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Abstract

The mergers of binary compact objects such as neutron stars and black holes are
of central interest to several areas of astrophysics, including as the progenitors
of gamma-ray bursts (GRBs) [1], sources of high-frequency gravitational waves
(GW)[2] and likely production sites for heavy element nucleosynthesis via rapid
neutron capture (the r-process) [3]. Here we present observations of the excep-
tionally bright gamma-ray burst GRB230307A. We show that GRB 230307A
belongs to the class of long-duration gamma-ray bursts associated with compact
object mergers[4, 5, 6], and contains a kilonova similar to AT2017gfo, associated
with the gravitational-wave merger GW170817 [7, 8, 9, 10, 11, 12]. We obtained
James Webb Space Telescope mid-infrared (mid-IR) imaging and spectroscopy
29 and 61 days after the burst. The spectroscopy shows an emission line at
2.15 microns which we interpret as tellurium (atomic mass A=130), and a very
red source, emitting most of its light in the mid-IR due to the production of
lanthanides. These observations demonstrate that nucleosynthesis in GRBs can
create r-process elements across a broad atomic mass range and play a central
role in heavy element nucleosynthesis across the Universe.

GRB 230307A was detected by the Fermi Gamma-ray Burst Monitor (GBM) and
GECAM at 15:44:06 UT on 7 Mar 2023 [13, 14]. Its measured duration of Tyy ~ 35 s
and exceptionally high prompt fluence of (2.951 4+ 0.004) x10~2ergcm =2 in the 10-
1000 keV band make it the second-brightest GRB ever detected, and ostensibly a
“long-soft” GRB (Figure 1).



The burst was also detected by several other high-energy instruments (Methods),
enabling source triangulation by the InterPlanetary Network (IPN). The Neil Gehrels
Swift Observatory (Swift) tiled the IPN localisation [15] which revealed one candidate
X-ray afterglow [16]. We obtained optical observations of the field with the ULTRA-
CAM instrument, mounted on the 3.5m New Technology Telescope (NTT). These
observations revealed a new source coincident with the Swift X-ray source, and we
identified it as the optical afterglow of GRB 230307A [17]. Given the very bright
prompt emission, the afterglow is unusually weak (Figure 1).

We obtained extensive follow-up observations in the optical and near-infrared with
the Gemini South Telescope and the Very Large Telescope (VLT); in the X-ray with
the Swift/XRT and the Chandra X-ray observatory; and in the radio with the Australia
Telescope Compact Array (ATCA) and MeerKAT. Multi Unit Spectroscopic Explorer
(MUSE) integral field spectrograph observations provided the redshift of a bright spiral
galaxy at z = 0.0646 £ 0.0001 offset 30.2 arcseconds (38.9 kiloparsec in projection)
from the burst position (Figure 2, also [18]).

Our ground-based campaign spans 1.4 to 41 days after the burst (Extended Data
Table 1 and 2). At 11 days, infrared observations demonstrated a transition from an
early blue spectral slope, to a much redder one, consistent with the appearance of
a kilonova [19, 3]. Based on this detection, we requested James Webb Space Tele-
scope (JWST) observations, which were initiated on 5 April 2023. At the first epoch
(4+28.9 days after GRB), we took 6-colour observations with the Near Infrared Cam-
era (NIRCam) (Figure 2), as well as a spectrum with the Near Infrared Spectrograph
(NIRSpec) covering 0.5 — 5.5 microns (Figure 3).

The NIRCam observations reveal an extremely red source with F150W(AB) =
28.11 4+ 0.12 mag and F444W(AB) = 24.4 4+ 0.01 mag. A faint galaxy is detected
in these data with NIRSpec providing a redshift of z = 3.87, offset approximately
0.3 arcseconds from the burst position. The probability of chance alignment for this
galaxy, and the z = 0.065 spiral are comparable. However, the burst’s properties are
inconsistent with an origin at z = 3.87; the implied isotropic equivalent energy release
would exceed all known GRBs by an order of magnitude or more, the luminosity
and colour evolution of the counterpart would be unlike any observed GRB afterglow
or supernova (Supplementary Information). A second epoch of JWST observations
was obtained approximately 61 days after the burst. These observations showed that
the source had faded by 2.4 magnitudes in F444W, demonstrating a rapid decay
expected in a low redshift the kilonova scenario and effectively ruling out alternatives
(Supplementary Information). We therefore conclude that GRB 230307A originated
from the galaxy at z = 0.065.

