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Peter K. Blanchard® '/, V. Ashley Villar?, Ryan Chornock ® 3, Tanmoy Laskar*®,
Yijia Li®®’, Joel Leja® 572, Justin Pierel®, Edo Berger?, Raffaella Margutti ®3'°,
Kate D. Alexander ®", Jennifer Barnes™, Yvette Cendes ®?, Tarraneh Eftekhari’,
Daniel Kasen'™, Natalie LeBaron ® 3, Brian D. Metzger ® ",

James Muzerolle Page ®°, Armin Rest ®°, Huei Sears ®'*°, Daniel M. Siegel ® 6"
& S. Karthik Yadavalli?

Identifying the sites of r-process nucleosynthesis, a primary mechanism
of heavy element production, is akey goal of astrophysics. The discovery
of the brightest gamma-ray burst (GRB) to date, GRB 221009A, presented
an opportunity to spectroscopically test the idea that r-process elements
are produced following the collapse of rapidly rotating massive stars. Here
we present James Webb Space Telescope observations of GRB 221009A
obtained +168 and +170 rest-frame days after the gamma-ray trigger, and
demonstrate that they are well described by a SN 1998bw-like supernova
(SN) and power-law afterglow, with no evidence for acomponent from
r-process emission. The SN, with a nickel mass of approximately 0.09 M_, is
only slightly fainter than the brightness of SN 1998bw at this phase, which
indicates that the SN is not an unusual GRB-SN. This demonstrates that the
GRB and SN mechanisms are decoupled and that highly energetic GRBs

are not likely to produce significant quantities of r-process material, which
leaves open the question of whether explosions of massive stars are key
sources of r-process elements. Moreover, the host galaxy of GRB 221009A
has a very low metallicity of approximately 0.12 Z, and strong H, emission
at the explosion site, which is consistent with recent star formation, hinting
that environmental factors are responsible for its extreme energetics.

The origin of the heaviest elementsin the Universe, specifically those
formed by means of rapid neutron capture (r-process) nucleosynthe-
sis, remains a major open question in astrophysics’*. Given the high
density of neutron-rich material needed for the r-process to occur, the
collisions of neutron stars have long been a suspected source®* and,
indeed, the observations of the kilonova associated with GW 170817
confirmed that binary neutron star (BNS) mergers are the source of
at least some of the r-process material in the Universe®’. However,

thereis growing evidence that there may be multiple sites of r-process
nucleosynthesis from studies of low-metallicity galactic halo stars,
dwarf galaxy and globular cluster enrichment'® ™,

Asecond proposed site of the r-processisin rapidly rotating cores
of massive stars that collapse into an accreting black hole, producing
similar conditions as the aftermath of a BNS merger®”. Theoretical
simulations suggest that accretion disk outflows in these so-called
‘collapsars’mayreach the neutron-rich state required for the r-process

A full list of affiliations appears at the end of the paper. [</e-mail: peter.blanchard@northwestern.edu

Nature Astronomy | Volume 8 | June 2024 | 774-785

774


http://www.nature.com/natureastronomy
https://doi.org/10.1038/s41550-024-02237-4
http://orcid.org/0000-0003-0526-2248
http://orcid.org/0000-0002-7706-5668
http://orcid.org/0000-0002-0682-3310
http://orcid.org/0000-0001-6755-1315
http://orcid.org/0000-0003-4768-7586
http://orcid.org/0000-0002-8297-2473
http://orcid.org/0000-0001-7007-6295
http://orcid.org/0000-0002-2249-0595
http://orcid.org/0000-0002-4670-7509
http://orcid.org/0000-0002-5943-1222
http://orcid.org/0000-0002-4410-5387
http://orcid.org/0000-0001-8023-4912
http://orcid.org/0000-0001-6374-6465
http://crossmark.crossref.org/dialog/?doi=10.1038/s41550-024-02237-4&domain=pdf
mailto:peter.blanchard@northwestern.edu

