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ABSTRACT

Context. GRB 211106A and GRB 211227A are two recent gamma-ray bursts (GRBs) whose initial X-ray position enabled us to possibly associate
them with bright, low-redshift galaxies (z < 0.7). The prompt emission properties suggest that GRB 211106A is a genuine short-duration GRB
and GRB 211227A is a short GRB with extended emission. Therefore, they are likely to be produced by a compact binary merger. However, a
classification based solely on the prompt emission properties can be misleading.

Aims. The possibility of having two short GRBs occurring in the local Universe makes them ideal targets for the search of associated kilonova
(KN) emission and for detailed studies of the host galaxy properties.

Methods. We carried out deep optical and near-infrared (NIR) follow-up with the ESO-VLT FORS2, HAWK-I, and MUSE instruments for
GRB 211106A and with ESO-VLT FORS2 and X-shooter for GRB 211227A, starting from hours after the X-ray afterglow discovery up to
days later. We performed photometric analysis to look for afterglow and KN emissions associated with the bursts, together with imaging and
spectroscopic observations of the host galaxy candidates. We compared the results obtained from the optical/NIR observations with the available
Swift X-Ray Telescope (XRT) and others high-energy data of both events.

Results. For both GRBs we placed deep limits to the optical/NIR afterglow and KN emission. We identified their associated host galaxies,
GRB 211106A at a photometric redshift z = 0.64, GRB 211227A at a spectroscopic z = 0.228. From MUSE and X-shooter spectra we derived the
host galaxy properties, which turned out to be consistent with short GRBs typical hosts. We also compared the properties of GRB 211106A and
GRB 211227A with those of the short GRBs belonging to the S-BAT4 sample, here extended up to December 2021, in order to further investigate
the nature of these two bursts.

Conclusions. Our study of the prompt and afterglow phase of the two GRBs, together with the analysis of their associated host galaxies, allows
us to confirm the classification of GRB 211106A as a short GRB, and GRB 211227A as a short GRB with extended emission. The absence of an
optical/NIR counterpart down to deep magnitude limits is likely due to high local extinction for GRB 211106A and a peculiarly faint kilonova for
GRB 211227A.
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1. Introduction To date, more than 150 short GRBs were found with Swift

(~10yr™"). A sizeable fraction of them have X-ray and optical

Two classes of gamma-ray bursts (GRBs), short and long, were
identified based on the distribution of their prompt gamma-
ray emission duration. Short GRBs (SGRBs) are those with
duration shorter than about two seconds and with harder high-
energy spectra with respect to long bursts (Kouveliotou et al.
1993). While it was firmly established that long GRBs
(LGRBSs) originate in core-collapse supernova (SN) explosions
(Hjorth & Bloom 2012), according to the most popular model,
short GRBs are produced by the merger of compact objects,
namely neutron stars (NSs) and black holes (BHs). The knowl-
edge of short GRBs experienced an impressive boost in the
past two decades. The discovery of short GRB afterglows in
2005 with the Neil Gehrels Swift Observatory (Swift) and the
HETE-II satellites was a watershed moment in the study of these
sources, providing the key to unravel their distance, energy scale,
environments, and host galaxies (Gehrels et al. 2005; Fox et al.
2005; Villasenor et al. 2005; Hjorth et al. 2005; Barthelmy et al.
2005a; Berger et al. 2005; Covino et al. 2006).

afterglow detections, with a few having been detected also in
radio (Fong et al. 2015, 2022). Short GRB afterglows are fainter
on average than those of long GRBs and the great majority of
short GRB redshifts are obtained through optical spectroscopy
of their associated host galaxies. To this end, the precise locali-
sation with Swift is a crucial asset to achieve a firm short GRB-
host galaxy association (D’Avanzo et al. 2014). Properties like
the absence of associated SNe, the afterglow faintness, the occur-
rence also in early-type galaxies, and the offset and redshift dis-
tribution definitely point towards a compact merger origin, at
variance with what was observed for long GRBs (Berger 2014;
D’Avanzo 2015). All these findings are in agreement with the
compact object binary progenitor model (Eichler et al. 1989;
Narayan et al. 1992; Nakar 2007). These progenitors are also
expected to be sources of high-frequency gravitational waves
(GWs).

Another key signature of a NS-NS or NS-BH binary
merger is the production of a so-called kilonova (KN), whose
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electromagnetic emission is powered by the decay of heavy
radioactive species produced by rapid neutron capture (r-process)
and ejected during the merger process (Li & Paczynski 1998;
Rosswog 2005; Metzger et al. 2010). Excess infrared light seen
in the light curves of several SGRBs between 3 and 10 days post-
burst were argued as being likely due to such kilonova emission
(e.g., Tanvir et al. 2013). The compact object binary progenitor
model for short GRBs was spectacularly confirmed on August
17, 2017, when a GW event associated with a NS-NS merger,
GW 170817, was detected for the first time by the Advanced
Laser Interferometer Gravitational wave Observatory (aLIGO,
LIGO Scientific Collaboration 2015) and localized also thanks to
Advanced Virgo (Acernese et al. 2014). The subsequent detec-
tions of the weak short GRB 170817A and the bright kilonova
AT2017gfo (Abbott et al. 2017) were associated with the GW
event. The emergence, weeks after the event, of an X-ray and
radio counterpart, suggested the possibility of off-axis GRB after-
glow emission (Hallinan et al. 2017; Troja et al. 2017). Besides
providing the long-sought “smoking gun” of short GRB progeni-
tors, the case of GRB 170817A demonstrated that the GRB emis-
sion geometry differs (in this case, at least) from a simple uniform
jet (Mooley et al. 2018; Ghirlanda et al. 2019, for a review, see
Margutti & Chornock 2021).

The observations of GRB 060614 (Gehrels et al. 2006) and,
more recently, of GRB211211A (Rastinejad et al. 2022) sug-
gested the existence of a subclass of short GRBs that mimic
the behavior of long-duration GRBs, regarding the duration
of their gamma-ray emission that largely exceeds the clas-
sical ~2s separation threshold for GRB families. This frac-
tion of short GRBs exhibits the presence of a prolonged y-ray
emission that is softer than the prompt spike (Lazzati et al.
2001), lasts tens of seconds, and may rise with a delayed onset
(Norris & Bonnell 2006; Norris et al. 2010). Such an emission
component can dominate (in terms of fluence) the prompt spike
emission (Perley et al. 2009). Moreover, the short and long clas-
sification is further confused by the recent observation of pecu-
liar GRBs of short duration associated with a supernova (e.g.,
GRB 200826A, Rossi et al. 2022), which was until then only
associated with long GRBs. Besides the spectacular case of
GRB 170817A and AT2017gfo, in recent years, other convincing
evidence of KNe associated to short GRBs were reported (for a
review, see Rossi et al. 2020). A peculiar case was the photomet-
ric detection of KN signatures in the optical and near-infrared
(NIR) light curve of the long duration GRB 211211A, and more
recently, the detection of heavy neutron capture elements asso-
ciated with the long GRB 230307A (Levan et al. 2023). These
events emphasised the need of caution in GRB classification,
providing evidence that also long duration GRBs may orginate
from compact binary merger progenitors. On the other hand,
the characteristics of the prompt emission of GRB2111211A
may indicate that this event can be actually classified as a Short
GRB with extended emission (Rastinejad et al. 2022; Troja et al.
2022; Gompertz et al. 2023).

In this work we present the results of an extensive multi-band
study of two GRBs, possibly originating from the merger of com-
pact objects, namely GRB 211106A (a short-duration GRB) and
GRB 211227A (a short GRB with extended emission). The prop-
erties of the GRBs and host galaxies are compared to those of
the short GRBs belonging to the S-BAT4 sample (D’ Avanzo et al.
2014), for which we provide here an extension including events
up to 2021. In Sects. 2 and 3 we present observations of the two
GRBs. In Sects. 4 and 5 data analysis procedure and the first
results are described, and in Sect. 6 a full discussion is presented.
Our main conclusions are summarized in Sect. 7.
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Fig. 1. INTEGRAL/SPI-ACS light curve of the prompt emission
of GRB211106A with 50 ms resolution (from https://www.isdc.
unige.ch/integral/science/grb#ACS). The red dashed lines rep-
resent the Tgo, the grey dashed line in the bottom panel corresponds to
the Tl()().

Throughout the paper, we adopt ACDM model with cos-
mological parameters Qy = 0.308, Qy = 0.692, and Hy =
67.8kms~! Mpc~! (Planck Collaboration XIII 2016). All mag-
nitudes presented in this work are given in AB system, unless
otherwise specified. Errors are at the 68% confidence level (c.l.),
unless stated otherwise. All filter curves considered in this work
are taken from the SVO Filter Profile Service (Rodrigo et al.
2012; Rodrigo & Solano 2020).

2. GRB211106A
2.1. Prompt phase

GRB211106A was first detected with the INTEGRAL
gamma-ray satellite (Winkler etal. 2003) on 2021 Nov. 6
at To: 04:37:31.2 UTC. The INTEGRAL notice (#9504)
was distributed in near real-time and triggered the Swift
Mission Operations Center Gamma-ray Urgent Archiver for
Novel Opportunities (GUANO, Tohuvavohu et al. 2020). Con-
sequently, GUANO sent a command to the Swift Burst
Alert Telescope (BAT, Barthelmy et al. 2005b) to save 90s
of BAT event-mode data from [—45,+45]s around the time
of the burst. Then, the BAT likelihood search, NITRATES
(DeLaunay & Tohuvavohu 2022), confidently detected the burst
with an estimated Ty equal to 1.75 +0.05 s in the 15-350keV
energy band (Tohuvavohu et al. 2021), making it a candidate
for the short GRB class. From the Swift/BAT data, it has also
been possible to derive the GRB position with coordinates
(J2000) RA =22:54:34.32, Dec =-53:14:0.9, with an uncer-
tainty of 7 arcmin (radius, 90% c.1.; Tohuvavohu et al. 2021).

