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Gamma-ray bursts (GRBs) are divided into two populations'? long GRBs that derive
from the core collapse of massive stars (for example, ref. *) and short GRBs that form
in the merger of two compact objects*®. Although it is common to divide the two
populations at agamma-ray duration of 2 s, classification based on duration does not
always map to the progenitor. Notably, GRBs with short (<2 s) spikes of prompt
gamma-ray emission followed by prolonged, spectrally softer extended emission
(EE-SGRBs) have been suggested to arise from compact object mergers®®. Compact
object mergers are of great astrophysicalimportance as the only confirmed site of
rapid neutron capture (r-process) nucleosynthesis, observed in the form of so-called
kilonovae®**. Here we report the discovery of a possible kilonova associated with

the nearby (350 Mpc), minute-duration GRB 211211A. The kilonova implies that the
progenitor is acompact object merger, suggesting that GRBs with long, complex light
curves can be spawned from merger events. The kilonova of GRB 211211A has asimilar
luminosity, duration and colour to that which accompanied the gravitational wave
(GW)-detected binary neutron star (BNS) merger GW170817 (ref. *). Further searches
for GW signals coincident with long GRBs are a promising route for future
multi-messenger astronomy.

OnllDecember2021at13:09 UT, the Neil Gehrels Swift Observatory’s
(Swift) Burst Alert Telescope (BAT) identified the bright GRB 211211A.
The burst was discovered simultaneously by the Fermi Gamma-ray
Burst Monitor (GBM). The burst’s duration of 51.37 + 0.80 s (ref. )
(about 34.3 sinthe GBM™) and spectral hardness lie close to the mean
of thelong-GRB population (Fig.1). The light curve of the burst consists
of several overlapping pulses exhibiting little spectral evolution and
lasting for approximately 12 s, followed by longer-lived and apparently
softer emission extending to 50 s. Although GRB 211211A’s lack of early
spectral evolution and later softening is reminiscent of the behaviour
of past EE-SGRBs, these durations are far beyond those considered in
previous searches for EE-SGRBs””. The Swift X-ray Telescope (XRT) and

Ultra-Violet Optical Telescope (UVOT) began observing the accompa-
nying broadband afterglow about 1 min after the burst (see Methods
section ‘Swift observations’).

Motivated by the gamma-ray light curve of GRB 211211A and its prox-
imity to the bright (r=19.4 mag) galaxy Sloan Digital Sky Survey (SDSS)
J140910.47+275320.8 (Fig. 2), we initiated multi-wavelength follow-
up observations. We obtained spectroscopy at the Nordic Optical
Telescope (NOT; later confirmed with aKeck Il spectrum; see Methods
section ‘Host galaxy observations’), which showed that the nearby
galaxy is at a redshift z=0.0763 + 0.0002 (distance = 350 Mpc). The
modest offset between the galaxy and optical afterglow (5.44”+ 0.02”;
791+ 0.03 kpcinprojection), theirlow probability of chance coincidence
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Fig.1|Swift/BAT and Fermi/GBM gamma-ray light curves of GRB 211211A.
a-c, Thelight curves show similarities with bothlong GRBs and EE-SGRBs.

We separate the Swift/BAT light curve by band (a; blue) and normalized by the
maximum number of countsineachband. Thered curveisthelight curve
across allfour bands and is also normalized by the maximum counts. The two
initial spikes (lasting about 4 sand about 8 s) are prominentin each of the bands
shown, whereas the tail (212 s) becomes softer over time. Although this soft tail

(1.4% (ref.®)) and the absence of any fainter, underlying host galaxy in
late-time Hubble Space Telescope (HST) imaging provide compelling
evidence that GRB 211211A originated in SDSS J140910.47+275320.8
(Fig. 2). At 350 Mpc, GRB 211211A is one of the closest bursts across
both short and long classes discovered so far.

We obtained opticalimaging with the NOT and the Calar Alto Obser-
vatory (CAHA) that showed an uncatalogued source fading rapidly
over the first 3 days post-burst. At 4.1 days, we observed in the K-band
with Gemini North, detecting a K =22.4 mag source, indicative of a

is similar to the behaviour of past EE-SGRBs (for example, GRB 060614 (ref. %)),
itsinitial pulses arelonger than those previously observedin EE-SGRBs.

The Fermi/GBM light curve of GRB 211211A shows a similar structure to that of
BAT (b). We also show the hardness ratio (c; the ratio of 50-300-keV to 10-50-keV
photon fluxes) versus t,, for GRBs in the Fermi/GBM GRB catalogue*°. The t,,
time-averaged properties of GRB 211211A (blue) are typical of long GRBs, which
occupy the lower-right corner of the parameter space.

stronginfrared excess compared withthe optical afterglow light curve.
We continued to observe in the i/K-bands with Gemini North and the
MMT to 10 days post-burst. At 6.3 days, we obtained a deep limit on
the 6-GHz radio afterglow with the Karl G. Jansky Very Large Array
(VLA). We acquired late-time optical and near-infrared (NIR) observa-
tions with Gemini North, MMT, the Large Binocular Telescope (LBT),
Gran Telescopio Canarias (GTC) and HST. We obtained NOT imaging
at17.7 days post-burst that constrains an associated supernova (SN) to
deeplimits (vL, <3 x10* erg s, or M,>-13 mag). This rules out a typical
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Fig.2| Thefield of GRB211211A in HST and Gemini Northimaging.
a-c,Late-time HSTF606W and F140W images (aand c, respectively) covering
the position of the Swift/XRT afterglow (blue circle) and the NIR counterpart
(red crosshairs). We label the putative host, SDSS J140910.47+275320.8
(z=0.076), whichis offset 5.44”from the NIR counterpartand asecond nearby
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galaxy, G2 (see Methods section ‘Strong evidence in favour of az=0.076 origin’).
Nosourceisdetected at the position of the NIR counterpart toadepth of
F606W >27.8 mag. Asmoothed Gemini North/NIRIK-band image at 4.1 days
post-burstdetectsak'=22.4 magpointsource atthe position of the optical
afterglow of GRB 211211A (b). Scale bar in panelb, 2” or about 3 kpc.



long GRB massive star origin to limits a factor of >200 fainter than the
prototype GRB-SN 1998bw (assuming z = 0.076 (ref. %)). We present the
full optical-NIR dataset for the counterpart of GRB 211211A in Extended
Data Table 1and describe the data reduction and analysis further in
Methods (see sections ‘Optical afterglow observations’ and ‘Further
optical-NIR observations’). Notably, in the K-band, the luminosity at
4.1days post-burstis approximately that of astronomical transient (AT)
2017gfo (vL, =8 x10*° erg s™) and the light curve fades at aremarkably
similar rate to AT 2017gfo (Fig. 3).

We first fit an afterglow model following the methods of ref. * (and
references therein; see Methods section ‘Afterglow model’) to the full
X-ray and radio light curves, and to the ultraviolet (UV)-optical-NIR
photometry at 6t < 0.1 days (in which 6t denotes the time after the
BAT trigger), when the afterglow is expected to dominate any ther-
mal counterpart. We find an isotropic-equivalent kinetic energy,
Eyiso=5 %10 erg. Other properties are listed in Extended Data Table 3,
and are consistent with those inferred for previous short GRBs. The
K-band observation at 4.1 daysisin excess of about 3.8 mag (afactor of
33 in brightness) compared with the corresponding model afterglow
flux, whichis well constrained by the X-ray and radio data, necessitating
an extracomponent in our model.