Some properties of GRB 230307A are remarkably similar to those of the bright
GRB 211211A, which was also accompanied by a kilonova [4, 5, 6]. In particular, the
prompt emission consists of a hard pulse lasting for ~ 19 seconds, followed by much
softer emission. The prompt emission spectrum is well modelled by a double broken
power-law with two spectral breaks moving through the gamma-ray band (Methods),
suggesting a synchrotron origin of the emission [20]. The X-ray afterglow is excep-
tionally faint, much fainter than most bursts when scaled by the prompt GRB fluence
(see Figure land Supplementary Information). The development of the optical and IR



counterpart is also similar to GRB 211211A, with an early blue colour and a subse-
quent transition to red on a timescale of a few days. In Figure 4, we plot the evolution
of the counterpart compared with the kilonova AT2017gfo [7, 8, 9, 10, 11, 12, 21, 22],
identified in association with the gravitational-wave detected binary neutron star
merger, GW170817 [2]. AT2017gfo is the most rapidly evolving thermal transient ever
observed; much more rapid than supernovae or even fast blue optical transients [23].
The counterpart of GRB 230307A appears to show near identical decline rates to
AT2017gfo both at early times in the optical and IR, and later in the mid-IR [24].
These similarities are confirmed by a joint fit of afterglow and kilonova models to our
multi-wavelength data (Supplementary Information).

The JWST observations provide a detailed view of kilonova evolution. On
timescales of ~ 30 days, it is apparent that the kilonova emits almost all of its light
in the mid-infrared, beyond the limits of sensitive ground-based observations. This is
consistent with some previous model predictions [25]. Strikingly, despite its powerful
and long-lived prompt emission that starkly contrasts GW170817/GRB 170817A, the
GRB 230307A kilonova is remarkably similar to AT 2017gfo. This was also the case
for GRB 211211A [4, 5, 6, 26], and suggests the kilonova signal is relatively insensitive
to the GRB.

Our NIRSpec spectrum shows a broad emission feature with a central wavelength of
2.15 microuns, visible in both epochs of JWST spectroscopy (Figure 3). At longer wave-
lengths, the spectrum displays a slowly rising continuum up to 4.5 microns followed by
either an additional feature or change of spectral slope. The colours of the counterpart
at this time can be explained by kilonova models (Supplementary Information).

A similar emission-like feature is also visible in the later epochs of X-shooter obser-
vations of AT2017gfo [9], measured at 2.1 microns by [27]. Furthermore, the later time
mid-IR emission and colours are consistent with those observed with AT2017gfo with
Spitzer [24]. These similarities further strengthen both the kilonova interpretation and
the redshift measurement of GRB 230307A (Figure 3). We interpret this feature as
arising from the forbidden [Te III] transition between the ground level and the first fine
structure level of tellurium, with an experimentally determined wavelength of 2.1019
microns [28]. The presence of tellurium is plausible, as it lies at the second peak in
the r-process abundance pattern, which occurs at atomic masses around A ~ 130 [29].
Therefore, it should be abundantly produced in kilonovae, as seen in hydrodynamical
simulations of binary neutron star mergers with nucleosynthetic compositions similar
to those favoured for AT2017gfo [30]. Furthermore, the typical ionisation state of Te in
kilonova ejecta is expected to be Te III at this epoch because of the efficient radioac-
tive ionisation [31]. Tellurium has recently been suggested as the origin of the same
feature in the spectrum of AT2017gfo [32]. A previous study [27] also identified this
tellurium transition and noted that the observed feature is most likely two blended
emission lines. Tellurium can also be produced via the slower capture of neutrons in
the s-process. Indeed, this line is also seen in planetary nebulae [33]. The detection
of [Te III] 2.1 um provides an additional r-process element, building on the earlier
detection of strontium [34]. Importantly, while strontium is a light r-process element
associated with the so-called first peak, tellurium is a heavier second-peak element,
requiring different nucleosynthetic pathways. The mass of Te III estimated from the



observed line flux is ~ 1073Mg, (Supplementary Information). Although weaker, we
also note that the spectral feature visible at 4.5 microns is approximately consistent
with the expected location of the first peak element selenium and the near-third peak
element tungsten [35]. In future events, further elemental lines can be used to resolve
this difference [35], with very different appearances redward of the NIRSpec cut-off
(5.5 microns). For nearby kilonovae, observations should also be plausible by JWST
with MIRI out to 15 microns.

Detailed spectral fitting at late epochs is challenging because of the breakdown of
the assumptions regarding local thermodynamic equilibrium (LTE) which are used to
predict kilonova spectra at earlier ages, as well as fundamental uncertainties in the
atomic physics of r-process elements. However, these observations provide a calibra-
tion sample for informing future models. The red continuum emission indicates large
opacity in the mid-IR at low temperatures, e.g., ~ 10cm?g~! at ~ 700 K, which may
suggest that lanthanides(atomic numbers 58-71) are abundant in the ejecta.

The host galaxy is a low mass system (~ 2.5 x 10° M) dominated by an old
population. The large offset is consistent with the largest offsets seen in short GRBs
[36, 37] and could be attained by a binary with a velocity of a few hundred km s~!
and a merger time > 10% years. Alternatively, the faint optical /IR detection of the
source at the second JWST observation could be due to an underlying globular cluster
host which could create compact object systems at enhanced rates via dynamical
interactions [38].