GRB 211106A also triggered the Konus-Wind satellite on
2021 Nov. 6 at T;: 04:37:32.485 UTC (Ridnaia et al. 2021). The
burst light curve showed a single pulse starting at 7)—0.3 s with
a total duration of ~0.5s. The Konus-Wind trigger time is con-
sistent with the time of the second peak in the INTEGRAL and
BAT light curve (Laskar et al. 2022). The GRB prompt emission
has also been detected at a sub-threshold level by Fermi/GBM,
through a targeted search (Fletcher & Fermi-GBM Team 2021).
The INTEGRAL light curve (Fig. 1) shows two pulses, with
Top = 1.65%0.95 s. The same shape and duration is also observed
in the Swift/BAT and Fermi/GBM light curves (Laskar et al.
2022).
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2.2. Afterglow phase

Following the Swift/BAT-GUANO detection of GRB 211106A,
the Swift X-Ray Telescope (XRT, Burrows etal. 2005) per-
formed follow-up observations, starting at 7, + 39.2ks
(D’Eliaetal. 2021a). An uncatalogued, fading source
was detected at the coordinates (J2000) RA =22:54:20.45,
Dec =-53:13:49.0, with an uncertainty of 3.4” (radius, 90%
c.l.) and was proposed as the GRB X-ray afterglow (D’Elia et al.
2021b). The source was followed-up in the optical from the
ground using the ESO-VLT UT1 equipped with the FORS2
camera, and two nearby galaxies were found (Malesani et al.
2021a). The closest (in projection) of them is 4.8 away from
the center of the Swift/XRT error circle at a redshift z = 0.097,
as inferred by the detection of the [OIII] doublet and HB in the
emission (Christensen et al. 2021).

Follow-up observations of the X-ray afterglow were also
performed with the Chandra X-ray Observatory and with the
XMM-Newton, between about 10.4 and 59.8 days after the burst
(Berger et al. 2021; Rouco Escorial et al. 2021). These obser-
vations enabled a more precise localisation of the afterglow.
In particular, the position obtained with Chandra is (J2000)
RA =22:54:20.518, Dec = —53:13:50.59, with an uncertainty of
0.18” and an angular offset of 3.76” with respect to the galaxy
at z = 0.097 (Berger et al. 2021).

Further optical/NIR observations were taken with the Hubble
Space Telescope (HST) in three different epochs, at 19.2, 25.3
and 48.2 days after the trigger, respectively. A single, possibly
extended, source within the Chandra error circle was detected at
(J2000): RA =22:54:20.54, Dec = —53:13:50.6, with an uncer-
tainty of ~0.05”. Photometry indicates magnitudes of mpgi4w =
25.791 + 0.069 and mpiow = 25.709 + 0.016 (Kilpatrick et al.
2021; Laskar et al. 2022), and no evidence for fading during the
29-day baseline.

Finally, GRB 211106A was followed-up in the millime-
ter (97.5 GHz) and radio (5.5, 9.0 and 18.0 GHz) bands with
the Atacama Large Millimeter/Submillimeter Array (ALMA)
and with the Australia Telescope Compact Array (ATCA),
respectively. The observations were carried out between ~13
and 117days after the burst and led to a detection of mm
and radio afterglows (Laskaretal. 2022) at the following
(ALMA) position (J2000): RA =22:54:20.53056 (+0.011"),
Dec =-53:13:50.525 (+£0.010”). This position is consistent with
the Chandra one and lies within the optical, non-variable,
extended source detected with HST, making it a likely host
galaxy candidate for GRB 211106A (Laskar et al. 2022).

3. GRB211227A
3.1. Prompt phase

GRB 211227A was detected with Swift/BAT on 2021 Dec. 27
at Tp = 23:32:06 UT (Beardmore et al. 2021), at the position
(J2000) RA =08:48:34.5, Dec=-02:44:10.9, with an uncer-
tainty of 1.4 arcmin (radius, 90% c.l.). Tyy in the 15-150keV
band is 83.8 +8.5s. The GRB was detected with MAXI/GSC
(Tominaga et al. 2021), CALET (Cherry et al. 2021) and Konus-
Wind (Tsvetkova et al. 2022). A joint analysis of the prompt
emission data collected with Konus-Wind and Swift/BAT
revealed a light curve with two main episodes, a narrow pulse
peaking at ~Ty and a second broader pulse peaking at ~T+ 11s
(Tsvetkova et al. 2022). The Swift/BAT light curve morphol-
ogy (Fig. 2) suggests that GRB 211227A is a short GRB with
extended emission (Malesani et al. 2021b). Such a conclusion
was reached also by Lii et al. (2022) and Zhu et al. (2022) from
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Fig. 2. Swift/BAT light curve of the prompt emission of GRB 211227A
with 1s resolution (data collected from https://gcn.gsfc.nasa.
gov/notices_s/1091101/BA/).

the joint analysis of the Konus-Wind and Swift/BAT prompt
emission properties.

3.2. Afterglow phase

Following the Swift/BAT detection, the Swift/XRT began observ-
ing the field from Ty + 63 s and found a bright, uncatalogued
fading source at the coordinates (J2000) RA =08:48:35.73,
Dec = -02:44:07.1, with an uncertainty of 2.4” (radius, 90% c.l.).

Ground-based observations were performed using the
ESO-VLT UT3 equipped with the X-shooter spectrograph
(Vernet et al. 2011). No optical counterpart was detected within
the XRT error circle in the images obtained with the acquisi-
tion camera, but a fairly bright galaxy (r ~ 19.4 mag) was found
~3.67" away from its center, with its light extending within
the XRT error circle (Malesani et al. 2021b). X-shooter spec-
troscopy of this galaxy revealed the presence of several emission
lines ([O1I], HB, [OIII] 5007, He, [NII], [SII]), all at a com-
mon redshift z = 0.228 (Malesani et al. 2021b). Further deep
optical observations were performed with the Liverpool tele-
scope (Perley 2021), CAHA 2.2 m telescope (Kann et al. 2021),
and Gemini South telescope (O’Connor et al. 2022). No optical
counterpart was detected within the XRT error circle in the three
cases.

4. Observations and data analysis: GRB211106A
4.1. Swift/’XRT

We retrieved the count-rate Swift/XRT light curve of
GRB211106A from the GRB XRT light curve repository!

I https://www.swift.ac.uk/xrt_curves/00021466/
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Fig. 3. Swift/XRT light curve of the GRB 211106A afterglow. The best
power-law fit (with index @ = 1.07 + 0.21) is represented by a red solid
line. The downward pointing arrow on the right indicates an upper limit
for the last measurement.

(Evans et al. 2007, 2009). The light curve comprises 9.9 ks of
Photon Counting (PC) mode data obtained between T + 39.2 ks
and Ty + 428.8ks. We found that the light curve can be
satisfactorily fitted with a power-law (F o %), with a slope
a = 1.07 £ 0.21 (Fig. 3). The few photons collected, due to
the late time pointing, prevented us from performing a useful
spectral analysis.

4.2. Optical/NIR

We observed the field of GRB 211106A with ESO-VLT FORS?2,
HAWK-I and MUSE instruments. A complete log of the obser-
vations presented and analysed in this work is summarized in
Table 1, and finding charts for the observations carried out
with FORS2 and HAWK-I are shown in Fig. 4. The nights
of observation were clear, with the seeing in the 0.7"-0.9”
range.

4.2.1. VLT/FORS2

We obtained three epochs of observations with the ESO-VLT
FORS?2 instrument in the R band at about 2.9, 5.9 and 27.9 days
after the trigger. Data reduction was carried out following the
standard procedures: after bias subtraction, non-uniformities
were corrected using a normalized flat-field frame using the jit-
ter tool under the ESO-Eclipse software package’. The pho-
tometric calibration was achieved using Stetson field standard
stars® and by applying the computed offset for five more stars
in the field. Astrometric solutions were computed against the
USNO B-1 catalogue (Monet et al. 2003): the three images were
found to have a manageable spatial offset <0.3”. We performed
aperture and point spread function (PSF) photometry using the
DAOPHOT package (Stetson 1987). We carried out image sub-
traction with the HOTPANTS (High Order Transform of Psf ANd
Template Subtraction code, Becker 2015) package to find and
pinpoint variable sources in the field among the three FORS2

2 https://www.eso.org/sci/software/eclipse/
3 https://www.canfar.net/storage/list/STETSON/
Standards
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epochs, considering the latest epoch as the template image. The
full width half maximum (FWHM) of each image is needed to
properly model the PSF of both input images, and we computed
average values of 3.34”, 3.67”, and 3.56” for the three epochs,
respectively.

In our first R band image, taken ~2.9days after the trig-
ger, we found a source inside the Swift/XRT and Chandra
error circles. For this source, we derived the following position
(J2000): RA =22:54:20.5, Dec =-53:13:50.5, with an uncer-
tainty of 0.3”. This position is fully consistent with the one of the
non-variable extended object detected in the HST images of the
field (Kilpatrick et al. 2021) and proposed as the GRB 211106A
host galaxy by Laskar et al. (2022). The first VLT/FORS2 obser-
vation was obtained with a CCD suffering fringing in the red
part of the spectrum, while the second one showed the worst
seeing among the three, therefore we considered the results
obtained from the third epoch as the best value for the source:
R = 26.51 + 0.23 mag. Lastly, the third epoch was taken suffi-
ciently late to confidently rule out a significant possible contri-
bution from the afterglow.

Image subtraction through the HOTPANTS software was per-
formed to investigate the detectability of the optical afterglow.
We placed in both epoch 1 and 2 images a dummy star of vari-
able magnitude both at the position of the mm afterglow and
in a nearby, source-free region, and we computed the difference
with respect to the third epoch image. Then, we performed aper-
ture photometry on the subtracted images at the two positions in
order to find the deepest limit both for the afterglow detectabil-
ity and the background at 30~ confidence level. For the two sub-
tractions in epoch 1 and 2 we found, within the candidate host
galaxy region, limits of R = 26.7 mag and R = 26.8 mag, respec-
tively; we also obtained R = 27.5mag for the background in
both images. For the third epoch, we computed R = 26.6 as the
minimum magnitude that the afterglow should have had, embed-
ded in our detected source, in order to show a 30 variation. All
images obtained for each epoch and the corresponding subtrac-
tions are shown in Fig. 5.

4.2.2. VLT/HAWK-|

We carried out NIR imaging observations of the field of
GRB 211106A with the ESO-VLT HAWK-I instrument, in the
H band, at r — 1y ~ 4.8d. Image reduction was carried out as
above, while photometric calibration and astrometry were both
performed against five 2MASS catalogue (Skrutskie et al. 2006)
stars present in the field. A ~0.2" spatial offset was found. Aper-
ture and PSF Photometry were carried out with the DAOPHOT
package; no credible source was detected within the XRT error
circle down to a limiting magnitude of H ~ 23.6 mag.

