS 400/3400 680 1800 1.0 0.854 ± 0.001 [O II ] 
... ... ... ... 400/8500 840 1800 1.0 

140622A 05-27-2014 Keck LRIS 600/4000 330 900 1.0 0.959 ± 0.001 [O II ], [O III ] 
... ... ... ... 400/8500 588 900 1.0 

151229A 09-10-2018 Keck LRIS 400/3400 176 5520 1.0 – No trace 
... ... ... ... 400/8500 622 5520 1.0 
... ... ... ... 400/3400 544 5320 1.0 
... ... ... ... 400/8500 1021 5320 1.0 

160410A 

a , b 04-10-2016 Keck LRIS 400/3400 176 600 1.0 1.717 ± 0.001 Ly α, [Si II ] 
... ... ... ... 400/8500 622 600 1.0 [A III ] 
... ... ... ... 400/3400 544 600 1.0 
... ... ... ... 400/8500 1020 600 1.0 

180618A 

a 02-01-2021 Gemini GMOS-N R400 710 3600 1.0 0 . 4 + 0 . 2 −0 . 1 
c No lines 

180805B 

a 09-10-2018 Keck LRIS 400/3400 358 2440 1.0 0.6609 ± 0.0004 H β, H γ

... ... ... ... 400/8500 763 2440 1.0 [O II ], [O III ] 

191031D 11-03-2019 Gemini GMOS-N R400 705 3600 1.0 0.5 ± 0.2 c No lines 

a Short GRB with extended emission. 
b Afterglow spectroscopy. 
c Photometric redshift z phot based on prospector (Johnson et al. 2019 ) modelling of the host galaxy SED. 
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12 This value has been utilized in past studies of GRB host galaxies (Lyman 
et al. 2017 ; O’Connor et al. 2021 ). 
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.3 Optical spectroscopy 

right host galaxies identified through our imaging campaign were
argeted for optical spectroscopy in order to constrain their distance
cale. These targets include the fields of sGRBs 101224A and
40622A, observed with Keck/LRIS, and sGRBs 180618A and
91031D, observed with Gemini/GMOS-N. We complemented these
bserv ations with archi v al K eck spectroscopic data for sGRBs
10402A, 151229A, 160410A, and 180805B as these bursts also
atch our selection criteria (Section 2.1 ). Our spectroscopic cam-

aign also included the candidate short GRB 060121 for which no
isible trace was detected in a deep 3 × 900 s Keck/LRIS exposure.
his w as lik ewise the case for the archi v al K eck spectroscopy of
GRB 151229A. For sGRBs 180618A and 191031D, a weak trace
as detected by the Gemini spectroscopic observations, but no
bvious emission or absorption features were identified. The log
f spectroscopic observations analyzed in this work is provided in
able 2 . 
The Gemini data were reduced and analysed using the Gemini

RAF package (v. 1.14), whereas Keck/LRIS data were reduced using
he LPipe software. The processed spectra are displayed in Fig. 4 ,
nd the result for each sGRB is reported in Table 2 and described in
ore detail in Section 4 . We note that the optical spectrum obtained

or sGRB 160410A is a rare case of afterglow spectroscopy (Fig. 5 )
s discussed in Ag ̈u ́ı Fern ́andez et al. ( 2021 ). 

 M E T H O D S  

n order to determine the putative host galaxy for each GRB, we
egan by identifying all galaxies near the GRB position in our
ate-time imaging. The source detection and classification (star–
NRAS 515, 4890–4928 (2022) 
alaxy separation) procedure is outlined in Section 3.1 . The late-time
mages were aligned with respect to the afterglow disco v ery images
o precisely determine the host offset from the GRB position, as
utlined in Section 3.2 . The host association was then determined
hrough probabilistic arguments based on the observed sky density
f galaxies in Section 3.3 . The results of our analysis for each GRB
re presented in Section 4 . 

.1 Source detection and classification 

ource detection was performed using the SExtractor package
fter applying a Gaussian filter with an FWHM of 3 pixels. 12 We
equired that a source consist of a minimum area of 5 pixels at > 1 σ
bo v e the background ( DET THRESH = 1). The source detection
as visually inspected to prevent erroneous blending of adjacent

ources. 
Source photometry was computed using the SExtractor
AG AUTO parameter, which utilizes Kron apertures. In the case
f faint sources, the magnitude was computed using seeing matched
perture photometry with the aperture ( MAG APER ) diameter set to
he FWHM of the image’s point-spread function (PSF). The photom-
try was calibrated for each instrument as outlined in Section 2.2 .
he candidate host galaxy photometry for each GRB is presented in
able 3 . 
In order to determine whether a detected source could be iden-

ified as a galaxy we utilized the SExtractor SPREAD MODEL
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Figure 4. Optical spectra of sGRB host galaxies (solid purple line) obtained with Keck/LRIS in flux units of 10 −17 erg cm 

−2 s −1 Å−1 versus wavelength in Å. 
The observed emission lines are marked by black lines, and the error spectrum is displayed as a solid black line. The spectra are smoothed with a Savitzky–Golay 
filter for display purposes. The spectra are not corrected for Galactic extinction. 

Figure 5. Keck/LRIS optical spectrum of the afterglow of sGRB 160410A at z = 1.717 ± 0.001. The spectrum is normalized to the continuum. Absorption 
lines at this redshift are marked by black lines, and lines corresponding to intervening absorbers at z = 1.444 and 1.581 are marked by red and blue lines, 
respectively. The error spectrum is represented by a solid black line. 
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arameter. First, we ran SExtractor to identify bright, unsat- 
rated and isolated point-like objects. We selected them based 
n their SNR, FWHM, CLASS STAR parameter ( > 0.8), and el-
ipticity ( < 0.2). We further imposed FLAGS < 1, which excludes
ources that are saturated, blended, or too close to the image 
oundary. These point-like sources were then passed to PSFEx 
Bertin 2011 , 2013 ) to estimate the image PSF. This was then
ed to SExtractor to estimate the SPREAD MODEL parameter 
hich, for each detected source, measures the deviation of the 

ource profile from the local normalized image PSF. Point-like 
ources are characterized by SPREAD MODEL ≈ 0, whereas ex- 
ended objects deviate significantly from the local PSF and have 
PREAD MODEL > 0. For sources smaller than the image PSF (e.g.
osmic rays or spurious detections), SPREAD MODEL < 0. These 
tar–galaxy classifiers become more uncertain for fainter sources, 
nd we considered the classification as inconclusive for sources with 
NR � 5. 

.2 Offset measurements 

n order to precisely localize the GRB with respect to a candidate
ost galaxy, we utilized relative astrometry to align our late-time 
mages with the afterglow disco v ery image. In our sample, 14
GRBs (45 per cent) do not have an optical localization, and we
elied on the Swift /XRT enhanced positions (Goad et al. 2007 ; Evans
t al. 2009 ). The associated errors are assumed to follow Rayleigh
MNRAS 515, 4890–4928 (2022) 
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Table 3. Short GRB host galaxy properties. Magnitudes are corrected for Galactic extinction (Schlafly & Finkbeiner 2011 ). 

GRB σ tie σAG 
b σ host R o (arcsec) R o (kpc) 

R e 

(arcsec) AB Mag c Host? P 

c 
cc z 

Optical localization 
091109B 0.04 0.10 ... ... ... ... > 27.3 f N > 0.2 f ... 
110112A 0.11 0.09 ... ... ... ... > 27.3 f N > 0.45 f ... 
110402A 

a 0.15 0.07 0.05 0.91 ± 0.17 7.2 ± 1.3 0.7 24.24 ± 0.20 Y 0.03 0.854 
130912A 0.06 0.3 0.04 0.68 ± 0.31 5.6 ± 2.6 i 0.32 26.8 ± 0.3 f Y 0.08 f ... 
131004A 0.16 0.05 0.01 0.41 ± 0.17 3.1 ± 1.3 0.4 25.80 ± 0.05 f Y 0.05 f 0.717 
140129B 0.16 0.02 0.02 0.5 ± 0.2 3.0 ± 1.0 0.5 23.50 ± 0.09 Y 0.009 0.6 ± 0.1 e 

140930B – 0.05 0.09 1.4 ± 0.1 8.8 ± 0.9 h 0.4 23.8 ± 0.2 Y 0.02 ... 
150423A 0.06 0.04 ... ... ... ... > 27.2 f N > 0.15 f ... 
160408A – 0.02 ... ... ... ... > 25.8 N > 0.13 ... 
160410A 

a 0.16 0.08 ... ... ... ... > 25.0 N > 0.5 1.717 d 

160525B 0.21 0.11 0.07 0.06 ± 0.25 0.4 ± 1.6 h 1.0 23.29 ± 0.09 Y 0.03 ... 
160601A 0.02 0.02 ... ... ... ... > 25.9 Y > 0.4 ... 
160927A 0.04 0.08 ... ... ... ... > 26.0 N > 0.5 ... 
170428A – 0.3 0.05 1.2 ± 0.3 7.2 ± 1.8 1.2 22.09 ± 0.10 Y 0.01 0.45d d 

170728A 0.15 0.08 ... ... ... ... > 24.7 N > 0.2 ... 
170728B 

a 0.22 0.07 0.06 0.78 ± 0.24 5.5 ± 1.7 0.7 23.06 ± 0.06 Y 0.014 0.6 ± 0.1 e 

180618A 

a 0.23 0.04 0.04 1.58 ± 0.24 8.8 ± 1.3 1.0 22.92 ± 0.08 Y 0.03 0 . 4 + 0 . 2 −0 . 1 
e 

XRT localization 
101224A ... 3.8 0.01 2.4 ± 2.7 j 14 ± 17 0.6 21.53 ± 0.05 Y 0.11/0.10 g 0.454 
120305A ... 2.0 0.05 5.4 ± 1.4 j 34 ± 9 h 1.1 21.53 ± 0.04 Y 0.07 ... 
120630A ... 4.0 0.01 5.8 ± 2.9 j 40 ± 20 0.9 21.42 ± 0.04 Y 0.07/0.08 g 0.6 ± 0.1 e 

130822A ... 3.3 0.003 22.0 ± 2.3 j 61 ± 6 2.7 18.13 ± 0.01 Y 0.08/0.06 g 0.154 
140516A ... 2.7 ... ... ... ... > 26.1 N > 0.2 ... 
140622A ... 2.9 0.02 4.6 ± 2.0 j 38 ± 17 1.2 22.28 ± 0.07 Y 0.08/0.08 g 0.959 
150831A ... 2.2 ... ... ... ... > 25.6 N > 0.25 ... 
151229A ... 1.4 0.02 1.0 ± 1.0 j 9 ± 9 0.4 25.75 ± 0.16 Y 0.25/0.10 g 1.4 ± 0.2 e 

170127B ... 2.6 ... ... ... ... > 26.0 N > 0.5 ... 
171007A 

a ... 2.5 ... ... ... ... > 26.1 N > 0.5 ... 
180727A ... 2.3 ... ... ... ... > 26.1 N > 0.6 ... 
180805B 

a ... 2.1 0.02 3.4 ± 1.5 j 25 ± 11 0.60 22.79 ± 0.09 Y 0.07/0.08 g 0.661 
191031D ... 2.3 0.02 7.4 ± 1.7 j 47 ± 11 1.1 21.64 ± 0.05 Y 0.12/0.05 g 0.5 ± 0.2 e 

200411A ... 1.4 0.04 4.5 ± 1.0 j 31 ± 8 1.2 22.52 ± 0.05 Y 0.11/0.08 g 0.6 ± 0.1 e 

a Short GRB with extended emission. 
b XRT position error reported at 90 per cent CL; optical localization error reported at 1 σ (68 per cent). 
c Host galaxy magnitude in r band, and P cc computed using r -band magnitude (Berger 2010 ), unless otherwise specified. 
d Redshift from afterglow (AG) spectroscopy. 
e Photometric redshift z phot based on prospector (Johnson et al. 2019 ) modelling of the host galaxy SED. 
f HST / F 110 W magnitude, and P cc computed using IR number counts (Galametz et al. 2013 ). 
g P cc computed using z-band number counts (Capak et al. 2004 ). 
h Projected physical offset assuming z = 0.5. 
i Projected physical offset assuming z = 1.0. 
j The uncertainty on the sGRB’s offset is computed at the 68 per cent of the Rayleigh distribution. 
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tatistics (Evans et al. 2014 , 2020 ), and in our work are computed
t the 68 per cent level of the Rayleigh distribution. The afterglow
ositional uncertainty σ AG from XRT is therefore derived as σ AG ≈
rr 90 /1.42 (Pineau et al. 2017 ), where err 90 is the 90 per cent error
ypically reported by the Swift team. 13 

The remaining 17 sGRBs (55 per cent of the total sample) have
n optical counterpart, and for these bursts we obtained publicly
vailable disco v ery images from the Ultra-Violet Optical Telescope
UV O T; Roming et al. 2005 ) on-board Swift , the 8.1-m Gemini North
elescope, the GTC, the VLT, the 4.2-m William Herschel Telescope
WHT), the 3.6-m Telescopio Nazionale Galileo (TNG), and the 2-m
iverpool Telescope. 
NRAS 515, 4890–4928 (2022) 

3 https:// www.swift.ac.uk/ xrt positions/ 

i  

o
 

d  
We applied standard procedures for reduction and calibration of
hese ground-based images, and used SExtractor for afterglow
ocalization. For the Swift /UV O T data (GRBs 110402A, 131004A,
nd 170728A) we used the uvotimsum task within HEASoft
6.27.2 to co-add multiple exposures. This produces a higher
ignal-to-noise afterglow detection. The afterglow localization error
statistical) was then determined using the uvotdetect task. 

We used SExtractor to identify common point sources in both
he late-time and disco v ery images, and then SCAMP to compute
he astrometric solution. The rms uncertainty σ tie in the offset of
strometric matches between the late-time and afterglow images
rovides the uncertainty in the sGRBs localization on the late-time
mage frame, and is included within the determination of the host
ffset error (Bloom et al. 2002 ). 
The projected offset R o is then determined by measuring the

istance between the afterglow centroid and the host galaxy’s

https://www.swift.ac.uk/xrt_positions/
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Figure 6. A comparison between ground-based Keck/LRIS imaging in R band (left) and HST /WFC3 imaging in the F 110 W filter (right) for sGRB 130912A. 
The Keck imaging sets an upper limit of R � 26.2 mag on a coincident host galaxy, whereas HST imaging to depth F 110 W � 27.2 mag unveils a candidate host 
offset by only ∼ 0.7 arcsec from the sGRB’s optical localization (magenta circle). The size of the circle corresponds to the uncertainty on the GRB position. 
The images are oriented such that North is up and East is to the left. 
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enter. The latter is determined as the barycenter of the pixel 
istribution using the parameters XWIN IMAGE and YWIN IMAGE 
nd its uncertainty σ host is derived by adding in quadrature the 
ositional error in both directions. The parameters XWIN IMAGE 
nd YWIN IMAGE are calculated within a circular Gaussian window 

nstead of the isophotal footprint of each object. The Gaussian 
indow function is determined separately for each object based on 

he circular diameter containing half the object’s flux. Therefore, 
WIN IMAGE and YWIN IMAGE are not affected by detection 

hreshold or irregularities in the background, whereas isophotal 
entroid measurements take into account only pixels with values 
igher than the detection threshold. The afterglow centroid and 
ts associated uncertainty σ AG are determined with SExtractor 
sing the same methodology. The uncertainty in the sGRB offset is
omputed as σR = 

√ 

σ 2 
tie + σ 2 

AG + σ 2 
host (Bloom et al. 2002 ; Fong & 

erger 2013 ). 
The offset and uncertainty for each GRB is recorded in Table 3 . For

ach candidate host galaxy, we also determine the half-light radius 
 R e ) as measured by SExtractor (with FLUX RADIUS = 0.5).
his allows us to compute a host-normalized offset (see the discus-
ion in Section 4.1 ). 

.3 Host galaxy assignment 

he association of a GRB to a host galaxy relies on probabilistic
rguments based on the likelihood of finding a random galaxy near 
he GRB localization. This is estimated by computing the probability 
o detect a galaxy of equal magnitude or brighter within a given
egion on the sky (e.g. Bloom et al. 2002 , 2007 ; Berger 2010 ). If
he probability is too high or equi v alent for multiple galaxies in the
eld (see Fig. 6 ), the GRB is considered observationally hostless.
sing the methods outlined by Bloom et al. ( 2002 ), the probability
f chance coincidence is 

 cc = 1 − e −πR 2 σ ( � m ) , (1) 

here R is the ef fecti ve angular of fset of the galaxy from the GRB
osition. For XRT localized GRBs, or those where a galaxy is not
etected coincident to the GRB position, the ef fecti ve angular offset
s given by R = max 
(

3 σR , 
√ 

R 

2 
o + 4 R 

2 
e 

)
, where 3 σ R ≈ 1.59 × err 90 

see e.g. section 4.2 of Pineau et al. 2017 ). If the GRB has a precise
sub-arcsecond) localization, and lies within the visible light of a 
alaxy, we adopt R = 2 R e (Bloom et al. 2002 ). 

The quantity σ ( � m ) in equation ( 1 ) denotes the number density of
alaxies brighter than magnitude m based on deep optical and infrared
urv e ys (e.g. the Hubble Deep Field; Metcalfe et al. 2001 ). For our
ptical observations, we utilize σ ( � m ) based on r -band number
ounts from Hogg et al. ( 1997 ). For infrared observations, we use
he H band ( HST / F 160 W filter) number counts presented by Metcalfe
t al. ( 2006 ) and Galametz et al. ( 2013 ). The magnitude for each
alaxy is corrected for Galactic extinction (Schlafly & Finkbeiner 
011 ) prior to computing the probability. This is done because the
alaxy number counts used in this work (Hogg et al. 1997 ; Metcalfe
t al. 2006 ; Galametz et al. 2013 ) were derived from observations of
igh Galactic latitude fields, where the extinction is negligible. 
For each sGRB, we computed the probability of chance coinci- 

ence for all galaxies identified within 1 arcmin of the sGRB position.
e require that the putative host galaxy for each sGRB has P cc � 0.1

o be considered a robust association, otherwise we deem the sGRB
o be observationally hostless. At offsets > 1 arcmin, a P cc � 0.1
equires an extremely bright galaxy r � 16 mag, which would not be
issed in our imaging. We also note that the largest angular offset

eported for a sGRB is ∼ 16 arcsec for GRB 061201 (Stratta et al.
007 ), which we consider to be observationally hostless based on
 cc > 0.1. All events with confident host associations are located at
maller angular offsets. In many cases there are a number of faint
xtended objects ( r � 23 mag) at � 10 arcsec which we remove from
ur analysis due to their high probability of chance coincidence 
 cc � 0.5. The remaining galaxies in the field are then considered
andidate hosts; see Fig. 6 for an example finding chart for sGRB
30912A based on deep Keck and HST imaging. We report the results
f our search for each sGRB in Appendix A , and their finding charts
re displayed in Figs 7 and 8 . Sources classified as a galaxy are
enoted by G1, G2, G3, etc., by increasing offset from the GRB
osition, whereas sources which could not be classified are labelled 
s A, B, C, etc., in the same manner. 
MNRAS 515, 4890–4928 (2022) 
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Figure 7. Host galaxy finding charts for optically localized sGRBs. The magenta circle represents the sGRB localization (with the size corresponding to the 
error in arcseconds), and the putative host galaxy is designated by a blue circle (those lacking a blue circle are observationally hostless). Other candidate hosts 
are marked by black circles and labeled by G1, G2, G3, etc., with increasing offset from the sGRB’s localization. Nearby objects that are too faint for star-galaxy 
classification (Section 3.1 ) are labeled as A, B, C, etc. The size of each field is represented by the scalebar. In each figure, North is up and East is to the left. The 
figures have been smoothed for display purposes. 
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Figure 7 – continued 
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The probability of chance coincidence reported for each sGRB 

Table 3 ) is based on r band number counts when possible, but if the
alaxy is only detected in redder filters we include this probability 
nstead using the number counts presented by Capak et al. ( 2007 ) for
he i band and Capak et al. ( 2004 ) for the z band. 

.4 Galaxy SED modelling 

 or those ev ents with well-sampled galaxy SEDs but lacking a spec-
roscopic redshift, we obtained a photometric redshift by modelling 
he SED using prospector (Johnson et al. 2019 ) with the methods
reviously utilized by O’Connor et al. ( 2021 ), Dichiara et al. ( 2021 ),
nd Piro et al. ( 2021b ). We note that these photometric redshifts
ere determined based on the assumption that the photometric jump 
etween two filters is due to the 4000 Å break. A large break is
ndicative of an older stellar population. 

We adopted a Chabrier ( 2003 ) initial mass function (IMF) with
ntegration limits of 0.08 and 120 M � ( imf type = 1 ), an
ntrinsic dust attenuation A V using the extinction law of Calzetti 
t al. ( 2000 , dust type = 2 ), and a delayed- τ star formation
istory ( sfh = 4 ). Furthermore, we include nebular emission lines
sing the photoionization code Cloudy (Ferland et al. 2013 ). In
he cases of sGRBs 151229A, 180618A, and 191031D we turned 
ff nebular emission lines as their spectra (Table 2 ) did not display
right or obvious emission features. The synthetic SEDs derived from 

hese model parameters were calculated using the flexible stellar 
opulation synthesis (FSPS) code (Conroy, Gunn & White 2009 ) 
sing WMAP9 cosmology (Hinshaw et al. 2013 ). 
The free model parameters are: the redshift z, the total stellar mass

ormed M , the age t age of the galaxy, the e-folding timescale τ , the
ntrinsic reddening A V , and the metallicity Z . These parameters are
urther used to compute the stellar mass M ∗. We adopt uniform
riors in log t age , log τ , log Z , A V as in Mendel et al. ( 2014 ).
he prior on the photometric redshift is uniform between z phot =
 − 3. Ho we ver, only for sGRBs with a UV detection of their
fterglow (e.g. sGRBs 110402A and 140129B; see Appendix A ) 
rom Swift , we adopt z phot = 0 − 1.5. The fits were performed using
he dynamic nested sampling method implemented in the DYNESTY 
ackage (Speagle 2020 ). The best-fitting model SEDs and the 
esulting photometric redshift estimates are displayed in Fig. 9 . The
hotometric redshifts for these sGRBs are recorded in Table 3 , and
he stellar mass is reported in their individual sections in Appendix A
s well as Table 4 . In Table 4 , we likewise record the star formation
ate (SFR), which is computed as outlined in O’Connor et al.
 2021 ). 

 RESULTS  

n this work, we have analysed the host galaxies and environments of
1 sGRBs; 17 with a sub-arcsecond position from optical observa- 
ions and 14 with only an XRT localization (Fig. 1 ). In Figs 7 and 8 ,
e display a finding chart for each sGRB in our sample. We find that
8 events (see Table 3 ) are associated to a host galaxy ( P cc < 0.1),
hile 13 events are deemed observationally hostless. With respect to 
revious work, we have adopted the P cc threshold previously used by
loom et al. ( 2002 ) and Berger ( 2010 ), whereas other authors have
tilized lower thresholds, such as 0.01 (Tunnicliffe et al. 2014 ) or
.05 (Fong & Berger 2013 ). We demonstrate below that our choice
s robust and ensures a low number of spurious associations. 
MNRAS 515, 4890–4928 (2022) 
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Figure 8. Same as Fig. 7 but for X-ray localized sGRBs. 
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Based on our host galaxy assignments, we identify a spectroscopic
edshift for 5 sGRBs in our sample (sGRBEEs 110402A, 160410A,
nd 180805B, and GRBs 101224A and 140622A; see Tables 3
nd 2 ). In addition, we derive a photometric redshift for 8 events
sGRBEEs 110402A and 170728B, and GRBs 120630A, 140129B,
51229A, 180618A, 191031D and 200411A; Fig. 9 and Table 3 ). The
etailed analysis for each sGRB is reported in Appendix A , and the
agnitudes and offsets for the putative host galaxies are presented

n Table 3 . 
We estimate the number of spurious galaxy associations in our

ample following Bloom et al. ( 2002 ). The probability that all sGRB
ost galaxies disco v ered in this work are a chance alignment with
he GRB localization is given by 

 false = 

m ∏ 

k= 1 

P k = 4 . 8 × 10 −25 , (2) 
NRAS 515, 4890–4928 (2022) 
here m = 18 (the number of host galaxies we associate to sGRBs
n this work) and P k is the probability of chance coincidence for each
GRB computed using equation ( 1 ) based on r band number counts
Section 3.3 ). If we compute P false for the optical and X-ray localized
amples separately, we obtain P false = 3.4 × 10 −15 and 1.4 × 10 −10 ,
espectiv ely. Moreo v er, the probability that every galaxy has a real,
hysical association with these GRBs can be estimated using 

 real = 

m ∏ 

k= 1 

(1 − P k ) = 0 . 36 . (3) 

f we consider again the optical and X-ray localized samples
ndividually we find P real = 0.76 and 0.48, respectively. As expected,
he galaxy associations for the optically localized sample (Fig. 7 )
re more rob ust, b ut even the XRT only sample yields a similar
esult to the value ( P real = 0.48) presented by Bloom et al. ( 2002 ) for
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heir sample of long GRBs. Furthermore, we estimate ∼2–3 spurious 
ssociations out of our sample of 31 events (Bloom et al. 2002 ). The
purious associations are likely dominated by the XRT localized 
vents. Based on these probabilistic arguments, we consider the host 
ssociations determined in this work to be robust, with minimal 
ontamination due to chance alignment. 