It is striking that GRB 230307A is an extremely bright GRB, with only the excep-
tional GRB 221009A being brighter [39]. The detection of kilonovae in two of the ten
most fluent Fermi/GBM GRBs implies that mergers may contribute significantly to
the bright GRB population (see Supplementary Information). Indeed, several further
long GRBs including GRB 060614 [40, 41], GRB 111005A [42] and GRB 191019A
[43] have been suggested to arise from mergers. If a substantial number of long GRBs
are associated with compact object mergers, they provide an essential complement
to gravitational-wave detections. Firstly, joint GW-GRB detections, including long
GRBs, can push the effective horizons of GW detectors to greater distances and pro-
vide much smaller localisations [4, 44]. Secondly, long GRBs can be detected without
GW detectors, providing a valuable route for enhancing kilonova detections. Thirdly,
JWST can detect kilonova emission at redshifts substantially beyond the horizons
of the current generation of GW detectors, enabling the study of kilonovae across a
greater volume of the Universe.

The duration of the prompt y-ray emission in these mergers remains challenging to
explain. In particular, the natural timescales for emission in compact object mergers
are much shorter than the measured duration of GRB 230307A. Previously suggested
models that may also explain GRB 230307A include magnetars [45], black hole -
neutron star mergers [46, 47], or even neutron star - white dwarf systems [6]. It has
also been suggested that collapsars may power the r-process [48], in which case one
may interpret GRB 230307A as an unusual collapsar. However, such a progenitor
is not plausible since there is no star formation at the location of GRB 230307A.
The duration problem might become immaterial if the jet timescale does not directly
track the accretion timescale in the post-merger system. Such a behaviour has been



recently proposed based on insights from general-relativistic magneto-hydrodynamical
simulations [49, 50], which suggest that the duration of the jet can extend up to several
times the disk viscous timescale, creating long GRBs from short-lived mergers.
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Fig. 1 The high energy properties of GRB 230307A. Panel a shows the light curve of the
GRB at 64 ms time resolution with the Fermi/GBM. The shaded region indicates the region where
saturation may be an issue. The burst begins very hard, with the count rate dominated by photons
in the hardest (100-900 keV) band, but rapidly softens, with the count rate in the hard band being
progressively overtaken by softer bands (e.g. 8-25 keV and 25-100 keV) beyond ~ 20s. This strong
hard-to-soft evolution is reminiscent of GRB 211211A [20] and is caused by the motion of two spectral
breaks through the ~v-ray regime (see Methods). Panel b shows the X-ray light curves of GRBs
from the Swift X-ray telescope. These have been divided by the prompt fluence of the burst, which
broadly scales with the X-ray light curve luminosity, resulting in a modest spread of afterglows. The
greyscale background represents the ensemble of long GRBs. GRB 230307A is an extreme outlier of
the > 1000 Swift-GRBs, with an extremely faint afterglow for the brightness of its prompt emission.
Other merger GRBs from long bursts occupy a similar region of parameter space. This suggests the
prompt to afterglow fluence could be a valuable tool in distinguishing long GRBs from mergers and
those from supernovae.
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Fig. 2 JWST images of GRB 230307A at 28.5 days post burst. The upper region shows the
wide field image combining the F115W, F150W and F444W images. The putative host is the bright
face-on spiral galaxy, while the afterglow appears at a 30-arcsecond offset, within the white box. The
lower panels shows cut-outs of the NIRCAM data around the GRB afterglow location. The source
is faint and barely detected in the bluer bands but very bright and well detected in the red. In the
red bands, a faint galaxy is present northeast of the transient position. This galaxy has a redshift of
z = 3.87, but we consider it to be a background object unrelated to the GRB (see Supplementary
Information).
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Fig. 3 JWST/NIRSpec spectroscopy of the counterpart of GRB 230307A.. The top portion
shows the 2-D spectrum rectified to a common wavelength scale. The transient is well detected beyond
2 microns but not short ward, indicative of an extremely red source. Emission lines from the nearby
galaxy at z = 3.87 can also be seen offset from the afterglow trace. The lower panel shows the 1D
extraction of the spectrum in comparison with the latest (10-day) AT2017gfo epoch and different
kilonova models. A clear emission feature can be seen at ~ 2.15 microns at both 29 and 61 days.
This feature is consistent with the expected location of [Te III], while redder features are compatible
with lines from [Se III] and [W III]. This line is also clearly visible in the scaled late time spectrum
of AT2017gfo [27, 32], while the red colours are also comparable to those of AT2017gfo as measured
with Spitzer (show scaled to the 29 day NIRSpec spectrum). Error bars on photometry refer to the

1-0 error bar in this y-axis and the filter width on the x-axis.
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Fig. 4 A comparison of the counterpart of GRB 230307A with AT2017gfo associated
with GW170817.AT2017gfo has been scaled to the same distance as GRB 230307A. Beyond ~ 2
days, the kilonova dominates the counterpart. The decay rates in both the optical and IR are very
similar to those in AT2017gfo. These are too rapid for any plausible afterglow model. There is also
good agreement in the late time slope between the measurements made at 4.4 microns with JWST
and 4.5 microns for AT2017gfo with Spitzer [24]. Error bars refer to the 1o uncertainty.