4.2.3. VLT/MUSE

We obtained a single-epoch observation, ~3.9 days after the trig-
ger, with the MUSE integral field spectrograph, consisting of
4 exposures of 700 s each. Data reduction was carried out fol-
lowing standard procedures with a Python-based custom script.
Given the faintness of the object detected in our FORS2 obser-
vations (Sect. 4.2.1), we were unable to retrieve a clean spec-
trum for this source from the MUSE datacube. Nevertheless, we
obtained three images integrating the datacube for a wavelength
coverage equivalent to V, R, and [ filter, respectively. We com-
puted the corresponding magnitudes for the source using a cir-
cular aperture of 0.6”. All our photometric results are reported
in Table 2.


https://www.eso.org/sci/software/eclipse/
https://www.canfar.net/storage/list/STETSON/Standards
https://www.canfar.net/storage/list/STETSON/Standards

Ferro, M., et al.: A&A 678, A142 (2023)

Table 1. Log of imaging and spectroscopic VLT ground-based observations of the GRB 211106A field.

Date: ty, (UT) t—to[d] Instrument Texp [# X 5] Seeing [] Filter
2021-11-09 02:35:46.701 2.92 FORS2 5x%240 0.70 R
2021-11-11 00:25:12.736 4.83 HAWK-I  20x(6x10) 0.86 H
2021-11-12 00:36:16.074 5.85 FORS2 16 x 180 0.83 R
2021-12-04 00:45:50.842 27.85 FORS2 8 x 300 0.69 R
2021-11-10 00:15:43.829 3.88 MUSE 4 x 700 0.8-0.9 -

li

- n
o "

Nov 9

Ny L wl Tl o - =

Fig. 4. Finding chart showing the VLT/FORS2 R-band (left panel) and VLT/HAWK-I H-band (right panel) image of GRB 211106A field taken on
2021 Dec. 4 and 2021 Nov. 11, respectively (see Table 1). The Swift/XRT position is marked with a blue circle. In the left figure, the mm afterglow
is highlighted with a brown cross, and a potential host galaxy within the XRT error region with red bars. The possible host galaxy discussed in this
work is marked with the magenta ellipse in both figures.
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Fig. 5. FORS2 R-band images of the field of GRB 211106A. Top panels: epoch 1 (Nov. 9), 3 (Dec. 4), and the corresponding subtraction. The
circle represents the XRT 90% error region, while the position of the mm afterglow (Laskar et al. 2022) is indicated by the two black lines. Bottom
panels: same as above with the comparison between epochs 2 (Nov. 12) and 3 (Dec. 4).

5. Observation and data analysis: GRB 211227A
5.1. Swift/XRT

We retrieved the count-rate Swift/XRT light curve of
GRB211227A from the GRB XRT light curve repository*
(Evans et al. 2007, 2009). The light curve comprises 8.1ks of
data obtained between Ty + 63 s and T + 57.9 ks, 182 s of which
in Windowed Timing (WT) mode, while the remainder in PC
mode. We found that the light curve can be fitted with a broken
power-law with three breaks (see Fig. 6). At early times, the

curve decays with indices @y = 1.19t8:§(5), ar = 2.30f81%§ (with a

4 https://www.swift.ac.uk/xrt_curves/01091101/

first break at Ty + 106.4 s), then, from Ty + 219.8 s to T + 895, it
follows an extremely steep (a3 = 5.26%)33) decay, before ending
with a shallower evolution, a4 = 0.5 £+ 0.5, suggesting a possible
plateau (all errors are at 90% c.1.). However, the lack of additional
data at later times prevented us from confirming this flattening.
We also fit the light curve (excluding the last point) with an
exponential decay, obtaining a good match: y? = 126.4/96.
This early exponential profile in the X-rays is consistent with
previous extended emission GRBs (Gompertz et al. 2013) and
with GRB 211211A (Gompertz et al. 2023).

We retrieved spectral data from the Swift/XRT GRB spec-
trum repository®, and we analysed the spectra from both the

> https://www.swift.ac.uk/xrt_spectra/
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Table 2. Results of GRB 211106A photometric analysis.

t —tp [d] Instrument/Filter = Magnitude Mag. limit

2.92 FORS2/R 26.37+0.23 26.7(27.5)®
5.85 FORS2/R 26.69£0.39@ 26.8 (27.5)®
27.85 FORS2/R 26.51+0.23 26.6
4.83 HAWK-I/H - 23.6
3.88 MUSE/V 27.42 +0.08 -

3.88 MUSE/R 26.45+0.10 -

3.88 MUSE/I 25.67+0.26 -

Notes. Results of PSF photometry analysis of GRB211106A field.
Magnitudes of the source detected within the Chandra error circle from
FORS?2 image, along with 30 detectability limits for each image, are
reported. @In the second epoch the source is detected at more than 3o
c.l. due to lower S/N. ®Limits found from photometry on the back-
ground, source-free, region.

Swift/XRT lightcurve of GRB 211227A

—— Broken power law fit
Exponential decay
XRT WT slew mode data points
~+  XRT WT mode data points
=+ XRT PC mode data points

102E
10°E

100k

107 E

Count rate (0.3-10 keV) [/s]

1073

L . el | . i
102 10° 107 10°
Time since trigger [s]

Fig. 6. Light curve broken-power law fit (red solid line) for the XRT
observations of GRB 211227A. The best fit shows three breaks at Ty +
106.4 s, Ty +219.8 s, and Ty + 895 s. The yellow line represents a fit with
an exponential profile of the early X-ray light curve.

WT mode and the PC mode data (from T, + 272.6s). We fit-
ted them with an absorbed power-law model within the XSpec
package (Arnaud 1996), keeping the Galactic contribution Ny
and the redshift fixed at 2.4 x 10*° cm~2? (Willingale et al. 2013)
and 0.228, respectively. For the WT mode data, we obtained a

photon spectral index I' = 1.07*0:97 and a best-fitting intrinsic

column density Ny = 2.7J_r8:g x 10%' cm™2 (errors at 90% c.1.), in
excess with respect to the Galactic value. The resulting fit statis-
tics is C-stat./d.o.f. =630.97/697. The fit of the PC mode spec-

trum returned I' = 2.88’:8:2?, and a best-fitting intrinsic column

density Ny = 3.8*73 x 10?! cm™ (errors at 90% c.1.), in excess
with respect to the Galactic value. The resulting fit statistics is
C-stat./d.o.f. =64.3/90. The two spectra, along with their fit, are
shown in Fig. 7.

5.2. Optical

We observed the field of GRB211227A with ESO-VLT
X-shooter and FORS?2 instruments, obtaining both imaging and
spectroscopic data. The complete log of the observations is
reported in Table 3, while finding charts for the observations
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with the two instruments are shown in Fig. 8 for X-shooter and
FORS?2 observations. We had clear night of observations, with
the seeing ranging from 0.6” to 0.9”.

5.2.1. VLT/X-shooter

X-shooter observations were performed ~0.2 (r, z band) and
~1.2 (g, r, z band) days after Ty. We reduced raw acquisi-
tion images following the standard procedure already described
for GRB 211106A, with astrometric solution and photometric
calibration both performed against the PanSTARRS DRI cat-
alogue (Chambers et al. 2016). Aperture and PSF photometry
were carried out with the DAOPHOT package. Furthermore, we
performed image subtraction with HOTPANTS between the two
epochs obtained with the X-shooter acquisition camera with the
r and 7 filters. For these two subtractions we computed an aver-
age FWHM of 3.85” and 4.66" for epoch 1 and 2 in the r fil-
ter, and 3.01” and 3.90” for epoch 1 and 2 in the z filter. From
the analysis of the X-shooter and FORS2 images we found no
evidence for a GRB optical counterpart (Fig. 9). We report the
30 magnitude limits estimated through PSF photometry for both
X-shooter and FORS2 observations in Table 4.

On Dec. 26 we also carried out spectroscopic observations
of the host galaxy of GRB 211227A. We obtained 4 exposures
of 600s each, covering a wavelength range of 3000—24 800 A
(3000-5600, 5500—10200, and 1020024 800 A for the UVB,
VIS, and NIR arm, respectively). The slit width is 1” for the
UVB arm and 0.9” for the others, giving a limit on the delivered
resolving power of the spectra based on the tabulated values of
the resolutions, which are 5400, 8900, and 5600 for the UVB,
VIS, and NIR-arm, respectively®. Data reduction was carried out
with the ESO-Reflex pipeline (version 2.11.5, Freudling et al.
2013) for X-shooter (Modigliani et al. 2010), then we analysed
the reduced spectrum to investigate the host galaxy properties
(see Fig. 10 and Sect. 6.2). In Table 5 we show the identified fea-
tures of the spectrum along with the redshift computed from the
line centroids of their best Gaussian fit. We also computed their
corresponding rest frame luminosity given a luminosity distance
for the galaxy of Dy, = 1170.6 Mpc at the average redshift of
z7=0.228.

5.2.2. VLT/FORS2

We analysed the field of the burst for the single / band
FORS2 epoch, taken ~1.2days after the trigger. After stan-
dard data reduction, photometric calibration was achieved with
Stetson field stars and astrometry was performed against the
PanSTARRS DRI catalogue. We carried out aperture and PSF
photometry with the DAOPHOT package, but we did not find
any candidate afterglow within the XRT error circle. We com-
puted a 30 magnitude limit for the observation of 25.8 mag.

6. Discussion
6.1. Host galaxy identification for GRB211106A

The association of GRB211106A with a host galaxy is par-
ticularly complex: the field where the burst appeared shows
two sources close to or inside the XRT error circle, neither
of which can be safely associated with the X-ray afterglow.
We first analysed the one located at the coordinates (J2000)

® https://www.eso.org/sci/facilities/paranal/
instruments/xshooter/inst.html
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GRB 211227A XRT WT spectrum
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Fig. 7. Swift/XRT WT (left panel) and PC (right panel) mode spectra for GRB 211227A. The best fit is shown in black (fop panel). In the bottom

panel the ratio between the data and the folded model is shown.

Table 3. Log of imaging and spectroscopic VLT ground-based observations of the GRB 211227A field.

Date: f4r¢ (UT) t—1o[d] Instrument fop [#Xs] Seeing[”] Filter
2021-12-28 04:35:34.333 0.211 X-shooter 3x30 0.70 r
2021-12-28 04:38:09.773 0.213 X-shooter 3x60 0.61 z
2021-12-28 04:42:16.433 0.216 X-shooter 3x40 0.76 g
2021-12-29 03:51:11.544 1.193 FORS2 8 x240 0.93 1
2021-12-29 05:08:40.348 1.235 X-shooter 3x60 0.89 r
2021-12-29 05:12:45.808 1.239 X-shooter 6x 60 0.73 z
2021-12-27 04:45:24.139 0.233 X-shooter 4 x 600 - -
7 : , 1 N‘
- E i ‘-l
7, A 3"
2#°'0.228. R
Wi edu

t N LN

KETS aot T A7,
.. ¢v3 1 - X-SHOOTER - g band

Fig. 8. Finding chart for X-shooter g-band (left panel) and the FORS2 I-band (right panel) observation of GRB 211227A taken on 2021 Dec. 28.
Error circle (at 90% c.l.) from Swift/XRT observation is reported in blue. The magenta ellipse highlights the candidate host galaxy at z = 0.228.