We thus obtain optical-NIR photometry after the subtraction of the
afterglow component and considering the uncertainty in the afterglow
model (Extended Data Table1). Wefit the afterglow-subtracted photo-
metry with a three-component kilonova model following refs. 2%
(see Methods section ‘Kilonova model’). Our fitting indicates a total
r-process ejecta mass of M,;=0.047-303° M. This includes about
0.02 M, of lanthanide-rich (‘red’) ejecta with velocity v = 0.3c, inwhich
cis the speed of light, and about 0.01 M, of intermediate-opacity
(‘purple’) ejectawith v = 0.1c. Red ejecta can be produced in dynami-
cal tides?? or by winds from a remnant accretion disk if neutrinoirra-
diationis low?, although the high velocity found by our modelis more
consistent with a tidal origin. The purple ejecta are consistent with a
disk wind, assuming moderate neutrino irradiation to lower the lan-
thanide fraction. The remaining roughly 0.01 M, is lanthanide-free
(‘blue’) material with v = 0.3c. This can be produced by dynamical
shocks?, winds fromalong-lived magnetized neutron star (NS) (mag-
netar) remnant® or from a disk wind with high neutrino irradiation.
The blue ejecta mainly produce optical emission on timescales of
aboutldayand, hence, are slightly degenerate with early shock cool-
ing of matter heated by the GRB jet* (see Methods section ‘Kilonova
model’). Overall, our best-fit masses are in reasonable agreement with
estimates for AT 2017gfo, although the reddest ejecta seem to be more
massive in this case (Extended Data Fig. 8). If we assume that the pro-
genitor binary consists of two NSs and use predictions from merger
simulations to constrain the relative component masses and veloci-
ties”, we obtain a good fit with a 1.4 + 1.3 M, binary producing about
0.02 M, of ejecta, although matching the luminosity in the first day
may require further heating by the GRB jet over the minute-long time-
scale of the burst (see Methods section ‘Kilonova model’; Extended
DataFigs.4 and>5).

Although the profile of the initial gamma-ray pulse complex has a
duration>2 s, there are further lines of evidence (beyond the kilonova)
that link GRB 211211A to acompact object merger. First, the observed
exponential decline in X-rays at a few hundred seconds after trigger
is a notable feature of EE-SGRBs” and is highly consistent with both
the luminosity and the timescale of previous examples. Second, the
spectrallag during theinitial burst of 4 + 9 ms between the 25-50-keV
and 100-150-keV BAT bands is more consistent with short than long
GRBs (see Methods section ‘Alternative interpretations™®). The host
galaxy stellar population has mass approximately equalto 7 x 108 M,
and star formation rate (SFR) of about 0.07 M, year (specific SFR of
around 0.10 Gyr™), which are more consistent with the hosts of short
than long GRBs (see Methods section ‘Stellar population modelling
of SDSS J140910.47+275320.8)?**°, The host offset and the lack of any
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Fig.3|Afterglow and kilonovamodelsfit toselected observations of the
broadband counterpart of GRB 211211A. Modelling strongly supports the
detection ofanr-process-enriched component. a, Relevant detections and
their louncertaintiesand 3oupper limits, alongside the superimposed kilonova
and afterglow models (solid lines) and the afterglow model alone (dotted
lines). The afterglow model is well constrained by the radio and X-ray light
curves and providesagood fittothe optical dataat 0.1 day post-burst. The NIR
detections areapproximately four magnitudes brighter than that predicted by
the afterglow model and require akilonovacomponentto fit. b, The kilonova
model (solid lines) provides areasonable fit to the afterglow-subtracted
optical-NIRlight curve. We also plot models tuned to AT 2017gfo from ref.
shifted to the redshift of GRB 211211A (dashed lines). The K-band light curves are
approximately the same luminosity at 4.1 days post-burst and fade on similar
timescales.

underlying stellar component can be readily explained in merger

scenarios, but would be extremely unusual for a massive star.
Itisalso relevantto consider whether the counterpart could instead

arise from a core-collapse or Ni-powered event, either at 2= 0.076 or
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from amore distant, and as yet unseen, galaxy. Notably, our NOT limit
of i>24.7 magrules out any known GRB-SN at z=0.076 and would have
been sensitive to GRB-supernovae (SNe) out to z= 0.5 (see Methods
section ‘Alternative interpretations’). The K-band peak and temporal
evolution of GRB 211211A are not compatible with any SN in the sample
of ref.?, including SN 2010bh*, the dimmest, fastest-fading GRB-SN
considered. There is also no sign of substantial stellar mass or star
formation at the burst location that might obscure the SN with dust
(Fig. 2), nor is there evidence of marked absorption in the host spec-
tral energy distribution, which extends to <2,000 A. Furthermore,
light-curve models powered by *Ni decay (relevant for an SN or pos-
sibly amerger betweenaNS and awhite dwarf*®) are unable to provide
satisfactory fits to our data (Methods section “*Ni-powered transient
model’; Extended DataFig. 6). Higher-redshift scenarios are limited by
several observational constraints. First, the detectionin the Swift uvw2
band demonstrates no absorption from neutral hydrogen at 1,928 A
(observed), implying z < 1.4 (99% confidence level). Furthermore,
deep HST observations reach F606W >27.8 magand F140W >27.2 mag
(3oconfidence). Atthese depths, we would have detected allknown long
andshort GRB host galaxies at z < 1.4 (refs. ***). An underlying, unseen
dwarf galaxy of G2 (Fig. 2) hosting a dust-obscured SN is also difficult
toreconcile, as low-mass galaxies have, ingeneral, lower dust contents
(see Methods section ‘Alternative interpretations’). We conclude that
akilonovais the most natural explanation of the known channels to
reproduce our observations of GRB 211211A.

Theinterpretation of the NIR excess as an r-process kilonovain turn
implies that GRB 211211A originated in a compact object merger. We
briefly explore several explanations for extended gamma-ray emission
following such an event. First, the extended emission may be explained
by arelativistic wind imparted by a magnetar remnant (for example,
ref. >). The progenitor may also have been aNS-black hole (BH) system.
Tidal disruption of the NS would cause further mass to fall back onto
theremnant for several seconds following the merger and be launched
inthejet, producing extended emission (for example, refs. "), How-
ever, we note that the moderate-sized blue component of the kilonova
is not consistent with such a scenario. A BNS merger with a strongly
asymmetric mass ratio provides asimilar but alternative explanation,
but may also struggle to produce sufficient blue ejecta. Future detec-
tions of GRBs and kilonovae in tandem with inferred properties from
GW observations, which provide insight to the total and component
masses of the progenitor system, will disclose the source of gamma-ray
extended emission. The detection of a kilonova following along GRB
implies that the current NS merger rates calculated from short GRBs
(for example, ref.**) may underestimate the true population.