15



1 Methods

2 Observations

Below we outline the observational data that were used in this paper. Magnitudes
are given in the AB system unless stated otherwise. We utilize cosmology resulting
from the Planck observations [51]. All uncertainties are given at the 1o level unless
explicitly stated.

2.1 ~-ray observations

GRB 230307A was first detected by Fermi/GBM and GECAM at 15:44:06 UT on 7
Mar 2023 [13, 14]. It had a duration of Tyg ~ 35s and an exceptionally bright prompt
fluence of (2.951 + 0.004) x10~3ergem=2 [52]. The burst fell outside of the coded
field-of-view of the Swift Burst Alert Telescope (BAT), and so did not receive a sub-
degree localisation despite a strong detection. However, detections by Swift, GECAM
[53], STIX on the Solar Orbiter [54], AGILE [55], ASTROSAT [56], GRBalpha [57],
VZLUSAT [58], Konus-WIND [59] and ASO-HXI [60] enabled an enhanced position
via the InterPlanetary Network to increasingly precise localisations of 1.948 deg? [61],
30 arcmin? [62], and ultimately to 8 arcmin? [15]. This was sufficiently small to enable
tiling with Swift and ground-based telescopes.

2.1.1 Fermi/GBM data analysis

In Figure 1, we plot the light curve of GRB 230307A as seen by the Fermi/GBM in
several bands, built by selecting Time Tagged Event (TTE) data, binned with a time
resolution of 64 ms. The highlighted time interval of 3—7 s after trigger is affected by
data loss due to the bandwidth limit for TTE data [63].

For the spectral analysis, we made use of the CSPEC data, which have 1024 ms time
resolution. Data files were obtained from the online archive®. Following the suggestion
reported by the Fermi Collaboration [63], we analysed the data detected by Nal 10
and BGO 1, which had a source viewing angle less than 60°, and excluded the time
intervals affected by pulse pile-up issues (from 2.5 s to 7.5 s). The data extraction
was performed with the public software GTBURST, while data were analysed with
XspPEC. The background, whose time intervals have been selected before and after
the source, was modelled with a polynomial function whose order is automatically
found by GTBURST and manually checked. In the fitting procedure, we used inter—
calibration factors among the detectors, scaled to the only Nal analysed and free to
vary within 30%. We used the PG-Statistic, valid for Poisson data with a Gaussian
background. The best-fit parameters and their uncertainties were estimated through a
Markov Chain Monte Carlo (MCMC) approach. We selected the time intervals before
and after the excluded period of 2.5-7.5 s due to instrumental effects. In particular,
we extracted 2 time intervals from 0 to 2.5 s (1.25 s each) and 14 time intervals from
7.5 s to 40.5 (bin width of 2 s, except the last two with integration of 5 s to increase
the signal-to-noise ratio), for a total of 16 time intervals. We fitted the corresponding

Lhttps://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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spectra with the two smoothly broken power-law (2SBPL) function [64, 65], which has
been shown to successfully model the synchrotron-like spectral shape of bright long
GRBs, including the merger-driven GRB 211211A [20].

From our spectral analysis, we found that all spectra up to ~ 20 s are well modelled
by the 2SBPL function, namely they are described by the presence of two spectral
breaks inside the GBM band (8 keV-40 MeV). In particular, in the time intervals
between 7.5 and 19.5 s, the low-energy break Fjear i coherently decreasing from
304.3752 keV down to 52.173% keV, and the typical vF, peak energy Fpeak is also
becoming softer, moving from ~ 1 MeV to 450 keV. The spectral indices of the two
power-laws below and above the low-energy break are distributed around the values
of -0.82 and -1.72, which are similar to the predictions for synchrotron emission in
marginally fast-cooling regime (i.e. —2/3 and —3/2). This is consistent with what has
been found in GRB 211211A [20]. We notice, however, that in all spectra the high-
energy power-law above Epcak is characterised by a much softer index (with a mean
value of —4.10 4 0.24) with respect to the value of ~ -2.5 typically found in Fermsi
GRBs. This suggests that the spectral data might require a cut-off at high energy,
although further investigations are needed to support this. From 19.5 s until 40.5 s
(the last time interval analysed), all the break energies are found to be below 20 keV,
close to the GBM low energy threshold. In the same time intervals, the peak energy
Epcax decreases from 682.413% t0 123.1755 keV, and the index of the power-law below
the peak energy is fully consistent (mean value of —1.45 4 0.06) with the synchrotron
predicted value of -1.5.