No credible afterglow candidate was found inside the XRT circle.

RA =22:54:20.29, Dec = —53:13:53.6 and at a redshift z =0.097,
whose corresponding luminosity distance is D ~ 460 Mpc.
We computed the probability of chance association (P,.) of this
source with the best position of the afterglow — the mm-band
one (see Sect. 2.2) — following Bloom et al. (2002). The pro-
jected separation of the two sources is 3.76”, and the source
has a magnitude R ~ 21.5mag (Christensen et al. 2021). In

order to obtain the effective radius of the galaxy for a bet-
ter computation of P.., we performed surface photometry with
the ellpro package under the Starlink software (Currie et al.
2014), then we fitted the obtained profile with a Sérsic
model:

2(r) = Ipexpl—ky[(r/re)'" = 11}, (1)
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Table 4. GRB 211227A magnitude limits.

t—1to[d] Mag.limit Instrument/Filter
0.211 254 X-shooter/r
0.213 24.8 X-shooter/z
0.216 25.4 X-shooter/g
1.193 25.8 FORS2/I
1.235 25.8 X-shooter/r
1.239 24.7 X-shooter/z

Notes. 30- magnitude limits obtained for GRB211227A from X-shooter
acquisition images and FORS2 observation, as described in the text.

where 7 is the concentration parameter (n = 1 is equivalent to an
exponential disk profile, while n = 4 is the de Vaucouleurs pro-
file typical of elliptical galaxies), k, ~ 2n — 1/3 + 4/405n +
46/25515n2 (Ciotti & Bertin 1999) is a constant that depends
on n, r. is the effective radius, and I is the effective surface
brightness in flux units. The three parameters n, ., [y were left
free to vary. The fit returned a value for the effective radius of
1.62"”, corresponding to 3 kpc at z = 0.097 and leading to a nor-
malized projected offset of the host galaxy from the afterglow
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position of 2.32. In the end, we obtained a probability of chance
association P.. = 5.4%: no firm conclusion can be drawn about
GRB 211106A host galaxy from this result.

Hence, we investigated the source detected in our FORS2
images. Given the compatibility of their positions and the lack
of significant fading among the three FORS2/R band observa-
tions and the HST ones (Sect. 2.2), we can safely assume that
they are the same source. By adopting R = 26.51 mag (epoch 3
result, see Sect. 4.2.1) and an angular offset of 0.113” from the
best afterglow position, we obtained P.. ~ 0.1%. Unfortunately,
the source was not resolved enough in our images in order to
perform surface photometry, therefore we could not compute the
projected offset in kpc and its normalized value. In light of the
values obtained for the chance association probability, the best
host galaxy candidate is the source detected by HST and FORS2,
as also proposed by Laskar et al. (2022).

To further investigate the proposed host galaxy, we built
a spectral energy distribution (SED) aimed at getting a pho-
tometric redshift estimation. For this purpose, we considered
HST magnitudes obtained with the F814W, F110W filters,
the VLT/FORS2 R-band magnitude, and the VLT/MUSE cor-
responding magnitudes in the V, R, [ filters (see Table 6).

To perform the SED fit we followed a similar approach to
the one described in the recent work by Nugent et al. (2022).
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Table 5. Emission lines luminosity from GRB 211227A host galaxy
spectrum.

Aops [A]  Feature z  Luminosity [10* ergs™!]
4577.95 [OI1]A3727 0.2283 13.585+1.190
5971.58 Hp 0.2281 2.768+0.592
6147.48 [OIII]A5007 0.2278 1.153+0.289
8042.68 [NII]16548 0.2283 2.970+0.384
8061.01 Ha 0.2280 8.415+0.405
8085.86 [NII]A6583 0.2279 6.216+0.287
8250.57 [SII]A6718 0.2281 0.984+0.136

Notes. List of emission features identified in the spectrum of
GRB 211227A host galaxy with their respective luminosity after being
corrected for slit losses and host galaxy and Milky Way extinction (see
Sect. 6.2 for details).

Table 6. GRB 211106A host galaxy magnitudes.

Filter L [A]  FWHMI[A] Mag. O
MUSE/V 5439.27 852.44 2742 0.08
MUSE/R 6436.47 1567.06  26.45 0.10
FORS2/R 6521.67 164555 2651 023
MUSE/I 8054.53 1543.11  25.67 0.26
HST/F814W  8102.91 2098.15  25.79 0.07
HST/F110W 1169634  4637.84 2571 0.02

Notes. Observed magnitudes for the host galaxy of GRB 211106A.

We used the Python package for inference of stellar popula-
tion Prospector (Johnson et al. 2021). Within this package, we
used emcee affine-invariant ensemble sampler for Monte Carlo
Markov-chain (Foreman-Mackey et al. 2013) in order to sam-
ple the posterior distributions for the parameters in our analysis,
while the spectral templates were built through the Flexible Stel-
lar Population Synthesis (FSPS) package (Conroy et al. 2009;
Conroy & Gunn 2010) by making use of MIST (Choi et al. 2016)
and MILES (Sanchez-Blazquez et al. 2006) stellar population
synthesis libraries.

We performed the fit with a Chabrier initial mass function
(IMF, Chabrier 2003), a fixed dust emission contribution from
Draine & Li (2007), and a parametric delay—t star formation his-
tory (SFH). We included the intrinsic host attenuation as a SMC-
like extinction in terms of optical depth in the V band 7y, from
which we derived Ay from the following relation: Ay ~ 1.08671y.

The free parameters considered in the model were redshift,
age, stellar mass, the fraction of surviving mass at the age of the
host, the metallicity of the galaxy, and the SFH e-folding factor.
The best fit, along with the host galaxy observed magnitudes, are
shown in Fig. 11, and a list of the results for the parameter space
is reported in Table 7.

We compared the results of our SED analysis with com-
mon features of a wide range of SGRB hosts discussed by
Nugent et al. (2022). We found that GRB 211106A host galaxy
does not show unusual features with respect to the median val-
ues of typical SGRB hosts and their 68% credible intervals
regarding age, metallicity, and extinction. However, we noted
that the inferred mass is about one order of magnitude lower
than the considered median value, though consistent at 20 level.
Most likely, this can be justified by the bias to detect more
easily brighter, usually more massive, galaxies, while the mag-
nitudes from FORS2 and HST observations are very close to
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Fig. 11. Best fit for GRB 211106A host galaxy SED from the median
values of the posterior distribution parameters. Within Prospector,
maggies are a convenient flux density (f) unit defined from the mag-
nitude as f = 107048,

Table 7. GRB 211106A host galaxy SED fitting results.

Parameter Posterior median value
Redshift z 0. 64+(o) 82
Stellar mass M, [10% M,] L. 95+(0) %Alt
Extinction Ay [mag] 0. 19+8 %3
Metallicity log(Z/Zs) 0.16*9%
Age tyge [Gyr] 0.56031
Folding factor 7 [Gyr] 0. 04”’8 8§
Survived mass fraction m,c 0.73+502

Notes. Median values (50% quantile) of the posterior distribution for the
parameter set described in the text. Quoted errors represent the 15.9%
and 84.1% quantiles, which on the marginalized posterior distribution
over each parameter represents the 1o error.

the instrumental limits. Furthermore, we observed that the Ay
we obtained is significantly lower than the ones reported in
Laskar et al. (2022) from its best-fit synchrotron model to the
afterglow observations (namely in the 4.65-5.62 mag range).
This discrepancy could be due to the burst occurring in a par-
ticularly dense host environment and thus not representative for
the host galaxy global properties.

The SED fit enabled us to infer a redshift z = 0.640.9% (con-
sistent with the redshift range estimated by Laskar et al. 2022),
which will be used for discussion in the following analysis.

6.2. GRB211227A host galaxy analysis

The association of GRB 211227A with the host galaxy is less
complex than for GRB 211106A. As shown in Sect. 3.2, the XRT
error circle lies 3.67” away from a z = 0.228 galaxy with r-band
magnitude 19.4. A fit with a Sérsic model (see Fig. 12) yielded
an effective radius r.g = 1.93”, corresponding to 7.26 kpc at
z = 0.228, from which we obtained a normalized offset of
1.90. The corresponding chance association probability was thus
P.. = 1.3%, suggesting that the source we analysed is probably
the host galaxy of GRB 211227A. From the analysis of spectro-
scopic observation of this source, we identified several emission
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Sérsic model fit - GRB 211227A host galaxy @ z=0.228

Table 8. GRB 211227A host galaxy metallicity indicators.

‘ Sérsic fit: re=1.93" + 0.09
—_— n=2.70 + 0.11 Diagnostic Value 12 + log(O/H)
x2=0.98
o —— Counts from surface photometry F[N 11/16583]/F[Ha'] 0.74+0.03 >9.25
S 102k | F[OIIIA5007]/F[NI116583]  0.19+0.05 [9.15-9.25]
S F[NIIA6583]/F[O11A3727]  0.46+0.02 [8.95-9.05]
FINTII16583]/F[S1116718] 6.32+0.29 >9.25
F[OIIIA5007])/F[O1123727] 0.09+0.02 >9.25
. ‘ . ‘ F[OIIIA5007]/F[HB] 0.42+0.11 [8.95-9.05]
% 1or /\,\ Notes. Value ranges obtained for some oxygen abundance indicators
3 0 \-—r A derived from emission lines fluxes.
(%]
] |
= 10 L L . L Table 9. GRB 211227A host galaxy magnitudes.
0.4 0.8 1.2 1.6

r["l

Fig. 12. Fit of the profile of the GRB 211227A candidate host galaxy at
z = 0.228. The effective radius is 1.93”, corresponding to 7.26 kpc at
that distance.

lines, all at a common redshift z = 0.228 (see Table 5), in agree-
ment with Malesani et al. (2021b). We also detected, at the same
redshift, the absorption lines corresponding to Ca Il 23933/3968
and to the NaID doublet (15890/5896).