Article

https://doi.org/10.1038/s41550-024-02237-4

1'/2.7 kpc

NIRCam

-

Residual

Fig.1|JWST/NIRCamimaging. Our images of GRB 221009A (top row), best-fit
GALFIT galaxy models (middle row) and GALFIT model subtracted images

(bottom row). Images are shown with north up and east to the left. A clear point
sourceis detected at the location of GRB 221009A. The red rectangle shows the

» 8
F277W FAAAW

NIRSpec slit orientation. PSF photometry of GRB 221009A was performed on
the galaxy-subtracted images. The host galaxy is well described by a single Sérsic
component, although some residual galaxy structure remains in the F200W,
F277W and F444 W filters.

to occur™’®, The larger mass of r-process material synthesized per
event compared with BNS mergers suggests that collapsars could
be a dominant source, making them a possible missing piece in our
understanding of r-process enrichment in the Universe.

The discovery of the long-duration gamma-ray burst (GRB) GRB
221009A, the brightest GRB ever observed” ", on 9 October 2022 at a
relatively nearby redshift of z= 0.151 (ref. 20) presents a unique oppor-
tunity to search for r-process signatures in a collapsar. Collapsars are
the favoured explanation for long GRBs (LGRBs), which result from
the launch of arelativistic jet and its subsequent interaction with the
surrounding medium? %, r-Process nucleosynthesis is more likely to
occur in collapsars with large accretion disk masses, which are also
thought to be linked with brighter GRBs", making GRB 221009A a
particularly strong candidate to search for r-process signatures. These
events are known to be accompanied by broad-lined type Ic supernovae
(SNe Ic-BL) characterized by higher velocities than normal type Ic
supernovae, suggesting that the energy powering LGRBs also affects
the associated supernovae (see ref. 24 for areview).

Itis the supernova (SN) following aLGRB that would be responsible
for carrying r-process material from the explosion site into the inter-
stellar medium. Although early-time observations of GRB 221009A
provided an exquisite view of the afterglow” %, to date, there are con-
flicting claims in the literature regarding the presence of an associ-
ated SN, which are due, in part, to the bright afterglow and high Milky
Way extinction®*", Moreover, there have been claims that two recent
LGRBs are associated with BNS mergers®> >, making the search for
an SN associated with GRB 221009A crucial not only for an r-process
search, butalso for understanding the origin of its extreme luminosity.

Here, we present late-time James Webb Space Telescope (JWST)
observations of GRB221009A consisting of anear-infrared (NIR) spec-
trum and imaging infour NIR bands. These observations provide clear
detection of an SN associated with this extreme event and enable the
search for r-process emissioninanebular-phase spectrum of a GRB-SN.
Moreover, these data provide a detailed NIR view of the host galaxy,
enabling an assessment of environmental factors that may be respon-
sible for this extraordinary GRB.

Identification of SN emission
We obtained spectroscopy with the Near Infrared Spectrograph
(NIRSpec) using the medium-resolution gratings covering 1-3 pmon

20 April 2023 and imaging with the Near Infrared Camera (NIRCam)
using the F115W, F200W, F277W and F444W filters on 22 April 2023.
These observations occurred +194 and +196 observer-frame days
after the burst (rest-frame phases of +168 and +170 days, respectively).
The afterglow of GRB221009A is clearly detected in our images, from
which we measured photometry (Fig.1; see Methods for details). Inour
NIRSpecobservations, we detect aclear spectral trace containing flux
from GRB 221009A and its host galaxy (Extended Data Figs.1and 2; see
Methods for details of the spectral extraction). Owing to the high Milky
Way extinction®® and possible non-negligible extinctionintrinsic to the
host galaxy'>***!, we analysed archival early-phase NIRSpec/PRISM and
Mid-Infrared Instrument (MIRI) spectra® of GRB 221009A using multi-
ple dustlaws to constrain the extinction (Methods and Extended Data
Fig. 3). We used the resulting extinction parameters (Extended Data
Tablel) to correct our rest frame +168 day NIRSpec grating spectrum.