GRB 211211A lies at a luminosity distance of 350 Mpc. This distance
is only slightly beyond the sky and orientation-averaged horizon for
the LIGO/Virgo detectors at design sensitivity. Notably, sensitivity is
maximized for face-on mergers (that is, events with GRBs pointed in
our direction). Using GW template waveforms and expected noise
curves (see Methods section ‘GW detection significance’), we calcu-
late the expected signal-to-noise ratio (S/N) for a1.4 + 1.4 M_binary
merger at 350 Mpc during the third (03), fourth (04) and fifth (O5)
observing runs, finding S/Ns of 7.4,11.9 and 18.9, respectively. The S/N
is even higher in the case of a fiducial 1.4 + 5 M, NS-BH merger (and
S/N>10in 03), demonstrating that a GRB 211211A-like event would
be detectable in upcoming observing runs. Indeed, because the time
coincidence of GW and GRB emission and the known sky location
canbe used toincrease the sensitivity of the GW detectors, such long
GRB/GW coincidences can increase the number of multi-messenger
signals that can be recovered in the future.
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Methods

Unless otherwise stated, we report all observations in AB mag units
and all times in the observer’s frame. We use a standard cosmology of
Hy=69.6 kms*Mpc™,Q,=0.286 and Q,,. = 0.714 throughout thiswork*.

GRB detection

The refined Swift/BAT position localizes GRB 211211A to right ascen-
sion (RA) =14h 09 m 05.2 s, declination (dec.) = +27° 53’ 03.8” with an
uncertainty of I’ (ref. **). GRB 211211A was also identified by the GBM
on board the Fermi Gamma-ray Space Telescope with a consistent
localization'®*2, The burst was further detected by the CALET Gamma-
ray Burst Monitor**** and the INTEGRAL SPI-ACS**4¢,

Swift observations

The Swift XRT* observed the field of GRB 211211A from 6t =69 s to
74.2 ks (inwhich 6t is time since the BAT trigger), identifying anuncata-
logued X-ray source at a refined position of RA=14 h 09 m10.08 s,
dec.=+27°53"18.8” withan uncertainty of 1.9”.

X-ray data are downloaded from the UK Swift Science Data Centre
(UKSSDC)**, We take the 0.3-10-keV flux light curve and convert it
to 1-keV flux density (compared with ref. *°) using the photon index
of 1.51 from the late-time-averaged photon-counting spectrum on
the UKSSDC***°, The early X-ray light curve (taken in windowed tim-
ing mode) shows a bright plateau with a 0.3-10-keV flux of about
3 x1078erg s cm™. Its subsequent rapid decay at a rate of >¢ 2 indi-
cates aninternal origin for the emission. Photon-counting-mode data
taken from several thousand seconds after trigger show a shallower
power-law evolution, consistent with the emergence of the afterglow.

The Swift/UVOT began settled observations of the field of GRB
211211A 88 s after the BAT trigger. The afterglow was detected in all
of the UVOT filters. To reduce contamination from the nearby galaxy,
source counts were extracted from the UVOT image mode data usinga
sourceregion of 3”radius. To be consistent with the UVOT calibration,
these count rates were then corrected to 5”using the curve of growth
contained in the calibration files. Background counts were extracted
using a circular region of radius 20”located in a source-free region
near to the GRB. The count rates were obtained from the image lists
using the Swift tool uvotsource. They were converted to magnitudes
using the UVOT photometric zero points®2 To improve the S/N, the
count rates in each filter were binned using At = 0.26t. We report all
UVOT photometryin Extended Data Table 2. The detection of the after-
glow in six Swift/UVOT filters strongly supportsaz < 1.4 origin for GRB
211211A (99% confidence level).

Radio observation

We initiated 6-GHz (C-band) VLA observations of GRB 211211A at
6t =6.27 days (programme no. 21B-198; Principal Investigator: Fong).
We used 3C286 for flux and band-pass calibration and J1407+2827 for
gain calibration. We used the Common Astronomy Software Applica-
tions (CASA) pipeline products for data calibration and analysis*®, and
imaged the source using CASA/tclean, using a Briggs weighting and
robustness parameter of 0.5. No source is detected at the position of
the X-ray afterglow to a 3¢ (50) upper limit of 9.6 py (16 pJy). We use
the more conservative Soupper limit in our analysis to account for any
effects fromscintillation.

Optical afterglow observations

At16.6 h post-burst, we obtained gri-band imaging and spectroscopy
ofthe GRB counterpart and putative host galaxy**, using the Alhambra
Faint Object Spectrograph and Camera (ALFOSC) mounted on the
2.6-mNOT. Wereduce the images using standard techniques and find
that the afterglowis well detected in all filters. We flux calibrate images
using standard stars in the field from the Pan-STARRS catalogue™®.
We obtained spectroscopy using grism #4, which covers the wavelength

range 3,500-9,500 A at resolution A/AA = 350. We oriented the slit
to cover both the counterpart and the nearby galaxy. We detect a
featureless continuum from the transient, hampering adirect redshift
measurement (Extended Data Fig. 1).

We obtained four epochs of i-band imaging with the Calar Alto Faint
Object Spectrograph mounted on the 2.2-m CAHA telescope over
6t=0.7-19.6 days (programme no. 21B-2.2-018; Principal Investigator:
de Ugarte Postigo). We reduce images following standard procedures
in IRAF. We perform aperture photometry on the images with IRAF/
phot (ref.>¢).

Further optical-NIR observations

We initiated NIR observations with the Near-Infrared Imager (NIRI*')
mounted onthe 8-m GeminiNorth telescope (programme no. GN2021B-
Q-109; Principal Investigator: Fong) on15 December 2021 (6t = 4.1 days).
We detect a K-band source at RA=14 h 09 m10.119 s, dec. =
+27°53’18.03” (error of 0.19”), consistent with the X-ray and optical
afterglow positions. We continued to observe approximately nightly
inthei-band,/-band and/or K-band with NIRI and the Gemini Multiple
Object Spectrographs (GMOS*®) on Gemini North and the MMT and
MagellanInfrared Spectrograph (MMIRS) mounted on the 6.5-m MMT*
(programme nos. UAO-G178-21B and UAO-S127-21B; Principal Investi-
gators: Rastinejad, Smith) until 21 December 2021 (6¢ = 9.98 days).

Wereduced NIRIimages using the Gemini DRAGONS pipeline®®, and
GMOS and MMIRS images with a custom Python pipeline, POTPyRI®.,
Images were astrometrically registered to SDSS or the Gaia catalogue
using standard IRAF tasks, the Gaia software or astrometry.net®.
Between 6t =4.1and 8.0 days, our NIR observations clearly detect a
source at the position of the optical afterglow. To ensure that no host
galaxy flux is contaminating our photometric values, we obtained a
deep i-band template image of the field at 6¢ = 55 days with Gemini
North/GMOS. Further, we obtained deep K-band and K;-band template
images of the field at ¢ = 66, 88 and 98 days with the Espectrégrafo
Multiobjeto InfraRojo (EMIR) mounted on the 10.4-m GTC (programme
no. GTCMULTIPLE2H-21B; Principal Investigator: de Ugarte Postigo),
MMT/MMIRS and the LBT Near Infrared Spectroscopic Utility with
Camera and Integral Field Unit for Extragalactic Research (LUCI®®)
mounted onthe dual 8.4-mmirrored LBT (programme no. IT-2021B-018;
Principal Investigator: Palazzi), respectively. We reduce the EMIR data
using aself-designed pipeline based on shell scripts and IRAF tasks and
the LBT K,-band image using the data-reduction pipeline developed at
Osservatorio Astronomico di Roma (INAF®*).

We aligned theimages using standard IRAF tasks and performimage
subtractions using HOTPANTS®, For the i-band image at 6t = 5.1 days,
we clearly detect aresidual in the subtraction. Owing to the faintness
of the NIR detections and the added noise of image subtraction, no
source is detected in the K-band residuals. However, our template
image allows us to place limits on any underlying source contribu-
tionto K >24.6 mag (30).