We focused our analysis on the detected emission lines, for
which we computed the fluxes and corresponding luminosities
presented in Table 5 in order to characterise the host galaxy.
First, by matching photometric observations to our spectral data,
we inferred a mean slit-loss correction factor of 2.91. We have
also taken into account the extinction, both in the Milky Way
and in the host galaxy. For the former, we obtained Ay =
Ry X E(B — V) = 0.06 mag, where we considered the typi-
cal value for our galaxy of Ry = 3.10 and E(B — V) = 0.02
(Schlegel et al. 1998). Then, following Pei (1992), we derived
the value from the Milky Way extinction curve corresponding
to the central wavelength of each detected emission lines. We
estimated the attenuation in the host galaxy from the flux ratio
of Ha and HB emission line fluxes, the ratio of which is known
as the Balmer decrement. The intrinsic, dust corrected ratio is
rint = 2.86, assuming a case B recombination, in the low-density
limit and electron temperature of 10* K (Osterbrock 1989). We
observed a Balmer decrement of 7y, = 4.18 + 0.20, from which
we derived:

Ay = -2.5 10g (Fobs/Tint)

= 1.06 + 0.13 mag, 2)

Any — Ang

where the attenuation at the wavelength of Ha and HB is Ay, =
0.79 and Apg = 1.18. We obtained these values using a SMC-
type extinction curve (from Pei 1992) with Ry = 2.93.

In order to examine the galaxy nature, we computed its
position in the Baldwin—Phillips—Terlevich (BPT, Baldwin et al.
1981) diagram by means of two emission lines ratios:
[NII]A6583/Ha and [OIII]A5007/HB. Taking into account the
diagram for the Sloan Digital Sky Survey galaxies reported in
Kewley et al. (2013), we found that GRB 211227A putative host
galaxy lies in a mixing sequence zone, slightly outside the Star-
forming abundance sequence region. Moreover, the galaxy is
placed below the clear bifurcation between star forming galaxies
and AGN:ss, therefore it is difficult to distinguish how much con-
tribution to the emission lines is given by the gas ionized by hot
stars or non-thermal sources such as AGN and/or shocks (for a
detailed discussion on this topic, see Kewley et al. 2013). Nev-
ertheless, keeping this caveat in mind, we investigated the star

o

FWHM [A]

Filter Ay [A] Mag. O mag
u 3821.47 600.87 22.314 0.015
g 4874.36 1452.65 21.050 0.003
r 6268.45 1241.21 20.123  0.003
i 7619.31 1588.68 19.549  0.002
z 8661.19 921.69 19.415 0.004
J 12520 1720 18.596 0.145
K 21470 3090 18.388 0.170

Notes. Catalogue magnitudes for the host galaxy of GRB 211227A.

formation rate (SFR) and metallicity of the galaxy, assuming the
star forming component to be the leading ionizing power actor
over a possible AGN one.

We measured for the [OII] emission line a luminosity of
(1.36 + 0.12) x 10" ergs~!, corresponding to a SFR of 1.90 +
0.57 Mg yr~! (derived following Kennicutt 1998); we also mea-
sured a luminosity for the Ha emission line of (8.42 + 0.41) X
10* erg s~!, which translated into a SFR of 0.67 + 0.03 My, yr~'.
Considering a rest frame B band absolute magnitude My =
—20.36, extracted from the host spectrum, corresponding to a
luminosity Lg =~ 0.55 L, (assuming the absolute B band magni-
tude of field galaxies to be M, = —21 as done by D’ Avanzo et al.
2009), the specific SFR turned out to be 3.45 + 0.88 and
1.22 + 0.05 M yr’1 L;l for the [OII] and the Ha emission line,
respectively.

In order to estimate the metallicity, following Nagao et al.
(2006), we computed the ratio of the emission lines indicated in
Table 5 and derived the corresponding ranges of oxygen abun-
dance. The results are presented in Table 8. The discrepancy of
the values obtained could be due to the non-negligible contribu-
tion to the lines from AGN and/or shocks, especially regarding
the high [N II]16583 flux, while another explanation is the dif-
ferent absolute scale differences between individual strong-line
diagnostics (Kewley & Ellison 2008). Nevertheless, we noticed
that the indicators tend to favor a super-solar metallicity (tak-
ing 12 + log(O/H) = 8.69 as solar metallicity reference, from
Asplund et al. 2009).

To further investigate the nature of the host galaxy, we per-
formed a SED fit: we collected u, g, r, i and z magnitudes from
the CFHTLS survey (Hudelot et al. 2012), and J, K infrared
magnitudes from the VISTA VHS DR5 (McMabhon et al. 2021)
catalogue (see Table 9). To perform the SED fit we followed
the same procedure, and used the same spectral templates,
described in Sect. 6.1. However, differently from the SED fit for
GRB 211106A host, we fixed the redshift to the value derived
from the spectrum: z = 0.228. The best fit, along with the host
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Fig. 13. Best fit for GRB 211227A host galaxy SED from the median
values of the posterior distribution parameters.

Table 10. GRB 211227A host galaxy SED fitting results.

Parameter Posterior median value
Stellar mass M, [10'© My] 3.42%028
Extinction Ay [mag] 0.19719
Metallicity log(Z/Z) 0.357515
Age tyee [Gyr] 5.647058
Folding factor 7 [Gyr] 0.95f8:}§
Survived mass fraction m, 0.64*001

Notes. Median values of the posterior distribution for the parameter set
described in the text with 1o~ errors.

galaxy catalogue magnitudes, are shown in Fig. 13, and a list of
the results for the parameter space is reported in Table 10.

Regarding the metallicity, we computed an oxygen abun-
dance 12 + log(O/H) = 9.04f8'i3, fairly super-solar, to some
extent in agreement with what is suggested from the metallicity
ranges in Table 8.

To frame out the stellar mass of the galaxy, we took into
account the relation between stellar mass and absolute K band
magnitude proposed in Savaglio et al. (2009) for a sample of
GRB host galaxies. For the host of GRB 211227A we computed
an absolute magnitude Mg = —21.95 = 0.17, corresponding to a
stellar mass of M5? = (1.18 + 0.22) x 10'° M. The median of
the posterior distribution on the stellar mass M., is slightly higher
than the value inferred from the K band absolute magnitude and
consistent at 20" level with the dispersion of the sample, pointing
towards the goodness of our result.

Besides, we were able to estimate the SFR from the delay—
7 SFH, the age of the host, and the total mass formed at 7,g:
M = M, /myg,.. From the median posterior values we derived:

M,
tot tagee—tage/r — 0.84%%; M, yl‘_l,

SFR(tage) = T
Jo = retde

3

which, given a mean conversion factor of ~1.7 in order to
account for the different IMF assumed by the relations in
Kennicutt (1998; i.e., Salpeter IMF, Salpeter 1955) with respect
to the Chabrier IMF from the SED analysis, is consistent with
the values estimated from the [OII] and Ha line luminosities
due to the wide 1o uncertanties derived from f,, and 7, and
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Fig. 14. FMR by Mannuccietal. (2011) and SGRB hosts with
determined SFR, mass, and oxygen abundance from Berger (2014).
GRB 211227A host is reported for the value of SFR computed from
the SED analysis, together with the FMR for a range of SFR consistent
with the 1o uncertainties on the same SFR value.

consequently, making it difficult to discriminate the contribution
of AGN and/or shocks on the [OII] and Ha lines.

We considered the results of our SED analysis as a refer-
ence to frame out GRB211227A host galaxy properties with
respect to the sample by Nugent et al. (2022). We found that
GRB 211227A host galaxy is in good agreement at 1o~ c.l. with
median values of typical SGRB hosts regarding stellar mass,
SFR, and extinction, and 20" consistent with respect to usual
metallicities. It is interesting to note that the host appears to be
more massive than the average lying in the upper tail of the sam-
ple distribution. This fact, coupled to a SFR ranging from mod-
erate to substantial values, suggests a transitioning nature for the
host, with a mass typical of quiescent galaxies but a SFR more
consistent with star-forming hosts.

Since GRB 211227A shows an extended emission, we also
compared its host galaxy properties to the typical values for
LGRB hosts, which turn out to have a lower metallicity
(median 12 + log(O/H) =~ 8.3, Stanek et al. 2006; Modjaz et al.
2008; Levesque et al. 2010; Vergani et al. 2015; Japelj et al.
2016; Palmerio et al. 2019), lower masses (median MLORB ~
1.58 x 10° Mo, Savaglio et al. 2009; Leibler & Berger 2010;
Vergani et al. 2015; Japelj et al. 2016; Palmerio et al. 2019),
and they are younger and star-forming (Bloom et al. 2002;
Wainwright et al. 2007; Vergani et al. 2015; Japelj et al. 2016;
Palmerio et al. 2019). This suggests that a LGRB host nature is
disfavoured for the galaxy. As a final gauge, we explored the
fundamental metallicity relation (FMR, Mannucci et al. 2010,
2011), tested for the first time on SGRBs hosts by Berger
(2014), between the oxygen abundance and the quantity p 3, =
log(M.) — 0.32 x log(SFR). We made use of metallicity, mass,
and SFR values derived from the SED fit, leading to 10.55*03,.
A plot of our results is shown in Fig. 14. The value is consistent
with the FMR, supporting, despite the small sample and the pos-
sible lines contamination, the picture of SGRB hosts following
the relation for field galaxies along a wide range of stellar mass
and SFR values, and constraining it in a region of poor sampling.

6.3. Afterglow emission

After the analysis of the host galaxies associated with the two
bursts, we investigated their optical afterglow emission with
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respect to their X-ray emission. We computed the X-ray to opti-
cal slope and we compared them with the population of Long
GRBs analysed in the same way by Melandri et al. (2012). To
do this, we estimated the flux both in the X-rays and in the opti-
cal band (R filter) at #;; = 11 h in order to compute the spectral
index Box. Moreover, we computed the X-ray spectral index Sx
from the late-time spectrum fit, defined as Sx = I'x — 1, where
I'x is the photon index obtained from the X-ray spectral fit.