2.2 Optical observations
2.2.1 NTT - Afterglow discovery

Following the refinement of the IPN error box to an area of 30 arcmin® [62], we
obtained observations of the field of GRB 230307A with the ULTRACAM instrument
[66], mounted on the 3.5m New Technology Telescope (NTT) at La Silla, Chile. The
instrument obtains images in 3 simultaneous bands, and is optimised for short expo-
sure, low dead-time observations [66]. We obtained 10 x 20 s exposures in two pointings
in each of the Super SDSS w, g and r, bands (where the Super SDSS bands match the
wavelength range of the traditional SDSS filters but with a higher throughput; [67]).
The observations began at 01:53:21 UT on 2023-03-09, approximately 34 hr after the
GRB. The images were reduced via the HIPERCAM pipeline [67] using bias and flat
frames taken on the same night. Visual inspection of the images compared to those
obtained with the Legacy Survey [68] revealed a new source coincident with an X-ray
source identified via Swift/XRT observations [16], and we identified it as the likely
optical afterglow of GRB 230307A [17]. The best available optical position of this
source (ultimately measured from our JWST observations, see below) is RA(J2000)
= 04:03:26.02, Dec(J2000) = —75:22:42.76, with an uncertainty of 0.05 arcseconds in
each axis (Supplementary Figure 1)

This identification was subsequently confirmed via observations from a number of
additional observatories, including [69, 70, 71, 72, 73, 74]. We acquired two further
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epochs of observations with ULTRACAM on the following nights with 10 x 20s expo-
sures in the Super SDSS u, g and 4, bands. Aperture photometry of the source is
reported in Extended Data Table 1, and is reported relative to the Legacy survey for
the gri bands, and to SkyMapper for the u-band.

2.2.2 TESS

The prompt and afterglow emission of GRB 230307A was detected by TESS, which
observed the field continuously from 3 days before the Fermi trigger to 3 days after
at a cadence of 200s [75]. A reference image was subtracted from the observations
to obtain GRB-only flux over this period. The measured flux in the broad TESS
filter (600nm — 1000nm) is corrected for Galactic extinction and converted to the I
band assuming a power-law spectrum with F o< v~9%8. We then bin the light curve
logarithmically, taking the mean flux of the observations in each bin and converting
to AB magnitudes. A systematic error of 0.1 magnitudes was added in quadrature to
the measured statistical errors to account for the uncertainties in the data processing.
These data are presented in Extended Data Table 1.

2.2.3 Swift/UVOT

The Swift Ultra-violet/Optical Telescope (UVOT [76]) began observing the field of
GRB 230307A ~ 84.6ks after the Fermi/GBM trigger [13]. The source counts were
extracted using a source region of 5 arcsec radius. Background counts were extracted
using a circular region of 20 arcsec radius located in a source-free part of the sky. The
count rates were obtained from the image lists using the Swift tool UVOTSOURCE. A
faint catalogued unrelated source also falls within the 5 arcsec radius, this will affect
the photometry, particularly at late times. We, therefore, requested a deep template
image in white in order to estimate the level of contamination. We extracted the count
rate in the template image using the same 5 arcsec radii aperture. This was subtracted
from the source count rates to obtain the afterglow count rates. The afterglow count
rates were converted to magnitudes using the UVOT photometric zero points [77, 78].

2.2.4 Gemini

We obtained three epochs of K-band observations using the FLAMINGOS-2 instru-
ment on the Gemini-South telescope. These observations were reduced through the
DRAGONS pipeline to produce dark and sky-subtracted and flat-fielded images [79].
At the location of the optical counterpart to GRB 230307A, we identify a relatively
bright K-band source in the first and second epochs, with only a upper limit in epoch
3. We report our photometry, performed relative to secondary standards in the VISTA
hemisphere survey [80], in Extended Data Table 1.

2.2.5 VLT imaging

We carried out observations of the GRB 230307A field with the 8.2-m VLT telescopes
located in Cerro Paranal, Chile. The observations were obtained with the FORS2
camera (mounted on the Unit Telescope 1, UT1, ANTU) in B, R, I and z bands at
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multiple epochs, and with the HAWK-I instrument (mounted on the Unit Telescope 4,
UT4, Yepun) in the K band at one epoch. All images were reduced using the standard
ESO (European Southern Observatory) Reflex pipeline [81]. The source was detected
in the FORS2 z-band image at ~6.4 days after the Fermi/GBM detection. A single /-
band observation of the GRB 230307A was also executed with the 2.6m VLT Survey
Telescope (VST) after 2.37 days from the GRB discovery. In later observations the
source was not detected (see Supplementary Information) and the upper limit values
at 3o level are reported in Extended Data Table 1.

2.2.6 VLT spectroscopy

To attempt to measure the redshift of GRB 230307A and the nearby candidate host
galaxies, we obtained spectroscopy with the VLT utilising both the X-shooter and
MUSE instruments, mounted respectively on the Unit Telescope 3 (UT3, Melipal) and
on UT4 (Yepun).

X-shooter spectroscopy, covering the wavelength range 3000-22000 A was under-
taken on 2023-03-15. Observations were taken at a fixed position angle, with the slit
centred on a nearby bright star. X-shooter data have been reduced with standard
esorex recipes. Given that only two of the four nod exposures were covering the GRB
position, resulting in a total exposure time of 2400s on-source, we have reduced each
single exposure using the stare mode data reduction. Then, we have stacked the two
2D frames covering the GRB position using dedicated post-processing tools developed
in a python framework [82].