In Fig. 2, we show two versions of the spectrum, one corrected
using an extinction curve fromref. 37 and another using one from ref.
38, transformed to the rest frame of GRB 221009A. In both cases, the
spectrum exhibits an overall flat shape in the range ~1-1.5 pm, with a
smooth, gradual upturn at redder wavelengths extending to the edge
of our coverage at 2.7 um and a sharp upturn at bluer wavelengths
due, in part, to apparent broad emission features. The use of different
extinction laws and parameters, within the range of uncertainties from
our fitting, does not change these fundamental characteristics.

Thegradualrisein the spectrumat wavelengths A = 1.5 pmstrongly
resembles a power-law shape and therefore this region is likely to
containasignificant contribution from the afterglow of GRB221009A.
In addition, our photometric observation in the F444W filter (which
lies redward of our spectroscopic coverage) indicates that the flux
continuestorise atlonger wavelengths (3.8 um, rest frame). The fluxes
measured in the F200W, F277W and F444 W filters are consistent with
asingle power law with an index of §=-0.64 £ 0.10. The shape of the
NIRSpec spectrum at wavelengths A 2 1.5 um is slightly steeper than
this slope, with a power-law index of $=-0.76 + 0.07, although it is
consistent within the uncertainties.

At A5 1.5 um, the spectrum clearly deviates from an extrapola-
tion of the power law at 12 1.5 um, exhibiting an overall flat shape and
several broad SN-like emission features. Indeed, we identify two broad
emission features located at wavelengths of ~0.86 pm and -0.92 pm,
which are consistent with the Ca 11 NIR triplet and O 1, respectively.
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Fig.2|JWST/NIRSpec spectrum. Our +168 rest-frame phase JWST/NIRSpec
G140M+G235M spectrum of GRB 221009A corrected for extinction (see Methods
for spectral extraction details; error spectra are shown in Extended Data Figs. 1
and 2). We show two versions corrected using the G23 (orange)** and F99 (blue)*”
extinction laws and corresponding best-fit extinction parameters from fitting
the early-time NIRSpec/PRISM and MIRI data from ref. 31 as described in Methods
‘Constraints on foreground dust from early-time spectroscopy’. Inboth cases,
the spectrum appears to exhibit multiple components, with SN-like emission

atA 5 1.5 umandrising fluxatA 2 1.5 pm, whichis likely to be due to the GRB
afterglow power law. We also show our JWST/NIRCam photometry corrected
using the F99 extinction law® (points with 1o error bars), as well as the ALMA-XRT
power law (black line).

These are typical nebular-phase emission lines observed in core-
collapse supernovae (for example, ref. 39). We show a zoomed-in
comparison of these features with those seen in SN 1998bw, SN
2013ge and SN 2014ad in Extended Data Fig. 4. In addition to the flat
spectral shape at~1-1.5 um, these emission features strongly support
theidentification of SN emissionin our spectrumof GRB221009A. Our
observation, therefore, represents the latest phase NIR spectrum of an
SN associated with a GRB to date.

Isolating the SN signal

Although disentangling the SN and afterglow components is
not straightforward, the relative featureless nature of the red end of
the spectrum indicates that the afterglow component is sufficiently
bright to not only affect the overall shape but also to dilute SN
features with respect to the continuum in that region (see Methods
and Extended Data Fig. 5 for comparisons with previous supernovae).