6.3.1. GRB211106A

Starting from the X-ray light curve fit for GRB211106A
(Sect. 4.1), we estimated the X-ray flux at #;; = 11h, that
is Fx11n = 0.05uly, while for the optical afterglow we only
had an upper limit of R = 26.7mag at t — 7o = 2.82d. We
assumed that, at such a late time, the optical afterglow follows
a similar decay with respect to the X-ray afterglow, therefore
we estimated the optical limit at #;; assuming a decay index
ax = 1.07, and we obtained Frin < 0.53 wJy. The resulting
limit for the X-ray to optical slope turns out to be Box < 0.3.
Moreover, we computed the value for Sx starting from the joint
spectral fit of Swift/XRT, Chandra and XMM-Newton data per-
formed by Laskar et al. (2022), giving I'x = 1.9 + 0.3. Thus,
Bx = 0.9 and Box—Bx < —0.6. According to the definition
of a “dark” GRB (Jakobsson et al. 2004; van der Horst et al.
2009; Melandri et al. 2012), Box—Bx < -0.5, we can clas-
sify GRB 211106A as a dark burst. The darkness of a burst
was found to be related to high redshift or large dust column
density for Long GRBs (Melandri et al. 2012), while for Short
GRBs it may often be a consequence of the intrinsic optical
faintness of the afterglow due to a low density circumburst
medium (see Asquini et al. 2019). GRB 211106A shows a rela-
tively high Ny inc (Laskar et al. 2022), therefore intrinsic absorp-
tion can explain its darkness (for a recent comprehensive work
on short GRBs darkness, see Gobat et al. 2023).

6.3.2. GRB211227A

We repeated the same procedure for GRB 211227A, and we
estimated the X-ray flux Fx1n = 0.005wJy, while for the
optical afterglow we considered again the closest limit, that is
r = 25.4mag, obtained at t — ty, = 0.211d (~5h after fy). In
this case we fitted the X-ray light curve with a broken power
law, and since both our limit and #;; lie on the same branch
of the broken power law (the last one), we estimated the opti-
cal limit at 11h assuming a decay index ax = 0.5: Fyn <
0.17 WJy. The corresponding limit for the X-ray to optical slope
turns out to be Box < 0.5. We retrieved the X-ray spectral
index from the Swift/XRT spectrum repository, and we obtained
Bx = 2.0, from which we derived Box—Bx < —1.5. Also in this
case, GRB 211227A fulfills the condition for a “dark” GRB:
Box—Px < —0.5. At variance with GRB 211106A, this burst
shows a medium Ny (~10?! cm™2, see Sect. 5.1), therefore it
is more likely that the darkness of the burst is due to a tenuous
circumburst medium.

6.4. Kilonova limits

In this section we look for possible evidence of kilonova emis-
sion associated with the two GRBs presented in this work. The
procedure adopted here follows the one described by Rossi et al.
(2020): first, we put AT2017gfo spectra taken with a ~daily
cadence, from 1.5 to 10.5days after the trigger, from WIS-

eREP repository’, in the rest frame. Then, in order to compare
the AT2017gfo and GRB luminosity at the same wavelength,
we computed an effective rest frame filter, centered at Ax ¢ =
Ax/(1 + zgre), where X is the band corresponding to the fil-
ter used for GRB observations. After integrating the AT2017gfo
luminosity spectra taken at different epochs over the effective
rest frame filter, we built the AT2017gfo luminosity light curves
in each rest frame filter, Lx ¢ (f). We applied this procedure to
all filters adopted for our observations for both GRBs.

6.4.1. GRB211106A

We show in Figs. 15 and 16 the light curves — built as described
above — in R, H bands, and the magnitude limits on our obser-
vations performed with FORS2 and HAWK-I instruments (see
Sect. 4). We investigated the kilonova detectability forz = 0.097 —
as a reference — and the photometric z = 0.64, both assuming
zero and non-negligible extinction. For the latter, we considered
a coefficient Ay = 2.6 mag, which was found as a lower limit
from the afterglow analysis by Laskar et al. (2022), derived tak-
ing into account a SMC-like extinction model. Following Pei
(1992), and taking into account the same model, we derived
Ag = 2.10mag and Ay = 0.42mag for our filters, accounting
also for the Milky Way extinction along the line of sight®. We
estimated the expected magnitude in FORS2 epochs 1 and 2 by
interpolating the light curve, while the third epoch was taken far
later than the last AT2017gfo observation. At z = 0.097, the KN
emission would have become fainter than the mean magnitude
limit of the three epochs in R-band ~9 d after #; in case of negli-
gible extinction and slightly before the time of our first epoch in
the absorbed case.

For negligible absorption, in epoch 1 and 2 an AT2017gfo-
like event would have been ~1-2mag brighter than our limits,
thus it would have been strongly detectable. On the other hand, in
the case of high extinction it would have been more challenging
to identify the KN in epoch 1 given an extrapolated magnitude
comparable to the magnitude limit, while it would have been
more than 1 mag below our threshold for epoch 2. By placing
our AT2017gfo-like light curve template at increasing values for
z, we found that the KN would have been undetectable even in
epoch 1 for z > 0.22 in the cases of zero extinction.

The same analysis performed for the HAWK-I H band
showed that, at the time of the observation, an AT2017gfo-like
KN at z = 0.097 would have been about 0.6 and 0.2 mag brighter
with respect to our limit, in the negligible and high extinction
case, respectively. Here, the redshift threshold for the detection
isz=0.13 and z = 0.11 for the two cases.

Hence, the absence of a KN identification supports a GRB
distance larger than z = 0.097. Such a conclusion is in agree-
ment with the photometric redshift z = 0.64 we derived for the
GRB 211106A host galaxy and with the z ~ 0.5-1.0 redshift
range estimated by Laskar et al. (2022). At such a redshift, the
expected light curves would have been significantly fainter than
our magnitude limit in both H and R filters.

However, the KN non-detection could be ascribed also to an
event with different characteristics with respect to AT2017gfo,
since KNe associated to short GRBs can actually display sig-
nificant differences in their luminosity, spectral properties, and
temporal evolution (see, e.g., Rossi et al. 2020). To further inves-
tigate the constraints on KN emission provided by our opti-
cal/NIR upper limits, we made use of multidimensional models

7 https://www.wiserep.org/search/spectra
8 https://ned.ipac.caltech.edu/extinction_calculator
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Fig. 15. Interpolated R filter magnitudes for AT2017gfo at the
GRB 211106A luminosity distances corresponding to z = 0.097 and
z = 0.64. The light curves considering both no local extinction and
Ay = 2.6 (from Laskar et al. 2022) are shown.
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Fig. 16. Same as Fig. 15, but for the HAWK-I H-band observation of
GRB 211106A.

of kilonovae computed with the time-dependent 3D Monte Carlo
code POSSIS?®, by Bulla (2019). In particular, we focused on
two classes of models: those presented by Anand et al. (2021),
taylored for NS-BH mergers, and the ones from Dietrich et al.
(2020) for NS-NS mergers. The former allowed us to compute
light curves for the case of a “Red” kilonova (R-KN) with a
tidal dynamical ejecta contribution of lanthanide-rich elements
only, while the latter provided us the case of a “Red+Blue”
kilonova (RB-KN) with also a polar lanthanide-free component.
Both models include a contribution of spherical disk wind ejecta.
Therefore, we could test different shapes against our photometric
limits in order to constrain some of the kilonova parameters for
GRB 211106A. Specifically, we built R and H band light curves
from models placed at the distance of our photometric redshift,
z = 0.64, as seen from an on-axis observer. All the examined
light curves were a function of three fundamental parameters:
the mass of the dynamical ejecta Mgyy, the mass of the disk wind
ejecta Mgy, and the half-opening angle of the lanthanide-rich
component @, whose ranges are listed in Table 11 for the two
classes of models.

% https://github.com/mbulla/kilonova_models
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Table 11. Ranges of the values for parameters used to compute light
curves in the two subsets of the models from POSSIS.

Models  Mayn [Mo]  Mayw [Mo) o
R-KN  [0.01-0.09]  [0.01-0.09] 30°
RB-KN  [0.001-0.02] [0.01-0.13] [0°-90°]

We examined 81 different configurations of R-KN and 140
of RB-KN, reported in Fig. 17. We found that none out of 81
models of R-KN and 140 models of RB-KN would have been
detectable, even in our first FORS2 R-band observation. The
kilonova at such a luminosity distance would have been very
challenging to detect, requiring a fairly large amount of ejecta
mass. From our detectability thresholds we were able to draw
upper limits on the ejecta masses in the negligible extinction sce-
nario: in the case of R-KN we established Mgy, < 0.09 M, and
Mgy < 0.09 Mg, while for RB-KN we found Mgy, < 0.02 M,
and Mgy < 0.13 M.

6.4.2. GRB211227A

We performed the same analysis for GRB 211227A, without
considering intrinsic optical extinction. This is because we found
evidence for low Ay from the SED analysis of the host galaxy
(Sect. 6.2). This is in agreement with the observed offset of the
XRT afterglow position with respect to the host galaxy center. As
shown at the beginning of Sect. 6.2, the candidate host galaxy of
GRB 211227A has an effective radius of 1.9” (corresponding to
7.26 kpc at z = 0.228) and the best XRT position places the after-
glow at (3.7+2.4)" from the centre of the host galaxy, suggesting
that the burst occurred outside the densest regions of its host. In
Fig. 18 we report the light curve computed for the burst placed
at z = 0.228, along with our magnitude limits for the X-shooter
r and z observations and the FORS2 [ band observation.

With the exception of the second z-band observation, for
which the magnitude limit is comparable to the interpolated
magnitude of the AT2017gfo-like event, in all the other cases
the kilonova would have been ~0.8—1.2 mag above our detec-
tion thresholds. This fact, coupled with the host galaxy asso-
ciation, and the early times of the two observations, suggests
that the main reason for the non-detection of the KN emis-
sion could be an event with different properties with respect to
AT2017gfo, rather than a similar one placed at a farther distance
than z = 0.228, as for GRB 211106A.

We tested models from POSSIS, presented in the previ-
ous section, for an on-axis observer. All the configurations are
reported in Fig. 19 for R-KN and RB-KN. We found that a
R-KN would have been detectable in all 81 models during the
second r and z epochs, and the single / observation. Especially
due to the combination of deep limit and bright counterpart in the
I band, even the faintest R-KN would have been ~1.6 mag above
the threshold of the FORS2 epoch. For the RB-KN we found
that 137 out of 140 configurations would have been detectable
at least in the 7 filter, which also in this case represents the most
stringent constraint.