We further obtained observations with the MUSE integral field unit on 2023-03-
23. The MUSE observations cover multiple galaxies within the field, as well as the
GRB position, and cover the wavelength range 4750-9350 A. MUSE data have been
reduced using standard esorex recipes embedded within a single python script that
performs the entire data reduction procedure. Later, the resulting datacube has been
corrected for sky emission residuals using ZAP [83]. The MUSE observations reveal
the redshifts for a large number of galaxies in the field, including a prominent spiral
G1 at z = 0.0646 (see also [18]) and a group of galaxies, G2, G3 and G4 at z = 0.263,
details are provided in Extended Data Table 3.

2.3 X-ray afterglow

Swift began tiled observations of the IPN localisation region with its X-ray Telescope
[?, XRT;]]burrows05 at 12:56:42 on 8 Mar 20232 [84]. XRT made the first reported
detection of the afterglow (initially identified as ‘Source 2’) with a count rate of 0.019+
0.004 cts ~! [85] and later confirmed it to be fading with a temporal power-law index
of 1.175-% [86]. XRT data were downloaded from the UK Swift Science Data Centre
(UKSSDC [87, 88]).

We further obtained observations with the Chandra X-ray observatory (programme
ID 402458: PI Fong/Gompertz). A total of 50.26 ks (49.67 ks of effective exposure)
of data were obtained in three visits between 31 March 2023 and 2 April 2023. The
source was placed at the default aim point on the S3 chip of the ACIS detector. At

Zhttps://www.swift.ac.uk/xrt_products/TILED_GRB00110/
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the location of the optical and X-ray afterglow of GRB 230307A, we detect a total of
12 counts, with an expected background of ~ 1, corresponding to a detection of the
afterglow at > 50 based on the photon statistics of [89]. To obtain fluxes, we performed
a joint spectral fit of the Chandra and Swift/XRT data. The best fitting spectrum,
adopting uniform priors on all parameters, is a power law with a photon index of
I' = 25070359 when fitting with a Galactic Ny = 1.26 x 10?! cm™2 [90] and zero
intrinsic absorption (neither XRT nor Chandra spectra have sufficient signal to noise
to constrain any intrinsic absorption component). The resultant flux in the 0.3 — 10
keV band is Fx(1.7d) = 4.91103 x 107!3 erg cm™2 s~! during the XRT observation
and Fx(24.8d) = 1.1970 87 x 10714 erg cm 2 s~ during the Chandra observation. Due
to the low count number, the Chandra flux posterior support extends to considerably
below the reported median, with the 5th percentile being as low as Fx s, = 3 x 10715
erg cm 2 s~ If a uniform-in-the-logarithm prior on the flux were adopted, this would
extend to even lower values. Chandra and XRT fluxes are converted to 1keV flux
densities using the best fit spectrum (Extended Data Table 2)

2.4 ATCA

Following the identification of the optical afterglow [91], we requested target of
opportunity observations of GRB 230307A (proposal identification CX529) with the
Australia Telescope Compact Array (ATCA) to search for a radio counterpart. These
data were processed using MIRIAD [92], which is the native reduction software pack-
age for ATCA data using standard techniques. Flux and bandpass calibration were
performed using PKS 1934-638, with phase calibration using interleaved observations
of 0454-810.

The first observation took place on 2023-03-12 at 4.46 d post-burst, which was
conducted using the 4 cm dual receiver with frequencies centered at 5.5 and 9 GHz, each
with a 2 GHz bandwidth. The array was in the 750C configuration® with a maximum
baseline of 6 km. A radio source was detected at the position of the optical afterglow
at 9 GHz with a flux density of 92 + 22,Jy but went undetected at 5.5 GHz (30 upper
limit of 84uJy). A further two follow-up observations were also obtained swapping
between the 4 cm and 15 mm dual receivers (the latter with central frequencies of 16.7
and 21.2 GHz, each with a 2 GHz bandwidth). During our second epoch at 10.66 d
we detected the radio counterpart again, having become detectable at 5.5 GHz with
marginal fading at 9 GHz. By the third epoch, the radio afterglow had faded below
detectability. We did not detect the radio transient at 16.7 or 21.2 GHz in either epoch.
All ATCA flux densities are listed in Extended Table 2.

2.5 MeerKAT

We were awarded time to observe the position of GRB 230307A with the MeerKAT
radio telescope via a successful Directors Discretionary Time proposal (PI: Rhodes,
DDT-20230313-LR-01). The MeerKAT radio telescope is a 64-dish interferometer
based in the Karoo Desert, Northern Cape, South Africa [93]. Each dish is 12m
in diameter and the longest baseline is ~8km allowing for an angular resolution of

3https://www.narrabri.atnf.csiro.au/operations/array_configurations/configurations.html

20



~ Tarcsec and a field of view of 1deg?. The observations we were awarded were made
at both L and S-band.