We now compare the properties of the host galaxies determined 
n this work to other large samples previously presented within the 
iterature (e.g. Fong et al. 2013 ; Tunnicliffe et al. 2014 ). To do so, we
upplement the 31 sGRBs that we analyzed with 41 events (29 sub-
rcsecond) from the literature with deep host galaxy searches. Out 
f these 72 well-studied events, we find that 37 have a spectroscopic
edshift, 11 have a photometric redshift, 20 are observationally 
ostless, and 15 display extended emission. 
In order to perform a one-to-one comparison with our homo- 

eneously selected sample, we e xcluded ev ents from the literature 
hich did not satisfy our selection criteria (specified in Section 2.1 

nd Table 3 ): including A V < 1.5 mag, σ AG < 4 arcsec, and a
wift /BAT detection of the prompt emission. These criteria exclude 
 number of sGRBs typically included in other samples: sGRBs 
50509B, 060502B, 090621B, 100206A, 161104A, and sGRBEE 

61210 are excluded due to the large error ( > 4 arcsec) of their
RT localization, sGRBEE 050724 does not satisfy A V < 1.5 mag, 

nd sGRBEE 050709 ( HETE ), sGRBEE 060121 ( HETE ), and sGRB
70707 ( INTEGRAL ) are excluded as they were not detected with
wift /BAT. 
The probabilities of chance coincidence for X-ray localized sGRBs 

ere recalculated with the XRT enhanced positions derived using 
EASOFT v6.28. Different versions of the XRT calibration data 
b  
ase and analysis software may change the error radius by up to
0 per cent of its value, and this step ensures that all the X-ray
ositions are based on the same calibration database ( HEASOFT
6.28). The resulting probabilities uniformly adopt the 3 σ positional 
rror (see Section 3.3 ), while in the literature different conventions
e.g. 68 per cent or 90 per cent CL) were sometimes adopted. 

Based on this re-analysis, 3 XRT localized events (sGRBs 050813, 
61217, and 070729) are found to have candidate hosts with 
 cc > 0.1, and are hereafter considered observationally hostless. This 

eaves us with only 9 sGRBs in the literature sample with both an
RT localization and a putative host galaxy (sGRBs 051210, 060801, 
80123, 100625A, 101219A, 121226A, 141212A, 150120A, and 
60624A). Including the events in this work, this sample doubles to
8 XRT localized events with a putative host. The impact of these
RT events is discussed in Section 4.1.2 . 

.1 Offset distribution 

.1.1 Sub-arcsecond localized 

e begin by studying the angular offset distribution (Fig. 10 ; top
anel) for 34 sGRBs with sub-arcsecond positions. With a few 

xceptions, this sample coincides with the sample of optically 
ocalized b ursts, which ha ve a typical uncertainty of ∼ 0.2 arcsec
n their offset. The measured angular offsets range between 0.06 
rcsec (GRB 090426; Antonelli et al. 2009 ; Levesque et al. 2010 ) to
6 arcsec (GRB 061201; Stratta et al. 2007 ), with 70 per cent of the
ursts lying < 2 arcsec from their putative host galaxy’s centre. For
MNRAS 515, 4890–4928 (2022) 
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Figur e 9. Spectral ener gy distributions of sGRB host galaxies with photometric redshifts determined in this work. The best-fitting model spectrum (solid 
line) and model photometry (squares) describing the galaxy SED is compared to the extinction-corrected photometry (circles). The observed Gemini spectrum, 
smoothed with a Savitzky–Golay filter, for the host galaxies of GRBs 180618A and 191031D is shown by a solid black line (see Table 2 ). 

Table 4. Results of our prospector SED modeling. We present the 
photometric redshift, stellar mass, and star formation rate. The SED fits are 
displayed in Fig. 9 . 

Source z phot log ( M ∗/M �) SFR (M � yr −1 ) 

110402A 

a , b 0.9 ± 0.1 9 . 5 + 0 . 4 −0 . 2 2 + 5 −1 
120630A 0.6 ± 0.1 9.1 ± 0.1 30 ± 15 
140129B 0.4 ± 0.1 9.1 ± 0.1 0 . 4 + 0 . 7 −0 . 2 
151229A 1.4 ± 0.2 10.3 ± 0.2 0 . 4 + 1 . 6 −0 . 2 
170728B 

a 0.6 ± 0.1 9.7 ± 0.2 2 + 3 −1 
180618A 

a 0 . 4 + 0 . 2 −0 . 1 9.6 ± 0.3 0 . 1 + 0 . 3 −0 . 1 
191031D 0.5 ± 0.2 10.2 ± 0.2 8 ± 6 
200411A 0.6 ± 0.1 10.4 ± 0.1 3 + 6 −2 

a Short GRB with extended emission. 
b This GRB also has a spectroscopic redshift z = 0.854 determined in this 
work. 
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14 We note that the subset of events without a measured redshift are very 
unlikely to reside at z < 0.5, and are more likely between z ∼ 0.5 − 1, where 
the difference in angular scale is D θ ( z = 1.0)/ D θ ( z = 0.5) ≈ 1.3. We find that 
varying the redshift of these events does not significantly affect our results. 
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omparison, GRB 170817A was located at 10.6 arcsec (2 kpc) from
ts galaxy’s centre (Im et al. 2017 ; Le v an et al. 2017 ). 

We convert angular offsets into projected physical offsets by
sing the sGRB distance scale, typically derived from the putative
ost galaxy. For sGRBs without a measured redshift (8 events;

20 per cent of the sub-arcsecond localized sample), we adopt the
NRAS 515, 4890–4928 (2022) 
edian redshift (Section 4.3 ), z ≈ 0.5, for sGRBs in our sample. 14 We
nd that the physical offsets of sGRBs range from 0.4 to 75 kpc with
 median of 5.6 kpc (Fig. 10 ; middle panel, red line). This is slightly
arger than the median of 4.5 kpc from Fong & Berger ( 2013 ) and
 factor of 4 × larger than the median value for long GRBs (Bloom
t al. 2002 ; Lyman et al. 2017 ). This result is consistent with the
 10 kpc median sGRB offset derived by O’Connor et al. ( 2020 ),

nd with the expectations from binary population synthesis of BNS
ergers (see e.g. Bloom et al. 1999 ; Fryer et al. 1999 ; Belczynski

t al. 2006 ; Church et al. 2011 ; Mandhai et al. 2021 ; Perna et al.
021 ), although some modeling efforts predict larger median offsets
Zemp et al. 2009 ; Wiggins et al. 2018 ). 

The last quantity to explore is the host-normalized offset, which
rovides the most uniform comparison between the location of
GRBs with respect to their galaxies (Fig. 10 ; bottom panel). We find
hat the median host normalized offset of the entire sGRB sample
sub-arcsecond localized) is R o / R e ∼ 1.2 (Fig. 10 ; bottom panel).
o we ver, our data set includes both high-resolution HST imaging
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Figure 10. Top: Cumulative distribution of angular offsets for all sub- 
arcsecond localized sGRBs in our sample (red). We split the sample of all 
sGRBs into two sub-samples: the sample of sGRBs with T 90 < 2 s (cyan) 
and the remaining 10 events displaying EE (blue). Middle: Cumulative 
distribution of projected physical offsets for 33 sGRBs with sub-arcsecond 
localization (red). The offsets of long GRBs (purple) are displayed for 
comparison (Blanchard, Berger & Fong 2016 ). Bottom: Same as middle 
panel but for host-normalized offsets. 
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Figure 11. Top: Cumulative distribution of projected physical offsets for 
sGRBs with both a sub-arcsecond localization and spectroscopic redshift 
at z < 0.5 (blue) and z > 0.5 (red). Bottom: Same as the top panel but for 
host-normalized offsets. 
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nd seeing-limited ground-based observations, and the latter might 
ias the inferred half-light radii of faint unresolved galaxies to larger 
alues. By performing a homogeneous analysis of the HST data 
et only, we derive R o / R e ∼ 2, consistent with the value from the
iterature (Fong & Berger 2013 ). For comparison, the median host
ormalized offset for long GRBs is R o / R e ∼ 0.6 (Blanchard et al.
016 ; Lyman et al. 2017 ). 
Furthermore, based on Fig. 10 , we find that the offset distribution

f this sample of sGRBEEs (dark blue lines) is a factor of 3–4 ×
urther extended than long GRBs (purple lines). A KS test between 
he two samples yields p KS ≈ 0.04 (in both host normalized and 
hysical offset), rejecting the null hypothesis that they are drawn 
rom the same distribution at the ∼ 2 σ level. This provides additional
nd independent support to the hypothesis that their progenitors are 
ifferent from those of long GRBs (Gal-Yam et al. 2006 ; Gehrels
t al. 2006 ; Norris & Bonnell 2006 ). 

Moreo v er, we find that the offset distributions (angular, physical,
nd host normalized) for classical sGRBs with T 90 < 2 s (Fig. 10 ;
yan lines) and those displaying EE (Fig. 10 ; dark blue lines)
re consistent with being drawn from the same distributions. The 
omparison in Fig. 10 is made for 24 classical sGRBs and 10
GRBEEs, all of which have a sub-arcsecond localization. If we 
nclude the offsets to the lowest P cc candidate hosts for hostless events
see Section 4.1.3 ), increasing the sample sizes to 34 sGRBs and 11
GRBEEs, we find the same result. This suggests that regardless 
f whether classical sGRBs and sGRBEEs are created by different 
rogenitor systems, their merger environments are indistinguishable 
ased on these limited number of events. 
We also explored whether there was an evolution of the observed

ffset distribution with redshift. In this analysis, we focus only on
vents with a measured and secure spectroscopic redshift. In Fig. 11 ,
e separate the physical offsets for sub-arcsecond localized GRBs 

nto two distributions with z < 0.5 and z > 0.5. The median offset
or sGRBs at z < 0.5 (7.5 kpc) is a factor of ∼ 2 × higher than
hose at z > 0.5 (3.2 kpc), despite a KS test supporting that they
re drawn from the same distribution ( p KS = 0.09). In addition, no
GRBs at z > 0.5 have a projected physical offset > 15 kpc, compared
o 50 per cent of those at z < 0.5. If we perform the same comparison
or the host normalized offset distribution (Fig. 11 ), we find that the
MNRAS 515, 4890–4928 (2022) 
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Figure 12. Cumulative distribution of sGRB offsets for the sample of sub- 
arcsecond localized events (purple) compared to X-ray localized events for 
two different priors (Section 4.1.2 ): (i) the ‘observed’ prior (yellow) and (ii) 
the ‘exponential’ prior (red). 

Figure 13. Cumulative distribution of projected physical offsets for sub- 
arcsecond localized sGRB with a putative host (red) and for those which are 
hostless (blue); the total population is shown in black. 
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wo samples are again consistent with being drawn from the same
istribution with p KS = 0.25, despite all events at > 5 R e being located
t low redshifts. Although the distributions are similar statistically,
he lack of large offsets at z > 0.5 is suggestive of a redshift evolution
ffect. The physical implications of this possible redshift evolution
re discussed in Section 5.1 . 

.1.2 Including XRT localized sGRBs 

he previous section focused on sub-arcsecond localized events,
o we ver, the majority of sGRBs have only an XRT localization. For
he sample of 99 events satisfying our selection criteria (Section 2.1 ),
he median error on the XRT enhanced position is ∼ 1.8 arcsec. Due
o this large uncertainty, often comparable to the measured angular
f fset, XRT localized e vents are dif ficult to include in the of fset
istribution. Here, we adopt a Bayesian formalism to identify the true
istribution of offsets for XRT localized GRBs. Following Bloom
t al. ( 2002 ), we assume that the probability density distribution of
he GRB’s offset from its host galaxy follows a Rice distribution
Wax 1954 ), denoted by R ( x, μ, σ ) where μ and σ are the shape
arameters. 
Applying Bayes’ theorem, the posterior distribution for the true

ffset, R true , of the GRB from its host galaxy’s centre given the
bserved offset, R obs , and its uncertainty, σ R , is 

 ( R true | R obs ) = 

P ( R obs | R true ) P ( R true ) 

P ( R obs ) 
, (4) 

here the probability density for the likelihood P ( R obs | R true ) is given
y the Rice distribution R ( R obs , R true , σR ). 
The choice of prior distribution, P ( R true ), can have a significant

mpact on the unknown posterior. While simple priors may appear
o minimize our assumptions on the underlying distribution, we note
hat they are generally unrealistic. For example, assuming that the
RB has an equal probability of occurring anywhere in a circle

urrounding the galaxy’s centroid (i.e. uniform probability in area),
uch that P ( R true ) ∝ R true , preferentially fa v ors larger radii. Whereas
oth observations of sGRBs (Fig. 10 ) and models of BNS systems
Bloom et al. 1999 ) find that the significant majority of systems
orm at < 10 kpc. Therefore, we consider two different prior distri-
utions: (i) following the observed distribution of physical offsets
or sub-arcsecond localized sGRBs (Fig. 10 ), and (ii) assuming
hat GRBs form following an exponential profile P ( R true ) ∝ exp ( −
 true / R ∗) where R ∗ is taken to be the half-light radius of each
alaxy. In Fig. 12 , we refer to these priors as ‘observed’ and
exponential’. 

We choose to adopt the median value of the posterior distribution
 ( R true | R obs ) for each GRB’s offset, and include these XRT localized
RBs within the cumulative distribution of sGRB offsets. In Fig. 12 ,
e demonstrate how the X-ray localized events impact the offset
istribution for the two prior distributions. The ‘observed’ and
exponential’ priors only cause a marginal deviation from the sub-
rcsecond only distribution. Therefore, based on this analysis, the
ffsets of X-ray localized events are not inherently different from
hose with an optical localization. 

.1.3 Including hostless sGRBs 

p to this point, we have focused on the offset distribution of
GRBs with a confident host galaxy association ( P cc < 0.1). Here,
e include in our study 12 sub-arcsecond localized observationally
ostless ev ents. F or these bursts, we identify the galaxy with the
NRAS 515, 4890–4928 (2022) 
owest chance probability P cc and measure the offset between the
urst position and the galaxy’s centroid (Appendix A ). Only 2 of
hese events are located within 10 kpc of their most likely host
nd, as a result, the median offset for the sample is 26.4 kpc, 5 ×
arger than the value derived in Section 4.1.1 (see also Fig. 13 ).

e further examine the implications of these hostless events in
ection 5.2 . 

.2 Host luminosities 

n Fig. 14 , we display the apparent r -band magnitude (corrected
or Galactic extinction) of sGRB host galaxies plotted against their
edshift. By comparing the brightness of these galaxies to a sample
f ∼ 30 000 galaxies from the Cosmic Assembly Near-infrared Deep
xtrag alactic Leg acy Survey project (CANDELS; Grogin et al. 2011 ;
oekemoer et al. 2011 ) Ultra Deep Surv e y (UDS; Galametz et al.
013 ), we confirm that the host galaxies of sGRBs trace the brightest
alaxies (0.1–1.0 L 

∗) at each redshift. In the right-hand panel of
ig. 14 , we report the r -band magnitude of candidate host galaxies
ithout a known redshift, including the lowest P cc candidate host
alaxies of observationally hostless events. 

We have identified that 4 sub-arcsecond localized observationally
ostless events within our sample (e.g. GRBs 150423A, 160408A,
60601A, and 160927A) have lowest P cc candidates (see Sec-
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Figure 14. Host galaxy r -band magnitude versus redshift for the sample of sGRBs included in this work. Spectroscopic (light purple) and photometric (blue) 
redshift measurements from the literature are represented by circles, and those determined in this work by stars. The small light grey circles represent galaxies 
in the CANDELS UDS. The black lines demonstrate the range of 0.1–1.0 L ∗ galaxies as a function of redshift (Brown et al. 2001 ; Ilbert et al. 2005 ; Willmer 
et al. 2006 ; Reddy & Steidel 2009 ; Finkelstein et al. 2015 ). The deep constraint on the host galaxy of GRB 160410A (Ag ̈u ́ı Fern ́andez et al. 2021 ) is marked 
by a downward magenta triangle. In the right-hand panel, we show the r -band magnitude for the host galaxies of sGRBs without a known redshift (dark purple 
diamonds), including the lowest P cc candidate host of observationally hostless events (see Section 4.1.3 ). Magnitudes have been corrected for Galactic extinction 
(Schlafly & Finkbeiner 2011 ). 
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Figure 15. Host galaxy r -band magnitude versus angular offset for the 
sample of sGRBs included in this work. We also include GRBs where the 
galaxy with the lowest probability of chance coincidence has P cc > 0.1 (grey). 
The shaded grey region marks where P cc > 0.1. 
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ion 4.1.3 ) with faint r -band magnitudes ( r � 24.5 mag; corrected
or Galactic extinction). When compared to typical sGRB host 
alaxies (Fig. 14 ) this is suggestive of either (i) an origin at z > 1
r (ii) a population of underluminous sGRB galaxies ( < 0.1 L 

∗).
ven if underluminous, these galaxies would have to occur at 
 > 0.5 in order to a v oid an unexplained gap in luminosity (Fig. 14 )
etween faint galaxies and the known bright hosts at low- z. We
ote that there are only a handful of examples of low luminosity
 < 0.1 L 

∗) sGRB host galaxies in GRBs 070714B (Cenko et al.
008 ), 101219A (Fong et al. 2013 ), 120804A (Berger et al. 2013 ;
ichiara et al. 2021 ), and 151229A (this work), all of which reside at
 > 0.5. 

We observe the same trend in the observationally hostless sample 
f XRT localized sGRBs (e.g. GRB 140516A, 150831A, 170127B, 
71007A, and 180727A); there are faint r � 24.5 mag candidates 
etected within their XRT localization’s, which range from 2.2 to 
.7 arcsec (90 per cent CL). 
We emphasize that none of these events are located near bright, 

ow- z galaxies (none within 60 arcsec) from which they could have
een kicked. This is in contrast to other observationally hostless 
vents, such as sGRBs 061201, 090515, and 091109B, where the 
ost likely host galaxy is a bright, low- z galaxy at a significant

ffset. We discuss this further in Section 5.2 . 
In Fig. 15 , we show the r -band magnitude of sGRB host galaxies

ersus the angular offset of the sGRB from its host for both X-ray
diamonds) and optically localized GRBs (circles). The grey-shaded 
egion represents the region precluded from a strong host association, 
ue to P cc > 0.1. Based on the distribution of XRT localized events
e find that it is difficult to associate a galaxy fainter than r > 23.5
o a GRB lacking a precise, sub-arcsecond localization. While the 
rightest sGRBs may have an X-ray localization (from Swift /XRT) 
f ∼ 1.4–1.5 arcsec (90 per cent CL), the majority are less precisely
MNRAS 515, 4890–4928 (2022) 
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Figure 16. Top: Histogram of the observed spectroscopic redshifts (purple) 
for 36 sGRBs matching our selection criteria. We also show a sample of 
photometric redshifts (blue) for 12 additional events. The grey solid region 
marks the ‘redshift desert’ between 1.4 < z < 2.5. Bottom: Cumulative distri- 
bution of sGRB redshifts (black) compared to the expected distribution for 
se veral dif ferent DTDs (Nakar et al. 2006 ; Hao & Yuan 2013 ; Wanderman & 

Piran 2015 ). In these models, τ represents the delay time. For lognormal 
distributions, the width of the distribution is given σ (Nakar et al. 2006 ; 
Wanderman & Piran 2015 ). The dashed black line represents a lower limit 
to P ( < z) assuming ∼ 50 per cent of the population occurs at z > 1 with a 
negligible delay time. 
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15 We note that the redshift distribution also depends on the assumptions as to 
the SFH, gamma-ray luminosity function, detector sensitivity, and minimum 
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ocalized to > 2 arcsec. As such, the majority of X-ray localized
GRBs are limited to associations with galaxies brighter than r < 23.5
ag, decreasing the likelihood of association with galaxies at z > 1

see Section 5.1 ). 

.3 Redshift distribution 

ur sample consists of 72 well-localized sGRBs (including the sub-
lass of sGRBEEs) observed in homogeneous conditions. Of these,
7 (51 per cent) have a spectroscopic redshift, 11 (16 per cent) a
hotometric redshift, and 24 (33 per cent) lack a distance measure-
ent. Only three of these redshift measurements come from direct

fterglow spectroscopy, whereas the large majority are determined
rom the putative host galaxy. In Fig. 16 (top panel), we display a
istogram of the observed redshift distribution. The median value
s z ≈ 0.5 for the sample of spectroscopic redshifts, and z ≈ 0.6 for
he combined sample of photometric and spectroscopic redshifts.
y adding 4 spectroscopic redshifts at z > 0.5 and 7 photometric

edshifts at z > 0.4, our work mainly populates the upper tail of
he distribution. This shows the importance of deep imaging and
pectroscopy, using large aperture 8–10-m telescopes, in probing the
ost distant sGRBs and their faint host galaxies. Ho we ver, only 1
NRAS 515, 4890–4928 (2022) 
f our events lies at z > 1 (Table 3 ). This is not surprising as our
urv e y is optically driven and affected by complex selection effects,
uch as the so-called ‘redshift desert’ (1.4 < z < 2.5; also marked in
ig. 16 ) where common nebular emission lines are shifted towards

nfrared wavelengths. A similar systematic survey of sGRBs at nIR
 avelengths w ould be essential to complement our study and extend

he redshift distribution of sGRBs. 
The number of distant sGRBs is an important constraint for

rogenitor models and their delay time distribution (DTD). In
ig. 16 (bottom panel), we show the cumulative distribution of sGRB
edshifts (including photometric redshifts) compared to predictions
ased on different DTD models. The two models commonly adopted
n the literature are: (i) a lognormal distribution (Nakar, Gal-Yam &
ox 2006 ; Wanderman & Piran 2015 ) and (ii) a power law with decay

ndex between ∼−1 and −1.5 (Hao & Yuan 2013 ). 
A KS test between our distribution and the Nakar et al. ( 2006 )
odel yields p KS = 10 −2 , rejecting the null hypothesis that the

bserved redshift distribution is drawn from their model. The
bserved distribution appears instead consistent with the power-law
TD models with slope ∼−1 to −1.5. 15 Ho we ver, a significant
opulation of bursts with no known redshift exists. Our survey
dentifies that their likely host galaxies are much fainter than the
est of the sample (Fig. 14 ), and a likely explanation is that these
ursts represent a missing population of high- z sGRBs. A larger
umber of z > 0.5 events increases the tension with the lognormal
TD models. 
In the most extreme case, these would be prompt mergers with

 negligible delay time between formation and merger. In Fig. 16 ,
e show the implications of this scenario. The dotted black line

epresents the hypothetical redshift distribution derived assuming
hat all the bursts with no known redshift follow the SFH of the
niverse (Moster, Naab & White 2013 ). This sets a lower limit to

he true redshift distribution and helps constrain the parameter space
llo wed by observ ations. By assuming that sGRB progenitors are
escribed by a single DTD function, the Hao & Yuan ( 2013 ) curve
s consistent with all the observing constraints. 

.4 Cir cumburst envir onment 

n this section, we explore the consistency between the observed
ffsets of sGRBs around their galaxies and their inferred circumburst
nvironment based on observations of their afterglows in X-rays.
irst, we use the onset of the X-ray afterglow from Swift /XRT to
et a lower limit to the circumburst density for each of the 31 bursts
n our sample (see O’Connor et al. 2020 and our Appendix B ).
f these 31 bursts we find that < 33 per cent have a circumburst
ensity consistent with n min < 10 −4 cm 

−3 , setting an upper limit to
he fraction of sGRBs in this sample occurring in a IGM-like envi-
onment (physically hostless; see Appendix B ). Of these potentially
o w-density e vents, 5 are observ ationally hostless (Table B1 ). 

Moreo v er, we searched for a correlation between the GRB offsets
nd their high-energy properties. In particular, the ratio of the X-
ay flux at 11-h, F X , 11 , to the prompt gamma-ray fluence, φγ , is
nown to probe the circumburst density such that F X , 11 / φγ ∝ n 1/2 

Sari, Piran & Narayan 1998 ; Wijers & Galama 1999 ; Granot & Sari
002 ). This is valid only in the synchrotron slow cooling regime
hen the cooling frequency lies above the X-ray band, and does not

art/stac1982_f16.eps
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Figure 17. Ratio of 0.3–10 keV X-ray flux at 11-h, F X , 11 , to the 15–150 keV 

gamma-ray fluence, φγ , versus the projected physical offset from the sGRB 

host galaxy. sGRBs with T 90 < 2 s are represented by light purple circles, 
sGRBEE by dark purple squares and observationally hostless events (adopting 
the offset to their lowest P cc candidate host) are displayed by light grey 
circles. Events with upper limits on F X , 11 are shown by downward triangles. 
The sample of events is compiled from Nysewander, Fruchter & Pe’er ( 2009 ), 
Berger ( 2014 ), and O’Connor et al. ( 2020 , 2021 ). 
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O’Connor et al. 2021 ). We have limited the sample to those with classified 
galaxy type and an error on their offset of < 20 per cent . 

t  

t  

b
n  

a  

o  

t

F  

t
i
R  

f  

2  

s  

g  

n  

t  

e

m  

a  

t  

s  

B  

I  

g  

i
s
s
2  

V  

P  

u
d

e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
ccounts for energy injection from the central engine. Moreo v er, this
uantity F X , 11 / φγ is independent of distance. In Fig. 17 , we observe
hat there is a large scatter in the correlation (see also O’Connor et al.
020 ). Although GRBs with small offsets tend to occupy the upper
art of the plot, and those with larger offsets the lower part, no trend
an be conclusively established. 

We find no evidence for a population of bursts in a rarefied
nvironment (i.e. a low ratio of X-ray flux to gamma-ray fluence 
n comparison to other events at a similar offset. For example, 
ee GRB 211211A, Troja et al., in preparation). Instead, we find 
hat observationally hostless sGRBs (e.g. sGRBs 061201, 091109B, 
10112A, 111020A, 160601A, and 160927A) are not X-ray faint 
hen compared to the o v erall population, as they all lie abo v e

og ( F X , 11 / φγ ) � −6.1. While these ev ents hav e no secure host
ssociation, we paired them with their most likely host galaxy to 
alculate their offsets in Fig. 17 . However, the X-ray brightness of
heir afterglows does not support the large of fset/lo w density scenario
mplied by these galaxy’s associations and may suggest that they 
eside in faint hosts at z > 1. 