We calibrate the Gemini North/GMOS, MMT/MMIRS, GTC/EMIR
and LBT/LUCI images using stars in common with SDSS Data Release
12 (DR12 (ref. *®)) and Two Micron All-Sky Survey (2MASS®). Owing to
the narrow field of view of the NIRI and the resulting dearth of 2MASS
standard stars, we calibrate NIRI images using stars in common with
the MMIRS image taken at 6t = 7.98 days, whose magnitudes we have
measured from comparison with 2MASS. We perform aperture photo-
metry at the position of the afterglow using the IRAF/phot task on the
i-band subtracted image and the /-band and K-band images directly.
We derive upper limits on the Gemini, LBT and MMT images by measur-
ingthe magnitudes of 3sourcesin the field using anaperture approxi-
mately proportional to the full width at half maximum of the transient.

Finally, at 17.6 days post-burst, we obtained i-band imaging of the
field with the NOT/ALFOSC. We do not detect a source at the posi-
tion of the optical-NIR counterpart to a 3o limiting magnitude of
i>24.7 AB mag. We report all photometry in Extended Data Table 1



and plot spectral energy distributions (SEDs) of the UV-optical-NIR
counterpart to GRB 211211A at five approximately contemporaneous
epochsin Extended Data Fig. 2.

HST observations

Onl12and14 April2022,weobservedthefield of GRB211211A usingthe HST
with WFC3/IR/F140W and ACS/WFC/F606W, respectively (programme
no.16923; Principal Investigator: Rastinejad). We reduced the images
using the custom pipeline hst123 (ref. ®®), which uses the astrodriz-
zle package to reduce and align the images (see ref. ¢ for details).
We performed aperture photometry on SDSS J140910.47+275320.8
usinga5”apertureinthe drizzled images and using zero points calcu-
lated for the drizzled frames by hst123. After aligning our HST data to
our K-band Geminiimage from 6t = 4.1 days, we place upper limits on
the presence of an HST counterpart using artificial star injection at the
NIR counterpart position. Using the fake star methods in dolphot™,
we inject 50,000 artificial stars in increments of 0.01 mag. We then
estimate the magnitude threshold at which 99.7% of sources are recov-
ered at30, which we consider to be the 3glimiting magnitude. No source
isdetected at the position of the optical afterglow to F6O6W > 27.76 mag
and F140W > 27.19 AB mag. We list further multi-band limits for
an underlying source from ground-based telescopes in Extended
DataTablel.

Our HST upper limits eliminate the presence of an underlying host
with the brightness of any known short and long GRB hosts at z < 1.4
(refs. 3**) (in which z < 1.4 is the upper limit from the UVOT after-
glow detections), as well as a galaxy of 20.01L* at z< 1.4 (in which
L*isthe characteristic galaxy luminosity parameter’"”). The HST limit
(Meosw = —9.9 mag) also allows us to rule out approximately 46% of the
dwarfgalaxies that might be associated with SDSS J140910.47+275320.8
(based on Local Group dwarf galaxy luminosities™).

Strong evidence infavour ofaz = 0.076 origin

Using the Gemini/NIRI image at 6t = 4.1 days (Fig. 2), we measure an
offsetof 5.44”+0.02”(7.91+ 0.03 kpcatz=0.076) between the centre of
the host galaxy and the position of the optical afterglow. This is within
therange of expected offsets from both short and long GRBs, but more
consistent with the range for short bursts®7" 7%,

We note the presence of a second galaxy to the northwest of SDSS
J140910.47+275320.8 (‘G2’ or SDSSJ140909.60+275325.8; Fig. 2). Using
the Gemini/NIRIimage at 6t = 4.1 days, we measure an offset between
the NIR source and G2 0f10.30”+ 0.02”. Assuming the spectroscopic
redshift for G2 reported in SDSS DR12 (ref. %), z=0.4587, this is a
physical offset of 60.55 + 0.12 kpc. We measure rg, = 20.80 £ 0.05 mag
from the Binospec template image (see below) and calculate a value
of P..c,=13.3%. At the spectroscopic redshift of G2, the peak K-band
luminosity of the counterpart of GRB 211211A is greater than that pre-
dicted by kilonova models (vL,=4 x10* erg s™). The relatively large
P.. ¢, and greater projected and physical offsets in comparison with
those of SDSS J140910.47+275320.8 strongly disfavour the potential
association between G2 and GRB 211211A.

Host galaxy observations
On 27 January 2022, we obtained further optical observations in the
grz-bands with the Binospec instrument mounted on the MMT®°
(programme no. UAO-G178-21B; Principal Investigator: Rastinejad).
We calibrate images to SDSS DR12 and perform aperture photome-
try on SDSS J140910.47+275320.8 with IRAF/phot. We obtain further
host photometry from template observations and the HST images.
We retrieve u-band photometry of the host from the SDSS archive®® and
W1 photometry from the Wide-field Infrared Survey Explorer (WISE)®..
We obtain UV photometry from Swift/UVOT (v, b, u, uvwl, uvm?2, uvw2
bands). We list all host photometry in Extended Data Tables1and 2.
We obtained further spectroscopy of SDSS J140910.47+275320.8
with the DEep Imaging Multi-Object Spectrograph (DEIMOS) mounted

onthel0-mKeckIltelescope on 8 January2022 (2 x 1,500 s; programme
no. O300; Principal Investigator: Blanchard). The spectrum was
observed witha1”slitand the 600ZD disperser at a central wavelength
of 6,500 A with the GG455 blocking filter, covering the wavelength
range of approximately 4,500-9,000 A. We apply an overscan subtrac-
tion, flat-field corrections, model the sky background and remove
cosmic rays using Pypelt®2. We also apply awavelength calibration with
KrXeArNeCdZnHgarclamp spectra. Using the boxcar method of Pypelt
with a1.5” radius to encapsulate the light from the entire galaxy, we
extract the 1D spectrum from both target science frames. We flux
calibrate the spectrawith the standard star HZ44, taken the same night
asthesciencetarget, and co-add the 1D galaxy spectra. Finally, we apply
agalactic-extinction correction in the direction of the target using
the model of ref. ¥ and Ay, from the dust extinction maps of ref. 3.
We confirm the redshift of z=0.0763 = 0.0002 (347.8'5% Mpc) from
the identification of the Ha, HB, [O111114958, 5007, [N11116549, 6584
and [SII]16717, 6731 emission lines.