GRB 230307A was observed over three separate epochs between seven and 41 days
post-burst. The first two observations were made at both L and S4-band (the high-
est frequency of the five S-band sub-bands), centred at 1.28 and 3.06 GHz with a
bandwidth of 0.856 and 0.875 GHz, respectively. Each observation spent two hours at
L-band and 20 minutes at S4-band. The final observation was made only at S4-band
with one hour on target. Please see the paper by MPIfR for further details on the new
MeerKAT S-band receiver.

Each observation was processed using OXKAT, a series of semi-automated Python
scripts designed specifically to deal with MeerKAT imaging data [94]. The scripts
average the data and perform flagging on the calibrators from which delay, bandpass
and gain corrections are calculated and then applied to the target. The sources J0408-
6545 and J0252-7104 were used at the flux and complex gain calibrator, respectively.
Flagging and imaging of the target field are performed. We also perform a single round
of phase-only self-calibration. We do not detect a radio counterpart in any epoch in
either band. The RMS noise in the field was measured using an empty region of the
sky and used to calculate 30 upper limits which are given in Extended Data Table 2.

2.6 JWST observations

We obtained two epochs of observations of the location of GRB 230307A with JWST.
The first on 5 April 2023, with observations beginning at 00:16 UT (MJD=60039.01),
28.4 days after the burst (under programme GO 4434, PI Levan), and the second on
8 May 2023, 61.5 days after the burst (programme 4445, PI Levan). The observations
were at a post-peak epoch because the source was not in the JWST field of regard at
the time of the burst and only entered it on 2 April 2023.

At the first epoch, we obtained observations in the FO7T0W, F115W, F150W,
F277W, F356W and F444W filters of NIRCam [95], as well as a prism spectrum with
NIRSpec [96]. In the second epoch we obtained NIRCam observations in F115W,
F150W, F277TW and F444W and a further NIRSpec prism observation. However, in
the second epoch the prism observation is contaminated by light from the diffrac-
tion spike of a nearby star and is of limited use, in particular at the blue end of the
spectrum. We therefore use only light redward of 1.8 microns. However, even here
we should be cautious in interpreting the overall spectral shape. The feature at 2.15
microns is visible in both the 29 and 61 day spectra.

We reprocessed and re-drizzled the NIRCam data products to remove 1/ f striping
and aid point spread function recovery, with the final images having plate scales of
0.02 arcsec/pixel (blue channel) and 0.04 arcsec/pixel (red channel).

In the NIRCam imaging we detect a source at the location of the optical counter-
part of GRB 230307A. This source is weakly detected in all three bluer filters (FOTOW,
F115W and F150W), but is at high signal-to-noise ratio in the redder channels (see
Figure 2). The source is compact and unresolved. We also identify a second source off-
set (H1) approximately 0.3 arcsec from the burst location. This source is also weakly,
or non-detected in the bluer bands, and is brightest in the F277W filter.
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Because of the proximity of the nearby star and a contribution from diffraction
spikes close to the afterglow position we model point spread functions for the appropri-
ate bands using WebbPSF [97], and then scale and subtract these from star position.
Photometry is measured in small (0.05 arcsec (blue) and 0.1 arcsec (red)) apertures
and then corrected using tabulated encircled energy corrections. In addition to the
direct photometry of the NIRCam images we also report a a K-band point based on
folding the NIRSpec spectrum (see below), through a 2MASS, Ks filter. This both
provides a better broadband SED and a direct comparison with ground based K-band
observations. Details of photometric measurements are shown in Extended Data Table
1

For NIRSpec, we utilise the available archive-processed level 3 two-dimensional
spectrum (Figure 3). In this spectrum we clearly identify the trace of the optical coun-
terpart, which appears effectively undetected until 2 microns and then rises rapidly.
We also identify two likely emission lines which are offset from the burst position.
These are consistent with the identification with He and [O 111] (4959/5007) at a red-
shift of z = 3.87. Both of these lines lie within the F277W filter in NIRCam and
support the identification of the nearby source as the origin of these lines.

We extract the spectrum in two small (2 pixel) apertures. One of these is centred on
the transient position, while the second is centred on the location of the emission lines.
Since the offset between these two locations is only ~ 0.3 arcsec there is naturally some
contamination of each spectrum with light from both sources, but this is minimised by
the use of small extraction apertures. The resulting 1D spectra are shown in Figure 3.
The counterpart is very red, with a sharp break at 2 microns and an apparent emission
feature at 2.15 microns. The spectrum then continues to rise to a possible second
feature (or a change in the associated spectral slope) at around 4.5 microns.
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3 Extended Data

Extended data table 1 caption: Optical and IR observations of the optical coun-
terpart of GRB 230307A. Errors are given at lo, and limits are given at the 3o
level.

Extended data table 2 caption: X-ray and radio observations of the afterglow
of GRB 230307A. Errors are given at the 1o level and upper limits at the 3o level.