 DISCUSSION  

.1 A redshift evolution of sGRB locations 

y exploring the distribution of sGRB offsets at z < 0.5 and z > 0.5
Fig. 11 ; top panel), we identified a redshift evolution in the locations
f sGRBs around their galaxies. Based on our analysis, there are 
o events with z > 0.5 at physical offsets > 15 kpc, compared to
0 per cent at z < 0.5. We examine three possible factors which could
e at the origin of the observed trend: (i) an evolution of the host
alaxy size, (ii) an intrinsic property of their progenitors, or (iii) an
bservational bias against dim high- z galaxies. 
The increased size of sGRB host galaxies o v er cosmic time

ossibly leads to a larger birth radius of the progenitor, and therefore
 larger offset. This is consistent with observations of galaxy size 
 volution follo wing the relation R e ∝ (1 + z) −α with α ≈ 0.6 − 1.3
see e.g. Dahlen et al. 2007 ; van der Wel et al. 2008 ; P apo vich et al.
012 ; Ribeiro et al. 2016 ; Allen et al. 2017 ; Paulino-Afonso et al.
017 ) leading to growth by a factor of ∼ 2 × between z = 1 and
he present. It is not clear if this growth is completely due to a
rue galaxy evolution effect or an observational bias due to surface
rightness dimming with distance. Nonetheless, we show that, when 
ormalized by the host galaxy’s size, the two distributions at z < 0.5
nd z > 0.5 mo v e closer to each other (Fig. 11 ). In particular, for
ffsets < R e they seem to track each other well. However, we find
hat all events with offsets > 5 R e reside only in low- z galaxies. 

By correlating the physical offset with host galaxy type (see 
ig. 18 ), we find that low- z early-type galaxies preferentially host

hese sGRBs with large spatial offsets. These events are commonly 
nterpreted as highly kicked BNS systems (Behroozi, Ramirez- 
uiz & Fryer 2014 ; Zevin et al. 2020 ) or BNS mergers dynamically

ormed in globular clusters (Salvaterra et al. 2010 ; Church et al.
011 ). Ho we ver, we note that an alternative possibility is that the
GRB progenitors were formed in the extended stellar halo of their
alaxy (Perets & Beniamini 2021 ), and as such do not require large
atal kicks. Thus, the large host normalized offsets may be due to
he fact that R e is not a good tracer of the extended stellar halo in
arly-type galaxies (D’Souza et al. 2014 ; Huang et al. 2018 ). 

Another physical explanation for this evolution is that systems 
erging at low redshifts had a longer delay time between formation

nd merger of the binary, allowing them to travel further distances
han those merging at higher redshifts. Ho we ver, through population
ynthesis, Perna et al. ( 2021 ) found the opposite trend: simulated
NS at high redshift reach a larger distance from their host galaxies.

n fact, they found that ∼ 20 per cent of BNS systems in simulated
alaxies at z = 1 reach offsets > 15 kpc, whereas none have been
dentified observationally. Future population synthesis modeling, 
pecifically using inferences from observations of Galactic BNS 

ystems (Beniamini, Hotokezaka & Piran 2016 ; Beniamini & Piran 
016 ; Abbott et al. 2017 ; Tauris et al. 2017 ; Kruckow et al. 2018 ;
igna-G ́omez et al. 2018 ; Andrews & Mandel 2019 ; Beniamini &
iran 2019 ), is required to discern whether these results are expected
nder different assumptions for the delay time and natal kick 
istributions. 
Nevertheless, we bear in mind that an alternative scenario to 

xplain the redshift evolution is an observational bias against faint 
MNRAS 515, 4890–4928 (2022) 
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Figure 19. Breakdown of the fraction of 72 events considered in this work 
into those with a putative host galaxy and those that are considered hostless. 
We have separated these events further based on their localization either with 
XRT (purple) or to a sub-arcsecond position (blue). The total fraction of 
hostless events is 28 per cent (11 per cent XRT and 17 per cent sub-arcsecond 
localized). The total number of hostless events is 20, with 12 of them having 
a sub-arcsecond localization. 
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igh- z galaxies. This bias can most easily be understood based on
ig. 14 , where the decrease in host galaxy apparent magnitude as
 function of redshift is displayed. For instance, above z > 1 the
ajority of galaxies in the universe are fainter than r > 23.5 mag, with
 significant fraction dimmer than r > 25 mag. In order to associate
 GRB to such faint galaxies (Fig. 15 ) requires an offset of � 3
rcsec (corresponding to � 25 kpc, assuming z ≈ 1). This condition
ecomes more stringent if the probability of chance coincidence
utoff threshold is decreased from the 10 per cent value used in this
ork (Section 3.3 ). For example, adopting a cutoff value of 5 per cent,

s used in previous studies (Fong & Berger 2013 ), requires an
ffset � 2.2 arcsec or, equivalently, � 18 kpc, even for sub-arcsecond
ocalized sGRBs. Surprisingly, even a Milky Way-like spiral galaxy
t z ≈ 1 ( r ≈ 23 mag) will have a probability of chance alignment
arger than 5 per cent (10 per cent) if the projected physical offset is
 20 (30) kpc (Tunnicliffe et al. 2014 ). Therefore, we find that it is

nlikely, based on probabilistic grounds, to associate high- z sGRBs
o galaxies at large physical offsets. This bias may explain, at least in
art, the observed redshift evolution of sGRB offsets and should be
aken into account when comparing the observed offset distribution
o progenitor models. 

.2 Hostless short GRBs 

.2.1 Observationally hostless fraction 

e have selected a homogenous sample (Section 2.1 ) of short GRBs
etected by Swift /BAT of which 72 have a sensitive search for their
ost galaxy. We identify that ∼ 28 per cent (20 events) of these 72
vents are observationally hostless (see Fig. 19 for a breakdown of
he fraction of events with and without a host separated by their
ocalization). This fraction is higher than the value of 17 per cent
eported by Fong et al. ( 2013 ). We find that this difference is mainly
riven by the larger sample of X-ray localized events studied in our
ork. Considering only the sample with sub-arcsecond positions, the
ostless fraction is 26 per cent , consistent between the two works. 
As the fraction of hostless sub-arcsecond localized events is

onsistent with the full population, we find that our result is not
riven by the lower accuracy of X-ray localized events. In fact, in
ection 4.1.2 , we demonstrated that the offsets of X-ray localized
vents are consistent with the locations of sub-arcsecond localized
GRBs (Fig. 12 ). This suggests that any selection bias against large
f fsets or lo w-density environments acts on both samples in the same
ay. 
NRAS 515, 4890–4928 (2022) 
.2.2 Interpretation of hostless events 

e emphasize that there is a lingering ambiguity as to the origin of
ostless short GRBs. The main scenarios are that (i) the GRB was
icked to a substantial distance from its birth galaxy, such that the
robability of chance alignment is large, or (ii) the GRB merged in a
aint, undetected galaxy at a smaller angular distance. Ho we ver, the
iagnosis for individual events is complicated, and it is difficult to
istinguish between these two scenarios. For instance, the hostless
GRBs presented by Berger ( 2010 ) are located at a significant
ffset (30–75 kpc) from bright low- z galaxies ( z < 0.5). Ho we ver,
espite their brightness, the probability of chance coincidence is
 10 per cent . Therefore, it is not clear whether these sGRBs are

ruly associated with these low- z galaxies, or whether they reside
n faint, undetected hosts ( H > 26 mag). The interpretation has a
irect impact on the energetics, redshift (Section 4.3 ), and delay
ime distributions of sGRBs. 

In this work, we have tripled the number of observationally
ostless sGRBs (from 7 to 20 events). We find that half of the
bservationally hostless sGRBs lack any nearby (low- z) candidate
ost. These events are more likely to have exploded in faint r � 24.5
ag galaxies (see Section 4.2 ) that are consistent with 0.1 − 1.0 L 

∗

alaxies at z > 1. We note, ho we ver, that an alternati v e e xplanation is
hat these represent a population of low luminosity ( < 0.1 L 

∗) galaxies
osting sGRBs at z < 1, although this is at tension with the population
f well-determined sGRB hosts (0.1 − 1 L 

∗; Berger 2010 ) and with
redictions from population synthesis modeling, which find that BNS
ystems preferentially form in the most massive (brightest) galaxies
Behroozi, Ramirez-Ruiz & Fryer 2014 ; Mapelli et al. 2018 ; Artale
t al. 2019 , 2020a ; Adhikari et al. 2020 ; Mandhai et al. 2021 ; Chu,
u & Lu 2022 ). 
Previous work in the literature (see e.g. Berger 2010 ; Tunnicliffe

t al. 2014 ) has focused on the likelihood to detect faint galaxies at
igh- z, as opposed to the large probability of chance coincidence even
n the event that a galaxy is detected. We find that despite detecting
hese faint galaxies, they are difficult to confidently associate to the
RB using the standard probability of chance coincidence method-
logy (Bloom et al. 2002 ). This is indicative of an observational bias
gainst faint galaxies (see also Section 5.1 ). 

We note that a larger population of sGRBs at z > 1 implies a steep
TD with an increased fraction of events with short delay times, as
educed based on Galactic BNS systems (Beniamini & Piran 2019 ).
his would further disfa v or lognormal DTD models (Section 4.3 ),
nd support a primordial formation channel for these events. 

We further explored the sample of observationally hostless events
hat lie close to low- z galaxies. We exploited their high-energy
roperties to probe their environments (Section 4.4 ), as their circum-
urst density can be used to constrain their allowed physical offset
O’Connor et al. 2020 ). Fig. 17 shows a weak correlation between
-ray afterglow brightness with the sGRB location, such that a

arger offset leads to fainter X-ray emission. The X-ray constraints
or hostless events are either too shallow or inconsistent with the
bserved trend. Although this does not conclusively rule out that
hese hostless sGRBs could be mergers kicked out into the IGM
physically hostless), it does not offer observational support and
eaves their nature undetermined. Rapid and deep X-ray observations
ith next-generation instruments (e.g. the Athena X-ray observatory ;
andra et al. 2013 ) will be capable of probing X-ray fluxes of
10 −16 erg cm 

−2 s −1 within 12 h of the GRB trigger, and, therefore,
ill be able to detect the low flux regime of physically hostless

GRBs. Athena will require input from dedicated GRB and gamma-
ay missions (Piro et al. 2021a ), such as SVOM (Paul et al. 2011 ;
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ordier et al. 2015 ), THESEUS (Amati et al. 2018 ), the Gamow
xplorer (White et al. 2021 ), SIBEX (Roming et al. 2021 ), STROBE-
 (Ray et al. 2019 ), and AXIS (Mushotzky et al. 2019 ), among other
roposed and future missions, in order to rapidly locate and target 
GRBs. 

We note that the main factor preserving the ambiguity in inter- 
reting these events is that the distance scale to the sGRB is not
nown. Therefore, in order to disentangle between faint hosts and 
arge offsets we require better constraints as to the distance to short
RBs. The most critical observational tests are (i) rapid afterglow 

pectroscopy to determine redshift independent of the galaxy associa- 
ion (e.g. GRB 160410A; this work and Ag ̈u ́ı Fern ́andez et al. 2021 ),
ii) the conclusive identification of a kilono va, pro viding indirect 
vidence of the GRB distance scale (Troja et al. 2019 ; Chase et al.
022 ), or (iii) the advent of next generation GW detectors capable of
etecting compact binaries at cosmological distances (Punturo et al. 
010 ; Dwyer et al. 2015 ). 

 C O N C L U S I O N S  

e carried out a systematic study of the host galaxies of 31 short
RBs. This analysis ef fecti vely doubles the sample of well-studied 

GRB host galaxies, leading to a total of 72 events fitting our
election criteria with sensitive searches for their host. We assign a 
pectroscopic redshift to 5 of these events, and derive a photometric 
edshift for 7 others. Based on the results of this study, we present
he subsequent findings: 

(i) The sub-arcsecond localized population of sGRBs has a median 
rojected physical offset of 5.6 kpc (4 × larger than for long GRBs;
lanchard et al. 2016 ; Lyman et al. 2017 ), with 70 per cent of events
ccurring at < 10 kpc from their host’s nucleus. 
(ii) We find that 28 per cent of sGRBs (20 out of 72) lack a putative

ost galaxy to depth r > 26 mag. For half of these hostless bursts,
he most likely host is a faint ( r > 24.5 mag) galaxy consistent with
 high redshift origin ( z > 1). 

(iii) Based on this evidence and the larger sample of 48 redshifts,
e have presented improved constraints on the redshift distribution 
f sGRBs. We find that 20 per cent of sGRBs with known redshift
ie abo v e z > 1, although this number could be as high as 50 per cent
hen including the population of events with no known host. The 
ata are inconsistent with lognormal DTDs for their progenitors, and 
nstead fa v ors power -la w models with inde x −1 or steeper. 

(iv) By correlating the high-energy properties of sGRBs with their 
ocations, we find evidence of a possible trend linking the X-ray 
rightness to the distance from the host galaxy. We point out that
ostless events, if associated with their most likely nearby galaxy, 
o not follow this trend. Hence, their X-ray brightness does not lend
upport to their interpretation as mergers in a rarefied medium. 

(v) We find that sGRBEEs are inconsistent with the offset dis- 
ribution of long GRBs in both projected physical offset and host
ormalized offset. This conclusion is reached independently of 
lassical sGRBs. 

(vi) Lastly, we unco v er that the low redshift population of sGRBs
s further offset by a factor of 2 × from their hosts compared to
he sample at z > 0.5 with the median value increasing from 3.2 to
.5 kpc. This redshift evolution can be explained either by a physical
volution in their progenitors or the larger size of low- z galaxies.
nother possibility is that the apparent redshift evolution is due to a

election bias against faint galaxies that reside at higher redshifts. 

We emphasize that while late-time observations alone cannot 
llow for concrete host associations for events at > 50 (25) kpc
ast z � 0.1 (1.0), rapid optical spectroscopy can determine the
RB’s distance scale and yield a confident host galaxy assignment. 
oreo v er, rapid and deep optical and infrared observations can lead

o the identification of a kilono va, pro viding an indication of the
RB’s distance. These transient are expected to be detectable out 

o z ∼ 1 with both current ( James Webb Space Telescope ; JWST )
nd future observatories (e.g. the 39-m Extremely Large Telescope; 
ilmozzi & Spyromilio 2007 ). 
In addition, the combination of next generation GW detectors 

i.e. Einstein Telescope and Cosmic Explorer; Punturo et al. 2010 ;
wyer et al. 2015 ) with EM observations can allow for confident

ssociations (out to z ∼ 4–10; Hall & Evans 2019 ; Singh et al. 2021 )
s the distance of the GW event can be compared to nearby galaxies.
his will allow us to unambiguously distinguish between the large 
ffset scenario and a high- z explanation for observationally hostless 
GRBs. 

Lastly, future infrared observations with HST and JWST will 
robe lower stellar mass galaxies as a function of redshift (Fig. 6 ),
llowing for more robust limits on the possible faint (high- z) galaxies
hese sGRBs. High resolution observations would also allow for an 
ccurate morphological analysis of the detected hosts, leading to a 
etter understanding of the ratio of early- to late-type galaxies, which
ields important information as to the age and formation channels of
GRB progenitors and can illuminate whether events at large offsets 
re due to kicks or formation in their galaxy’s halo. 

C K N OW L E D G E M E N T S  

he authors would like to thank the re vie wer for their thoughtful
eedback on the manuscript. BO acknowledges useful discussions 
ith Phil Evans and Geoffrey Ryan. BO thanks Amy Gottlieb for

ssistance in obtaining LDT observations. 
BO was partially supported by the National Aeronautics and Space 

dministration through grants NNX16AB66G, NNX17AB18G, and 
0NSSC20K0389, through Chandra Award Numbers GO021065A, 
O021062A, and GO122068X issued by the Chandra X-ray Center, 
hich is operated by the Smithsonian Astrophysical Observatory for 

nd on behalf of the National Aeronautics and Space Administration 
nder contract NAS8-03060, and by the National Science Foundation 
hrough grant no. 12850. PB’s research was supported by a grant (no.
020747) from the United States-Israel Binational Science Founda- 
ion (BSF), Jerusalem, Israel. JBG acknowledges financial support 
rom the Spanish Ministry of Science and Innovation (MICINN) 
hrough the Spanish State Research Agenc y, under Sev ero Ochoa
rogram 2020-2023 (CEX2019-000920-S). This project has received 
unding from the European Research Council (ERC) under the Eu- 
opean Union’s Horizon 2020 research and innovation programme, 
rant 101002761 (BHianca; PI: Troja). RSR acknowledges support 
nder the CSIC-MURALES project with reference 20215AT009 and 
rom the State Agency for Research of the Spanish MCIU through
he Center of Excellence Severo Ochoa award to the Instituto de
strof ́ısica de Andaluc ́ıa (SEV-2017-0709). 
This work made use of data supplied by the UK Swift Science

ata Centre at the University of Leicester. This research has made
se of the Keck Observatory Archive (KOA), which is operated 
y the W. M. Keck Observatory and the NASA Exoplanet Science
nstitute (NExScI), under contract with the National Aeronautics 
nd Space Administration. Based on observations obtained at the 
nternational Gemini Observatory, a program of NSF’s OIR Lab, 
hich is managed by the Association of Universities for Research in
stronomy (AURA) under a cooperative agreement with the National 
cience Foundation on behalf of the Gemini Observatory partnership: 
MNRAS 515, 4890–4928 (2022) 



4914 B. O’Connor et al. 

M

t  

C  

(  

M  

(  

o  

o  

S  

i  

f  

S  

c  

L  

T  

U  

a  

p  

O  

(  

N  

t  

C  

a  

V  

t  

i  

B  

o  

S  

d  

S  

i  

W  

P

D

T  

t

R

A
A  

A
A
A
A
A
A
A
A
A
A
A  

A  

A  

A
B
B

B
B  

B
B
B
B  

B  

B
B
B
B
B
B
B
B
B  

B
B  

B
B
B  

 

B
B
B  

B
B
B
B
B
B
B
B
C  

C
C  

C  

C  

C
C
C
C
C
C  

 

C
C
C
C
C
C  

C
C
C
C
D

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
he National Science Foundation (United States), National Research
ouncil (Canada), Agencia Nacional de Investigaci ́on y Desarrollo

Chile), Ministerio de Ciencia, Tecnolog ́ıa e Innovaci ́on (Argentina),
inist ́erio da Ci ̂ encia, Tecnologia, Inova c ¸ ˜ oes e Comunica c ¸ ˜ oes

Brazil), and Korea Astronomy and Space Science Institute (Republic
f Korea). The HST data (ObsID: 14685) used in this work was
btained from the Mikulski Archive for Space Telescopes (MAST).
TScI is operated by the Association of Universities for Research

n Astronomy, Inc., under NASA contract NAS5-26555. Support
or MAST for non- HST data is provided by the NASA Office of
pace Science via grant NNX09AF08G and by other grants and
ontracts. These results also made use of Lowell Observatory’s
owell Disco v ery Telescope (LDT), formerly the Disco v ery Channel
elescope. Lowell operates the LDT in partnership with Boston
ni versity, Northern Arizona Uni versity, the Uni versity of Maryland,

nd the University of Toledo. Partial support of the LDT was
rovided by Discovery Communications. LMI was built by Lowell
bservatory using funds from the National Science Foundation

AST-1005313). This paper makes use of data obtained from the Isaac
ewton Group of Telescopes Archive which is maintained as part of

he CASU Astronomical Data Centre at the Institute of Astronomy,
ambridge. This work is based on data from the GTC Public Archive
t CAB (INTA-CSIC), developed in the framework of the Spanish
irtual Observatory project supported by the Spanish MINECO

hrough grants AYA 2011-24052 and AYA 2014-55216. The system
s maintained by the Data Archive Unit of the CAB (INTA-CSIC).
ased on observations made with the Liverpool Telescope operated
n the island of La Palma by Liverpool John Moores University in the
panish Observatorio del Roque de los Muchachos of the Instituto
e Astrofisica de Canarias with financial support from the UK
cience and Technology Facilities Council. Additionally, this work

s based on data obtained from the ESO Science Archive Facility.
e additionally made use of Astropy, a community-developed core

YTHON package for Astronomy (Astropy Collaboration 2018 ). 

ATA  AVA ILA BILITY  

he data underlying this article will be shared on reasonable request
o the corresponding author. 

E FEREN C ES  

bbott B. P. et al., 2017, ApJ , 850, L40 
dhikari S., Fishbach M., Holz D. E., Wechsler R. H., Fang Z., 2020, ApJ ,

905, 21 
g ̈u ́ı Fern ́andez J. F. et al., 2021, preprint ( arXiv:2109.13838 ) 
humada R. et al., 2020, ApJS , 249, 3 
humada T. et al., 2021, Nat. Astron. , 5, 917 
llen R. J. et al., 2017, ApJ , 834, L11 
mati L. et al., 2018, Adv. Space Res. , 62, 191 
ndrews J. J., Mandel I., 2019, ApJ , 880, L8 
ndrews J. J., Zezas A., 2019, MNRAS , 486, 3213 
ntonelli L. A. et al., 2009, A&A , 507, L45 
ptekar R. L. et al., 1995, Space Sci. Rev. , 71, 265 
rcavi I. et al., 2017, ApJ , 848, L33 
rtale M. C., Mapelli M., Giacobbo N., Sabha N. B., Spera M., Santoliquido

F., Bressan A., 2019, MNRAS , 487, 1675 
rtale M. C., Mapelli M., Bouffanais Y., Giacobbo N., Pasquato M., Spera

M., 2020a, MNRAS , 491, 3419 
rtale M. C., Bouffanais Y., Mapelli M., Giacobbo N., Sabha N. B.,

Santoliquido F., Pasquato M., Spera M., 2020b, MNRAS , 495, 1841 
stropy Collaboration, 2018, AJ , 156, 123 
ae Y.-B., Kim C., Lee H. M., 2014, MNRAS , 440, 2714 
arthelmy S. D., Norris J., 2011, GCN Circ., 11870 
NRAS 515, 4890–4928 (2022) 
arthelmy S. D. et al., 2005, Space Sci. Rev. , 120, 143 
eardmore A. P., Kuin N. P. M., Page K. L., Palmer D. M., Sbarufatti B.,

Starling R. L. C., 2017, GCN Circ., 21042 
eardmore A. P. et al., 2018, GCN Circ., 23043 
ecker A., 2015, Astrophysics Source Code Library, record ascl:1504.004 
ehroozi P. S., Ramirez-Ruiz E., Fryer C. L., 2014, ApJ , 792, 123 
elczynski K., Perna R., Bulik T., Kalogera V., Iv anov a N., Lamb D. Q.,

2006, ApJ , 648, 1110 
elczynski K., Kalogera V., Rasio F. A., Taam R. E., Zezas A., Bulik T.,

Maccarone T. J., Iv anov a N., 2008, ApJS , 174, 223 
eniamini P., Piran T., 2016, MNRAS , 456, 4089 
eniamini P., Piran T., 2019, MNRAS , 487, 4847 
eniamini P., Hotokezaka K., Piran T., 2016, ApJ , 829, L13 
eniamini P., Dvorkin I., Silk J., 2018, MNRAS , 478, 1994 
erger E., 2010, ApJ , 722, 1946 
erger E., 2014, ARA&A , 52, 43 
erger E. et al., 2013, ApJ , 765, 121 
ernardini M. G. et al., 2014, GCN Circ., 15765 
ertin E., 2006, Proc. ASP Conf. Ser. Vol. 351, Astronomical Data Analysis

Software and Systems XV. Astron. Soc. Pac., San Francisco, p. 112 
ertin E., 2010, Astrophysics Source Code Library, record ascl:1010.068 
ertin E., 2011, Proc. ASP Conf. Ser. Vol. 442, Astronomical Data Analysis

Software and Systems XX. Astron. Soc. Pac., San Francisco, p. 435 
ertin E., 2013, Astrophysics Source Code Library, record ascl:1301.001 
ertin E., Arnouts S., 1996, A&AS , 117, 393 
ertin E., Mellier Y., Radovich M., Missonnier G., Didelon P., Morin B., 2002,

Proc. ASP Conf. Ser. Vol. 281, Astronomical Data Analysis Software and
Systems XI. Astron. Soc. Pac., San Francisco, p. 228 

issaldi E., 2017, GCN Circ., 21980 
lanchard P. K., Berger E., Fong W.-F., 2016, ApJ , 817, 144 
loom J. S., Sigurdsson S., Wijers R. A. M. J., Almaini O., Tanvir N. R.,

Johnson R. A., 1997, MNRAS , 292, L55 
loom J. S., Sigurdsson S., Pols O. R., 1999, MNRAS , 305, 763 
loom J. S., Kulkarni S. R., Djorgovski S. G., 2002, AJ , 123, 1111 
loom J. S. et al., 2006, ApJ , 638, 354 
loom J. S. et al., 2007, ApJ , 654, 878 
olmer J., Steinle H., Schady P., 2017, GCN Circ., 21050 
romberg O., Nakar E., Piran T., Sari R., 2013, ApJ , 764, 179 
rown W. R., Geller M. J., Fabricant D. G., Kurtz M. J., 2001, AJ , 122, 714 
urrows D. N. et al., 2005, Space Sci. Rev. , 120, 165 
alzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-

Bergmann T., 2000, ApJ , 533, 682 
annizzo J. K. et al., 2017a, GCN Circ., 20540 
annizzo J. K., Beardmore A. P., Page K. L., Palmer D. M., Siegel M. H.,

2017b, GCN Circ., 21367 
annizzo J. K., Barthelmy S. D., Cummings J. R., Marshall F. E., Page K. L.,

Siegel M. H., 2017c, GCN Circ., 21976 
ao Y., Kulkarni S. R., Yan L., Ravi V., Vedantham H. K., Kasliwal M. M.,

2017, GCN Circ., 19278 
apak P. et al., 2004, AJ , 127, 180 
apak P. et al., 2007, ApJS , 172, 99 
enko S. B. et al., 2008, preprint ( arXiv:0802.0874 ) 
enko S. B., Sudilo vsk y V., Tanga M., Greiner J., 2013, GCN Circ., 15222 
enko S. B. et al., 2017, GCN Circ., 21371 
epa J. et al., 2000, in Masanori I., Moorwood A. F. M., eds, Proc. SPIE Conf.