We found that the three configurations below our limits
would have been the ones with the lowest dynamical mass bud-
get Mgyn = 0.001 Mo, half opening angle @ = 75°, and with
three different disk wind mass contribution My, = 0.07, 0.09,
0.13 M. The angular dependence and the large mass range from
the disk wind may suggest that, at the time of our second epoch
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Fig. 17. Simulated light curves of 81 “Red” kilonovae (left panel) and 140 “Red+Blue” kilonovae (right panel) configurations, in the R and H
filters at z = 0.64, as seen for an on-axis observer. All the models lie below our photometric limits for GRB 211106A.
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Fig. 18. Interpolated magnitudes for X-shooter r, z, and FORS2 /-band
at the redshift of GRB 211227A, with our observational magnitude lim-
its marked as down-pointing triangles.

of observations, the dominant mass contribution was given by
the dynamical component. Therefore, we were able to draw
upper limits for the dynamical ejecta mass alone. In the case
of R-KN we established Mgy, < 0.01 M, while for RB-KN
we found Mgy, < 0.002 M, with a preference for large half-
opening angle. Given the similarity between GRB 211211A and
GRB 211227A, it is worth noticing how the former mass thresh-
old is only marginally consistent with what was derived in
the KN analysis by Rastinejad et al. (2022) in association to
GRB 211211A, while the latter mass limit is not. These differ-
ences further underlines how KNe can present a wide range of
properties and are far from being standard candles.
Nevertheless, in the R-KN scenario such low ejecta masses
are still viable from BH-NS mergers. For instance, Metzger
(2019) reports 10~* M, as the lower end of typical dynamical
ejecta. Even the suppression of KN emission could be possi-
ble due to the absence of ejecta when the BH swallows the
NS: this is feasible assuming large NS-BH mass ratio, low spin-
ning BH, and stiffer NS equation of state, as discussed in the
analysis of the peculiar GW event GW190814 by Ackley et al.
(2020). In the RB-KN scenario the situation would be more puz-
zling: as in the previous case, lower masses are possible for the
dynamical component, however, the extended emission of the

burst might suggest a magnetar nature for the central engine
(Gompertz et al. 2013; Yang et al. 2022), that would ensure a
further magnetar wind contribution on the ejecta material of the
order of ~1072 My, (Metzger 2019), too high to justify the non-
detection.

6.5. Supernova limits

As we did for the kilonova detectability discussion presented in
the previous section, we look for possible presence of supernova
emission associated with the two bursts. For GRB 211106A,
this is done in order to investigate and possibly rule out a
collapsar origin associated with a short event (as in the case
of GRB 200826A, Rossi et al. 2022), while for GRB 211227A
because of the long duration of its prompt emission. In the fol-
lowing discussion we consider SN1998bw (Galama et al. 1998;
McKenzie & Schaefer 1999; Patat et al. 2001; Sollerman et al.
2002; Clocchiatti et al. 2011) and SN2006aj (Pian et al. 2006;
Mirabal et al. 2006; Ferrero et al. 2006; Sollerman et al. 2006)
as references to investigate the supernova emission against our
photometric limits. For those few cases where data were not
available at the time of our observations, we made use of a back
extrapolation from the retrieved lightcurves.

6.5.1. GRB211106A

We show in Fig. 20 the light curves of the two supernovae men-
tioned above at z = 0.64, along with R magnitude limits computed
for the second and third FORS2 epochs, 5.9 and 27.9 days after T,
respectively. We observed that, in case of negligible absorption,
the two supernovae would have been significantly brighter than
our detection thresholds: SN1998bw would have been ~2.6 mag
above our third epoch limit, SN2006aj ~2.2 mag above the sec-
ond one. Including the intrinsic extinction Az = 2.1 mag, as we
did in Sect. 6.4.1, SN1998bw would have been still confidently
detectable in the third observation, while a SN2006aj-like event
would have been more challenging to reveal, even if ~0.1 mag
more luminous than the second epoch limit.

6.5.2. GRB211227A

We also tested the two supernova lightcurves, placed at z =
0.228, against our photometric limits, to investigate a possible
collapsar nature for GRB 211227A progenitor. Lii et al. (2022)
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Fig. 19. Simulated light curves of 81 “Red” kilonovae (left panel) and 140 “Red+Blue” kilonovae (right panel) configurations, in the g, r, I, and
z bands, as seen for an on-axis observer. During the second night of observation, ~1.2 days after T, all the tested models would have been above
our photometric limits for GRB 211227A, in the r, z, and especially / filters. As a comparison we also reported the deepest limits for the optical

observations described in Sect. 3.2.
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T

T T T
SN2006aj - R filter SN1998bw - R filter

21
[negligible ext.] [negligible ext.]
22+ SN2006aj - R filter SN1998bw - R filter |
""" [SMC-like ext.] [SMC-like ext.]
23} V¥ FORS2 - R band limits |

observed t — tp [d]

Fig. 20. R-band lightcurves of SN1998bw and SN2006aj placed at the
photometric redshift of GRB211106A. The light curves considering
both no extinction and Ay = 2.6 (from Laskar et al. 2022) are shown.

showed that a SN1998bw-like event at z = 0.228 would have
been detected in the R-band at ~10.7 d after Ty, in case of negli-
gible extinction along the line of sight. In order to examine this
conclusion we compared SN1998bw and SN2006aj-like 7 band
lightcurves, at z = 0.228, against our deepest photometric limit,
obtained with FORS2 in the I band at ~1.2d after T}.

The lightcurves for I and R filter of SN1998bw and
SN2006aj are shown in Fig. 21. We observed that both super-
novae would have been brighter than our / band limit, ~2 mag
for SN1998bw and ~3 mag SN2006aj. This result is in agree-
ment with Lii et al. (2022), pointing towards a compact binary
merger progenitor for GRB 211227A.

6.6. GRB211006A and GRB211227A in the context of short
GRBs

In order to deeper investigate the characteristics for the two
GRBs discussed in this work, we compared their observed
and rest frame properties with those of the short GRB sam-
ple named S-BAT4 (D’Avanzo et al. 2014). The sample con-
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m= SN1998bw - R filter
SN2006aj - / filter
SN2006aj - R filter
FORS2 -/ band limit 1
Lijiang 2.4m - R band limit
Liverpool - i band limit
CAHA 2.2m - i’ band limit
Gemini South - i band limit

27 2 4 6 8 10

observed t — ty [d]

<4< <4499

Fig. 21. R and 7 band lightcurves of SN1998bw and SN2006aj placed
at the redshift of GRB 211227A. Along with our FORS2 /-band limit
the magnitude limit for the R-band observation with the Lijiang 2.4 m
telescope from Lii et al. (2022) is reported. As a comparison we also
outlined the deepest limits for the optical observations described in
Sect. 3.2.

sists of a sub-sample of the Swift short GRBs with favourable
observing conditions for redshift determination from the ground,
promptly re-pointed by Swift/XRT, and which are bright (in
terms of the observed peak flux'?) in the 15-150keV Swift/BAT
energy band. Although relatively small (16 events up to June
2013), this sample of short GRBs is complete in flux and has
the highest completeness in redshift (70%) with respect to the
short GRB samples presented in the literature to date. Fol-
lowing the same criteria adopted for the original sample, we
extended it by adding 26 new SGRBs detected from July 2013
to December 2021, 24 of which with redshift determination (15
spectroscopic and 8 photometric redshifts, while one spectro-
scopic redshift and one photometric redshift were retrieved also

10 This flux-limited sample selects short GRBs having the peak photon
flux P > 3.5phs™' cm using the 15-150keV Swift/BAT light curves
binned with 8¢ = 64 ms. This corresponds to an instrument that is ~4
times less sensitive than Swift.
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Fig. 22. Amati correlation for long GRBs. Shaded region around
best fit lines highlights the 3o scatter region of the long GRBs dis-
tribution (values from Nava et al. 2012). SGRBs are represented by
black dots. GRB 211106A prompt quantities are shown for z = 0.64.
GRB 170817A is included for comparison (values from Goldstein et al.
2017).
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Fig. 23. Amati relation for the S-BAT4 extended sample. SGRBs are
represented by black dots, shaded regions represent the 1, 2, and
30 scatter of the sample around the best fit. GRB 211106A becomes
more consistent with the best fit at increasing values of redshift.
GRB 211227A is in agreement for both the main and the whole emis-
sion with the correlation for the redshift of z = 0.228. As a reference
we reported also the prompt energy features for z = 0.5, 1, and 2 for the
whole emission phase.

for GRB 090515A and GRB 130515A of the original sample,
respectively). The sample built this way consists of 42 SGRBs,
37 of them with redshift measurement, corresponding to a red-
shift completeness of ~88%, which reduces to 67% if we con-
sider only events with spectroscopic redshift measurement. 8
SGRBs with extended emission (EE) are also included, con-
sidering also GRB 211127A, whose observed properties make
it belong to the S-BAT4 sample. Given the lack of an on-board
Swift/BAT trigger, GRB 211106A is not part of the S-BAT4. The
detailed overview of the extended S-BAT4 sample will be pre-
sented in a forthcoming dedicated paper.

6.6.1. Prompt emission correlations

For the GRBs of the extended S-BAT4 sample we retrieved all
the needed information to characterize the prompt phase from

the literature and/or GCN circulars!'. For the bursts with a mea-
sured redshift we computed the isotropic equivalent energy (Ejs,)
— in the rest frame common energy range 1 keV-10MeV — and
the rest frame peak energy (Epea). The Ej, was computed con-
verting all the retrieved fluence values from the original energy
band to a common (in the rest frame) band by means of the fol-
lowing relation:

10MeV/(1+2)
1keV/(1+2) EN(E)JE

up
Jiow EN(E)E

F(1keV-10MeV) = F°®(low-up) NG

where N(E) is either a Band function (Band et al. 1993) or a
Cut-off power law for the majority of the bursts considered, z
is the redshift of the event, and low-up is the energy range in
which the original fluence F°* was measured. For some of the
new bursts added to the S-BAT4 with a redshift measurement,
observed only by Swift/BAT, we were not able to infer the rest
frame energy properties as the spectrum was best fitted by a sin-
gle power law. For the original sample, we updated the prompt
emission spectral quantities for GRB 111117A, for which a spec-
troscopic redshift z = 2.211 was determined (Selsing et al. 2018)
in place of the previous photometric one, z = 1.3 reported in
D’Avanzo et al. (2014). An extensive analysis on the results is
beyond the scope of this work and will be discussed in future
papers. For GRB 211106A, assuming the photometric redshift,
z = 0.64, we computed the rest frame prompt properties of the
burst: Ej, = 7.0’:{:2 x 10°° erg and Epeak = 321228 keV from
the spectral parameters obtained by Konus-Wind (Ridnaia et al.
2021). For GRB 211227A, which belongs to the S-BAT4 sam-
ple, we likewise made use of the spectral parameters obtained
by Konus-Wind (Zhu et al. 2022). We considered the values
reported for both the main emission, lasting ~4 s, and the long
rebrightening phase seen up to ~84s. From the analysis of
the peak we computed Ei,, = 3.4'03 x 10¥ erg and Epeq =

4493‘2‘85 keV. If we also consider the extended emission, the rest

frame prompt properties become: Ej;, = (4.8 + 0.4) x 10°' erg
and Epeax = 236f§§ keV.