To separate the afterglow and SN components, we considered
several afterglow models. First, we used Atacama Large Millimeter/
submillimeter Array (ALMA) and Swift X-ray Telescope (Swift/XRT)
observations obtained at roughly the same phase as our NIRSpec spec-
trum and modelled the afterglow at NIR wavelengths as a power law
connecting the radio and X-ray data. We find flux density F,, e y 063003
for frequency v (see Methods for details). We show this power law,
normalized to the measured radio and X-ray flux, compared with our
spectrum in Fig. 2. While the ALMA-XRT power-law slope is similar
to the shape of our spectrum at A2 1.5 pm, our data is systematically
offset to higher flux, which indicates that the ALMA-XRT power law
does not fully capture the afterglow contribution at NIR wavelengths.
Moreover, the implied SN component deviates from the expected
spectral shape of an SN (Methods and Extended Data Fig. 5).

Next, we modelled the afterglow from our spectrumitself, namely,
as a power law with a slope determined by fitting our spectrum at
wavelengthsA 2 1.5 um, where the afterglow s likely to be dominating.
We find a best-fit power law of F, = v'°7*%% This is steeper than the
ALMA-XRT power law, which further confirms that interpolating the
millimetre and X-ray bands is not likely to provide the best representa-
tion of the afterglow at these wavelengths. We then performed ajoint
fitof an SN template and the fitted power law, with the power-law slope

] = 404 076007 SN 1998bw +51/+73 scaled to +168 d
330 AN SN 2013ge +118 d scaled
= — Best-fit SN +afterglow | — g 2014ad +79 d scaled
. > 204
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Fig.3|Spectral fit and comparisons. Our NIRSpec spectrum of GRB

221009A (blue, smoothed) after subtracting our best-fit afterglow model. The
unsubtracted spectrum, best-fit afterglow model (dashed black line) and best-fit
SN + afterglow (black line) are shown in the inset. We show late-time spectra of SN
2013ge (gold*?) and SN 2014ad (magenta®) scaled to match the shape and features
ofthe afterglow-subtracted spectrum atA < 1.5 um where the SN dominates,
demonstrating the overall resemblance with these comparison supernovae Ic/
Ic-BL. We also show SN 1998bw (orange*®) scaled to the distance of GRB 221009A
and the phase of our spectrum, showing that it matches not only the shape but
the overall flux level of our spectrum. The close match with supernovaelc-BL, in
particular, demonstrates the presence of a typical GRB-SN in our spectrum.

fixed, to determine the best-fit combination of SN and afterglow. For
the SN template, we used the +51 day spectrum of SN 1998bw as this is
the latest available NIR spectrum of another GRB-SN*, allowing the
overall flux normalization to vary.

InFig. 3, we present the best-fit SN1998bw + afterglow spectrum
and our spectrum of GRB 221009A after subtracting the best-fit after-
glow component. We compare our afterglow-subtracted spectrum
with the SN 1998bw spectrum scaled to the distance of GRB 221009A
and the brightness of SN 1998bw at the phase of our JWST spectrum
using the light curve of SN 1998bw from ref. 41. The best-fit SN com-
ponentis~30% fainter than the expected brightness SN 1998bw would
have at this distance and phase. We also compare with late-time spec-
tra of the SN Ic SN 2013ge** and the SN Ic-BL SN 2014ad™. To directly
compare the shapes and features we scaled SN 2013ge and SN 2014ad
to best match the spectral shape and features at the blue end of the
afterglow-subtracted spectrumwhere the SN component dominates.

These events provide an excellent visual match to the afterglow-
subtracted spectrum, which confirms that our estimate of the afterglow
contributionis reasonable. Inaddition, theinferred ratio of Ca11/O1is
amuchbetter matchtotheratiosseeninthe three comparisonobjects
compared with the case of no afterglow subtraction (Extended Data
Fig. 4). Although the width of the Ca 11 emission complex exhibits a
better match with SN 2013ge, the afterglow-subtracted spectrum does
not show the same strong absorption seen at ~1.1 um in SN 2013ge,
possibly due to the SN associated with GRB 221009A having a higher
ejecta velocity. SN Ic-BL-like velocities are further supported by the
better overall match to SN 2014ad and SN1998bw. The narrower width
of Ca 11 compared with SN 2014ad and SN 1998bw may be an artefact
of the instrumental response affecting the shape at the blue end of
the line. We also identify evidence for a broad emission feature near
A=1.5pum, which is consistent with the location of the 1.503 pum line
of Mg 1seen in the comparison objects and large samples of other
supernovae Ic/lc-BL*.