Ser. Vol. 4008, Optical and IR Telescope Instrumentation and Detectors.
SPIE, Bellingham, p. 623 

habrier G., 2003, PASP , 115, 763 
hambers K. C. et al., 2016, preprint ( arXiv:1612.05560) 
hase E. A. et al., 2022, ApJ , 927, 163 
hornock R. et al., 2013, GCN Circ., 15307 
hu Q., Yu S., Lu Y., 2022, MNRAS , 509, 1557 
hurch R. P., Le v an A. J., Davies M. B., Tanvir N., 2011, MNRAS , 413, 2004
onroy C., Gunn J. E., White M., 2009, ApJ , 699, 486 
ook D. O. et al., 2019, ApJ , 880, 7 
ordier B. et al., 2015, preprint ( arXiv:1512.03323) 
utri R. M. et al., 2021, VizieR On-line Data Catalog: II/328 
’Avanzo P. et al., 2009, A&A , 498, 711 

http://dx.doi.org/10.3847/2041-8213/aa93fc
http://dx.doi.org/10.3847/1538-4357/abbfb7
http://arxiv.org/abs/2109.13838
http://dx.doi.org/10.3847/1538-4365/ab929e
http://dx.doi.org/10.1038/s41550-021-01428-7
http://dx.doi.org/10.3847/2041-8213/834/2/L11
http://dx.doi.org/10.1016/j.asr.2018.03.010
http://dx.doi.org/10.3847/2041-8213/ab2ed1
http://dx.doi.org/10.1093/mnras/stz1066
http://dx.doi.org/10.1051/0004-6361/200913062
http://dx.doi.org/10.1007/BF00751332
http://dx.doi.org/10.3847/2041-8213/aa910f
http://dx.doi.org/10.1093/mnras/stz1382
http://dx.doi.org/10.1093/mnras/stz3190
http://dx.doi.org/10.1093/mnras/staa1252
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.1093/mnras/stu381
http://dx.doi.org/10.1007/s11214-005-5096-3
http://dx.doi.org/10.1088/0004-637X/792/2/123
http://dx.doi.org/10.1086/505169
http://dx.doi.org/10.1086/521026
http://dx.doi.org/10.1093/mnras/stv2903
http://dx.doi.org/10.1093/mnras/stz1589
http://dx.doi.org/10.3847/2041-8205/829/1/L13
http://dx.doi.org/10.1093/mnras/sty1035
http://dx.doi.org/10.1088/0004-637X/722/2/1946
http://dx.doi.org/10.1146/annurev-astro-081913-035926
http://dx.doi.org/10.1088/0004-637X/765/2/121
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.3847/0004-637X/817/2/144
http://dx.doi.org/10.1093/mnras/292.1.L55
http://dx.doi.org/10.1046/j.1365-8711.1999.02437.x
http://dx.doi.org/10.1086/338893
http://dx.doi.org/10.1086/498107
http://dx.doi.org/10.1086/509114
http://dx.doi.org/10.1088/0004-637X/764/2/179
http://dx.doi.org/10.1086/321176
http://dx.doi.org/10.1007/s11214-005-5097-2
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1086/380611
http://dx.doi.org/10.1086/519081
http://arxiv.org/abs/0802.0874
http://dx.doi.org/10.1086/376392
http://arxiv.org/abs/1612.05560)
http://dx.doi.org/10.3847/1538-4357/ac3d25
http://dx.doi.org/10.1093/mnras/stab2882
http://dx.doi.org/10.1111/j.1365-2966.2011.18277.x
http://dx.doi.org/10.1088/0004-637X/699/1/486
http://dx.doi.org/10.3847/1538-4357/ab2131
http://arxiv.org/abs/1512.03323)
http://dx.doi.org/10.1051/0004-6361/200811294


sGRB host galaxies 4915 

D  

D
D  

D  

D
D
D
D
D

D  

D
d
d  

D
D
D
D
D
D
D  

E
E
E
E  

E
F  

F
F
F
F
F
F
F
F
F
G  

G
G  

G
G
G
G  

G  

G  

G
G
G  

G
G  

G
G
G

G
G
G
G
G
H
H
H
H
H
H
H
H  

 

H
H
H
H  

H  

H  

H
H
I
I
I  

J
J
J  

K
K  

K
K
K
K
K
K
K  

L  

 

L
L  

L
L
L
L
L
L
L
L
M
M
M
M  

M  

M
M
M  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
’Avanzo P., Melandri A., Palazzi E., D’Elia V., di Fabrizio L., Carosati D.,
2016, GCN Circ., 19956 

’Avanzo P., Stoev H., Cecconi M., 2017, GCN Circ., 21373 
’Avanzo P., D’Elia V., Kuin N. P. M., Lien A. Y., Marshall F. E., Melandri

A., Sbarufatti B., 2018, GCN Circ., 23076 
’Elia V., Chester M. M., Cummings J. R., Malesani D., Markwardt C. B.,

Page K. L., Palmer D. M., 2013a, GCN Circ., 15212 
’Elia V. et al., 2013b, GCN Circ., 15310 
’Elia V., Barthelmy S. D., Izzo L., Siegel M. H., 2014, GCN Circ., 16433 
’Elia V. et al., 2019, GCN Circ., 26112 
’Souza R., Kauffman G., Wang J., Vegetti S., 2014, MNRAS , 443, 1433 
ahlen T., Mobasher B., Dickinson M., Ferguson H. C., Giavalisco M., 

Kretchmer C., Ravindranath S., 2007, ApJ , 654, 172 
alya G., Frei Z., Galgoczi G., Raffai P., de Souza R. S., 2016, VizieR On-line

Data Catalog: VII/275 
avies M. B., 1995, MNRAS , 276, 887 
e Ugarte Postigo A. et al., 2014, A&A , 563, A62 
e Ugarte Postigo A., Izzo L., Kann D. A., Thoene C. C., Cano Z., Reverte-

Paya D., 2016, GCN Circ., 20004 
ella Valle M. et al., 2006, Nature , 444, 1050 
ES Collaboration, 2021, preprint ( arXiv:2101.05765) 
ichiara S., Troja E., 2019, GCN Circ., 26147 
ichiara S. et al., 2021, ApJ , 911, L28 
ucoin J.-G., Corre D., Leroy N., Le Floch E., 2020, MNRAS , 492, 4768 
uque R., Beniamini P., Daigne F., Mochkovitch R., 2020, A&A , 639, A15 
wyer S., Sigg D., Ballmer S. W., Barsotti L., Mav alv ala N., Ev ans M., 2015,

Phys. Rev. D , 91, 082001 
ichler D., Livio M., Piran T., Schramm D. N., 1989, Nature , 340, 126 
vans P. A. et al., 2009, MNRAS , 397, 1177 
vans P. A. et al., 2014, ApJS , 210, 8 
vans P. A., Barthelmy S. D., Page K. L., Palmer D. M., Siegel M. H., 2016,

GCN Circ., 1926 
vans P. A. et al., 2020, ApJS , 247, 54 
aber J. A., Baumgarte T. W., Shapiro S. L., Taniguchi K., 2006, ApJ , 641,

L93 
erland G. J. et al., 2013, RMxAA, 49, 137 
ermi GBM Team, 2020, GCN Circ., 27535 
inkelstein S. L. et al., 2015, ApJ , 810, 71 
ong W., Berger E., 2013, ApJ , 776, 18 
ong W. et al., 2013, ApJ , 769, 56 
ox D. B. et al., 2005, Nature , 437, 845 
rederiks D. et al., 2016, GCN Circ., 19288 
rederiks D. et al., 2019, GCN Circ., 26126 
ryer C. L., Woosley S. E., Hartmann D. H., 1999, ApJ , 526, 152 
aikwad R., Gupta S., Sharma V., Bhattacharya D., Bhalerao V., Rao A. R.,

Vadawale S., AstroSat CZTI Collaboration, 2019, GCN Circ., 26129 
al-Yam A. et al., 2006, Nature , 444, 1053 
alametz A., Grazian A., Fontana A., Ferguson H. C., Ashby M. L. N., Barro

G., Castellano M. et al., 2013, ApJS , 206, 10 
ehrels N. et al., 2004, ApJ , 611, 1005 
ehrels N. et al., 2005, Nature , 437, 851 
ehrels N. et al., 2006, Nature , 444, 1044 
ehrels N., Cannizzo J. K., Kanner J., Kasliwal M. M., Nissanke S., Singer

L. P., 2016, ApJ , 820, 136 
ibson S. L., Malesani D., Page K. L., Palmer D. M., Siegel M. H., 2016a,

GCN Circ., 19271 
ibson S. L., Gehrels N., Kennea J. A., Marshall F. E., Page K. L., Palmer

D. M., Siegel M. H., 2016b, GCN Circ., 19952 
ilmozzi R., Spyromilio J., 2007, Messenger, 127, 11 
oad M. R. et al., 2007, A&A , 476, 1401 
oad M. R., Osborne J. P., Beardmore A. P., Evans P. A., 2014, GCN Circ.,

16865 
olenetskii S. et al., 2011, GCN Circ., 11869 
olenetskii S., Aptekar R., Frederiks D., Pal’Shin V., Oleynik P., Ulanov M.,

Svinkin D., Cline T., 2013, GCN Circ., 15225 
olenetskii S. et al., 2015, GCN Circ., 182 
ompertz B. P., Le v an A. J., Tanvir N. R., 2020, ApJ , 895, 58 
ompertz B. P. et al., 2022, preprint ( arXiv:2205.05008) 
onzaga S., Hack W., Fruchter A., Mack J., 2012, drzp.book 
ranot J., Sari R., 2002, ApJ , 568, 820 
rindlay J., Portegies Zwart S., McMillan S., 2006, Nat. Phys. , 2, 116 
rogin N. A. et al., 2011, ApJS , 197, 35 
uetta D., Stella L., 2009, A&A , 498, 329 
agen L. M. Z. et al., 2013, GCN Circ., 15303 
all E. D., Evans M., 2019, Class. Quantum Gravity , 36, 225002 
amburg R., Bissaldi E., Fermi GBM Team, 2018a, GCN Circ., 22794 
amburg R., von Kienlin A., Meegan C., 2018b, GCN Circ., 23078 
ansen B. M. S., Phinney E. S., 1997, MNRAS , 291, 569 
ansen T. T. et al., 2017, ApJ , 838, 44 
ao J.-M., Yuan Y.-F., 2013, A&A , 558, A22 
artoog O. E., Malesani D., Sanchez-Ramirez R., de Ugarte Postigo A.,

Le v an A. J., Fynbo J. P. U., Vreeswijk P. M., Kaper L., 2014, GCN Circ.,
16437 

inshaw G. et al., 2013, ApJS , 208, 19 
jorth J. et al., 2005, Nature , 437, 859 
obbs G., Lorimer D. R., Lyne A. G., Kramer M., 2005, MNRAS , 360, 974 
ogg D. W., Pahre M. A., McCarthy J. K., Cohen J. G., Blandford R., Smail

I., Soifer B. T., 1997, MNRAS , 288, 404 
ook I. M., Jørgensen I., Allington-Smith J. R., Davies R. L., Metcalfe N.,

Murowinski R. G., Crampton D., 2004, PASP , 116, 425 
opman C., Guetta D., Waxman E., Portegies Zwart S., 2006, ApJ , 643, L91
uang K. Y. et al., 2005, ApJ , 628, L93 
uang S. et al., 2018, MNRAS , 480, 521 

lbert O. et al., 2005, A&A , 439, 863 
m M. et al., 2017, ApJ , 849, L16 
zzo L., Cano Z., de Ugarte Postigo A., Kann D. A., Thoene C., Geier S.,

2017, GCN Circ., 21059 
i A. P., Frebel A., Simon J. D., Chiti A., 2016a, ApJ , 830, 93 
i A. P., Frebel A., Chiti A., Simon J. D., 2016b, Nature , 531, 610 
ohnson B. D., Leja J. L., Conroy C., Speagle J. S., 2019, Astrophysics Source

Code Library, record ascl:1905.025 
ocevski D. et al., 2013, GCN Circ., 15112 
ocevski D., Lien A. Y., Page K. L., Ukwatta T. N., 2015, GCN Circ., 18745
ocevski D. et al., 2016, GCN Circ., 19478 
oekemoer A. M. et al., 2011, ApJS , 197, 36 
ouveliotou C. et al., 1993, ApJ , 413, L101 
ozlova A. et al., 2017, GCN Circ., 21398 
rimm H. A. et al., 2010, GCN Circ., 11484 
rimm H. A. et al., 2016, GCN Circ., 19459 
ruckow M. U., Tauris T. M., Langer N., Kramer M., Izzard R. G., 2018,

MNRAS , 481, 1908 
abrie K., Anderson K., C ́ardenes R., Simpson C., Turner J. E. H., 2019,

Proc. ASP Conf. Ser. Vol. 523, Astronomical Data Analysis Software and
Systems XXVIII. Astron. Soc. Pac., San Fransisco, p. 321 

amb G. P. et al., 2019, ApJ , 883, 48 
ang D., Hogg D. W., Mierle K., Blanton M., Roweis S., 2010, AJ , 139, 1782
aporte S. J., Cannizzo J. K., 2017, GCN Circ., 21386 
ee W. H., Ramirez-Ruiz E., van de Ven G., 2010, ApJ , 720, 953 
e v an A. J. et al., 2017, ApJ , 848, L28 
evesque E. M. et al., 2010, MNRAS , 401, 963 
ien A. Y., Burrows D. N., Kennea J. A., 2015, GCN Circ., 18209 
ien A. et al., 2016, ApJ , 829, 7 
yman J. D. et al., 2017, MNRAS , 467, 1795 
yne A. G., Lorimer D. R., 1994, Nature , 369, 127 
ailyan B., Meegan C., Fermi GBM Team, 2019, GCN Circ., 26118 
alesani D. et al., 2015, GCN Circ., 17755 
alesani D. et al., 2016, GCN Circ., 19485 
andhai S., Lamb G. P., Tanvir N. R., Bray J., Nixon C. J., Eyles-Ferris R.

A. J., Le v an A. J., Gompertz B. P., 2021, preprint (arXiv:2109.09714) 
apelli M., Giacobbo N., Toffano M., Ripamonti E., Bressan A., Spera M.,

Branchesi M., 2018, MNRAS , 481, 5324 
arocco F. et al., 2020, VizieR On-line Data Catalog: II/365 
cBreen S., 2010, GCN Circ., 11489 
cLean I. S. et al., 2012, in McLean I. S., Ramsay S. K., Takami H., eds, Proc.

SPIE Conf. Ser. Vol. 8446, Ground-based and Airborne Instrumentation 
for Astronomy IV. SPIE, Bellingham, p. 84460J 
MNRAS 515, 4890–4928 (2022) 

http://dx.doi.org/10.1093/mnras/stu1194
http://dx.doi.org/10.1086/508854
http://dx.doi.org/10.1093/mnras/276.3.887
http://dx.doi.org/10.1051/0004-6361/201322985
http://dx.doi.org/10.1038/nature05374
http://arxiv.org/abs/2101.05765)
http://dx.doi.org/10.3847/2041-8213/abf562
http://dx.doi.org/10.1093/mnras/staa114
http://dx.doi.org/10.1051/0004-6361/201937115
http://dx.doi.org/10.1103/PhysRevD.91.082001
http://dx.doi.org/10.1038/340126a0
http://dx.doi.org/10.1111/j.1365-2966.2009.14913.x
http://dx.doi.org/10.1088/0067-0049/210/1/8
http://dx.doi.org/10.3847/1538-4365/ab7db9
http://dx.doi.org/10.1086/504111
http://dx.doi.org/10.1088/0004-637X/810/1/71
http://dx.doi.org/10.1088/0004-637X/776/1/18
http://dx.doi.org/10.1088/0004-637X/769/1/56
http://dx.doi.org/10.1038/nature04189
http://dx.doi.org/10.1086/307992
http://dx.doi.org/10.1038/nature05373
http://dx.doi.org/10.1088/0067-0049/206/2/10
http://dx.doi.org/10.1086/422091
http://dx.doi.org/10.1038/nature04142
http://dx.doi.org/10.1038/nature05376
http://dx.doi.org/10.3847/0004-637X/820/2/136
http://dx.doi.org/10.1051/0004-6361:20078436
http://dx.doi.org/10.3847/1538-4357/ab8d24
http://arxiv.org/abs/2205.05008)
http://dx.doi.org/10.1086/338966
http://dx.doi.org/10.1038/nphys214
http://dx.doi.org/10.1088/0067-0049/197/2/35
http://dx.doi.org/10.1051/0004-6361:200810493
http://dx.doi.org/10.1088/1361-6382/ab41d6
http://dx.doi.org/10.1093/mnras/291.3.569
http://dx.doi.org/10.3847/1538-4357/aa634a
http://dx.doi.org/10.1051/0004-6361/201321471
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1038/nature04174
http://dx.doi.org/10.1111/j.1365-2966.2005.09087.x
http://dx.doi.org/10.1093/mnras/288.2.404
http://dx.doi.org/10.1086/383624
http://dx.doi.org/10.1086/505141
http://dx.doi.org/10.1086/432612
http://dx.doi.org/10.1093/mnras/sty1136
http://dx.doi.org/10.1051/0004-6361:20041961
http://dx.doi.org/10.3847/2041-8213/aa9367
http://dx.doi.org/10.3847/0004-637X/830/2/93
http://dx.doi.org/10.1038/nature17425
http://dx.doi.org/10.1088/0067-0049/197/2/36
http://dx.doi.org/10.1086/186969
http://dx.doi.org/10.1093/mnras/sty2190
http://dx.doi.org/10.3847/1538-4357/ab38bb
http://dx.doi.org/10.1088/0004-6256/139/5/1782
http://dx.doi.org/10.1088/0004-637X/720/1/953
http://dx.doi.org/10.3847/2041-8213/aa905f
http://dx.doi.org/10.1111/j.1365-2966.2009.15733.x
http://dx.doi.org/10.3847/0004-637X/829/1/7
http://dx.doi.org/10.1093/mnras/stx220
http://dx.doi.org/10.1038/369127a0
http://arxiv.org/abs/2109.09714)
http://dx.doi.org/10.1093/mnras/sty2663


4916 B. O’Connor et al. 

M

M  

M
M  

M  

M  

M  

M
M  

M
M
M
N
N
N
N
N
N
N
N
O
O
O  

O
O
O
P  

P
P
P
P
P
P  

P
P
P
P
P  

P
P
P
P
P
P
P
P
P
R
R
R
R
R
R
R
R
R
R
R
R
S

S  

S  

S
S
S  

S  

S
S
S
S
S  

S
S
S
S  

S
S
S
S
S
S
S
S
S
S
T  

T
T
T
T
T
T
T  

T
T
T
T
T
U
U
v  

v
V
V
V
V
V
v
v
V
W
W
W
W  

W  

 

W
W

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
cMahon R. G., Banerji M., Gonzalez E., Koposov S. E., Bejar V. J., Lodieu
N., Rebolo R., VHS Collaboration, 2013, Messenger, 154, 35 

eegan C. et al., 2009, ApJ , 702, 791 
endel J. T., Simard L., Palmer M., Ellison S. L., Patton D. R., 2014, ApJS ,

210, 3 
ereghetti S., Gotz D., Ferrigno C., Bozzo E., Ducci L., Borkowski J., 2015,

GCN Circ., 18210 
etcalfe N., Shanks T., Campos A., McCracken H. J., Fong R., 2001,

MNRAS , 323, 795 
etcalfe N., Shanks T., Weilbacher P. M., McCracken H. J., Fong R.,

Thompson D., 2006, MNRAS , 370, 1257 
oriyama M. et al., 2016, GCN Circ., 20002 
oss M., Lien A., Guiriec S., Cenko S. B., Sakamoto T., 2022, ApJ , 927, 157
oster B. P., Naab T., White S. D. M., 2013, MNRAS , 428, 3121 
undell C. G., Melandri A., Tanvir N., 2011, GCN Circ., 11858 
ushotzky R. et al., 2019, BAAS, 51, 107 
akar E., Gal-Yam A., Fox D. B., 2006, ApJ , 650, 281 
andra K. et al., 2013, preprint ( arXiv:1306.2307) 
arayan R., Paczynski B., Piran T., 1992, ApJ , 395, L83 
iino Y., Totani T., 2008, ApJ , 677, L23 
issanke S., Kasliwal M., Georgie v a A., 2013, ApJ , 767, 124 
orris J. P., Bonnell J. T., 2006, ApJ , 643, 266 
ugent P. E., Bloom J. S., 2010, GCN Circ., 11491 
ysewander M., Fruchter A. S., Pe’er A., 2009, ApJ , 701, 824 
’Connor B., Beniamini P., Kouveliotou C., 2020, MNRAS , 495, 4782 
’Connor B. et al., 2021, MNRAS , 502, 1279 
’Shaughnessy R., Kim C., Fragos T., Kalogera V., Belczynski K., 2005,

ApJ , 633, 1076 
ates S. R. et al., 2009, GCN Circ., 10148 
hno M. et al., 2009, GCN Circ., 10168 
ke J. B. et al., 1995, PASP , 107, 375 
agani C., D’Elia V., Page K. L., Palmer D. M., Ukwatta T. N., 2015, GCN

Circ., 17728 
anaitescu A., Kumar P., Narayan R., 2001, ApJ , 561, L171 
 ande y S. B. et al., 2019, MNRAS , 485, 5294 
 apo vich C. et al., 2012, ApJ , 750, 93 
aterson K. et al., 2020, ApJ , 898, L32 
aul J., Wei J., Basa S., Zhang S.-N., 2011, C. R. Phys. , 12, 298 
aulino-Afonso A., Sobral D., Buitrago F., Afonso J., 2017, MNRAS , 465,

2717 
erets H. B., Beniamini P., 2021, MNRAS , 503, 5997 
erley D. A., 2015, GCN Circ., 17744 
erley D. A., 2019, PASP , 131, 084503 
erley D. A. et al., 2009, ApJ , 696, 1871 
erna R., Artale M. C., Wang Y.-H., Mapelli M., Lazzati D., Sgalletta C.,

Santoliquido F., 2021, preprint (arXiv:2112.05202 ) 
hinney E. S., Sigurdsson S., 1991, Nature , 349, 220 
ineau F.-X. et al., 2017, A&A , 597, A89 
iro L. et al., 2021a, preprint (arXiv:2110.15677 ) 
iro L. et al., 2021b, A&A , 656, L15 
lanck Collaboration XXVII, 2016, A&A , 594, A28 
lanck Collaboration VI, 2020, A&A , 641, A6 
ortegies Zwart S. F., Yungelson L. R., 1998, A&A, 332, 173 
rochaska J. X. et al., 2006, ApJ , 642, 989 
unturo M. et al., 2010, Class. Quantum Gravity , 27, 194002 
astinejad J. C. et al., 2022, preprint (arXiv:2204.10864 ) 
ay P. S. et al., 2019, preprint (arXiv:1903.03035 ) 
eddy N. A., Steidel C. C., 2009, ApJ , 692, 778 
ibeiro B. et al., 2016, A&A , 593, A22 
oberts O. J., 2016, GCN Circ., 19265 
oederer I. U. et al., 2016, AJ , 151, 82 
oming P. W. A. et al., 2005, Space Sci. Rev. , 120, 95 
oming P. et al., 2021, Am. Astron. Soc., 53, 1 
ossi A. et al., 2021, preprint (arXiv:2105.03829 ) 
osswog S., Ramirez-Ruiz E., Davies M. B., 2003, MNRAS , 345, 1077 
owlinson A. et al., 2010, MNRAS , 409, 531 
uffert M., Janka H.-T., 1999, A&A, 344, 573 
afarzadeh M., Scannapieco E., 2017, MNRAS , 471, 2088 
NRAS 515, 4890–4928 (2022) 
afarzadeh M., Ramirez-Ruiz E., Andrews J. J., Macias P., Fragos T.,
Scannapieco E., 2019, ApJ , 872, 105 

akamoto T., Barthelmy S. D., Gehrels N., Sonbaas E., Littlejohns O., Oates
S. R., 2012, GCN Circ., 13405 

akamoto T. et al., 2016, GCN Circ., 19276 
akamoto T. et al., 2018, GCN Circ., 22796 
alvaterra R., Cerutti A., Chincarini G., Colpi M., Guidorzi C., Romano P.,

2008, MNRAS , 388, L6 
alv aterra R., De vecchi B., Colpi M., D’Av anzo P., 2010, MNRAS, 406, 1248
ari R., Piran T., Narayan R., 1998, ApJ , 497, L17 
chlafly E. F., Finkbeiner D. P., 2011, ApJ , 737, 103 
elsing J. et al., 2016, GCN Circ., 19274 
elsing J. et al., 2019, A&A , 623, A92 
harma V., Bhattacharya D., Bhalerao V., Rao A. R., Vadawale S., Astrosat

CZTI Collaboration, 2018, GCN Circ., 22842 
hibata M., Taniguchi K., 2011, Living Rev. Relativ. , 14, 6 
himizu Y. et al., 2019, GCN Circ., 26240 
iegel M. H., LaPorte S. J., Swift/UV O T Team, 2018, GCN Circ., 22810 
ingh N., Bulik T., Belczynski K., Askar A., 2021,

preprint (arXiv:2112.04058 ) 
krutskie M. F. et al., 2006, AJ , 131, 1163 
oderberg A. M. et al., 2006, ApJ , 636, 391 
peagle J. S., 2020, MNRAS , 493, 3132 
tamatikos M. et al., 2011, GCN Circ., 11553 
tanbro M., Meegan C., 2017, GCN Circ., 21383 
tegmann J., Antonini F., Moe M., 2021, preprint (arXiv:2112.10786 ) 
tratta G. et al., 2007, A&A , 474, 827 
tratta G. et al., 2012, GCN Circ., 13004 
vinkin D. et al., 2018, GCN Circ., 22822 
wenson C. A., Bernardini M. G., 2014, GCN Circ., 15780 
anga M., Klose S., Sudilo vsk y V., Filgas R., Greiner J., 2013, GCN Circ.,

15214 
anvir N. R., Wiersema K., Le v an A. J., 2013, GCN Circ., 15224 
anvir N. R., Le v an A. J., Fraser M., 2014, GCN Circ., 16861 
auris T. M. et al., 2017, ApJ , 846, 170 
kachenko A. et al., 2016, GCN Circ., 19954 
ohuva v ohu A. et al., 2020, GCN Circ., 27536 
oy V. L. et al., 2016, ApJ , 818, 79 
roja E., King A. R., O’Brien P. T., Lyons N., Cusumano G., 2008, MNRAS ,

385, L10 
roja E. et al., 2016, ApJ , 827, 102 
roja E. et al., 2018, Nat. Commun. , 9, 4089 
roja E. et al., 2019, MNRAS , 489, 2104 
sv etko va A. et al., 2017, GCN Circ., 21045 
unnicliffe R. L. et al., 2014, MNRAS , 437, 1495 
kwatta T. N., et al., 2011, GCN Circ. , 11857 
rsi A. et al., 2019, GCN Circ., 26123 
an der Wel A., Holden B. P., Zirm A. W., Franx M., Rettura A., Illingworth

G. D., Ford H. C., 2008, ApJ , 688, 48 
an Dokkum P. G., 2001, PASP , 113, 1420 
arela K., Knust F., Bodensteiner J., Greiner J., 2015, GCN Circ., 17729 
 eres P ., 2018, GCN Circ., 23044 
 eres P ., Meegan C., 2017, GCN Circ., 20551 
igna-G ́omez A. et al., 2018, MNRAS , 481, 4009 
illasenor J. S. et al., 2005, Nature , 437, 855 
on Kienlin A., Meegan C., 2015, GCN Circ., 18756 
on Kienlin A. et al., 2019, ApJ , 876, 89 
oss R., Tauris T. M., 2003, MNRAS , 342, 1169 
anderman D., Piran T., 2015, MNRAS , 448, 3026 
ax N., 1954, nsp..book. Do v er Publication, New York 
ex N., Kalogera V., Kramer M., 2000, ApJ , 528, 401 
hite D. J., Daw E. J., Dhillon V. S., 2011, Class. Quantum Gravity , 28,

085016 
hite N. E. et al., 2021, in Siegmund O. H., ed. Proc. SPIE Conf. Ser.