In Fig. 22 we reported the S-BAT4 sample in the Epeq—Eiso
plane. SGRBs lie almost entirely — with the exception of
GRB 090426 — outside the 30 region in the Epea—Eiso corre-
lation found for long GRBs (Amati et al. 2002), suggesting for a
separate short GRB correlation with a slope similar to the long
GRB relation with a different normalisation. A similar result
was presented and discussed in D’ Avanzo et al. (2014), implying
that the distribution of GRBs over the Ejcac—Ejso plane, which
clearly shows two different regions, can be used as a discriminant
for the GRB progenitor type (namely compact binary merger or
collapsar).

We performed a fit to the SGRBs of the extended S-BAT4
sample'? in the Epea—Eiso plane with the relation y = 104 x5, fol-
lowing the OLS bisector method presented in Isobe et al. (1990).
The best bisector fit provided a normalization A = —-22.2 + 3.5
and a slope B = 0.5 + 0.1, in agreement with the findings of
D’Avanzo et al. (2014). GRB 211106A, if at z = 0.64, would
be consistent with the best fit of the relation found for SGRBs
(Fig. 23), and, in general, needs to be at z > 0.2 and z > 0.1
to be consistent at 1o and 20 level, respectively. This, together
with the discussion in Sects. 6.1 and 6.4, rules out an host galaxy

' https://gcn.gsfc.nasa.gov/gcn3_archive.html

12 We excluded GRB 080905A and GRB 090426, as discussed in
D’Avanzo et al. (2014), as well as GRBs with only upper limits avail-
able. GRB 211227A was also excluded in order to test its properties
with respect to the sample.
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SBAT4 extended sample - rest frame light curves
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Fig. 24. Rest frame X-ray light curves in common energy range
(2—-10) keV for all SGRBs in the S-BAT4 extended sample (black lines).
The same curves for GRB 211106A and GRB 211227A are highlighted
with coloured solid lines. Long GRBs belonging to the BAT6 sample
(Melandri et al. 2014) are shown for comparison and they correspond to
the grey-shaded area. The consistency of these curves with the S-BAT4
extended sample strengthens their classification as short GRBs.

at z = 0.097, that would be consistent only at 30~ level with the
SGRBs Amati relation. GRB 211227A prompt energy quantities
are consistent with the rest of the sample in the Amati plane,
if we consider the whole burst emission at z = 0.228, at 30
level. Given the computed P.. = 1.3%, we tested the burst also
at increasing values of the redshift (as done by Tsvetkova et al.
2022) and we verified that the burst would behave as a long GRB
in terms of prompt features, leaving the short Amati relation 30
region for z > 0.4. However, we lack a SN detection, the host
galaxy properties are consistent with typical values of SGRBs
hosts (Sect. 6.2), and the shape of the prompt emission lightcurve
is clearly distinguished between the initial pulse and a softer long
lasting emission (Fig. 2). If we analyse the burst in the context of
SGRBs with extended emission, considering the prompt energy
quantities of the initial pulse alone, it is in good agreement with
the best short Amati relation fit at 1o level, at z = 0.228. This
fact, coupled with the spectral analysis, reflects the progenitor
scenario from compact object merger, despite the long Tq.

6.6.2. Rest frame X-ray afterglows

As a final gauge on GRB 211106A distance and GRB 211227A
nature, we analyzed their X-ray afterglow emission compared
to the S-BAT4 SGRBs. We computed the rest frame X-ray light
curves for all SGRBs with redshift, as follows: first, we retrieved
from the Swift Burst Analyser'? (Evans et al. 2009) the observed
0.3—10keV unabsorbed fluxes and the time-resolved measured
photon spectral index, I, for each GRB of the sample. We then
put the fluxes in the common rest frame (2—10keV) energy band
by means of the following relation (as done by Gehrels et al.

2008):
10 2-I 2 2-T
(1 +z) - (1 +z) _

10>T - 0.32-T

(2-10keV) = fx(0.3-10keV) 5)

We show the curves we obtained for each GRB in Fig. 24, along
with the one obtained for GRB 211106A. This is is consistent

3 http://www.swift.ac.uk/burst_analyser/
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with the typical luminosity of the sample if at z = 0.64. This fur-
ther confirms the estimate for the distance of the event obtained
through the photometric redshift. Moreover, the rest frame X-ray
light curve of GRB 211227A is consistent with the typical val-
ues of the other SGRBs, if at z = 0.228. However, if we put it
at larger redshift (0.5, 1, 2), it is still consistent with the sample
of short GRBs. Since the LGRBs fluxes are typically more lumi-
nous than SGRBs, this represents another test on the nature of
the burst, from which we can safely classify GRB 211227A as
a short GRBs with extended emission (and therefore originated
by a compact binary merger progenitor), as also confirmed by its
consistency with the short Amati relation in the previous section
and from the galaxy features discussed in Sect. 6.2.

7. Conclusions

GRB 211106A and GRB 211227A are two events that belong to
the short GRB class that, right after their discovery, were pro-
posed as possibly associated to bright, low-redshift host galax-
ies. To further investigate the properties of these two events
and of their host galaxies, we performed multi-epoch and multi-
band analysis of ground-based optical and near-infrared obser-
vations obtained with the ESO-VLT FORS2, HAWK-I, MUSE,
and X-shooter instruments. At the same time, we carried out
an analysis of the available Swift/XRT data for both bursts. We
also carried out spectroscopic analysis of the GRB211106A
and GRB 211227A host galaxy candidates with the ESO-VLT
MUSE and X-shooter instruments, obtaining a redshift estimate
of the former and studying in detail the properties of the latter.
Finally, we investigated the kilonova detectability thresholds for
both events and tested the GRBs properties by comparing them
to those of a sample of short GRBs, namely the S-BAT4 sample
(D’ Avanzo et al. 2014), here extended up to December 2021.
From our analysis we obtained the following results:

— We excluded an optical and a NIR counterpart for
GRB 211106A, from FORS2 and HAWK-I observations at
30 confidence level, down to R ~ 26.7mag at t — 1y ~ 2.9d
and H ~ 23.6 mag at t — fy ~ 4.8d, respectively;

— By monitoring the GRB211106A field over more than 3
weeks, at the position of the radio/mm afterglow we detected
an optical source with constant magnitude R ~ 26.5 mag
from FORS2 observations. Its chance association probabil-
ity with the burst is P, ~ 0.13%, so we consider it as
best-candidate host galaxy of GRB 211106A. We performed
a SED fit, from which we derived a photometric redshift
z=0.64;

— We investigated the possible presence of a kilonova associ-
ated with GRB 211106A: we did not detect any source, as
we would expect both in case of an AT2017gfo-like event
and of a kilonova with different features. This is consistent
with a host galaxy at z = 0.64;

— We explored the possible presence of a supernova event at
z = 0.64 associated with GRB211106A: we found that,
even in the case of significant extinction, SN1998bw-like
and SN2006aj-like events should have been brighter than our
limits, endorsing a compact binary merger progenitor sce-
nario for the burst;

— We ruled out the presence of optical and NIR emission from
GRB 211227A from our FORS2 and X-shooter images, plac-
ing 30 limits at r ~ 25.4 mag, 7 ~ 24.8 mag, g ~ 25.4 mag at
t—ty~02d,and I ~25.8magats—1t) ~ 1.2d;

— We performed a spectroscopic analysis of a galaxy 3.7 away
from the GRB 211227A best X-rays position, for which we
derived z = 0.228 and P, ~ 1.13%, making it the best
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candidate host galaxy. We investigated its properties in terms
of metallicity, star forming rate, mass, and they all turned
out to be consistent with typical values for short GRB hosts
(Berger 2014), and significantly different from long GRB
ones (see Sect. 6.2);

— An AT2017gfo-like kilonova should have been detected in
our images, and our non-detection can be ascribed to a very
faint emission. This may be produced either by a binary neu-
tron star with low-mass dynamical ejecta or by a BH-NS
binary with large mass inequality, low spin for the BH, and a
stiff equation of state for the NS;

— We were able to exclude a SN presence at z = 0.228 associ-
ated with GRB 211227A thanks to the deep optical limits at
~1.2d, supporting the result of Lii et al. (2022);

— For both GRB 211106A and GRB 211227A it was not pos-
sible to detect an optical counterpart despite deep limits.
They both fulfill the condition for their classification as dark
bursts. This results can be ascribed for the former to a large
intrinsic absorption, while for the latter to a low-density cir-
cumburst medium;

— Both GRB 211106A and GRB 211227A prompt-phase spec-
tral properties, namely the peak energy Epe. and the
isotropic-equivalent energy Ejs,, are consistent with short
GRBs belonging to the S-BAT4 extended sample. In par-
ticular, they are significantly outside the 30 region in the
Epeax—Eiso correlation found for long GRBs (Amati et al.
2002), while they are consistent at 1o~ c.l. with the short
Amati relation (Sect. 6.6);

— We placed all S-BAT4 SGRBs X-ray light curves in the com-
mon rest frame (2—-10keV) energy band, and the curves of
the two GRBs are fully consistent with them, even if we con-
sider a larger z for GRB 211227A, significantly distinguish-
ing it from LGRBs.

The conclusions we obtained from the analysis of GRB 211106A
and GRB 211227A and their candidate host galaxies, taken alto-
gether, confirm the classification of the two events as short
GRBs, namely originated by a compact binary merger progen-
itor. In particular, GRB 211227A can be considered as a short
GRB with extended emission, despite its Tg9p > 2 s. Besides, the
consistency of the prompt-phase spectral properties with the
S-BAT4 sample and the X-ray rest frame light curves strength-
ens the association of the two bursts with the host galaxies at
z = 0.64 and z = 0.228, respectively. This work highlights
the importance of performing deep and possibly rapid multi-
wavelength follow-up of single GRB events in order to avoid
misleading host galaxy association and to constrain the GRB
classification beyond the prompt emission duration. On the other
hand, the growing number of SGRBs detected will allow us to
perform accurate sample studies, which can be used as tools to
explore SGRBs properties in detail, as done in this work for
GRB211106A and GRB 211227A. Regarding this topic, a full
discussion of the properties of the S-BAT4 sample will be pre-
sented in a forthcoming paper.
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