Stellar population modelling of SDSS J140910.47+275320.8

Wemodelthestellar population properties of SDSSJ140910.47+275320.8
using Prospector, a Python-based stellar populationinference code®5¢,
We determine properties such as the total mass formed (M), age of the
galaxy at the time of observation (¢,..), optical depth, star formation
history (SFH) and stellar (Z.) and gas-phase (Z,,;) metallicities from
jointly fitting the photometric and Keck/DEIMOS spectroscopic data
attheredshift of the galaxy. We apply a nested sampling fitting routine
with DYNESTY® to fully sample the parameter space of each property
and build model SEDs using FSPS (Flexible Stellar Population Synthe-
sis) and Python-fsps®#°, Within the Prospector fit, we use the Milky
Way extinction law®? and assume a Chabrier initial mass function®.
Weapply a parametric delayed-7SFH (SFH = ¢ x %), characterized by
the e-folding time 7, which is a sampled parameter in the Prospector
fit. We include the Gallazzi mass—metallicity® relation to ensure that
Prospector only samples realistic My and Z. values and enforce a 2:1 dust
ratio between old and young stellar populations, as younger stars are
observed to attenuate dust twice as much as old stars®°2. We build the
model spectral continuum from a tenth-order Chebyshev polynomial
and model spectral line strengths and widths with a nebular emission
model, whichincludes agasionization parameter Z,,.. We further apply
anoise-inflation model to the observed spectrum to ensure proper
weighting of the photometry against the high-S/N spectrum. Finally,
we convert M to astellar mass (M.), t,,. to amass-weighted age (¢,,) and
the optical depth to V-band magnitude (4,) using the equations in ref. >,

We find that SDSS J140910.47+275320.8 has t,,=4.005:S Gyr,
log(M,/M,) =8.84'31%, A, =0.05'33% mag, log(Z,/Z,) =-0.69'53 and
108(Z,,5/Z,,) = 0.22:37}. We show the Prospector SED fit compared with
the observed data in Extended Data Fig. 1. We determine an SED SFR
usingequation (1) inref. **and find that the galaxy has alow SED-inferred
SFR = 0.07 M, year™ and specific SFR (sSFR) = 0.10 Gyr .. Following
the methods in refs. °**, we also determine an SFR from the model-
predicted emission line flux of Ha, finding SFR = 0.76 + 0.01 M year™,
which s higher than the SED-inferred SFR. We note that SED-inferred
SFRs are typically systematically lower than Ha-inferred SFRs®. From
equation (2) in ref. *° and using the SED-inferred sSFR and redshift,
we determine that the galaxy is star-forming.

Compared with the population of short GRB hosts?’, SDSSJ140910.47+
275320.8liesin approximately the bottom 11.8% of stellar masses, about
86.7% for stellar population age and 19.1% inferred SFR. We note that
it has much less star formation for its given stellar mass than other
short GRB hosts and is the lowest redshift star-forming host compared
with the population®. Furthermore, SDSS J140910.47+275320.8 has
distinct properties from NGC4993, the quiescent host of GW/GRB170817
(refs. %), NGC4993 is roughly 9 Gyr older, 10? times more massive
and has much less continuing star formation (=107 Gyr™ (refs. %%)).
Despite these contrasts and considering the low amount of active star
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formation in the host and its old stellar population age, we find little
evidence from the host galaxy that GRB 211211A originated in ayoung
massive stellar progenitor.

Afterglow model

Tomodel the synchrotron afterglow, we use the methods of refs, 12100101
(and references therein) and calculate the dynamics of a relativistic
blast wave with the analytical solution of ref. 12, This solution assumes
auniforminterstellar medium environment, which is consistent with
ourresults fromspectralfitting. We do not find evidence for areverse
shock in the afterglow observations and, thus, model only a forward
shock. The eight physical parameters in our model are the inclination
between the line of sight and the central axis of the jet (1), isotropic
equivalentjetkinetic energy (Ey ), the electrondistributionindex (p),
the jet half opening angle (8.), the Lorentz factor (I'), the circumburst
environment density (n), the fraction of energy that goesinto the mag-
netic field (g5) and the electrons (). Our model solves for the order
of'the synchrotron break frequencies resulting from the synchrotron
self-absorption (v,), electron cooling (v.) and the minimum Lorentz
factor in the distribution of shocked electrons (v,,,). We constrain the
value for p based on fits to the X-ray data.

We use emcee!® to determine a best-fit afterglow model and poste-
rior distributions for the physical parameters. We fit our model to the
entire X-ray and radio datasets and to the galactic-extinction-corrected
UV-optical data at 6t < 0.1 days, when the synchrotron afterglow lumi-
nosity is expected to dominate the kilonova contribution. Overall,
our model provides a good fit to the observed data (Fig. 3). We find a
slow-cooling spectrum with v, <v,, <v,, in which v, is above the X-ray
frequency and v,,is below the UV-optical frequency. In Extended Data
Table 3, we present the median and 1oerrors of the physical parameters
found by our best-fit model. Early UVOT data constrain the Lorentz
factor within our afterglow model to I = 70, consistent with prompt
emission analysis of the burst'*,

Both our model parameters and the observations are in keeping
withthose seeninthe short GRB population®,including GRB170817A
(for example, ref. 1%). The X-ray luminosity of the afterglow on time-
scales >1,000 s lies roughly at the median of short GRB afterglows,
whereas the earlier X-ray data are consistent with short GRBs with
extended emission'®*. The optical afterglow is also consistent with
short GRBs®. At later times (>2 days), our extrapolation is fainter
than afterglow detections of some bursts. However, upper limits of
numerous other bursts are available at this epoch.

Kilonova model

Weisolate thekilonovalight curve by subtracting the median afterglow
model from the optical and infrared data, propagating the 1-sigma
uncertaintiesin the afterglow luminosity for each observationinto the
subtracted data. Wefit this afterglow-subtracted photometry to a suite
of kilonova models using the prescriptions of refs. 2>21% within the
Modular OpenSource Fitter for Transients (MOSFiT'’). The luminosity
inthese modelsis produced by the radioactive decay of r-process ele-
ments and diffuses out of the ejecta following the standard formalism
given by ref. %, The ejectain our models consists of three components
produced by different processes in the merger and each has aseparate
mass, velocity and composition, with more lanthanide-rich material
(arising in regions of lower electron fraction and/or neutrino irradia-
tion) having a higher opacity. Although the afterglow modelis only fit
to230UVOT detections, the kilonova model is fit to UVOT detections at
thezlolevel, providinginformation on the contribution of the shocked
cocoon. In Extended Data Table 2, we separately list the photometry
used in the afterglow and kilonova modelling.

Interactions between the compact object progenitors produce
dynamicalejectajustbeforeand duringthe merger.‘Blue’ (k=0.5cm?g™)
materialis ejected in the polar direction and assumed to be lanthanide-
free resulting from strong neutrino irradiation, owing to either the

contact shock or surface winds from a magnetar remnant (hence this
component is unlikely to exist in a NS-BH merger). Interaction from
the jet may also lower the lanthanide fraction of material ejected at
the poles'®. Conversely, red’ (k=10 cm? g™) dynamical ejectaare pro-
duced by tidal tails and are concentrated along the equatorial axis.
A post-merger accretion disk formed around the remnant object
provides a second source of kilonova ejecta. The amount of material
ejected by the disk is dependent on the merger remnant (for example,
aprompt-collapse BH or a short-lived NS (for example, ref. »%)), and
canvary by orders of magnitude (in terms of M,). The opacity (thatis,
composition) depends on the exposure to neutrino flux, thought to
be higher for a longer-lived NS remnant (such as ref. ). Light-curve
models for AT 2017gfo suggested that this component had an inter-
mediate ‘purple’ opacity (k =3 cm?g™)®.