V ol. 11821, UV , X-Ray, and Gamma-Ray Space Instrumentation for
Astronomy XXII. SPIE, Bellingham, p. 1182109 

iersema K. et al., 2008, A&A , 481, 319 
iersema K., Le v an A., Cenko S. B., Tanvir N., 2013, GCN Circ., 15178 

http://dx.doi.org/10.1088/0004-637X/702/1/791
http://dx.doi.org/10.1088/0067-0049/210/1/3
http://dx.doi.org/10.1046/j.1365-8711.2001.04168.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10534.x
http://dx.doi.org/10.3847/1538-4357/ac4d94
http://dx.doi.org/10.1093/mnras/sts261
http://dx.doi.org/10.1086/505855
http://arxiv.org/abs/1306.2307)
http://dx.doi.org/10.1086/186493
http://dx.doi.org/10.1086/587460
http://dx.doi.org/10.1088/0004-637X/767/2/124
http://dx.doi.org/10.1086/502796
http://dx.doi.org/10.1088/0004-637X/701/1/824
http://dx.doi.org/10.1093/mnras/staa1433
http://dx.doi.org/10.1093/mnras/stab132
http://dx.doi.org/10.1086/468180
http://dx.doi.org/10.1086/133562
http://dx.doi.org/10.1086/324678
http://dx.doi.org/10.1093/mnras/stz530
http://dx.doi.org/10.1088/0004-637X/750/2/93
http://dx.doi.org/10.3847/2041-8213/aba4b0
http://dx.doi.org/10.1016/j.crhy.2011.01.009
http://dx.doi.org/10.1093/mnras/stw2933
http://dx.doi.org/10.1093/mnras/stab794
http://dx.doi.org/10.1088/1538-3873/ab215d
http://dx.doi.org/10.1088/0004-637X/696/2/1871
http://arxiv.org/abs/2112.05202
http://dx.doi.org/10.1038/349220a0
http://dx.doi.org/10.1051/0004-6361/201629219
http://arxiv.org/abs/2110.15677
http://dx.doi.org/10.1051/0004-6361/202141903
http://dx.doi.org/10.1051/0004-6361/201525819
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1086/501160
http://dx.doi.org/10.1088/0264-9381/27/19/194002
http://arxiv.org/abs/2204.10864
http://arxiv.org/abs/1903.03035
http://dx.doi.org/10.1088/0004-637X/692/1/778
http://dx.doi.org/10.1051/0004-6361/201628249
http://dx.doi.org/10.3847/0004-6256/151/3/82
http://dx.doi.org/10.1007/s11214-005-5095-4
http://arxiv.org/abs/2105.03829
http://dx.doi.org/10.1046/j.1365-2966.2003.07032.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17354.x
http://dx.doi.org/10.1093/mnras/stx1706
http://dx.doi.org/10.3847/1538-4357/aafe0e
http://dx.doi.org/10.1111/j.1745-3933.2008.00488.x
http://dx.doi.org/10.1086/311269
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://dx.doi.org/10.1051/0004-6361/201832835
http://dx.doi.org/10.12942/lrr-2011-6
http://arxiv.org/abs/2112.04058
http://dx.doi.org/10.1086/498708
http://dx.doi.org/10.1086/498009
http://dx.doi.org/10.1093/mnras/staa278
http://arxiv.org/abs/2112.10786
http://dx.doi.org/10.1051/0004-6361:20078006
http://dx.doi.org/10.3847/1538-4357/aa7e89
http://dx.doi.org/10.3847/0004-637X/818/1/79
http://dx.doi.org/10.1111/j.1745-3933.2007.00421.x
http://dx.doi.org/10.3847/0004-637X/827/2/102
http://dx.doi.org/10.1038/s41467-018-06558-7
http://dx.doi.org/10.1093/mnras/stz2255
http://dx.doi.org/10.1093/mnras/stt1975
http://dx.doi.org/10.1086/592267
http://dx.doi.org/10.1086/323894
http://dx.doi.org/10.1093/mnras/sty2463
http://dx.doi.org/10.1038/nature04213
http://dx.doi.org/10.3847/1538-4357/ab10d8
http://dx.doi.org/10.1046/j.1365-8711.2003.06616.x
http://dx.doi.org/10.1093/mnras/stv123
http://dx.doi.org/10.1086/308148
http://dx.doi.org/10.1088/0264-9381/28/8/085016
http://dx.doi.org/10.1051/0004-6361:20078050


sGRB host galaxies 4917 

W  

W
W
W
X
Y
Y
Y
Y
Y
Y  

Z
Z  

Z  

Z
Z
Z

A

A

A

A  

S  

M  

s  

l  

a
d

o  

a
w
2  

I  

d

A  

c
(  

f  

o  

o  

G
F  

a
(  

A  

B  

c
b  

T  

w
t
o

t

(  

e

A

O  

l  

p  

r  

+  

c  

(  

(
 

t  

e
d  

r  

i  

c  

t  

F  

c  

m  

r  

f  

l  

1
w

 

w  

l
i  

T
1
F  

t  

a
c

 

G  

T
(  

G
o

A

G  

0  

A
i  

e  

c  

f  

a  

w  

o  

a  

a  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
iggins B. K., Fryer C. L., Smidt J. M., Hartmann D., Lloyd-Ronning N.,
Belcynski C., 2018, ApJ , 865, 27 

ijers R. A. M. J., Galama T. J., 1999, ApJ , 523, 177 
illmer C. N. A. et al., 2006, ApJ , 647, 853 
iseman P., Bolmer J., Greiner J., 2016, GCN Circ., 19959 
iong S., 2013, GCN Circ., 15315 
amada Y. et al., 2017, GCN Circ., 21067 
ang J. et al., 2022, preprint (arXiv:2204.12771) 
assine M., Racusin J. L., 2017, GCN Circ., 21380 
asuda T. et al., 2011, GCN Circ., 11887 
ates R., Kruehler T., Greiner J., 2016, GCN Circ., 19272 
e C. S., Fong W.-F., Kremer K., Rodriguez C. L., Chatterjee S., Fragione

G., Rasio F. A., 2020, ApJ , 888, L10 
emp M., Ramirez-Ruiz E., Diemand J., 2009, ApJ , 705, L186 
evin M., Kremer K., Siegel D. M., Coughlin S., Tsang B. T.-H., Berry C. P.

L., Kalogera V., 2019, ApJ , 886, 4 
e vin M., K elley L. Z., Nugent A., Fong W.-F., Berry C. P. L., Kalogera V.,

2020, ApJ , 904, 190 
hang B.-B., F ole y S., Bhat N., 2013, GCN Circ., 15219 
hang B.-B. et al., 2021, Nat. Astron. , 5, 911 
heng Z., Ramirez-Ruiz E., 2007, ApJ , 665, 1220 

PPEN D IX  A :  S G R B  SAMPLE  ANALYSIS  

1 Optically Localized 

1.1 GRB 091109B 

t 21:49:03 UT on 2009 No v ember 9, GRB 091109B triggered
wift /BAT (Oates et al. 2009 ) and the Suzaku Wide-band All-sky
onitor (WAM; Ohno et al. 2009 ). The GRB displayed a single

pike with duration T 90 = 0.27 ± 0.05 s. The X-ray afterglow was
ocalized to RA, Dec. (J2000) = 07 h 30 m 56 . s 49, −54 ◦05 ′ 24 . ′′ 2 with
ccuracy 2.3 arcsec (90 per cent CL). The optical counterpart was 
isco v ered at RA, Dec. (J2000) = 07 h 30 m 56 . s 61, −54 ◦05 ′ 22 . ′′ 85. 
We analysed public archi v al late-time images of GRB 091109B 

btained with the HST /WFC3 in the F 110 W filter. These observations
re not contaminated by a diffraction spike at the GRB localization, 
hich was observed in previous HST /WFC3 imaging (Fong & Berger 
013 ) that set a limit F 160 W � 25.0 mag on a coincident galaxy.
n this new HST observation, we do not find a coincident source to
epth F 110 W � 27.2 mag (corrected for Galactic extinction). 
Ho we ver, we identify two previously unresolved sources (source 
 and G1) within 2 arcsec of the GRB position (Fig. 7 ); all other

andidate host galaxies were previously discussed in Fong & Berger 
 2013 ) and Tunnicliffe et al. ( 2014 ). Source A is offset by 1.0 arcsec
rom the GRB position with magnitude F 110 W = 27.0 ± 0.3. G1 is
ffset by 1.4 arcsec with F 110 W = 26.51 ± 0.16. The probability
f chance alignment is P cc = 0.21 and 0.27 for source A and
1, respectively. The other host galaxy candidates discussed by 
ong & Berger ( 2013 ) and Tunnicliffe et al. ( 2014 ) are located
t larger offsets ( ∼ 12–23 arcsec), but are significantly brighter 
 F 110 W ∼ 18–20 mag). We find that each of these sources (sources
 and B from Tunnicliffe et al. 2014 , and G1 and G2 from Fong &
erger 2013 ) have P cc > 0.2, based on H -band number counts,
ompared to the previously reported P cc ≈ 0.10 (for both sources) 
ased on galaxy number counts in the optical (Fong & Berger 2013 ;
unnicliffe et al. 2014 ). In either case, there are multiple galaxies
ith similar probabilities of chance coincidence, which complicates 

he host identification. These results confirm that GRB 091109B is 
bservationally hostless. 
Furthermore, we note that O’Connor et al. ( 2020 ) constrained 

he density of the GRB environment to n min � 1.7 × 10 −5 cm 

−3 
see their appendix A). This density is consistent with an IGM-like
nvironment (i.e. n < 10 −4 cm 

−3 ; O’Connor et al. 2020 ). 

1.2 GRB 110112A 

n 2011 January 12 at 04:12:18 UT , Swift /BAT triggered and
ocalized GRB 110112A (Stamatikos et al. 2011 ). The GRB dis-
layed a single spike with duration T 90 = 0.5 ± 0.1 s. The X-
ay afterglow was localized to RA, Dec. (J2000) = 21 h 59 m 43 . s 75,
 26 ◦27 ′ 24 . ′′ 1 with accuracy 1.7 arcsec (90 per cent CL). The optical

ounterpart was disco v ered by WHT, and localized to RA, Dec.
J2000) = 21 h 59 m 43 . s 85, + 26 ◦27 ′ 23 . ′′ 89 with uncertainty 0.14 arcsec
Fong et al. 2013 ). 

Here, we present unpublished archi v al HST /WFC3 imaging ob-
ained on 2016 October 13 in the F 110 W filter. We unco v er multiple
xtended sources within 5 arcsec, which were not detected in previous 
eep ground based imaging (Magellan/Gemini; Fong et al. 2013 ) to
 � 25.5 and i � 26.2 mag. Due to the high density of sources,
n Fig. 7 we label only the sources with the lowest probability of
hance coincidence (source A, G1, and G2). The closest source to
he GRB position (source A) is offset by 1.6 arcsec and has magnitude
 110 W = 27.2 ± 0.3 mag, yielding P cc = 0.45. The other nearby
andidate hosts are G1 and G2 with offsets of 2.3 and 4.8 arcsec and
agnitude F 110 W = 26.25 ± 0.15 and F 110 W = 24.18 ± 0.07 mag,

espectively. These sources likewise have a large P cc ; 0.49 and 0.65
or G1 and G2. We do not identify a source coincident to the optical
ocalization to depth F 110 W � 27.3 mag. Thus we consider GRB
10112A to be observationally hostless, in agreement with previous 
ork (Fong et al. 2013 ; Tunnicliffe et al. 2014 ). 
The previous analysis by Fong et al. ( 2013 ) identified 15 galaxies

ithin 3 arcmin of the GRB position with the two galaxies having the
owest probability of chance coincidence located at 4.8 arcsec (G2 
n our analysis) and 20 arcsec with P cc = 0.4 and 0.5, respectively.
herefore, based on both ground based and HST imaging, GRB 

10112A is an outlier among observationally hostless GRBs (e.g. 
 ong et al. 2013 ; F ong & Berger 2013 ; Tunnicliffe et al. 2014 ) as

here were no likely host galaxies (i.e. P cc < 0.2) identified. Our
nalysis represents a confirmation of the observationally hostless 
lassification with deep HST imaging. 

O’Connor et al. ( 2020 ) derived a lower limit to the density of the
RB’s environment n min � 1.4 × 10 −3 cm 

−3 (see their appendix A).
his density is inconsistent with the GRB being physically hostless 

see also fig. 7 of O’Connor et al. 2020 ), and strongly implies the
RB occurred within a galactic environment (either G1, Source A, 
r a fainter undetected host). 

1.3 GRB 110402A 

RB 110402A was detected with Swift /BAT on 2011 April 2 at
0:12:57 UT (Ukwatta et al. 2011 ) with duration T 90 = 56 ± 5 s.
dditionally, the GRB triggered the Fermi Gamma-ray Burst Mon- 

tor (GBM; Meegan et al. 2009 ), the Konus- Wind satellite (Aptekar
t al. 1995 ), and Suzaku /WAM (Yasuda et al. 2011 ). The BAT light
urv e displays fiv e short pulses followed by a longer, softer emission
rom ∼5 to 78 s which is interpreted as EE. The initial pulses have
 duration ∼2–3 s and display negligible spectral lag (i.e. consistent
ith zero; Barthelmy & Norris 2011 ; Golenetskii et al. 2011 ), typical
f short GRBs with EE (Gehrels et al. 2006 ; Norris & Bonnell 2006 ).
Swift /XRT localized a fading X-ray source, identified as the 

fterglow, at RA, Dec. (J2000) = 13 h 09 m 36 . s 58, + 61 ◦15 ′ 09 . ′′ 2 with
ccuracy 1.5 arcsec (90 per cent CL). Swift also detected the optical
fterglow in stacked UV O T exposures with detections in the wh ,
MNRAS 515, 4890–4928 (2022) 
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 , uvw 1, and uvw 2 filters, implying a redshift z � 1.5. We use the
tacked UV O T wh -band image to localize the GRB position to RA,
ec. (J2000) = 13 h 09 m 36 . s 63, + 61 ◦15 ′ 09 . ′′ 9 with 1 σ error (statistical)
AG = 0.07 arcsec, consistent with the afterglow position originally

eported by Mundell, Melandri & Tanvir ( 2011 ). The position error
oes not include the systematic tie uncertainty between UV O T and
SNO, as we utilize relative alignment between UV O T and our late-

ime imaging to derive a precise offset of potential host galaxies from
he GRB. 

We obtained observations with the Gemini North telescope on
020 August 3 in the r band, followed by observations in the i and z
ands with the LDT on 2021 May 5 and 6. We further complemented
ur observations with archival Keck/LRIS images taken on 2014 May
7 in the B and I filters. Our observations unveiled the presence of
hree galaxies nearby the GRB position (Fig. 7 ). The first galaxy
G1) is located at 0.91 ± 0.17 arcsec from the GRB position with
agnitude B = 24.13 ± 0.11, r = 24.20 ± 0.20, i = 23.32 ± 0.09, and
 = 22.98 ± 0.16 mag. The two other galaxies are located at larger
ffsets of 6.3 arcsec (G2) and 7.4 arcsec (G3). G2 has magnitudes r =
3.30 ± 0.10, i = 22.62 ± 0.08, and z = 22.18 ± 0.09 mag, whereas
3 has r = 23.19 ± 0.12, i = 22.22 ± 0.05, and z = 21.21 ± 0.05
ag. No other sources are identified near the GRB position to depth r
 25.2 mag. The probability of chance coincidence for these galaxies

s P cc = 0.03, 0.36, and 0.29 for G1, G2, and G3, respectively. Based
n this, we consider G1 the putative host galaxy of GRB 110402A. 
We utilized the broad-band SED (see Table 1 ) from the Keck,

emini, and LDT observations to derive a photometric redshift
 phot = 0.9 ± 0.1 and a stellar mass log ( M ∗/M �) = 9 . 5 + 0 . 4 

−0 . 2 using
he prospector software (Johnson et al. 2019 ) with the methods
utlined in O’Connor et al. ( 2021 ) and Piro et al. ( 2021b ); see also
ppendix 3.4 and Fig. 9 for more details. This photometric redshift

s consistent with the upper limit to the GRB redshift based on the
vw 2 detection of the afterglow. 

Additionally, we analysed Keck/LRIS spectra of G1 taken on 2014
ay 27 (Table 2 ). A faint trace is visible abo v e 7000 Å and we

dentify a single emission line at 6910 Å which we interpret as
O II ] 3727 at z = 0.854 ± 0.001. This interpretation is supported by
he galaxy SED and the photometric redshift from prospector . 

Adopting a redshift z = 0.854, we derive a lower limit on the
ensity of the GRB environment, n min � 4.0 × 10 −4 cm 

−3 , using
he early X-ray light curve. This limit is consistent with the GRBs

oderate offset from G1, R = 7.2 ± 1.3 kpc. We further derive a
ost-normalized offset of R o / R e ∼ 1.3 ± 0.3. 

1.4 GRB 130912A 

RB 130912A was detected with Swift /BAT (D’Elia et al. 2013a ),
ermi /GBM (Zhang, F ole y & Bhat 2013 ), and the Konus- Wind
atellite (Golenetskii et al. 2013 ) on 2013 September 12 at 08:34:57
T . As seen by BAT, the GRB was double-peaked with duration
 90 = 0.28 ± 0.03 s. A fading X-ray source was localized to RA,
ec. (J2000) = 03 h 10 m 22 . s 14, + 13 ◦59 ′ 48 . ′′ 1 with uncertainty 2.0

rcsec. This was followed by the localization of the optical afterglow
o RA, Dec. (J2000) = 03 h 10 m 22 . s 23, + 13 ◦59 ′ 48.7 ′′ by GROND,
60, and WHT (Cenko et al. 2013 ; Tanga et al. 2013 ; Tan vir ,
iersema & Le v an 2013 ). We make use of the WHT imaging for

elative astrometry, although we note the detection is marginal and
he afterglow is localized with a large statistical uncertainty ∼ 0.3
rcsec compared to the rest of our optically localized sample. 

We carried out late-time observations of GRB 130912A on 2014
ebruary 25 with LDT/LMI in r band and on 2014 October 25 with
NRAS 515, 4890–4928 (2022) 
eck/LRIS in the G and R filters. We supplement these observations
ith archi v al imaging by HST /WFC3 in the F 110 W filter obtained
n 2017 January 9. In the HST imaging, we detect three very faint
ources at <3 arcsec from the afterglow location which were not
reviously detected in the ground-based LDT or Keck imaging, see
igs 6 and 7 . Sources A and B have magnitudes ∼26.8 ± 0.3 and
26.7 ± 0.3 at offsets 0.7 and 1.2 arcsec, respectively. This yields

hance probability P cc = 0.08 and 0.21 using H -band number counts.
he third source, labelled as G1, likewise has a high probability
f chance coincidence, ∼0.4. We do not find any other sources at
he GRB’s optical localization to F 110 W � 27.0 mag (corrected
or Galactic extinction). We note that although there are other field
alaxies identified at offsets > 6 arcsec these sources have P cc > 0.4.
ased on these probabilistic arguments, we consider Source A the
ost galaxy of GRB 130912A, pending confirmation of the source
s a galaxy. Based on the extremely faint nature of Source A, we
onsider that it likely has a high- z origin, and assume z = 1 in
able 3 to compute the projected physical offset of 5.6 ± 2.6 kpc. 
Based on the early X-ray light curve, we derive a lower limit to the

ensity of n min � 2.1 × 10 −3 cm 

−3 . This density is consistent with
n ISM environment, and suggests that GRB 130912A originated
ithin the confines of a nearby host galaxy. 

1.5 GRB 131004A 

n 2013 October 4 at 21:41:03 UT GRB 131004A triggered
wift /BAT (Hagen et al. 2013 ) and Fermi/GBM (Xiong 2013 ). The
AT burst displayed a single short spike with duration T 90 =
.5 ± 0.3 s. XRT localized a fading X-ray transient at RA, Dec.
J2000) = 19 h 44 m 27 . s 11, −02 ◦57 ′ 30 . ′′ 3 with 2 arcsec uncertainty.
hortly thereafter the optical afterglow was localized to RA, Dec.
J2000) = 19 h 44 m 27 . s 10, −02 ◦57 ′ 30 . ′′ 46. Follo w-up observ ations by

agellan (Chornock et al. 2013 ) and TNG (D’Elia et al. 2013b )
etermined a redshift z = 0.717 based on the identification of
uperimposed emission lines in the optical spectrum of the afterglow.
he evidence for absorption features was reported to be marginal. 
In order to identify the environment and host galaxy of GRB

31004A, we used archi v al imaging from Keck/MOSFIRE in the
 s -band and HST /WFC3 in the F110W filter. We note that the field is

elati vely cro wded (Fig. 7 ), with many foreground stars within a few
rcseconds of the GRB position. Ho we ver, we detected an extended
ource (G1) nearby to the GRB’s optical localization. This source has
agnitude F 110 W = 25.58 ± 0.05 mag and its centroid is located

t an offset of 0.41 arcsec from the GRB position. The probability
f chance alignment for G1 is P cc = 0.05. There are a number of
ther nearby faint sources, which cannot be classified as either stars
r galaxies. These are Source A with F 110 W = 26.6 ± 0.3 mag at
.6 arcsec, Source B with F 110 W = 26.2 ± 0.2 mag at 2.3 arcsec,
nd Source C with F 110 W = 25.91 ± 0.13 mag at 3.3 arcsec from
he optical localization. These sources have a significantly higher
robability of chance coincidence compared to G1 with P cc = 0.14,
.50, and 0.67 for Sources A, B, and C, respectively. 
The closest bright galaxy, besides G1, is located at an offset of

.8 arcsec and has magnitude F 110 W = 21.19 ± 0.01. We refer to
his source as G2, and exclude it as a candidate host due to the high
robability of chance coincidence ( P cc = 0.22), as well as the fact
hat it would be odd to detect emission features at such a large offset
rom the galaxy ( ∼ 60 kpc at z = 0.717). 

No other source is found coincident to the GRB localization
ith a 3 σ upper limit F 110 W � 27.0 mag (corrected for Galactic
 xtinction). Giv en the emission line features coincident with the GRB



sGRB host galaxies 4919 

p  

2  

r
f  

1
t  

a  

a
 

1  

t  

a  

M  

w  

f
i

A

O  

1
T  

t  

e  

b  

+  

i  

b  

U

1  

A
a  

g  

A
t  

0
b  

c
>  

m  

w
 

t  

9
r
<

 

c
T
a  

g
p  

h

A

G
2  

T  

R  

2
(  

2  

i  

o  

t  

(
e

 

G
t
1  

a  

i  

m  

a  

o
c  

t  

f  

A  

t  

n  

u
 

a  

a  

p  

o  

1
A  

o
a

 

t  

G
w

A

A  

w  

T  

(  

S  

l  

e
 

F  

m
o  

m  

p  

a
 

o  

y  

2  

a  

F  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
osition in the optical spectrum (Chornock et al. 2013 ; D’Elia et al.
013b ), we suggest that the GRB originated from a star forming
egion within G1. At z = 0.717, G1 is significantly underluminous 
or a sGRB host galaxy (< 0.1 L 

∗), and this may suggest that GRB
31004A is an interloping long GRB (which is also possible given 
he softness of its prompt gamma-ray emission). The GRB may just
ppear short due to a tip-of-the-iceberg effect (Moss et al. 2022 ) (see
lso Bromberg et al. 2013 ). 

We compute a lower limit to the circumburst density of n min �
.5 × 10 −3 cm 

−3 (see T able B1 ). W e note that the physical offset of
he GRB from its host galaxy, assuming the galaxy is the true host
nd also resides at z = 0.717 (Chornock et al. 2013 ), is 3.1 ± 1.3 kpc.
oreo v er, the host-normalized offset is R o / R e = 1.0 ± 0.4, consistent
ith the half-light, R e , radius of its host galaxy (Table 3 ). These two

actors (i.e. density and offset) are consistent with the GRB occurring 
n an ISM environment within its host galaxy. 