In summary, our spectrum is well fit by an SN and power-law
model; we do notrequire another component to explainthe spectrum,
although we explore the possibility that the afterglow contributionis
lower and whether some of the resulting red excess in such a model
(Methods section ‘Constraints on the afterglow contribution’) could
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be explained by r-process emissionin the section ‘No sign of r-process
enrichment’ and Methods section ‘Comparison with r-process light
curve models’. Importantly, our afterglow-subtracted spectrum is
similarto, althoughslightly fainter than, the expected flux of SN1998bw
at the distance of GRB 221009A and the phase of our observations,
which suggests that the SN associated with GRB 221009A produced a
similar quantity of Ni.

Amodest nickel mass indicates a typical GRB-SN

Estimates for the mass of **Ni produced in SN 1998bw range from
~0.3 M, to ~0.7 M, depending on the models and assumptions
used to fit the light curve** . Reference 47 considered a two-zone
model where =0.44 M, of **Ni is contained in an outer high-velocity
component that rapidly expands and becomes optically thin, explaining
the bright peak luminosity. An additional =0.12 M, exists in an inner
dense low-velocity component that explains the linear nature of the
light curve atintermediate phases of ~-100-200 days.

We directly estimated the mass of **Ni produced by the SN asso-
ciated with GRB 221009A by integrating the afterglow-subtracted
spectrum. We estimated the unobserved flux using SN 2007gr as a
spectral template owing to its simultaneous optical and NIR coverage
outtothe same phase of our observations. We find that the wavelength
coverage of our NIRSpec spectrum accounts for about 50% of the
total emitted flux. At the phase of our observations, the luminosity of
anickel-powered SN is dominated by the decay of **Co, the daughter
isotope of *Ni. Assuming a single component of the ejecta and full
gamma-ray trapping, we find My; = 0.03 M,. Under a more realistic
assumption of gamma-ray leakage, with a timescale of ~100 days for
the ejecta to become optically thin to gamma-rays (as inferred for
SN1998bw), we find My; = 0.09 M.

The **Ni mass we infer assuming gamma-ray leakage is therefore
slightly lower than the mass inferred by ref. 47 for the inner dense
component of SN 1998bw, which is consistent with our inference
that the SN associated with GRB 221009A is slightly fainter than SN
1998bw at late time. Of course, assuming a different afterglow contri-
bution in our spectrum will affect the estimated mass. Our inferred
massis consistent with the results of ref. 30, who found best-fit values
from modelling the early light curve of GRB 221009A in the range
My;=0.05-0.25 M, depending on assumptions about the host extinc-
tion, witha99% upper limit of My; < 0.36 M,,. These values are lower than
most early light curve estimates for SN1998bw*>**7, This may indicate
alower ratio of the outer-to-inner ejecta components compared with
SN 1998bw, or that a two-component model is not needed to explain
the SN associated with GRB 221009A. Our results, combined with the
early light curve estimates, conclusively rule out the possibility that
the SN was unusually bright compared with previous GRB-SNe. This is
consistent with previous sample studies that do not show a correlation
between the luminosities of LGRBs and their associated supernovae?*®,
Crucially, our spectroscopic detection of the SN confirms that the
marginal deviation from a typical afterglow in the early light curve
claimed by ref. 29 and ref. 30 was indeed due to the SN.