The relative contribution to the total luminosity by each spatially
distinct component depends on the observer viewing angle™. Given the
bright on-axis GRB, we assume a viewing angle along the polar axis of the
binary. The luminosity of blue ejecta can be further enhanced by shock
heating from the GRB jet traversing the ejecta (such as refs. "), which
we include in our model following ref. %6, We modify their prescrip-
tions by adding a constraint that shock cooling ceases to contribute
luminosity once the cocoon becomes optically thin (<1 day; equation
(14) in ref. %). Our models do not include the effects of jet interaction
(such as ref. °°) or magnetic fields»>™*',

We fit the data using two variations of this model. We adopt flat pri-
ors on all parameters in both cases and use DYNESTY® to sample the
posteriors. We include a white-noise parameter, g, in the likelihood
function as in ref. '”, First we use a model based on ref. *° and let the
mass M,;;and velocity v,;; of each ejectacomponent vary freely. We also
include the effects of (fixed) viewing angle and allow the fraction of
blue ejectain the shocked cocoon (0. to vary, both following ref. 2.,
This model produces the best-fit light curve in Fig. 3. Although the
model provides agood fit to the NIR points, it over-predicts the i-band
luminosity for the two detections at 6t = 2.5 days. We note that both of
these points have high systematic (precise flux measurements vary up
to 1 mag with aperture choice) and statistical (Extended Data Table 1)
errors. The posterior distributions of the model parameters are shown
inExtended DataFig. 3. The totalmodel evidence returned by DYNESTY
isIn(Z) =24.9. Derived ejectamasses and velocities are, overall, similar
to inferences for GW170817 (ref. *°). The main difference is the ratio of
red to purple ejecta, with a larger red mass preferred in GRB 211211A
owingtotheredder/-Kandi- Kcoloursatabout1week post-merger.

Although the statistical errors shown in Extended Data Fig. 3 are
generally <10%, the model assumptions of constant grey opacities for
each component probably implies a non-negligible systematic error.
The opacity is degenerate with ejecta mass and velocity through the
light-curve diffusion timescale, < (kM/v)*?, implying further fractional
uncertainty onthe r-process yield up to dM/M = dk/k = 1. However, the
true systematic error is lower than this because Mis also directly tied to
the radioactive heating rate and experiments with freeing the opacities
suggest that it is about 50%. In addition, we attempted to fit the data
with atwo-component model, allowing the opacity of the redder com-
ponent to vary. In this case, we still recover a total r-process mass of
about 0.05 M, although the derived opacity (2 cm?g™) and velocity
(>0.3¢) do not naturally align with an expected ejecta component
(see the next section, ‘Binary-based kilonova model’).

Todetermine whetherthere are any detectable degeneracies between
the afterglow and kilonova posteriors, we perform an approximate joint
fittothe data. Adding the kilonovalight curves to those of the afterglow
during the inference process requires fitting a 15-parameter model.
Thus, the Markov chain Monte Carlo samplers naturally struggle to
find the global optimum and do not reach convergence in our tests.
However, the joint fit does not detect any degeneracies, indicating
that the effect of the uncertain afterglow model flux on the kilonovais
negligible. The flux contrast between the kilonova and afterglow light



curves also supports this: during the time of the kilonova detections,
most epochs have kilonova fluxes one to two orders of magnitude above
those of the afterglow. Thus, changes in the afterglow within model
uncertainties affect the kilonova only at the few-percent level. At earlier
times, when the kilonovais not clearly visible above the afterglow, we
have added an earlier Swift/UVOT unfiltered observation to better
constrain theearly light curve. We find that the resultant changesin the
afterglow parameters are small, producing amoderately lower Lorentz
factor, with other parameters largely unchanged. This suggests that
the afterglow model is robust and that the kilonova is not sensitive to
allowed changes in the afterglow.

Because we can find no evidence for strong degeneracies in the
models, we have used our two-step approach using the well-tested
codes optimized individually for the afterglow and kilonova™?. We
propagate all uncertainties in the optical afterglow light curves into
the subtracted kilonova photometry before fitting. We also report
the afterglow-subtracted photometryin Extended Data Tables1and 2.

Binary-based kilonova model

Advancementsin the theoretical modelling of compact object mergers
and their outflows have made it possible to tie kilonova observations
to properties of the progenitors and remnant (for example, refs. 211°),
Specifically, the masses of the dynamically ejected, lanthanide-rich
red and lanthanide-poor blue components are determined by the pro-
genitor mass ratio (g (ref. ), chirp mass (M) and NS radius (Rys; for
example, ref.'7). Similarly, an estimate of the intermediate-opacity
purple mass ejected by the post-merger accretion disk informs esti-
mates of M, Rysand the NS remnantlifetime (for example, ref. ™). The
ejecta velocities of each component further depend on M (ref. %),
Reformulating the model in terms of pre-merger binary parameters
allows greater insight to the progenitor system and ensures that M-V
combinations (and, thus, the resulting light curves) are consistent and
realistic in the context of theoretical simulations.

We therefore fit the afterglow-subtracted photometry with the
binary-based model of ref. %', We fix the viewing angle to pole-on and
the equation-of-state-dependent parameters to the best-fit values for
GW170817: Rys = 11.1 km and maximum stable mass My, = 2.17 M. The
free parameters are the chirp mass, M = (MM,)>>(M,+ M, ™5 and mass
ratio, g =M,/M, <1,inwhichM,and M, are the masses of the two neutron
stars, thefraction of the remnant disk ejected, the fraction of blue ejecta
enhanced by NS surface winds for long-lived remnants and the fraction
ofblue ejectashocked by the GRB. We introduce one extra free param-
eter to the model in ref. %: the time after merger at which the GRB jet
reheats the polar ejecta (alarger ¢, resultsinabrighter cocoon owing
to the larger radius of the ejecta). Even if the jet has already broken
throughthe ejecta, recollimationshocks at the jet-ejectainterface may
continue to appreciably heat ejecta material as long as the jet is active
(for example, ref."®), although the efficiency of such heating is prob-
ably lower than in the case of a choked jet (for example, ref. ™). This
extrafreedomis motivated by the temporally extended GRB duration
compared with GRB 170817 and is required to match the early UV
emission. The best-fit model is shown in Extended Data Fig. 4, with
posteriors shown in Extended Data Fig. 5. The binary masses are
M,=1.42+0.05M,and M, =1.25+ 0.04 M,, consistent with typical NSs
(and indeed GW170817). The fraction of disk mass ejected is similar to
the approximate value of 0.1 inferred for GW170817 by ref. %, We warn
that the systematic errors in thismodel are also around 50% (refs. >'7).
Ifamagnetar remnantis the source of the extended emission, we might
expectalarge value of the blue ejecta enhancement factor (1/a) owing
tomagnetic winds. The mode of the posterioris a = 0.6, butitis not well
constrained owingtoadegeneracy with g visible in Extended DataFig. 5.

*Ni-powered transient model
To further rule out any associated SN, or a white dwarf-NS merger®,
we also fit the light curve with a single-component model powered

by **Ni decay, using the default MOSFiT model. The free parameters
in this case are the ejecta mass and velocity, the nickel fraction, the
gamma-ray trapping efficiency and aminimum (recombination) tem-
perature. We fixed the optical opacity to k = 0.2 cm? g™, appropriate
for electron scattering for ionized intermediate mass or iron-group
elements. This model is unable to provide a reasonable fit: the model
evidence is In(2) =-59.6 because it is too faint by several magnitudes
during the first day (Extended Data Fig. 6). Physically, the problem is
thatasingle-component model cannot cool quickly enough to match
both the early UV and late-time NIR light curves. The posteriors for
velocity (=10° km s™) and nickel fraction (=1) rail against the upper
bounds of their priors. This model is therefore heavily disfavoured
compared with the kilonova fits.