1.6 GRB 140129B 

n 2014 Janaury 29 at 12:51:09 UT , Swift /BAT triggered on GRB
40129B (Bernardini et al. 2014 ). The burst displayed a duration 
 90 = 1.35 ± 0.21 s. A fading X-ray source was localized by

he XRT to RA, Dec. (J2000) = 21 h 47 m 01 . s 62, + 26 ◦12 ′ 23 . ′′ 0 with
rror 2.2 arcsec (90 per cent CL). Simultaneously, UV O T identified a
right optical afterglow located at RA, Dec. (J2000) = 21 h 47 m 01 . s 66,
 26 ◦12 ′ 22 . s 95. The afterglow was detected in all UV O T filters,

ncluding uvw 2, leading to the conclusion that the redshift of the
urst is z � 1.5 (Swenson & Bernardini 2014 ). We utilize the early
V O T imaging for the relative alignment of our late time images. 
We obtained late-time imaging with the LDT/LMI on 2014 June 

0, 2019 No v ember 3, and 2021 August 6 co v ering the griz filters.
t the optical localization, offset by only ∼ 0.5 arcsec, we identify 

n extended galaxy, referred to as G1 (Fig. 7 ). We derive magnitudes
 = 24.22 ± 0.18, r = 23.30 ± 0.09, i = 23.37 ± 0.10, and z > 23.0
B mag. This photometry suggests that the 4000 Å break occurs in 

he g band, leading to a photometric redshift estimate between z =
.3–0.6. We compute the probability of chance alignment for G1 to 
e P cc = 0.009 using the r -band magnitude. We note that the next
losest galaxy candidates are located at offsets > 30 arcsec with P cc 

 0.25. We can exclude additional nearby galaxies to depth r � 24.8
ag (corrected for Galactic extinction, see Table 1 ). Based on this,
e consider G1 the putative host of GRB 140129B. 
We utilized the broad-band SED ( griz ; see Table 1 ) to derive a pho-

ometric redshift z phot = 0.4 ± 0.1 and a stellar mass log ( M ∗/M �) =
.1 ± 0.1 using the prospector software. This photometric 
edshift is consistent with the upper limit to the GRB redshift ( z 
 1.5) based on the uvw 2 detection of the afterglow. 
Using the early X-ray afterglow, we compute a lower limit to the

ircumburst density of GRB 140129B yielding n min � 1.0 × 10 −3 . 
his is consistent with the GRB occurring in an ISM environment, 
s expected based on the small offset of the GRB from its host
alaxy. Assuming z ∼ 0.5, as suggested by the galaxy’s SED, the 
hysical offset of the GRB from G1 is ≈ 3.0 ± 1.0 kpc, and the
ost-normalized offset is R o / R e = 1.0 ± 0.3 (see Table 3 ). 

1.7 GRB 140930B 

RB 140930B was detected with Swift /BAT and Konus- Wind on 
014 September 30 at 19:41:42 UT . The GRB had a duration
 90 = 0.84 ± 0.12 s. Swift /XRT localized the X-ray afterglow to
A, Dec. (J2000) = 00 h 25 m 23 . s 40, + 24 ◦17 ′ 41 . ′′ 7 with uncertainty
.0 arcsec. The optical counterpart was localized to RA, Dec. 
J2000) = 00 h 25 m 23 . s 43, + 24 ◦17 ′ 39 . ′′ 4 (Tan vir , Le v an & Fraser
014 ). We note that the most up-to-date XRT enhanced position
s now shifted away from this optical localization, compared to the
riginally reported enhanced position (Goad et al. 2014 ), but that
he positions are still consistent at the 99.7 per cent confidence level
assuming the XRT position error follows Rayleigh statistics Evans 
t al. 2014 , 2020 ). 

On 2020 August 1, we obtained late-time imaging of the field of
RB 140930B with Gemini GMOS-N in r band. We supplemented 

his with early-time Gemini GMOS-N imaging from 2014 October 
 and 2 which was aimed at identifying the GRB afterglow. The
fterglow is clearly detected in these early images, but the position
s contaminated by the PSF of a saturated, nearby star ( r ∼ 13.1
ag). Although the afterglow position is contaminated, we unco v er
 faint source with magnitude r = 23.8 ± 0.2 AB mag at an offset
f ∼ 1.4 arcsec from the afterglow localization. The probability of 
hance coincidence for this source is P cc = 0.02. Ho we ver, due to
he PSF of the saturated star we cannot confirm whether this is a
oreground star or a galaxy, and, therefore, we refer to this as Source
. Furthermore, we note that in each of these three Gemini images

here is a possible extension of Source A to the north-west, but it is
ot clear based on this data whether this is due to a secondary source
nderlying the GRB position or a true extension of Source A. 
As Source A is also clearly detected in the early Gemini GMOS-N

fterglow imaging from 2014 October 1 and 2, we can determine
 precise offset (i.e. without a tie uncertainty σ tie ) from the GRB
osition of R o = 1.4 ± 1 . ′′ 1 ′′ . Assuming z ∼ 0.5, this yields a physical
ffset of 8.8 ± 0.9 kpc. As there are no other likely hosts for GRB
40930B identified in these Gemini images, we consider Source 
 to be the candidate host galaxy, although we note that deeper
bservations are required to determine the extension of Source A 

nd confirm its nature as a galaxy. 
Following O’Connor et al. ( 2020 ), we further derive a lower limit

o the circumburst density of � 1.4 × 10 −3 cm 

−3 . This implies that the
RB originated from within a dense galactic environment, consistent 
ith the ISM. 

1.8 GRB 150423A 

t 06:28:04 UT on 2015 April 23, GRB 150423A was detected
ith Swift /BAT (Pagani et al. 2015 ). The burst had a duration
 90 = 0.22 ± 0.03. XRT detected the afterglow at RA, Dec.
J2000) = 14 h 46 m 18 . s 96, + 12 ◦17 ′ 00 . ′′ 3 with 2.1 arcsec uncertainty.
hortly after the GRB trigger ( ∼ 30 m), the optical afterglow was

ocalized to RA, Dec. (J2000) = 14 h 46 m 18 . s 86, + 12 ◦17 ′ 00 . ′′ 7 (Varela
t al. 2015 ). 

We analysed archi v al HST /WFC3 imaging obtained on 2017
ebruary 3 in the F 110 W filter. The field is relati vely cro wded with
any galaxies located at <8 arcsec from the optical localization 

f GRB 150423A (Fig. 7 ). There are also a few bright ( ∼ 20–21
ag) SDSS galaxies residing at larger offsets � 15 arcsec with high

robabilities of chance coincidence ( P cc � 0.3). These SDSS galaxies
re not displayed in Fig. 7 . 

The closest source to the GRB position is a faint galaxy (G1)
ffset by 1.6 arcsec with magnitude F 110 W = 25.3 ± 0.07 mag,
ielding P cc = 0.18 using H -band number counts (Metcalfe et al.
006 ; Galametz et al. 2013 ). The other galaxies displayed in Fig. 7
re located at offsets of 3.8, 4.7, 6.2, and 7.0 arcsec with magnitudes
 110 W = 22.696 ± 0.007, 22.620 ± 0.006, 23.93 ± 0.03, and
2.85 ± 0.01 for G2, G3, G4, and G5, respectively. These galaxies
MNRAS 515, 4890–4928 (2022) 



4920 B. O’Connor et al. 

M

h  

r  

f  

z  

a  

t  

o  

s
 

∼  

1  

d  

t  

d
 

G  

g  

g  

t

A

G  

F  

d  

l  

+  

w
 

2  

G  

G  

a  

s  

r  

T  

s  

t  

a  

G  

b
 

o  

1  

e

A

A  

a  

T  

�  

t  

(  

f  

z  

e  

X  

w  

c  

q

 

t  

g  

a  

p  

u  

(  

N  

d  

c  

G  

b  

t  

(  

g  

m  

0  

c  

e  

∼  

a  

b  

o  

W  

 

A  

a  

u  

f  

W  

f  

a
3  

s  

a  

f  

i  

a  

a  

w  

f  

a  

2
 

f  

c  

A  

f  

T  

(  

g  

n  

A  

e  

a  

t  

d  

t  

G  

c
 

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/4890/6649214 by Inst. Astrofisica Andalucia C
SIC

 user on 11 N
ovem

ber 2022
ave a high probability of chance alignment with the GRB position
anging from P cc = 0.15, 0.2, 0.6, and 0.5 for G2, G3, G4, and G5. We
urther note that the nearby galaxy G2 has a spectroscopic redshift
 = 0.456 reported by Perley ( 2015 ). No coincident source is detected
t the GRB position to F 110 W � 27.2 mag. We therefore conclude
hat GRB 150423A is observationally hostless as it is unclear which
f these multiple candidates is the true host or whether the BNS
ystem resided within a faint undetected galaxy. 

We note that optical spectroscopy of the afterglow starting at
22 min set a robust upper limit z < 2.5 to the redshift of GRB

50423A (Malesani et al. 2015 ). The same observation marginally
etected an Mg II absorption doublet at z = 1.394. Ho we ver, due to
he tentative nature of the detection and lack of other evidence, we
o not consider this the conclusive redshift of GRB 150423A. 
We set a lower limit n min � 2.6 × 10 −4 cm 

−3 to the density of the
RB’s environment. This suggests that the GRB occurred within a
alactic ISM environment, either within one of the nearby candidate
alaxies or in a faint galaxy ( z < 2.5) which was not detected with
he optical and infrared observations presented in this work. 

1.9 GRB 160408A 

RB 160408A was detected with Swift /BAT (Evans et al. 2016 ) and
ermi /GBM (Roberts 2016 ) on 2016 April 8 at 06:25:43 UT . The
uration observed by BAT was T 90 = 0.32 ± 0.04 s. Swift /XRT
ocalized the X-ray afterglow to RA, Dec. (J2000) = 08 h 10 m 29 . s 93,
 71 ◦07 ′ 41 . ′′ 7 ′′ with uncertainty 2.2 arcsec. The optical counterpart
as localized to RA, Dec. (J2000) = 08 h 10 m 29 . s 81, + 71 ◦07 ′ 43 . ′′ 7. 
We carried out late-time imaging with the LDT in griz filters on

020 March 29. These observations were supplemented by Gemini
MOS-N imaging obtained in r band on 2016 April 8 and 9. In the
emini imaging, we detect two nearby candidate hosts at offsets 1.6

rcsec (source A) and 3.8 arcsec (G1), see Fig. 7 , whereas in our
hallower LDT imaging we detect only G1. Source A has magnitude
 = 25.5 ± 0.2 mag and G1 has magnitude r = 23.54 ± 0.10 mag.
he probability of chance alignment is P cc = 0.13 and 0.16 for
ource A and G1, respectively. No source is detected coincident with
he optical localization to depth r � 25.8 mag. As both source A
nd G1 have similar probabilities of chance association, we consider
RB 160408A to be observationally hostless. Moreo v er, there are no
right galaxies from which it is likely the GRB was highly kicked. 
Using the early X-ray afterglow light curve, we set a lower limit

f n min � 1.8 × 10 −4 cm 

−3 to the circumburst environment of GRB
60408A. This density implies the GRB occurred within a galactic
nvironment. 

1.10 GRB 160410A 

t 05:09:48 UT on 2016 April 10, Swift /BAT (Gibson et al. 2016a )
nd Konus- Wind (Frederiks et al. 2016 ) triggered on GRB 160410A.
he BAT light curve displays an initial short, hard pulse with duration
 2 s. Ho we v er, there is a clear e xtended tail of the burst lasting for

ens of seconds. The duration reported in the BAT GRB Catalogue
Table B1 ) is T 90 = 96 ± 50 s. In addition, Sakamoto et al. ( 2016 )
ound that the spectral lag of the initial short pulse is consistent with
ero, typical of sGRBEE. The GRB is therefore interpreted as having
xtended emission. Shortly after the GRB, Swift /XRT localized the
-ray afterglow to RA, Dec. (J2000) = 10 h 02 m 44 . s 47, 03 ◦28 ′ 41 . ′′ 0
ith 3.2 arcsec uncertainty. A more precise localization of the optical

ounterpart to RA, Dec. (J2000) = 10 h 02 m 44 . s 37, 03 ◦28 ′ 42 . ′′ 4 was
uickly disco v ered (Yates, Kruehler & Greiner 2016 ). 
NRAS 515, 4890–4928 (2022) 
We obtained late-time imaging of the field of GRB 160410A with
he LDT/LMI on 2021 December 14 and 2021 January 15 in the
 and r bands. These observations were supplemented by public
rchi v al imaging with Keck/DEIMOS from 2016 April 28. In order to
recisely localize the afterglow location in these late-time images, we
tilized the initial detection of the optical counterpart by Swift /UV O T
Gibson et al. 2016a ). We display a finding chart of the field in Fig. 7 .
o source is identified coincident with the optical localization to
epth g � 24.9, R � 25.0, and I � 24.2 AB mag. We note that a deeper
onstraint on an underlying host of r � 27.17 (3 σ ; corrected for
alactic extinction) was presented by Ag ̈u ́ı Fern ́andez et al. ( 2021 )
ased on late-time deep GTC imaging. This is in sharp contrast
o the results obtained from optical spectroscopy of the afterglow
see belo w). Ho we ver, we note the presence of two bright SDSS
alaxies within 60 arcsec of the GRB localization with r = 18.9
ag at 20 arcsec and r = 17.8 mag at 35 arcsec yielding P cc =

.11 and 0.14, respectively. Despite the lower P cc compared to other
andidates, the projected physical offset from these galaxies at their
stimated photometric redshifts of z phot = 0.2 and z phot = 0.1 is

69 and 67 kpc, respectively. Furthermore, the photometric redshifts
re inconsistent with the measured redshift for GRB 160410A (see
elow). The probability of chance coincidence for any other extended
bject at larger offsets is P cc � 0.5 due to their faintness R ∼ 24 mag.
e therefore consider GRB 160410A to be observationally hostless.
We analysed Keck spectroscopy performed with LRIS on 2016

pril 10 targeted at the optical afterglow of GRB 160410A beginning
t 84 min after the GRB. The afterglow is detected as a blue contin-
um from ∼3100 to 5680 Å with a large number of visible absorption
eatures. The continuum normalized spectrum is displayed in Fig. 5 .

e identify a broad damped Lyman alpha (hereafter, Ly α) absorption
eature at λobs ∼ 3304 Å, which drives the redshift deri v ation. In
ddition, we find a number of absorption features located at λobs ≈
427, 3547, 3559, and 4146 Å that correspond to [Si II ] transitions;
ee Fig. 5 . These features, on top of the Ly α trough, allow us to derive
 redshift z = 1.717 ± 0.001. Moreo v er, we identify absorption
eatures corresponding to two intervening absorbers for which we
dentify [C IV ] at both z = 1.444 and z = 1.581. In Fig. 5 , we mark
lso tentative detections of [Si II ] and [Si IV ] at z = 1.444 and [Si II ]
nd [N II ] at z = 1.581. The redshifts of these absorbers are consistent
ith the estimates of Bloom et al. ( 1997 ) that the GRB is not residing

urther than 1.25 × the redshift of the intervening system. Our results
re consistent with the analyses presented by Selsing et al. ( 2016 ,
019 ), Cao et al. ( 2016 ), and Ag ̈u ́ı Fern ́andez et al. ( 2021 ). 
The Ly α trough provides strong evidence that the GRB originated

rom within a dense galactic environment with a neutral hydrogen
olumn density of log ( N H I /cm 

−2 ) = 21.3 ± 0.3 (Selsing et al. 2019 ;
g ̈u ́ı Fern ́andez et al. 2021 ), see Ag ̈u ́ı Fern ́andez et al. ( 2021 )

or an in depth discussion of the environment of GRB 160410A.
herefore, GRB 160410A is very unlikely to be physically hostless

i.e. occurring in an IGM-like environment outside of its birth
alaxy). This is is contrast to the field of the GRB, for which there are
o candidate host galaxies identified to deep limits ( r � 27.17 mag;
g ̈u ́ı Fern ́andez et al. 2021 ). This event delivers the first substantial

vidence for a sample of short GRBs located in high- z galaxies, which
re not identified through observ ational follo w-up. Furthermore, the
wo intervening absorbers at z = 1.444 and z = 1.581 are likewise not
etected in the Keck/DEIMOS or LDT imaging, further emphasizing
he possibility of non-detected high- z galaxies coincident to short
RBs. We emphasize that deep nIR imaging (e.g. HST , JWST ) is

rucial to the detection of these galaxies. 
As further evidence, we utilized the early X-ray light curve in order

o derive a lower limit to the circumburst density of n min � 2.6 × 10 −3 
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m 

−3 . This value is inconsistent with an IGM-like environment, 
nd provides further evidence that GRB 160410A occurred within a 
ndetected host galaxy at z = 1.717. 

1.11 GRB 160525B 

t 09:25:07 UT, Swift /BAT triggered and located GRB 160525B 

Krimm et al. 2016 ). The short burst had a duration T 90 = 0.29 ± 0.05.
he XRT localized the X-ray afterglow to an enhanced position RA,
ec. (J2000) = 09 h 57 m 32 . s 30, 51 ◦12 ′ 24 . ′′ 0 with 2.1 arcsec uncer-

ainty (90 per cent CL). In an initial finding chart exposure UV O T
arginally detected an optical source coincident with the XRT po- 

ition. The source was located at RA, Dec. (J2000) = 09 h 57 m 32 . s 23,
1 ◦12 ′ 24 . ′′ 9 with uncertainty 0.6 arcsec (90 per cent CL). The UV O T
etection of the afterglow in the wh filter sets an upper limit of z �
 to the redshift of GRB 160525B. We utilize this detection of the
ptical afterglow for relative astrometry with our late-time images. 
We performed optical imaging with the LDT/LMI on 2020 

anuary 29, 2020 February 29, and 2021 December 15 co v ering griz
avelengths. We identified a host galaxy candidate coincident with 

he UV O T localization of GRB 160525B (Fig. 7 ). This galaxy, G1,
as magnitudes g = 23.27 ± 0.15, r = 23.27 ± 0.09, i = 23.28 ± 0.18,
nd z = 23.4 ± 0.3 mag. G1 has a probability of chance alignment of
 cc = 0.03. In addition to G1, there are a number of other candidate
osts in the field (see Fig. 7 ), including two other faint sources within
 arcsec and two bright SDSS galaxies at offsets of 13 and 21 arcsec.
o other sources are unco v ered nearby the GRB position to depth
 � 24.6 AB mag. The nearby sources, G2 and source A, have
agnitudes r = 24.2 ± 0.2 and 24.3 ± 0.2 mag with P cc = 0.25 and

.6. The bright SDSS galaxies have magnitude r = 19.43 ± 0.03 and
9.95 ± 0.03 mag for G3 and G4, respectively, yielding P cc = 0.09
nd 0.26. Based on the significantly smaller P cc for G1 compared to
hese other candidates, we consider the coincident galaxy G1 to be 
he putative host of GRB 160525B. 

Using the early X-ray light curve, we set a lower limit to the
ensity surrounding the GRB’s explosion site of n min � 6.6 × 10 −3 

m 

−3 . This density is consistent with the GRB occurring in an ISM
nvironment, which is likely given the very small offset, 0.06 ± 0.25 
rcsec, of the GRB from its putative host galaxy (G1). We note that
s the half-light radius of G1 is ∼ 1.0 arcsec the host-normalized 
ffset is likewise 0.06 ± 0.25. 

1.12 GRB 160601A 

RB 160601A triggered Swift /BAT on 2016 June 1 at 14:43:02 
T (Kocevski et al. 2016 ). The burst displayed a single pulse with
uration T 90 = 0.12 ± 0.02 s. The X-ray afterglow was detected 
ith Swift /XRT at RA, Dec. (J2000) = 15 h 39 m 44 . s 55, + 64 ◦32 ′ 28 . ′′ 7
ith accuracy 4.3 arcsec (90 per cent CL). The optical afterglow was

urther localized to RA, Dec. (J2000) = 15 h 39 m 43 . s 97, + 64 ◦32 ′ 30 . ′′ 5
t 6.5 h after the BAT trigger (Malesani et al. 2011 ). 

We observed the GRB position with Gemini/GMOS-N on 2020 
ugust 1 to search for underlying galaxies. We supplemented this ob- 

ervation with LDT imaging in the griz filters, archival GTC/OSIRIS 

maging in r band, and archi v al imaging from Keck/MOSFIRE in the
 s band. We identify four nearby galaxies with offsets ∼4.8 arcsec 

o the West (G1) and north-east (G2), 6.2 arcsec to the East (G3), and
.5 arcsec to the south-west (G4) of the GRB position (see Fig. 7 ).
heir r -band magnitudes are 25.1 ± 0.15 mag (G1), 25.4 ± 0.3 

G2), 22.90 ± 0.05 (G3), and 24.55 ± 0.10 mag (G4). The chance 
robability, based on r -band number counts, for each is � 0.4, with
he exception of G3 which has P cc = 0.24. Ho we ver, we note that G2,
3, and G4 are infrared bright, and detected in the Keck/MOSFIRE
maging with magnitudes K s = 21.55 ± 0.09, 21.50 ± 0.15, and 
0.90 ± 0.07 AB mag, respectively. The P cc based on these infrared
agnitudes is 0.11, 0.13, and 0.13 for G2, G3, and G4, respectively.
his further complicates the host identification for GRB 160601A, 
s these three galaxies are equally likely hosts and none has P cc 

 0.1. As no other sources are identified coincident to the optical
ocalization to depth r � 25.9 mag, we assign it an observationally
ostless classification. Moreo v er, there are no bright galaxies from
hich it is likely the GRB was highly kicked. 
Based on the early X-ray light curve, we set a lower limit to the

ircumburst density surrounding the GRB of n min � 1.2 × 10 −5 cm 

−3 .
e note that this lower limit is consistent with the GRB occurring in

ither an ISM or an IGM-like environment. 

1.13 GRB 160927A 

wift /BAT detected GRB 160927A on 2016 September 27 at 
8:04:49 UT (Gibson et al. 2016b ). In addition, GRB 160927A was
dentified by the CALET Gamma-ray Burst Monitor (CGBM) in a 
round-based analysis with significance ∼ 5.3 σ (Moriyama et al. 
016 ). The mask-weighted BAT light curve was double peaked 
ith T 90 = 0.48 ± 0.10 s. XRT detected a fading X-ray source at
A, Dec. = 17 h 04 m 58 . s 19, + 17 ◦19 ′ 55 . ′′ 3 with uncertainty 2.2 arcsec.
bservations with the Russian-Turkish 1.5-m telescope (RTT150) 
eginning 55-m post-trigger detected an uncatalogued optical source 
ithin the XRT enhanced position (Tkachenko et al. 2016 ). Further
bservations by TNG and GROND confirmed the fading of the 
fterglo w (D’Av anzo et al. 2016 ; Wiseman, Bolmer & Greiner
016 ). Observations with the GTC at 26.5 h after the GRB detected
he afterglow with r = 25.2 ± 0.2 mag (de Ugarte Postigo et al.
016 ). Using these observations, we localized the GRB afterglow 

osition to RA, Dec. = 17 h 04 m 58 . s 19, + 17 ◦19 ′ 55 . ′′ 3 with statistical
ncertainty σ AG = 0.08 arcsec. We utilize this GTC imaging for 
elative astrometry with our late-time imaging (see below). 

We obtained late-time imaging of GRB 160927A with LDT on 
018 May 20 in r band and with Gemini GMOS-N on 2020 August 1
n i band. We supplemented these observations with archival imaging 
rom the GTC in r band taken on 2017 February 23 and with
eck/LRIS imaging in the GRZ filters from 2018 October 6 and
019 September 4. These late-time images do not resolv e an y source
oincident with the position of the optical afterglow to depth r �
6.0 AB mag (corrected for Galactic extinction). The closest source 
o the GRB position (source A in Fig. 7 ) is offset by ∼3 arcsec with
agnitudes r = 25 . 8 + 0 . 3 

−0 . 2 and i = 25 . 6 + 0 . 3 
−0 . 2 mag. This source is too

aint for a conclusive star/galaxy classification, although we note it 
ppears marginally extended. The chance probability for Source A 

s P cc = 0.5. Additionally, there are a number of SDSS galaxies (G1,
2, G3, and G4) within the field at > 9 arcsec, but P cc � 0.5 for each
f them. Due to the lack of putative host galaxy, we consider GRB
60927A to be observationally hostless. 
We set a lower limit of n min � 1.1 × 10 −4 cm 

−3 to the density of the
RB’s environment based on the early X-ray afterglow. This density 

s consistent with the GRB occurring within the virial radius of its
ost galaxy (O’Connor et al. 2020 ), and introduces the possibility
hat this GRB occurred in a faint, undetected galaxy. 

1.14 GRB 170428A 

n 2017 April 28 at 09:14:42 UT , Swift /BAT detected GRB 170428A
Beardmore et al. 2017 ). The burst was also detected with Konus-
ind (Tsv etko va et al. 2017 ) and the CGBM (Yamada et al.
MNRAS 515, 4890–4928 (2022) 
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017 ). The burst had a duration T 90 = 0.2 ± 0.07 s. The X-ray
fterglow was located at RA, Dec. = 22 h 00 m 18 . s 76, + 26 ◦54 ′ 57 . ◦1
ith uncertainty 2.8 arcsec. The optical counterpart was detected at
A, Dec. = 22 h 00 m 18 . s 78, + 26 ◦54 ′ 57 . ′′ 0 (Bolmer et al. 2017 ). 
We carried out late-time imaging of the field with LDT/LMI on

018 May 21 in the griz filters. These data were supplemented by
arly-time LDT imaging from 2017 April 29 ( ∼1 d post-burst)
nd archi v al observ ations by TNG in i and z from 2017 May 1
 ∼3 d post-burst). In order to localize the afterglow, we performed
mage subtraction between these early and late-time images using the
OTPANTS softw are (Beck er 2015 ). We do not detect the afterglow

n either the LDT or TNG images, and instead use the reported
osition from GROND (Bolmer et al. 2017 ). 
In our late-time LDT imaging, we detect a candidate host galaxy

G1) at offset 1.2 arcsec from the afterglow localization. The galaxy
as magnitudes g > 23.3, r = 22.09 ± 0.10, i = 21.84 ± 0.15, and z =
1.88 ± 0.15 mag; the galaxy is not detected in the g band due to the
000 Å break. The probability of chance coincidence is P cc = 0.01.
e report the detection of another extended galaxy (G2) at offset
13 arcsec with r = 21.53 ± 0.07. This galaxy has an 34 per cent

robability of chance alignment. There is no source detected at the
RB’s optical localization to i � 23.6 and z � 23.4 mag (corrected

or Galactic extinction). Based on these arguments, we consider G1
he putative host galaxy for GRB 170428A. 