No signs of r-process enrichment

The identification of the SN associated with GRB 221009A allows us
to constrain the presence of r-process material. One possibility is that
thered excessinour spectrum consists of acombination of afterglow
and emission from r-process elements. Reference 15 outlines how
acollapsar with amassive transient disk canlead tor-process produc-
tion. However, the observational impact of r-process material, if it
is produced, is highly dependent on the degree of outward mixing.
Inparticular, ref. 15 presents two possible scenarios: one (the ‘magneto-
hydrodynamic (MHD)’ case) inwhich 0.025 M, of r-process elements are
mixed uniformly throughout the SN ejecta with v < 0.15c and one (the
‘collapsar’ case) in which 0.25 M, of r-process elements are confined
tov <0.015¢.Inboth cases, 0.25 M, of **Niis mixed in the ejecta. In the

Magnetohydrodynamic SN
Collapsar wind

I

i il
i ) |

0.75 1.00 1.25 1.50 175
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»-«'
\
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I

2.00
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Fig.4 | Comparison with r-process models. Comparison of our NIRSpec
spectrum of GRB 221009A with r-process enriched SN models from ref. 15
corresponding to a phase of 95 days after explosion, whichis the latest phase
available. We show our original spectrum without afterglow subtraction (top
blue), as well as the resulting spectra after subtracting the ALMA-XRT power law
(middle black) and our best-fit afterglow model (shown in Fig. 3, bottom, light
blue). Our spectrum, even after accounting for the afterglow, is clearly distinct
from the predictions of an MHD SN. We also do not see evidence for spectral
features in our spectrum that can be linked to the collapsar wind model and not
attributed to the SN.

MHD case, the r-process material tracks **Ni, whereas in the collapsar
case, the r-process elements are embedded behind the *Ni. In truth,
the degree of mixingin the collapsar wind scenariois unknown, and is
likely to be variable with progenitor properties and may be sufficient
to mix r-process elements with the outer layers.

Although the MHD scenario has largely been ruled out by
early-time observations of previous events'*’, few constraints exist
onthe collapsar wind scenario due to the lack of late-time NIR spectra
of GRB supernovae. Before our NIRSpec spectrum of GRB 2210094,
the latest NIR spectrum of a GRB-SN was that of SN 1998bw taken at
+51 days, which we have shown is an excellent match to our spectrum
(Fig. 3) after subtracting our best-fit afterglow power law. Here we
consider the possibility that our best-fit power law overestimates the
afterglow contribution and that our much later spectrum of the SN
associated with GRB 221009A differs from the +51 day NIR spectrum
of SN1998bw owing to the presence of r-process signatures.

InFig. 4, we compare our NIRSpec spectrum, with various assump-
tions about the afterglow contribution, to r-process enriched SN
models fromref. 15 (with r-process masses up to 0.25 M,)). We compare
with models corresponding to a phase of 95 days after explosion, the
latest phase available, and shift themto the distance of GRB 221009A.
At this phase, the MHD SN differs considerably from an SN without
r-process enrichment, producing strong emission at =<1.8-2.4 pmthat
is clearly not present in our spectrum whatever the assumption on
afterglow contribution. The collapsar wind model, on the other hand,
largely shows SN features from non-r-process elements, although
with enhanced flux near =2 pm compared with what is seen in normal
supernovae.

Owing to the noise in our spectrum, we are unable to identify
individual lines in this region of the spectrum, beyond the likely Mg 1
atA=1.5 um.However, we compared the overall flux level and find that
assuming no afterglow contribution (that s, the original unsubtracted
spectrum) leads to much higher continuum flux than the collapsar wind
modelforA>1pm.Furthermore, the expected strong nebular SN lines
are diluted with respect to the continuum (Methods), indicating an
extracontinuumsourceis present (the afterglow of the GRB). Assuming
the afterglow shape and normalization given by interpolating the
contemporaneous ALMA and XRT observations, we find that, overall,
the spectrum is inconsistent with the collapsar wind model, which
indicates that the spectrum cannot be explained by a combination
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Fig. 5| Host galaxy spectra. Spectrum of the total host galaxy including the
site of the GRB (grey), the “host-only' spectrum excluding the GRB site (red;
see Methods section ‘Late-time NIRSpec observations’) and a narrow aperture
centred on the location of GRB 221009A (blue). We detect narrow H, H,, He,