Alternative interpretations

Theoptical-NIR counterpart observed following GRB 211211A is strongly
reminiscent of the kilonova AT 2017gfo, and—as our fitting shows—
canbe explained with a superimposed afterglow and kilonova model.
Straightforward dust extinction in the host galaxy or burst vicinity
cannot explain the early blue colour of the counterpart and its sub-
sequent evolution from blue to red colours. The measured offset of
the optical counterpart of GRB 211211A from the host galaxy centre
(7.91+0.03 kpc) is highly consistent with the known offsets of short
GRBs, which have amedian of 7.92 kpc and span about 1.79-28.63 kpc
(16th and 84th percentiles’). The offset of GRB 211211A is less consist-
ent but still within the range of known long GRB offsets, for which the
medianis 1.28 kpc and span roughly 0.075-14 kpc (ref. ’®)). The coun-
terpart fades much faster than the rate expected for more distant SN
events (for example, a dust-obscured SN at z > 0.5). Comparing the
i-band upper limit at 6¢ = 17.6 days to the light curves of several long
GRB-SNe>2°12 we find that none of the SNe are allowed by our upper
limitouttoz=0.5(M>-17.6).

Recently, it has been suggested' that the NIR excess of GRB 211211A
could instead be caused by an infrared dust echo, a scenario in which
dustlocal to the GRB (such asin agiant molecular cloud) is destroyed
by the GRB jet directly along the line of sight and surrounding dust is
heated and subsequently reradiates. Direct light-curve modelling is not
straightforward for this scenario. Thus one cannot directly compare the
dust modelto that of akilonova. We also note that such signatures have
not been needed to explain previous long-duration GRB afterglows,
although thereis a paucity of relevantinfrared searchesin long GRBs.

Thescenarioinref.* requires an underlying host fainter than that of
allknown GRBs at z < 3 (ref. ). As the detection of the UVOT afterglow
limits the origin of GRB 211211A to z < 1.4, this explanation requires an
extremely faint, low-mass host galaxy unseen so far in the GRB host
population®357°, Because very-low-mass galaxies are typically less
dusty than more massive galaxies?*', this is not a probable location to
observea GRBwithinadense, dusty environment. We also note that, for
adusty line of sight, we may expect to observe some residual absorption
inthe form of either excess A, or excess X-ray N,. We find no evidence
for either in the spectrum of GRB 211211A.

Onereason that the investigators of ref. ' prefer the dust echo model
over that of a kilonova is based on the observed kilonova colour at
5.1days. After afterglow subtraction, the flux ratio at this epochisred,
albeit with large uncertainties, F,/F; =43 + 29. This differs from the
colours of AT 2017gfo at the same epoch at the approximately 1.20
level. However, much redder colours at comparable luminosities can
befoundin otherkilonova models, such as the lanthanide-richmodels
of ref. 28 that were applied to AT 2017gfo. We therefore do not believe
that this colour represents a problem for the kilonova interpretation.

Finally, the BAT light curves also show evidence for ashort GRB-like
origin. We cross-correlate BAT light curves covering the ¢,y interval in
four standard energy channels to measure the delay in the arrival times
of soft photons compared with hard photons. In 1-ms time bins, we
find delays of 10 + 9 ms between 15-25-keV and 50-100-keV photons
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(bands1and 3), and 4 + 9 ms between 25-50-keV and 100-150-keV
photons (bands2and4). Atz=0.076, such small spectral lags are con-
sistent with the distribution of short GRBs*® and inconsistent with the
established long GRB lag-luminosity relationship'>**°. The expected
peak luminosity from this relationship (x10% erg s™) would require
z=1.5,anorigin thatis disfavoured by our deep HST observations and
UVOT afterglow detection.

GW detection significance

To explore whether the LIGO/Virgo network (H1, L1and V1) could have
detected the merger precipitating GRB 211211A had it been operating
atthetime, we consider two representative cases for the progenitors: a
1.4 +1.4 M,BNSmergerandal.4 +5.0 M,NS-BH merger viewed face on
(6;,=0). Our calculations use a2,048-s-duration datasegment (chosen
tobelongenough evenforabinary neutronstar starting at10 Hz) with
asimilarly high sampling frequency of 8,192 Hz. We take the frequency
integral between f,,,, =10 Hz or 20 Hz and f;;;, = 4,000 Hz and neglect
componentspins, orbital eccentricity and tidal effects. Although these
parameters will affect the binary phasing, we expect them to have a
very small effect on the S/N. We also neglect all cosmological effects
and set the phase and polarizations angles to zero, as they will have
negligible effect on the S/N. We use the waveform IMRPhenomPv2
NRTidal®'* called through BILBY***'* and obtain the noise power
spectral densities (actual and predicted) from https://dcc.ligo.org/
LIGO-T2000012/public.

For both the BNS and NS-BH mergers, we consider four represent-
ative cases: with f,,,, = 20 Hz, the O3 (actual), 04 and O5 (predicted)
noise curves and OS5 with a more optimistic low-frequency cutoff of
fiow =10 Hz. We calculate all S/N using D, =350 Mpc, the time of the
burstand the coordinates of the XRT position of GRB 211211A. We find
that the BNS would not be detectable in O3 (S/N = 7.4) but the NS-BH
would have been (S/N =11.7). The BNS and the NS-BH would have had
S/N>10in 04 and OS5, probably making them detectable in GWs.

Comparison with AT 2017gfo and short GRB kilonova candidates
Despite accompanying an event thatis superlative in numerous ways,
thekilonova of GRB 211211A is unremarkable in luminosity and colour
compared with its few peers. In Extended Data Fig. 7, we plot i-band
and K-band light curves of the kilonova of GRB 211211A, along with the
light curve of AT 2017gfo? 121420106 12136146 g n d relevant rest-frame short
GRB observations from the catalogue of ref. ¥, Owing to the limits
of current NIR detectors, we are only able to compare the rest-frame
K-band light curve of GRB 211211A with that of AT 2017gfo, although
we include rest-frame/H-band short GRB kilonova observations for
context (opensymbols). At 6t = 5.1 days, the only epoch of concurrent
i-band and K-band detections of GRB 211211A, we measure a colour of
(i- K) =3.6 mags. This is redder than the (i — K) = 2.0 mags measured
atasimilar rest-frame epoch for AT 2017gfo®.

InExtended Data Fig. 8, we plot the best-fit ejectaand mass velocity
estimates for GRB 211211A compared with those of AT 2017gfo (red
boxes; compiled in ref. *® and references therein) and short GRB kilo-
nova candidates'®"*1%°_ Qur estimates for GRB 211211A are compatible
withthose of past kilonovae, including AT 2017gfo. Estimates are highly
model-dependent and, thus, direct comparisons are not advisable.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Most of the data generated or analysed during this study are included
inthe Extended Data Tables of this article. Gamma-ray and X-ray light
curves may be downloaded from the UK Swift Science Data Centre
and the online HEASARC archive at https://heasarc.gsfc.nasa.gov/

W3Browse/fermi/fermigbrst.html. Any further data requests should
be madeto).C.R.