The galaxy G1 has a redshift of z = 0.454 determined by optical
pectroscopy with the GTC (Izzo et al. 2017 ). At this redshift, the
rojected physical offset of the GRB from its host is 7.2 ± 1.8 kpc.
he host-normalized offset is R o / R e = 1.0 ± 0.3, consistent with the
RB occurring within the half-light radius of G1. We compute a

ower limit for the density of the environment surrounding the GRB
f n min � 1.6 × 10 −5 cm 

−3 . 

1.15 GRB 170728A 

RB 170728A was detected and localized by Swift /BAT on 2017
uly 28 at 06:53:28 UT (Cannizzo et al. 2017b ). The burst was single
ulsed with duration T 90 = 1.25 ± 0.23 s. A fading X-ray source
as detected with Swift /XRT at RA, Dec. (J2000) = 03 h 55 m 33 . s 21,
 12 ◦10 ′ 53 . ′′ 2 with uncertainty 2.1 arcsec. Shortly thereafter , UV O T

isco v ered an uncatalogued, fading source inside the XRT position
t RA, Dec. (J2000) = 03 h 55 m 33 . s 17, + 12 ◦10 ′ 54 . ′′ 7 (Laporte &
annizzo 2017 ). We used the UV O T wh -band afterglow disco v ery

mage to localize the GRB in our late-time images. 
In order to search for the host galaxy of GRB 170728A, we

btained late-time imaging with the LDT/LMI on 2019 January 8
n r band. Additionally, we retrieved publicly available late-time
mages from the Keck Observatory (PI: Fong) taken 2018 January
4 in G and R . In these imaging, we unco v er four visually extended
ources within 15 arcsec of the GRB position. Ho we ver, the PSF of a
earby, very bright star ( r ∼11.8 mag; SDSS ) contaminates the GRB
ocalization in each image. No source is detected coincident to the
RB position with a 3 σ upper limit of R � 24.7 mag (the shallow

imit is due to a diffraction spike from the bright star, and the Galactic
xtinction, E ( B − V ) = 0.21 mag, in the direction of the burst).
or the nearby galaxies, we derive magnitudes R = 23.89 ± 0.12,
3.31 ± 0.15, 23.76 ± 0.13, and 22.76 ± 0.15 mag for G1, G2,
3, and G4, respectively, with offsets of 4.4, 6.7, 7.4, and 14 arcsec.
e note that the photometry for G3, in particular, is contaminated

y the diffraction spike from the bright star. We find a probability
f chance coincidence of P cc = 0.23, 0.32, 0.49, and 0.67 for G1,
2, G3, and G4, respectively. Thus, we find that GRB 170728A is
NRAS 515, 4890–4928 (2022) 
bservationally hostless. Future observations at a different position
ngle can provide deeper constraints on an underlying source. 

We compute a lower limit to the circumburst density of the GRB’s
nvironment, constraining it to be � 1.2 × 10 −4 cm 

−2 . This suggests
he GRB originated from within a galactic environment. 

1.16 GRB 170728B 

t 23:03:19 UT on 2017 July 28 Swift /BAT (Cenko et al. 2017 ),
ermi /GBM (Stanbro & Meegan 2017 ), Fermi /LAT (Yassine &
acusin 2017 ), and Konus- Wind (Kozlova et al. 2017 ) triggered
n GRB 170728B. The GRB displayed an initial short pulse with
uration <1 s, followed by a weak, softer emission until ∼50 s. The
 90 duration observed by BAT in 15–150 keV is 48 ± 25 s. Due to

hese features, we classify this event as a candidate sGRBEE. The
-ray afterglow was localized to RA, Dec. (J2000) = 15 h 51 m 55 . s 44,
 70 ◦07 ′ 21 . ′′ 4 with uncertainty 1.9 arcsec (90 per cent). An optical

ounterpart was identified shortly after, localizing the GRB to RA,
ec. (J2000) = 15 h 51 m 55 . s 47, + 70 ◦7 ′ 21 . ′′ 1 (D’Av anzo, Stoe v &
ecconi 2017 ). 
We carried out late-time observations with the LDT/LMI on 2019

o v ember 3 and 2019 December 7 co v ering griz wavelengths. At the
osition of the optical counterpart we identify a bright host galaxy
G1) with magnitudes g = 23.71 ± 0.06, r = 23.06 ± 0.06, i =
2.63 ± 0.05, and z = 22.33 ± 0.15 mag. The SED suggests that
he 4000 Å break occurs between the g and r bands, hinting at a
hotometric redshift in the range z ∼ 0.3–0.6. The offset of the GRB
rom this galaxy is 0.8 arcsec yielding P cc = 0.014. There are no
ther nearby galaxy candidates to magnitude r � 24.6 mag. We note
he presence of a catalogued galaxy with magnitude r = 20.3 at offset

24 arcsec, but the P cc = 0.4 (due to the large offset, this galaxy is
ot displayed in the finding chart). We therefore consider G1 to be
he putative host galaxy of GRB 170728B. 

We used prospector to model the SED of G1 (Fig. 9 ), and
btain a photometric redshift z phot = 0.6 ± 0.1 and a stellar mass
og ( M ∗/M �) = 9.7 ± 0.2. We further derive a density n min �
.5 × 10 −4 cm 

−3 for the GRB environment using the early X-
ay afterglow light curve. This value is inconsistent with the GRB
ccurring in an IGM-like environment (i.e. n < 10 −4 cm 

−3 ; O’Connor
t al. 2020 ). We note that the host-normalized offset R o / R e = 1.1 ± 0.3
s consisent with the GRB occurring within the half-light radius of
1. Assuming a redshift z ∼ 0.64, we compute the physical offset
etween the GRB and G1 to be ≈ 5.5 ± 1.7 kpc. 

1.17 GRB 180618A 

n 2018 June 18 at 00:43:13 UT Swift /BAT (Sakamoto et al.
018 ), Fermi /GBM (Hamburg, Bissaldi & Fermi GBM Team 2018a ),
onus- Wind (Svinkin et al. 2018 ), and AstroSat (Sharma et al. 2018 )

riggered on GRB 180618A. The BAT light curve displayed a short,
ultipeaked pulse with duration <0.5 s followed by softer emission

or tens of seconds. The total duration of the burst detected with BAT
s T 90 = 47.4 ± 11.2 s. In addition, the spectral lag of the initial pulse
s ne gligible. F or these reasons we classify GRB 180618A as an sGR-
EE. The X-ray afterglow of GRB 180618A was localized to RA,
ec. (J2000) = 11 h 19 m 45 . s 94, + 73 ◦50 ′ 14 . ′′ 3 with uncertainty 2.0 arc-

ec (90 per cent). A more precise localization was derived by UV O T
rom the bright optical afterglow to RA, Dec. (J2000) = 11 h 19 m 4587,
 73 ◦50 ′ 13 . ′′ 5 (Siegel, LaPorte & Swift/UV O T Team 2018 ). 
We carried out grizy imaging with the LDT/LMI on 2019 April 7,

019 December 7, and 2021 May 5. We unco v ered a faint galaxy at an
ffset of ∼ 1.6 arcsec from the optical localization of the GRB with
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agnitudes g = 23.89 ± 0.12, r = 22.92 ± 0.08, i = 22.33 ± 0.10,
 = 22.26 ± 0.12, and y � 21.5 AB mag. The probability of chance
oincidence is P cc = 0.03. Furthermore, we identified three other 
andidate host galaxies in the vicinity of the GRB: Source A with
 = 24.5 ± 0.2 at ∼ 1.6 arcsec, G2 with r = 23.01 ± 0.08 at 4.1
rcsec, and G3 with r = 22.29 ± 0.06 at 7.4 arcsec. The probability
f chance coincidence for these sources is 0.08, 0.15, and 0.23 for
ources A, G2, and G3, respectively. No other sources are identified 
ear the GRB localization to r � 24.7 AB mag (corrected for Galactic
xtinction). Due to the similar probability of chance coincidence for 
1 and Source A (0.03 versus 0.08), we cannot differentiate between 
hich is the more likely host galaxy. Ho we ver, deeper observ ations

re required to confirm the source classification of Source A, and 
hether it is a foreground star or a galaxy. Therefore, we tentatively

onsider G1 the host galaxy of GRB 180805B. 
We obtained optical spectroscopy of G1 with Gemini GMOS-N 

n 2021 February 1. We detect a very weak trace between ∼ 7300
nd 9500 Å. There are no obvious emission or absorption features. 
herefore, we instead modelled the broad-band SED ( grizy ) within 
rospector . As the spectrum does not show bright emission 

eatures, we turned off nebular emission lines within prospector . 
e found that A V ≈ 0 provided the best fit to the SED, due to

he near flat slope in the rizy filters. Thus, we fixed the intrinsic
xtinction to A V = 0 in order to allow for minimization of the
ikelihood function. The MCMC fit resulted in z phot = 0 . 4 + 0 . 2 

−0 . 1 and
 stellar mass log ( M ∗/M �) = 9.6 ± 0.3 (see Fig. 9 ). At this redshift,
he offset of GRB 180618A from G1 is 8.8 ± 1.1 kpc. The host-
ormalized offset is R o / R e = 1.58 ± 0.24. 
Using the early X-ray light curve, and assuming z ≈ 0.4, we 

dentified a lower limit of 4.0 × 10 −3 cm 

−3 . This supports that the
GRB occurred within an ISM-like environment. 

2 XRT Localized 

2.1 GRB 101224A 

RB 101224A was detected with Swift /BAT (Krimm et al. 2010 )
nd Fermi /GBM (McBreen 2010 ) on 2010 December 24 at 05:27:13
T . The duration observed by BAT was T 90 = 0.24 ± 0.04 s. The
ermi /GBM spectrum and light curve displayed similar properties 

o GRB 170817A (von Kienlin et al. 2019 ). Swift /XRT localized the
-ray afterglow to RA, Dec. (J2000) = 19 h 03 m 41 . 

s 
72, + 45 ◦42 ′ 49 . ′′ 5

ith uncertainty 3.8 arcsec. No optical counterpart was identified. 
A candidate host galaxy (G1) was disco v ered at the edge of the

nhanced XRT position, see Fig. 8 . This galaxy was previously 
eported by Nugent & Bloom ( 2010 ) and Tunnicliffe et al. ( 2014 ).

e derive magnitudes g = 22.54 ± 0.06, r = 21.99 ± 0.06, i =
1.83 ± 0.05, and z = 21.78 ± 0.05 AB mag. The probability of
hance coincidence for G1 is P cc = 0.11. In addition, we disco v ered
 very faint source, referred to as Source A, within the XRT error
ircle with magnitude r = 24.7 ± 0.2. Three other candidate host
alaxies, visible in Fig. 8 , are unco v ered at offsets of 4.5, 6.4, and
.4 arcsec. The probability of chance coincidence is > 0.25 for each
f these sources. No other sources are identified within the XRT
nhanced position to depth r � 24.9 AB mag (3 σ , corrected for
alactic extinction). Due to this, no other galaxy will have a lower
robability of chance coincidence than G1, even if unco v ered in
eeper observations, making G1 the most likely host galaxy, despite 
he higher P cc value. 

We performed optical spectroscopy of the candidate host galaxy, 
1, on 2014 October 27 with Keck/LRIS (see Table 2 ). The resulting

pectrum is displayed in Fig. 4 . We detect multiple emission lines
t λobs ≈ 5422, 7067, 7209, 7278, and 9542 Å which we associate 
o the [O II ] doublet, H β, [O III ] 4960 , [O III ] 5008 , and H α transitions
t a redshift z = 0.4536 ± 0.0004. We note that at this redshift
here is a marginal detection of H γ . Although we cannot classify
he galaxy type based on morphology, we suggest that the strong
mission features are typical of a late-type galaxy. At this redshift,
he offset of GRB 101224A from this galaxy is R = 14 ± 17 kpc. 

We derive a lower limit, n min � 3.6 × 10 −5 cm 

−3 , to the density of
he GRBs environment using the early X-ray light curve. This density
s consistent with an IGM-like environment ( n < 10 −4 cm 

−3 ). 

2.2 GRB 120305A 

RB 120305A was detected with Swift /BAT on 2012 March 5 at
9:37:30 UT (Stratta et al. 2012 ). The burst displayed a single peak
ith a fast rise and slower decay. The burst had a duration T 90 =
.10 ± 0.02 s. A fading X-ray source, identified as the afterglow,
as detected at RA, Dec. (J2000) = 03 h 10 m 08 . s 68, + 28 ◦29 ′ 31 . ′′ 0
ith uncertainty 2.0 arcsec. No optical counterpart was identified. 
he lack of an optical counterpart may be due to the high Galactic
xtinction A V = 1.2 mag (Schlafly & Finkbeiner 2011 ) from the
RB’s localization in the direction of a molecular cloud (Planck 
ollaboration XXVII 2016 ), which also leads to an enhanced 
ackground in the XRT localization and throughout the image (see 
ig. 8 ). This enhanced background is observed with a consistent
attern in all imaging of this field (e.g. Gemini, Keck, and LDT), and
eads to a shallower upper limit (see below). 

We performed late-time imaging with the LDT in r band on 2014
arch 6 and with Keck on 2014 October 25 in the G and R bands

o search for an underlying galaxy. We further supplemented our 
maging with archi v al Gemini observations taken in i band (PI:
 anvir). W e did not disco v er a source within the XRT enhanced
osition to depth G � 24.6 and R � 24.9 (corrected for Galactic
xtinction). Ho we ver, our imaging re vealed the presence of three
ncatalogued galaxies (G1, G2, and G3) at offsets <15 arcsec, see
ig. 8 . 
The nearest galaxy, G1, has magnitudes G = 21.7 ± 0.06, R =

1.53 ± 0.04, and i = 20.85 ± 0.08 mag. The galaxy is offset by 5.4
rcsec from the GRB position, whereas G2 and G3 are fainter ( R =
2.4 ± 0.06 and 22.84 ± 0.06 mag) with larger offsets of 9.8 and 12.6
rcsec, respectively. The probability of chance coincidence for these 
alaxies is 0.07, 0.36, and 0.65 for G1, G2, and G3, respectively.
e therefore consider G1 to be the putative host galaxy for GRB

20305A. We note that G1 has a morphology suggestive of a late-
ype galaxy. The host-normalized offset is R o / R e = 4.6 ± 1.2 (see
able 3 ). Furthermore, the griz magnitudes hint at a 4000 Å break
round the i band, suggesting a redshift z ∼ 0.6–0.9. 

We derive a lower limit, n min � 2.0 × 10 −5 cm 

−3 , to the density
f the GRBs environment using the early X-ray light curve. This is
onsistent with the expected density for an IGM-like environment, 
ut does not rule out that the GRB occurred within a higher density
alactic environment, such as G1. 

2.3 GRB 120630A 

n June 39, 2012 at 23:17:33 UT , GRB 120630A triggered Swift /BAT
Sakamoto et al. 2012 ). The burst is comprised of a single pulse
ith duration T 90 = 0.58 ± 0.18. Observations with Swift /XRT 

ocalized a rapidly fading X-ray source at RA, Dec. = 23 h 29 m 11 . s 07,
 42 ◦33 ′ 20 . ′′ 3 with uncertainty 4.0 arcsec. This source was identified
MNRAS 515, 4890–4928 (2022) 
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s the X-ray afterglow, and faded below Swift detectability within
he first orbit. 

Gemini observations were carried out on 2012 July 1 at 0.5 d
fter the GRB to search for the optical afterglow of GRB 120630A.
o afterglow was detected within the XRT enhanced position to
epth r � 25.0 mag. Ho we ver, in these Gemini images we identify
even nearby candidate host galaxies for GRB 120630A (see Fig. 8 ).
e therefore carried out follow-up imaging at late-times with the

DT/LMI on 2014 September 5 in riz and Keck/LRIS on 2014
ctober 25 in the GR filters to better identify the putative host. 
Within the XRT enhanced position we detect two extremely faint

ources (Sources A and B) which, due to their faintness, we cannot
onfirm are extended. Source A has magnitudes G = 25.7 ± 0.2, R =
5.4 ± 0.3, i = 24.7 ± 0.3, z = 24.8 ± 0.3, whereas Source B has G =
5.5 ± 0.2, R = 25.5 ± 0.3. Due to the large XRT position error (4.0
rcsec), these sources have a significant probability ( P cc ∼ 0.8) of
andom alignment with the GRB localization. We therefore exclude
hese sources as candidate host galaxies. The 3 σ upper limit to any
ther source within the XRT position is G � 25.7, R � 25.6, i �
4.9, and z � 24.9 mag (corrected for Galactic extinction). 
The other five sources identified near the GRB position are

etected with a high significance, and easily identified as extended
alaxies. The brightest of these sources (G1) is located at an offset
5.8 arcsec with magnitude G = 22.11 ± 0.03, R = 21.42 ± 0.04,

 = 21.06 ± 0.07, z = 20.99 ± 0.05 mag. This galaxy is catalogued
n both the PS1 ( riz ) and CatWISE2020 (Marocco et al. 2020 )
atalogs. The WISE infrared magnitudes are W 1 = 19.48 ± 0.04
nd W 2 = 19.61 ± 0.08 AB mag. G1 has a significantly lower
robability of chance alignment with the XRT position, P cc = 0.07,
ompared to Sources A and B, especially in the redder filters. In
omparison to this source the other candidate host galaxies (G2, G3,
4, and G5) in Fig. 8 , which are much fainter ( r � 23 mag), have a

arge P cc � 0.4. Therefore, we consider the bright galaxy G1 to be
he putative host. 

We modeled the broadband SED (co v ering optical wavelengths
RizW 1 W 2) of G1 with prospector , see Fig. 9 . We derive a
hotometric redshift z phot = 0.6 ± 0.1 and a moderate stellar mass
og ( M ∗/M �) = 9 . 8 + 0 . 2 

−0 . 4 . Adopting z ∼ 0.6, we derive a physical offset
f the GRB from G1 of R = 40 ± 20 kpc, and a host-normalized
ffset R o / R e = 6.4 ± 3.2. 
We derive a lower limit, n min � 9.0 × 10 −5 cm 

−3 , to the density
f the GRBs environment using the early X-ray light curve. This is
onsistent with the expected density for an IGM-like environment,
ut does not rule out that the GRB occurred within a higher density
alactic environment, such as G1. 

2.4 GRB 130822A 

n 2013 August 22 at 15:54:17 UT , GRB 130822A triggered
wift /B AT (K ocevski et al. 2013 ). The burst displayed single pulse
ith duration T 90 = 0.04 ± 0.01. XRT observations began at 85 s,

nd localized a fading X-ray source at RA, Dec. = 01 h 51 m 41 . s 27,
03 ◦12 ′ 31 . ′′ 7 with uncertainty 3.3 arcsec. No source was de-

ected within the XRT enhanced position by optical follow-up
bservations. 
We obtained late-time imaging with Keck/LRIS in the G and R

ands on 2014 October 25. The field of GRB 130822A is crowded
ith > 30 sources within 20 arcsec in our Keck imaging. There

re 8 SDSS galaxies ( r ∼ 20.7–21.7 mag) within 60 arcsec, one of
hich is significantly brighter than the rest with R = 18.13 ± 0.02
ag. We label this bright galaxy at offset 22 arcsec as G7. G7
NRAS 515, 4890–4928 (2022) 
as P cc = 0.08 and redshift z = 0.154 (Wiersema et al. 2013 ).
n even brighter SDSS galaxy (referred to as G12) at z = 0.045

Wiersema et al. 2013 ) resides at 84 arcsec offset from the GRB
osition with R = 16.204 ± 0.005 ( P cc = 0.23). In addition to these
alaxies, there are a number of r � 24 mag galaxies at offsets �
0 arcsec, with P cc � 0.8. We also identify 4 faint sources, R �
5 mag, within 5 arcsec of the XRT position (one of which resides
nside the 90 per cent localization region; Fig. 8 ). These sources
ave P cc = 0.25–0.5. The 3 σ upper limit within the XRT position is
 � 25.8 AB mag. 
Due to its lower probability of chance alignment, we consider G7

s the putative GRB host. We note that the morphology of G7 is a
ace-on late-type galaxy. The projected offset from the GRB position
s 22.0 ± 2 . ′′ 3, which at z = 0.154 corresponds to 61 ± 6 kpc. The
ost-normalized offset is R e / R o = 8.1 ± 0.9. Thus, GRB 130822A
epresents the largest offset of a sGRB from a late-type galaxy
Fig. 18 ). 

Based on the early X-ray afterglow light curve, we set a lower
imit to the density of the environment surrounding the GRB of �
.1 × 10 −4 cm 

−3 . This value is consistent with the GRB occurring
n an ISM-like environment. Ho we ver, we caution that for this GRB
e-binning the XRT light curve yields two data points with a very
teep decay index, hinting that the observed X-ray emission may not
e due to the forward shock. In such a case the formalism to constrain
he density is not applicable. 

2.5 GRB 140516A 

t 20:30:54 UT on 2014 May 16, Swift /BAT triggered on GRB
40516A. The burst had a duration T 90 = 0.19 ± 0.09 s. XRT
ocalized the afterglow to RA, Dec. = 16 h 51 m 57 . s 40, + 39 ◦57 ′ 46 . ′′ 3
ith 2.7 arcsec uncertainty (90 per cent CL). No optical afterglow
as disco v ered for this ev ent. 
We obtained late-time imaging of GRB 140516A with the LDT

n r band. This was supplemented with archi v al Gemini and K eck
maging in i and K s , respectively. The field surrounding the GRB
osition is sparse, with the exception of a bright foreground star
lightly o v erlapping the XRT position. Ho we v er, we unco v er an
xtremely faint candidate host galaxy (referred to as Source A) at the
dge of the XRT position that is detected in both the Gemini and Keck
maging. Source A has magnitudes r � 25.0, i = 25.9 ± 0.3, and K s =
3.15 ± 0.20 AB mag, suggestive of a high- z origin. The probability
f chance coincidence is 0.6 based in the i -band magnitude and 0.2
ased on the K s band. No other source is unco v ered in the XRT
osition to depth i � 26.1 AB mag, and there are no other nearby
andidate galaxies. We note the presence of a bright r ∼ 17.5 mag
alaxy at an offset of 80 arcsec; however, the P cc > 0.3. We, therefore,
onsider GRB 140516A to be observationally hostless. 

Based on the early X-ray afterglow light curve, we set a lower
imit to the density of the environment surrounding the GRB of
 7.3 × 10 −4 cm 

−3 . This value is consistent with the GRB occurring
n an ISM-like environment. 

2.6 GRB 140622A 

RB 140622A triggered Swift /BAT on 2014 June 22 at 09:36:04 UT

D’Elia et al. 2014 ). The burst had duration T 90 = 0.13 ± 0.04 s. The
-ray afterglow was localized to RA, Dec. (J2000) = 21 h 08 m 41 . s 53,
14 ◦25 ′ 09 . ′′ 5 with accuracy 2.9 arcsec (90 per cent CL). No optical

fterglow was unco v ered for this event. 
We performed late-time observations with the LDT/LMI on 2021

ugust 6 in the griz filters. We identify a nearby galaxy (Fig. 8 )
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nco v ered at offset 4.6 arcsec with magnitudes g = 22.53 ± 0.07, r =
2.28 ± 0.07, i = 21.84 ± 0.06, and z = 21.92 ± 0.20. The probability 
f chance coincidence for G1 is P cc = 0.08 using the r -band
agnitude. Another galaxy, G2, is detected at an offset of 7.7 arcsec
ith r = 22.66 ± 0.07 yielding P cc = 0.29. In addition, no source is
etected within the XRT position to depth r � 24.1 mag (a previous
imit of r � 25.8 mag was reported by P ande y et al. 2019 using GTC).

e note that any source fainter ( r � 24.1 mag) than this residing with
he XRT error circle would have P cc � 0.25. These arguments lead
s to classify G1 as the putative host of GRB 140622A. 
In order to derive the redshift of this galaxy, we carried out optical

pectroscopy with Keck/LRIS on 2014 October 27 (see Table 2 ). The
pectrum is displayed in Fig. 4 . We identified emission lines at λobs 

7304 and 9810 Å which we associate to the [O II ] doublet and
O III ] 5008 , respectively. This yields a redshift z = 0.959 ± 0.001,
hich is consistent with that reported by Hartoog et al. ( 2014 ).
t this redshift there is a very marginal detection of both H β and

O III ] 4960 . In our LDT imaging, we cannot classify the galaxy type
ased on morphology, but the emission features are suggestive of a 
ate-type galaxy. At this redshift the offset of the galaxy from the
RB position is 38 ± 17 kpc, towards the high end of the short GRB
ffset distribution. The host-normalized offset is R o / R e = 3.8 ± 1.7.
We derive a lower limit, n min � 1.8 × 10 −5 cm 

−3 , to the density
f the GRBs environment using the early X-ray light curve. This is
onsistent with the GRB occurring at an offset of ∼ 38 kpc from G1,
nd does not exclude the association. 

2.7 GRB 150831A 

RB 150831A triggered Swift /BAT on 2015 August 31 at 10:34:12 
T (Lien, Burrows & Kennea 2015 ). The GRB was also detected with

he Integral (Mereghetti et al. 2015 ) and Konus- Wind (Golenetskii 
t al. 2015 ) satellites. The burst had duration T 90 = 1.15 ± 0.22 s
s observed by BAT. The X-ray afterglow was localized to RA,
ec. (J2000) = 14 h 44 m 05 . s 84, −25 ◦38 ′ 06 . ′′ 4 with accuracy 2.2 arcsec

90 per cent CL). No optical counterpart was unco v ered for this event.
We analysed public archi v al imaging obtained with 

emini/GMOS-S on 2020 July 29 in i band, and from VLT/FORS2
n R band and I band from 2016 September 1 and 2017 March
, respectively. We identify a galaxy within the XRT enhanced 
osition with magnitude R = 24.95 ± 0.10 and i = 25.1 ± 0.3 mag.
ue to its faintness, this source has an ∼ 32 per cent probability
f chance alignment with the XRT position. There are no other 
ources detected within the XRT position to depth R � 25.6 and
 � 25.6 mag. We identify two other galaxies within 15 arcsec of
he GRB localization (Fig. 8 ): G2 has magnitude i = 23.45 ± 0.09
t offset 10.9 arcsec, and G3 with i = 22.14 ± 0.05 at 12.1 arcsec.
hese sources have P cc = 0.5 and 0.25 for G2 and G3, respectively.
here are no other bright galaxies within 60 arcsec of the GRB

ocalization. Consequently, there is no putative host galaxy for GRB 

50831A, and we consider the GRB to be observationally hostless. 
Using the early X-ray afterglow light curve, we set a lower limit

f n min � 2.4 × 10 −5 cm 

−3 to the circumburst environment of GRB
50831A. This density is consistent with that expected for an IGM-
ike environment, but does not exclude a higher density. 