Fe and S emission lines from the galaxy. Importantly, we see that some narrow

emission lines change in strength over this galaxy, having notably strong
molecular H, emission in the region of GRB 221009A. The continuum of the
afterglow and SN component can be seen clearly in the blue spectrumas a
deviation from the host-only spectrum.
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Fig. 6 | Best-fit galaxy model. Left, best-fit Prospector model photometry (green circles) and spectrum (green) compared with the observed photometry shown with
loerrorbars (orange circles, our NIRCam photometry and HST photometry measured by ref. 31). Right, best-fit Prospector spectrum compared with our NIRSpec

spectrum (orange). The bottom panels present the residuals.

of the ALMA-XRT power law and an r-process enriched SN. Given the
strong resemblance to previous supernovae across the full wavelength
range when assuming our best-fit afterglow power-law shape and
contribution (Fig. 3), itis unlikely that flux from r-process elements are
contributing significantly to our spectrum. Our observation highlights
the need for asystematic survey of nebular-phase LGRB spectraacross
a broad range of GRB properties, in particular, in light of the recent
theoretical work that correlates these properties to the degree of
r-process production®®*'. We additionally compare our observations
to the broadband colour evolution models due to r-process enrich-
ment fromref. 52, which further highlights the need for spectroscopy
(Methods section ‘Comparison with r-process light curve models’).

Host galaxy properties

Avery low-metallicity, star-forming galaxy

The host galaxy of GRB 221009A is readily apparent in our JWST/
NIRCam imaging shown in Fig. 1. Consistent with analysis of the opti-
cal Hubble Space Telescope (HST) images™, we find that GRB 221009A
islocated 0.24 + 0.01 arcsec (0.66 + 0.02 kpc assuming the cosmo-
logical parameters presented in ref. 53) from the centre of its host
galaxy, which appears to be a near edge-on system. From our GALFIT

modelling (Methods) we find that this galaxy is well described by a
single Sérsic component withindex n=1.2 + 0.1 and effective radius
r.=2.15+0.07 kpc. These values represent the mean and standard
deviation across the four filters. The AB magnitudesin each filter cor-
responding to the best-fit GALFIT models are mg;;5,y = 21.58 + 0.20 mag,
Meyoow = 20.62 + 0.10 mag, Mg,y =20.88 + 0.10 mag and M,y =
21.38 + 0.05 mag (not corrected for Milky Way extinction).

In Fig. 5, we show the global host spectrum (that is, including
flux from the entire resolved spectral trace) and the spectrum at the
position of GRB 221009A (see Methods for details of the spectral
extractions). We also show the ‘host-only’ spectrum, which repre-
sents an estimate of the host galaxy spectrum excluding the region
of the GRB. Comparing the spectrum at the position of the GRB with
the host-only spectrum clearly shows that certain lines, mostly from
molecular H,, are much stronger at the position of GRB 221009A.

We measured the global host properties by fitting the global host
spectrum, as well as our NIRCam photometry and HST photometry
fromref. 31, using the stellar population modelling code Prospector™
(see Methods for details of the modelling procedure). The best-
fit model spectrum and photometry compared with the observed
data are shown in Fig. 6. We find that the host has a stellar mass of
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log(M/Mg) = 9.61*0:02 and low stellar and gas-phase metallicities of