Code availability

Thekilonova model scripts are available at https://github.com/guillo-
chon/MOSFiT. The scripts used to model the afterglow will be publicly
available on publication of this manuscript. The Prospector stellar
population modelling code is available at https://github.com/bd-j/
prospector.
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Extended Data Table 1| Optical-NIR observations of the counterpart and host galaxy of GRB 211211A

ot Filter Facility Instrument  texp Transient AG-subtracted™ Host Ref.
(days) (s) (AB mag) (AB mag) (AB mag)
0.27 g’ MITSuME 6600 20.34 £ 0.20 21.05 £ 1.07 2
0.27 Rc MITSuME 6600 20.26 £+ 0.10 21.03 £ 1.15 2
0.27 Ic MITSuME 6600 20.37 + 0.30 21.44 + 1.95 2
0.43 r NEXT 2000 20.25 4+ 0.07 20.51 £+ 0.32 3
0.45 Z NEXT 2400 19.88 + 0.30 20.08 £+ 0.39 3
0.46 R HCT 900 20.26 & 0.13 20.49 £+ 0.30 4
0.68 i CAHA CAFOS 2700 20.75 £+ 0.08 20.92 £+ 0.20 1
0.69 g NOT ALFOSC 240 21.00 £+ 0.04 21.16 £+ 0.18 1
0.69 r NOT ALFOSC 240 20.81 + 0.05 20.97 £ 0.18 1
0.69 i NOT ALFOSC 240 20.89 + 0.06 21.08 £+ 0.21 1
0.70 R LCO Sinistro 1200 21.00 %+ 0.09 21.18 £+ 0.23 5
1.40 r GMG > 21.96 > 22.06 6
1.41 R DOT 4Kx4K 21.83 £ 0.07 21.92 £ 0.12 7
1.43 r’ GIT 1500 > 21.15 > 21.19 4
1.68 i CAHA CAFOS 2700 22.56 £+ 0.13 22.70 £ 0.20 1
2.56 Rc Zeiss-1000 ... 3600 > 23.06 > 23.14 8
2.68 i CAHA CAFOS 2400 24.56 + 0.34 24.64 + 0.52 1
4.07 K Gemini NIRI 900 22.41 £+ 0.14 22.45 + 0.14 1
4.42 R DOT 4Kx4K > 23.87 > 23.93 7
4.70 H TNG NICS > 21.89 > 21.90 9
5.10 K Gemini NIRI 900 22.40 £+ 0.17 22.42 + 0.17 1
5.11 i Gemini GMOS 600 26.03 & 0.30 26.51 £ 0.71 1
5.96 J MMT MMIRS 2400 24.17 £+ 0.35 24.24 + 0.33 19.00 £ 0.03 1
6.08 i Gemini GMOS 1200 > 25.49 > 25.67 1
6.94 K MMT MMIRS 3600 23.43 £ 0.31 23.46 + 0.28 1
7.98 K MMT MMIRS 2250 23.77 + 0.30 23.81 £+ 0.27 19.22 + 0.07 1
9.92 K MMT MMIRS 1170 > 22.11 > 22.12 1
17.65 i NOT ALFOSC 3000 > 24.67 1
19.57 i CAHA CAFOS 4000 > 24.14 1
46.94 g MMT Binospec 600 > 24.72 19.78 £+ 0.06 1
46.95 r MMT Binospec 600 > 24.48 19.42 £+ 0.04 1
46.97 Z MMT Binospec 600 > 23.92 19.18 £+ 0.08 1
55.03 i Gemini GMOS 2640 > 26.77 19.16 £+ 0.05 1
65.95 K GTC EMIR 3528 > 21.99 1
88.82 K LBT LUCI 7229 > 24.62 1
97.85 K MMT MMIRS 3600 > 24.32 1
122.18 F140W HST WFC3/IR 2412 > 27.19 18.95 £+ 0.01 1
123.54 F606W HST ACS/WFC 2000 > 27.76 19.53 £+ 0.01 1
Arch. u SDSS 20.86 + 0.13 10
Arch. W1 WISE 19.76 £ 0.05 11

Asterisk * indicates magnitudes of the transient after subtracting the model afterglow flux as described in Methods. Magnitudes corrected for foreground galactic extinction according to
A,=0.048 mag (ref.?*). All upper limits newly published in this work are given at the 30 level. References: (1) This work, ()¢, (3)'%, (4)"*, (5)"°, (6)'®°, (7)'®", (8)'®2, (9)'%, (10)°°, (11)®". This table is
available in a machine-readable format in the Supplementary Information.
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Extended Data Table 2 | Swift/UVOT photometry of the counterpart to GRB 211211A

ot Band lexrs Transient AG-subtracted*
(days) (s) (AB mag) (AB mag)
0.05 v 199.8  19.17 £ 0.29 22.41 + 2.50
0.73 v 189.8 > 19.21 > 19.24
0.92 v 186.6 > 19.20 > 19.22
0.04 b 199.8  19.65 4+ 0.23 > 18.05
0.20 b 600.6  19.82 £+ 0.19 20.46 £+ 0.94
0.78 b 906.9 21.47 + 0.48 21.66 £ 0.51
1.12 b 12553.7 > 20.63 22.08 £+ 0.65
0.04 u 199.8  19.72 £ 0.15 > 18.13
0.06 u 80.0 19.45 £+ 0.19 22.19 + 2.50
0.19 u 906.8  19.76 £+ 0.07 20.32 £ 0.75
0.66 u 184.5 > 20.36 22.09 + 1.28
0.86 u 183.7 > 20.94 > 21.02
1.19 u 906.6 > 21.92 > 22.03
0.06 wvwl 199.8  19.47 + 0.14 21.27 + 2.50
0.66 uvwl 899.8 21.72 £ 0.24 21.99 £+ 0.41
0.85 uvwl 899.8 21.91 + 0.27 22.09 £+ 0.34
1.22 uvwl  17535.0 > 21.98 23.07 &£ 0.57
0.05 uvm2 199.7 19.59 £+ 0.17 21.77 £ 2.50
0.25 wvm?2 4747  20.48 £ 0.17 21.06 £+ 0.81
1.26 wvm2  826.4 > 22.18 23.89 + 1.30
0.05 UVW2 199.8  19.61 £ 0.15 21.75 £+ 2.50
0.72 UVW2 899.8  22.11 £+ 0.26 22.38 + 0.43
0.92 uvw2 899.8 > 22.23 23.63 £+ 0.94
0.00  white  149.8  20.69 £ 0.24 24.11 + 2.50
0.79  white  182.5  21.74 + 0.35 21.95 + 0.44
1.06  white 181.5  21.59 + 0.36 21.69 £+ 0.36
1.78  white 25045.5 23.41 + 0.30 23.59 £+ 0.37
Host
v > 19.78
b 20.51 £ 0.14
u 21.21 £0.19
uvwl 21.66 £ 0.13
uvm?2 21.86 £ 0.13
uvw2 21.87 £ 0.17

‘Magnitudes of the transient after subtracting the model afterglow flux as described in Methods. Magnitudes corrected for foreground galactic extinction according to A,=0.048 mag
(ref.®%). This table is available in a machine-readable format in the Supplementary Information.



Extended Data Table 3 | Afterglow modelling parameters

Parameter Median Units
log(Ex iso)  52.7110°72 erg
Lo 73.11755 0
p 2.014% 5 005
L 0.6881 0 544 deg
log(n) —0.2651155,  cm™3
0 2.7501 1755 deg
log(ee) _1.484418:;3%
log(ep) —3.8197F 3%
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Sample size Describe how sample size was determined, detailing any statistical methods used to predetermine sample size OR if no sample-size calculation
was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization | Describe how samples/organisms/participants were allocated into experimental groups. If allocation was not random, describe how covariates
were controlled OR if this is not relevant to your study, explain why.

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible,
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.qg. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
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If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |:| ChiIP-seq
Eukaryotic cell lines |:| |:| Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

Oooooos
OooooQ

Dual use research of concern

Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pname any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.




Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
[] Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.




Software

Cell population abundance

Gating strategy

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

[ ] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference
(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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