Extended data table 3 caption: Properties of possible host galaxies for
GRB 230307A. *Formally, because the galaxy is undetected in the r—band, P.pance
is unbounded. This probability is based on the magnitudes measured at other
wavelengths.
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Time since GRB Telescope Band  Exposure time  Magnitude Source
(days) (s) (AB)
0.01 TESS Ic 1600 18.63 £0.14  This work
0.03 TESS Ic 1600 18.15£0.12 This work
0.04 TESS Ic 1600 17.98 £0.11 This work
0.09 TESS Ic 6400 18.06 £0.10  This work
0.19 TESS Ic 11200 18.41£0.10 This work
0.38 TESS Ic 20800 19.23 £0.11 This work
0.64 TESS Ic 24000 19.61 £0.16 This work
0.99 uvoT U 2315 >21.1 This work
1.16 uvoT White 692 22.2570%5  This work
1.25 UVOT White 2217 22.29703¢ This work
1.43 ULTRACAM U 200 > 19.7 This work
1.43 ULTRACAM g 200 > 20.7 This work
1.43 ULTRACAM T 200 20.724+0.15 This work
1.61 uvoT White 6468 > 22.60 This work
2.37 VST T 360 21.84 £0.19 This work
2.41 ULTRACAM U 200 > 21.2 This work
2.41 ULTRACAM g 200 22.35+0.26  This work
2.41 ULTRACAM 1 200 21.68 = 0.09 This work
2.43 uvoT White 3303 > 22.0 This work
3.39 ULTRACAM u 200 > 20.8 This work
3.39 ULTRACAM g 200 > 22.6 This work
3.39 ULTRACAM 1 200 21.48 £ 0.18 This work
4.89 uvoT White 14921 > 23.6 This work
6.42 FORS2 z 1440 23.24 £0.11  This work
6.42 FORS2 B 1380 > 26.10 This work
10.34 FLAMINGOS-2 K 840 22.51 £0.15  This work
10.36 FORS2 1 2400 > 24.0 This work
11.36 FORS2 1 2400 > 25.2 This work
11.42 FLAMINGOS-2 K 700 22.274+0.15 This work
15.45 FLAMINGOS-2 K 950 > 22.1 This work
17.38 FORS2 R 3000 > 25.2 This work
19.37 FORS2 R 3000 > 25.8 This work
19.38 HAWK-I K 2340 > 23.4 This work
28.89 JWST FO7T0W 1868 28.97 &£ 0.20 This work
28.83 JWST F115W 1868 28.50 & 0.07 This work
28.86 JWST F150W 1546 28.11 £ 0.12 This work
28.83 JWST F27TW 1868 26.24 4+ 0.01 This work
28.86 JWST F356W 1546 25.42 4+ 0.01 This work
28.89 JWST F444W 1868 24.62 4+ 0.01 This work
61.48 JWST F115W 1868 29.78 + 0.31 This work
61.51 JWST F150W 1546 29.24 + 0.17 This work
61.51 JWST F27TW 1868 28.31 &£ 0.12 This work
61.48 JWST F444W 1546 26.97 4+ 0.04 This work
2.35 GMOS-S r 30 22.0+£0.3 [70]
2.35 SOAR z 310 21.8+0.3 [72]
3.35 SOAR 27 600 21.8+£0.3 [72]




Time since trigger  Telescope  Frequency Flux density Source
(days) (Hz) (1Jy)

1.7 Swift/XRT  2.42 x 1017 (6.54+1.1) x 1072  This work
9.59 Swift/XRT  2.42 x 10'7 < 7.14 x 1073 [86]
24.84 Chandra ~ 2.42 x 1017 1.6702 x 107 This work
4.46 ATCA 5.5 x 107 < 84 This work
4.46 ATCA 9 x 10° 92 4+ 22 This work
10.66 ATCA 16.7 x 10° <114 This work
10.66 ATCA 21.2 x 10° < 165 This work
10.69 ATCA 5.5 x 10° 92 + 36 This work
10.69 ATCA 9 x 10° 83 + 26 This work
25.55 ATCA 16.7 x 10° < 81 This work
25.55 ATCA 21.2 x 10° < 219 This work
25.59 ATCA 5.5 x 107 < 63 This work
25.59 ATCA 9 x 10° <63 This work
6.64 MeerKAT 1.3 x 10° < 390 This work
6.75 MeerKAT 3.1 x 107 < 140 This work
15.74 MeerKAT 1.3 x 10° < 350 This work
16.04 MeerKAT 3.1 x 107 < 120 This work
40.89 MeerKAT 3.1 x 10° <93 This work
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Host candidate RA Dec T z offset (") Pehance

H1 04:03:26.06  -75:22:42.5 >29  3.87 0.30 0.05*
Gl 04:03:18.79  -75:22:55.0 17.6 0.0645 29.9 0.09
G2 04:03:27.32 -75:23.09.3 18.6 0.2633 27.0 0.15
G3 04:03:25.64 -75:23:17.0 18.8 0.2626 34.2 0.27
G4 04:03:16.67 -75:22:23.2 194  0.2627 29.9 0.32
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