2.8 GRB 151229A 

RB 151229A triggered Swift /BAT (Kocevski et al. 2015 ) and 
ermi /GBM (von Kienlin & Meegan 2015 ) on 2015 December 29
t 06:50:27 UT . The duration of the GRB is T 90 = 1.44 ± 0.45 and
.5 ± 1.0 s as seen by BAT and GBM, respectively. Swift /XRT
isco v ered fading X-ray source was disco v ered at RA, Dec.
J2000) = 21 h 57 m 28 . s 78, −20 ◦43 ′ 55 . ′′ 2 with accuracy 1.4 arcsec
90 per cent CL). No optical counterpart was disco v ered. 

We carried out late-time imaging of GRB 151229A with the 
DT/LMI in the r and i bands, Gemini/GMOS-N in r band,
emini/GMOS-S in i band, and Gemini/Flamingos-2 (hereafter 
2) in the J and K s bands. We supplemented these observations
ith archi v al z band imaging with Gemini/GMOS-S (PI: Fong)

nd Y -band imaging with Keck/MOSFIRE (PI: Terreran). In these 
bservations we unco v er an extended source (G1) coincident with the
RT enhanced position. We derive magnitudes r = 25.75 ± 0.2, i =
5.41 ± 0.15, z = 24.47 ± 0.10, Y = 24.0 ± 0.2, J = 23.10 ± 0.18,
nd K s = 22.78 ± 0.2 AB mag. We note that the probability of
hance coincidence (using the r -band magnitude) for this galaxy is
arge, P cc = 0.25. Ho we ver, the probability of chance coincidence
or G1 based on the redder z and Y magnitudes is significantly
ower with P cc ≈ 0.1 − 0.15. Moreo v er, the field of GRB 151229A
s sparse, and no other candidate hosts were identified to depth r �
6.1 mag. Therefore, we consider G1 as the putative host galaxy of
RB 151229A. 
We analysed archi v al K eck/LRIS spectroscopy of this galaxy (see

able 2 ), but did not identify a trace or any emission lines. Instead, we
odeled the broad-band SED ( rizYJK s ) of G1 within prospector

n order to derive a photometric redshift. We found that in order
or the code to achieve a good fit to the SED, we had to turn-
ff nebular emission lines within prospector . Finally, we obtain 
 phot = 1.4 ± 0.2 and a stellar mass log ( M ∗/M �) = 10.3 ± 0.2
Fig. 9 ). At this redshift, the physical offset of the GRB is 9 ± 9 kpc.

e further derive a host-normalized offset of R o / R e = 2.5 ± 2.5. 
Adopting z ≈ 1.4, as suggested by the galaxy’s SED, we set a lower

imit to the density of the GRBs environment n min � 1.2 × 10 −1 cm 

−3 .
hese limits suggest the GRB occurred within a high density galactic
nvironment, and support the association with G1. 

2.9 GRB 170127B 

wift /BAT triggered and localized GRB 170127B on 2017 January 27 
t 15:13:28 UT (Cannizzo et al. 2017a ). The burst was also detected
ith Fermi /GBM (Veres & Meegan 2017 ). As seen by BAT, the burst
as single pulsed with duration T 90 = 0.51 ± 0.14 s. Swift /XRT
isco v ered the X-ray afterglow at RA, Dec. (J2000) = 01 h 19 m 54 . s 47,
30 ◦21 ′ 28 . ′′ 6 with accuracy 2.6 arcsec (90 per cent CL). No optical

ounterpart was unco v ered for this GRB. 
We obtained late-time imaging of GRB 170127B on 2021 January 

0 from Gemini South in z band (PI: Troja). We also include in our
nalysis public archi v al Gemini South observ ations in g band (PI:
ong) as well as public archi v al K eck imaging (LRIS/MOSFIRE;
Is: Miller, Terreran) in the G , R , I , and J filters. The field is very
parse, with no bright candidate host galaxies. Nevertheless, in the 
eck imaging we identify a faint, extended source (G1 in Fig. 8 )
ithin the XRT enhanced position, which is not detected in the
emini images. This source has magnitudes G = 25.7 ± 0.2, R =
5.5 ± 0.2, I = 25.5 ± 0.2, z � 23.9, and J � 24.1 AB mag. The
robability of chance coincidence using r -band number counts is 
 cc = 0.55. No other source is identified within the XRT position

o a 3 σ upper limit R � 26.0 mag. We note there are also tw o f aint
 R ∼ 24.5–25.0 mag) galaxies (G2 and G3), which we refer to as
2 and G3, at offsets ∼ 6 and 9 arcsec with a similarly large chance
robability P cc = 0.54 and 0.82, respectively. Due to these high
robabilities, we find that GRB 170127B is observationally hostless. 
MNRAS 515, 4890–4928 (2022) 
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Using the early X-ray afterglow light curve from Swift /XRT, we
et a lower limit to the density of the GRB’s environment of n min 

 7.3 × 10 −4 cm 

−2 . This density implies that the GRB originated
ithin a galactic environment. 

2.10 GRB 171007A 

t 11:57:38 UT on 2017 October 7, Swift /BAT (Cannizzo et al.
017c ) and Fermi /GBM (Bissaldi 2017 ) triggered and located GRB
71007A. The burst displayed a single pulse with duration ∼3 s
ollowed by weaker, softer emission which is characterized as EE.
he total duration of the GRB is T 90 = 105 ± 45 s. In this
ork, we classify GRB 171007A as a candidate sGRBEE. XRT
bservations localized an uncatalogued, fading X-ray source to RA,
ec. (J2000) = 09 h 02 m 24 . s 14, + 42 ◦49 ′ 08 . ′′ 8 with uncertainty 2.5

rcsec (90 per cent CL) which was identified as the afterglow. No
ptical or infrared counterpart was identified. 
We obtained late-time imaging with LDT on 2020 January 9 in r

and and the Gemini North telescope on 2021 February 1 in i band.
e unco v ered two e xtremely faint sources in our Gemini imaging

t the edge of the XRT enhanced position, see Fig. 8 . Due to their
aintness we cannot determine whether these sources are extended.
he first source, referred to as Source A, has magnitude i = 25.1 ± 0.2
nd the second source (Source B) has magnitude i = 26 ± 0.4. Source
 is also detected in our LDT imaging with r = 24.8 ± 0.3, whereas
ource B is not detected to depth r � 24.9 mag. The probability
f chance coincidence for either source is quite large, P cc � 0.5.
herefore, due to the large XRT localization we cannot confidently
ssociate either source to the GRB. No other sources are detected to
 � 26.1 mag within the XRT localization. In addition, there are no
ther sources with lower P cc outside of the XRT error circle, leading
o an observationally hostless classification as it is not clear if either
f these sources is the host. We note that any fainter sources identified
n deeper imaging would similarly be difficult to confirm a physical
ssociation to GRB 171007A due to the high P cc . 

Using the early X-ray light curve, we derive a lower limit to the
ircumburst density of � 2.0 × 10 −6 cm 

−3 . We note that this lower
imit is not very constraining to the density due to the plateau and
arly steep decline phase of the X-ray light curve, leading us to
pply a late time X-ray data point in order to compute the lower
imit. 

2.11 GRB 180727A 

n 2018 July 27 at 14:15:28 UT , GRB 180727A was detected
ith Swift /BAT (Beardmore et al. 2018 ) and Fermi /GBM (Veres
018 ). The duration of the GRB as observed by BAT is T 90 =
.05 ± 0.22 s. XRT observations localized the afterglow to RA, Dec.
J2000) = 23 h 06 m 39 . s 86, −63 ◦03 ′ 06 . ′′ 7 with uncertainty 2.3 arcsec
90 per cent CL) which was identified as the afterglow. No optical
ounterpart was detected. 

We analysed public archi v al observ ations obtained with
emini/GMOS-S in the griz filters. We identify an extremely faint

ource (Source A) within the XRT error circle with magnitudes g =
6.1 ± 0.3, r = 25.9 ± 0.3, i = 25.5 ± 0.3, and z = 25.5 ± 0.3
ag. The probability of chance coincidence for this source is ∼ 0.6.
he upper limit to other sources in the XRT position is r > 26.1.
e detect three other sources within 10 arcsec of the XRT position

Fig. 8 ). These sources have P cc > 0.3, and all other galaxies in the
eld have P cc > 0.5. We, therefore, consider GRB 180727A to be
bservationally hostless. 
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We derive a density n min � 3.0 × 10 −5 cm 

−3 for the GRB
nvironment. This value is consistent with the GRB occurring in an
GM-like environment (i.e. n < 10 −4 cm 

−3 ; O’Connor et al. 2020 ). 

2.12 GRB 180805B 

t 13:02:36 UT on August 5, 2018, Swift /BAT (D’Avanzo et al.
018 ) and Fermi /GBM (Hamb urg, v on Kienlin & Meegan 2018b )
riggered on GRB 180805B. The burst displayed an initial short pulse
ith duration <1 s followed by a softer, weak emission for o v er a
undred seconds. The total duration of the burst detected with BAT is
 90 = 122 ± 18 s. This light curve displays characteristics common

o other sGRBEE, and we therefore classify GRB 180805B as an
GRBEE. The X-ray afterglow for this event was localized to RA,
ec. (J2000) = 01 h 43 m 07 s .59, −17 ◦29 ′ 36.4 ′′ with uncertainty 2.1”.
here was no optical counterpart disco v ered for this event. 
We obtained late-time imaging of the field of GRB 180805B with

he LDT/LMI on January 16, 2021 in z-band. We supplemented this
ith archi v al K eck imaging obtained with LRIS on September 10,
018 and September 4, 2019 in G , V , I , and Z and with MOSFIRE
n K s from October 15, 2019. We unco v er four galaxies nearby to
he GRB’s XRT position, but no source is identified within the XRT
ocalization to depth G � 26.0, V � 25.6, I � 25.4, Z � 24.4, K s 

 24.1 AB mag (3 σ ; corrected for Galactic extinction). These four
alaxies surround the GRB localization on all sides, with offsets
anging from 2.8 to 4.2 ′′ for G1 and G4, respectively. The brightest
alaxy, G3, is located North of the GRB position with magnitudes
 = 23.46 ± 0.07, V = 22.79 ± 0.09, I = 22.31 ± 0.12, Z =
1.99 ± 0.14, and K s = 21.22 ± 0.15 AB mag. G3 is offset by
.4 ± 1.0 ′′ from the XRT position, yielding a probability of chance
lignment of P cc = 0.07. The other galaxies have magnitudes V =
4.6 ± 0.2, 25.2 ± 0.2, and 24.5 ± 0.2 yielding P cc = 0.19, 0.36,
nd 0.33 for G1, G2, and G4, respectively. In addition to these, we
ote that there is a bright SDSS galaxy ( r ∼ 15.5 mag with z phot =
.029 ± 0.006) at an offset of ∼ 90 ′′ with P cc = 0.15. Based on
hese probabilistic arguments we consider G3 to be the putative host
alaxy for GRB 180805B. 

We analyzed optical spectroscopy of G1 taken with Keck/LRIS
n September 10, 2018 in order to identify the redshift of the galaxy.
he spectrum is shown in Fig. 4 . We identified emission lines at λobs 

6190, 7210, 8076, 8238, and 8318 Åwhich we associate to the
OII] doublet, H γ , H β, [OIII] 4960 , and [OIII] 5008 , respectively. This
ields a redshift z = 0.6609 ± 0.0004. In the photometry of G1 we
bserve the 4000 Åbreak at this redshift. 
Based on the early X-ray afterglow light curve, we derive a density

f n min � 3 × 10 −6 cm 

−3 for the environment surrounding GRB
80805B. This is consistent with the projected physical offset, R =
5 ± 11 kpc, of G3 from the GRB position. The host-normalized
ffset is R o / R e = 5.6 ± 2.4. 

2.13 GRB 191031D 

n 2019 October 31 at 21:23:31 UT , GRB 191031D triggered
wift /BAT (D’Elia et al. 2019 ), Fermi /GBM (Mailyan, Meegan &
ermi GBM Team 2019 ), Konus- Wind (Frederiks et al. 2019 ),
stroSat (Gaikwad et al. 2019 ), AGILE/MCAL (Ursi et al. 2019 ),

NTEGRAL /SPI-ACS (D’Elia et al. 2019 ), and the CALET Gamma-
ay Burst Monitor (CGBM Shimizu et al. 2019 ). The burst was
ultipeaked with a duration T 90 = 0.28 ± 0.05 s. Swift /XRT

dentified the X-ray afterglow at RA, Dec. (J2000) = 18 h 53 m 09 . s 57,
 47 ◦38 ′ 38 . ′′ 8 with accuracy 2.3 arcsec (90 per cent CL). 
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We observed the field of GRB 191031D on 2019 No v ember 2 at
.3 d after the GRB to search for the optical afterglow. No optical
ource was detected within the XRT position to depth r � 25.0 mag
Dichiara & Troja 2019 ). Ho we ver, we identified two candidate host
alaxies for GRB 191031D, see Fig. 8 . In order to better characterize
he galaxy SEDs we carried out additional LDT observations in the 
izy filters. 
The first source, referred to as Source A, is offset by 3.9 arcsec

rom the GRB position and has magnitude r = 24.49 ± 0.15 mag.
e cannot determine whether or not the source is extended, and 

his source is not detected in our LDT izy imaging. The second
ource (G1) is a clear galaxy with magnitudes g = 22.47 ± 0.07,
 = 21.64 ± 0.05, i = 21.2 ± 0.2, z = 21.2 ± 0.3, and y =
1.0 ± 0.3. This galaxy is offset by 7.4 arcsec from the GRB
osition. Using r -band number counts we derive P cc = 0.12 and
.3 for G1 and Source A, respectively. G1 is also detected in PS1
ith smaller errors on the i and z band (as at the time of our LDT
bservations the conditions were extremely poor). We make use of 
he PS1 magnitudes in our SED modeling (see below). We further
ote that G1 is also observed in the ALLWISE catalog (Cutri et al.
021 ) with magnitudes W 1 = 19.60 ± 0.15 and W 2 = 20.16 ± 0.30
B mag. These magnitudes suggest that the 4000 Å break lies abo v e

he r band. Therefore, if instead we compute the probability in the
edder i and z filters, where the magnitude is significantly brighter, 
e find P cc = 0.05–0.08. Based on these arguments, we identify G1

s the putative host galaxy of GRB 191031D. 
On 2019 No v ember 3, we carried out optical spectroscopy 

Table 2 ) of G1 with Gemini GMOS-N. A trace is visible from
6400 to 9500 Å, although there are no obvious absorption or

mission features. Therefore, we instead modelled the broad-band 
ED ( grizyW 1 W 2) within prospector . As the spectrum does not
how bright emission features, we turned off nebular emission lines 
ithin prospector . We derive a photometric redshift of z phot = 

.5 ± 0.2 and a stellar mass log ( M ∗/M �) = 10.2 ± 0.2 (see Fig. 9 ). 
At redshift z ≈ 0.5, we set a lower limit to the circumburst density

f the GRB n min = 7.9 × 10 −4 (see Table B1 ) using the X-ray light
urve. 

2.14 GRB 200411A 

RB 200411A triggered Swift /BAT (Tohuva v ohu et al. 2020 ) and
ermi /GBM (Fermi GBM Team 2020 ) on 2020 April 11 at 04:29:02
T . The burst was double peaked with duration T 90 = 0.33 ± 0.10 s,
s seen by BAT. The X-ray afterglow was detected with at RA,
ec. (J2000) = 3 h 10 m 39 . s 39, −52 ◦19 ′ 03 . ′′ 4 with accuracy 1.4 arcsec

90 per cent CL). No optical or infrared counterpart was detected. 
We performed late-time imaging with the Gemini/GMOS-S tele- 

cope on 2021 January 25 in the r band. We identified two potential
ost galaxies near to the XRT position (see Fig. 8 ). The first source
Source A) lies within the XRT enhanced position, and has magnitude 
 = 25.5 ± 0.3. Due to its faint nature we cannot conclude whether the
ource is extended. The upper limit to any additional source within 
he XRT enhanced position is r � 25.8 mag. The second source
G1) is located at an offset of 4.5 arcsec and displays a morphology
uggestive of a late-type galaxy. In our Gemini imaging we derive a
agnitude r = 22.52 ± 0.03 mag. Based on their r -band magnitudes,

he probability of chance coincidence for these sources is P cc =
.21 and 0.11 for Source A and G1, respecti vely. Ho we ver, G1 is
lso visible in the DES, Vista Hemisphere Surv e y (VHS; McMahon
t al. 2013 ), and ALLWISE (Cutri et al. 2021 ) catalogs with AB
agnitudes: g = 23.6 ± 0.2, r = 22.6 ± 0.1, i = 21.9 ± 0.1, z =

1.3 ± 0.1, J = 20.9 ± 0.2, W 1 = 20.0 ± 0.1, and W 2 = 20.2 ± 0.3
ag. The probability of chance coincidence for G1 is significantly 

maller in these redder filters with P cc = 0.08 using z-band number
ounts (Capak et al. 2004 ). Based on these probabilistic arguments
nd the lack of other candidates, we consider G1 to be the putative
ost galaxy of GRB 200411A. 
Additionally, we utilized the broad-band SED (Fig. 9 ) from 

hese archi v al observ ations to deri ve a photometric redshift z phot =
.6 ± 0.1 and a moderate stellar mass log ( M ∗/M �) = 10.4 ± 0.1
sing the prospector software. At this redshift, we derive a lower
imit n min � 2.3 × 10 −4 cm 

−3 to the circumburst density using the
arly X-ray light curve. Adopting z ∼ 0.6, the physical offset of G1
rom the GRB position is R = 31 ± 8 kpc and the host-normalized
istance is R o / R e = 3.9 ± 0.9. The gas density at this distance is ρg ∼
 × 10 −4 cm 

−3 , assuming the density profile outlined in O’Connor
t al. ( 2020 ), which is consistent with the lower limit implied by the
arly X-ray afterglow. 

PPENDI X  B:  D E R I VAT I O N  O F  T H E  

I RCUMBU RST  DENSITY  

ollowing O’Connor et al. ( 2020 ), we compute a lower limit to the
ircumburst density using constraints on the deceleration time of 
he GRB jet based on early Swift /XRT follow-up. The parameters
equired to compute the circumburst density n min , namely an upper
imit to the time of deceleration of the GRB’s jet t o and a lower limit
o the peak X-ray flux F X , o are tabulated in Table B1 . In order to
alculate the density we adopt the fiducial parameters: the fraction of
he burst kinetic energy residing in electrons ε e = 0.1 and magnetic
elds ε B = 10 −2 , a bulk Lorentz factor � = 300, and a gamma-ray
fficiency ε γ = 0.15. The lower limit on circumburst density is then
erived using equation (17) of O’Connor et al. ( 2020 ). We record this
alue for each GRB in Table B1 . Due to the different selection criteria
n O’Connor et al. ( 2020 ) (i.e. requiring T 90 < 0.8 s), 17 events in our
ample were not included in their work (i.e. those with extended
mission or 0.8 < T 90 < 2 s). 

We remind the reader that in order for an sGRB to be considered
hysically hostless (or consistent with the scenario) the density must 
e < 10 −4 cm 

−3 (O’Connor et al. 2020 ). In the case of these lower
imits, if n min > 10 − the sGRB is inconsistent with being physically
ostless, whereas a smaller value of n min only implies that the
GRB could be physically hostless and is not conclusive one way or
nother. 
MNRAS 515, 4890–4928 (2022) 
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Table B1. Gamma-ray and X-ray properties of sGRBs in our sample. The parameters t o , F X , o , and n min are defined as in O’Connor et al. ( 2020 ). 

Prompt gamma-ray properties X-ray afterglow properties 
T 90 φγ Hardness ratio c Photon index � t o F X , o n min 

GRB (s) (10 −7 erg cm 

−2 ) (s) (10 −11 erg cm 

−2 s −1 ) (cm 

−3 ) 

Short GRBs with T 90 < 2 s 
091109B 0.3 1.9 ± 1.5 2.4 ± 0.3 0.7 ± 0.1 160 + 120 

−70 1.0 ± 0.2 1.7 × 10 −5 

101224A 0.2 0.6 ± 0.1 1.9 ± 0.5 1.1 ± 0.3 630 + 780 
−540 0.02 ± 0.01 3.6 × 10 −5 

110112A 0.5 0.3 ± 0.1 0.9 ± 0.3 2.1 ± 0.5 190 ± 100 1.4 ± 0.4 1.4 × 10 −3 

120305A 0.1 2.0 ± 0.1 2.0 ± 0.2 1.0 ± 0.09 350 + 250 
−90 1.1 ± 0.2 2.0 × 10 −5 

120630A 0.6 0.6 ± 0.1 2.0 ± 0.6 1.0 ± 0.4 175 + 120 
−80 0.48 ± 0.11 9.0 × 10 −5 

130822A 0.04 0.12 ± 0.03 1.3 ± 0.3 1.7 ± 0.3 140 + 1500 
−60 0.06 ± 0.01 7.1 × 10 −4 

130912A 0.3 1.7 ± 0.2 1.7 ± 0.3 1.2 ± 0.2 160 ± 20 24 ± 5 2.1 × 10 −3 

131004A 1.5 2.8 ± 0.2 1.1 ± 0.1 1.8 ± 0.1 120 + 40 
−50 3.8 ± 0.8 1.5 × 10 −3 

140129B 1.35 0.7 ± 0.1 0.9 ± 0.2 2.2 ± 0.3 330 ± 10 5.6 ± 1.3 1.0 × 10 −3 

140516A 0.2 0.30 ± 0.07 1.1 ± 0.3 1.9 ± 0.3 200 + 2400 
−110 0.06 ± 0.02 7.3 × 10 −4 

140622A 0.13 0.13 ± 0.04 0.5 ± 0.2 3.1 ± 0.3 300 + 1100 
−100 0.04 ± 0.01 1.8 × 10 −5 

140930B 0.8 4.2 ± 0.4 2.6 ± 0.4 0.6 ± 0.2 187 ± 4 40 ± 5 1.4 × 10 −3 

150423A 0.08 0.7 ± 0.1 2.3 ± 0.5 0.8 ± 0.2 110 ± 30 1.6 ± 0.4 2.6 × 10 −4 

150831A 1.15 3.6 ± 0.3 2.4 ± 0.3 0.7 ± 0.2 240 + 90 
−40 1.5 ± 0.4 2.4 × 10 −5 

151229A 1.4 5.9 ± 0.4 1.1 ± 0.1 1.8 ± 0.1 76 ± 4 33 ± 4 1.2 × 10 −1 

160408A 0.3 1.6 ± 0.2 2.2 ± 0.4 0.9 ± 0.2 300 ± 20 3.2 ± 0.7 1.8 × 10 −4 

160525B 0.3 0.3 ± 0.1 1.1 ± 0.3 1.9 ± 0.4 73 ± 3 10.5 ± 3.0 6.6 × 10 −3 

160601A 0.12 0.7 ± 0.1 2.0 ± 0.4 1.0 ± 0.2 270 + 420 
−190 0.10 ± 0.02 1.2 × 10 −5 

160927A 0.48 1.4 ± 0.2 1.8 ± 0.4 1.1 ± 0.3 130 + 30 
−50 1.9 ± 0.4 1.1 × 10 −4 

170127B 0.5 1.0 ± 0.2 2.2 ± 0.4 0.9 ± 0.3 130 + 50 
−30 6.0 ± 1.0 7.3 × 10 −4 

170428A 0.2 2.8 ± 0.2 2.4 ± 0.3 0.8 ± 0.1 800 + 150 
−100 0.25 ± 0.06 1.6 × 10 −5 

170728A 1.3 0.8 ± 0.2 1.0 ± 0.3 2.0 ± 0.3 250 + 70 
−50 1.0 ± 0.2 1.2 × 10 −4 

180727A 1.1 2.9 ± 0.2 1.3 ± 0.1 1.6 ± 0.1 230 + 70 
−50 1.5 ± 0.3 3.0 × 10 −5 

191031D 0.3 4.1 ± 0.4 2.3 ± 0.3 0.8 ± 0.2 120 ± 20 2.9 ± 0.7 7.9 × 10 −4 

200411A 0.3 0.9 ± 0.1 2.1 ± 0.3 1.0 ± 0.2 280 + 90 
−80 1.0 ± 0.2 2.3 × 10 −4 

Short GRBs with extended emission 
110402A 

a 56 ± 5 32 ± 3 1.4 ± 0.2 1.6 ± 0.2 590 ± 40 1.0 ± 0.2 4.0 × 10 −4 

160410A 

a 96 ± 50 12 ± 2 1.9 ± 0.4 1.1 ± 0.3 360 ± 8 8.0 ± 2.0 2.6 × 10 −3 

170728B 

a 48 ± 30 17 ± 4 1.1 ± 0.3 1.9 ± 0.3 460 ± 2 37 ± 7 7.5 × 10 −4 

171007A 

a 68 ± 20 2.6 ± 0.9 1.6 ± 0.6 1.4 ± 0.5 370 + 1500 
−130 0.17 ± 0.03 2.0 × 10 −6 

180618A 

a 47 ± 11 6.8 ± 1.0 1.5 ± 0.3 1.4 ± 0.3 69.1 ± 0.6 130 ± 20 4.0 × 10 −3 

180805B 

a 122 ± 18 8.6 ± 1.6 1.9 ± 0.4 1.1 ± 0.3 1300 + 90 
−130 0.25 ± 0.07 3.0 × 10 −6 

a Short GRB with extended emission. 
b The early X-ray light curve of this GRB does not fit the criteria outlined by O’Connor et al. ( 2020 ). 
c The hardness ratio, HR, is defined as S 50 −100 keV /S 25 −50 keV where S represents the gamma-ray fluence in a given energy range as defined in the Swift/BAT 

GRB Catalog (Lien et al. 2016 ). 
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