10g(Z./Z5) = —0.81*3%% and log(Z,,s/Z;,) = —0.961 507, respectively.
Thisis one of the lowest metallicity environments of any LGRB, which
is a class of objects that prefer low-metallicity galaxies®** anditis, to
our knowledge, the lowest metallicity environment of a GRB-SN to date.
This may suggest that very low metallicity is required to produce a very
energetic GRB. In addition, the galaxy exhibits arecent star formation
rate (SFR) of SFR g my, = 0.17 M, yr™'. We also find that the galaxy exhibits

avisual extinction of Ay = 0.67fg:})17 mag. This is consistent with our

extinction constraints from the early-phase JWST data (Methods) where

we found a best-fit total extinction of Ay = 4.63*)"2, mag, whichisin

good agreement, within uncertainties, with the nominal Milky Way value
plus the host galaxy extinction found here. Our SFR and host extinction
values are consistent with those measured from Ha and Paa detected
inan early-phase X-shooter spectrum of GRB 221009A (ref. 20).

We additionally model the spectrum at the site of the GRB, and

find a similar gas-phase metallicity of l0g(Z,s/Z;,) = —0.94*5:1 and

alower stellar metallicity of log(Z,/Z;) = —1.66*2¢ compared with

the global host galaxy (Extended Data Fig. 6), which indicates that
the progenitor of GRB 221009A originated from a low-metallicity
environment.

Strong H, emission at the explosion site
We observe many narrow H, vibrational and rotational emission lines
that appear strongest at the site of GRB 221009A, as highlighted in
Fig. 5. Molecular hydrogen traces dense star-forming regions, con-
sistent with a birth cloud of a massive stellar progenitor of a LGRB.
Neglecting the afterglow itself, H, can be excited by both shocks (driven
by, for example, stellar winds or Herbig-Haro objects) or directly by
fluorescence®”°. Following ref. 61, we compared the ratios of H, lines
in the range ~1.1-2.1 um with various models of fluorescence versus
collisionally excited emission from ref. 59 using a simple chi-squared
metric (with appropriately propagated uncertainties). Owing to the
strong detection of many lines (which are predicted to be absentin the
case of collisional excitation), we find a better match to fluorescence
models, which is consistent with the dominant excitation method in
many low-metallicity, blue compact dwarfgalaxies®. Our measuredline
ratios and predicted model ratios are given in Extended Data Table 2.
Only one other LGRB host, that of GRB 031203 (a relatively faint
LGRB), has had a marginal detection of H, emission®>. Molecular Hin
absorption due to vibrational excitation has also been observed in a
smallnumber of events (see, for example, refs. 63,64). Statistical studies
of GRB hosts have found that most lack vibrationally excited H, (for
example, ref. 65), which suggests that molecular H production is sup-
pressedin LGRB hosts. It has been suggested that this suppression may
be partially due to the low metallicities of the hosts® or the ongoing star
formation, leading to a strongionizing field””. The low metallicity and
modest SFR measured by Prospector suggests that the latter may lead
to observable H, emission in this event. These observations highlight
the importance of the unique sensitivity and spatial resolution of the
JWST when analysing the local environments of LGRB progenitors.

Conclusions

We present the detection with the JWST of an SN associated with the
highly energetic event GRB 221009A. Despite being associated with
the brightest GRB ever observed, the SN produced a modest amount
(=0.09 M,) of radioactive **Niwith no obvious signs of r-process nucleo-
synthesis. The host galaxy suggests a very low-metallicity progeni-
tor system—one of the lowest metallicity environments of all known
LGRBs. In addition, the exceptional sensitivity and spatial resolution
of the JWST allows us to detect a series of multiple molecular H, emis-
sion lines at the position of the GRB, which is an observation that has
been long anticipated. A secondary site of r-process nucleosynthesis

remains an open question, which can observationally be uniquely
probed by late-time IR spectroscopy. Our findings motivate future
JWST campaigns to examine the nebular-phase spectra of supernovae
associated with LGRBs.

Methods

Imaging observations and photometry

We obtained imaging of GRB 221009A with the NIRCam using the
F115W, F200W, F277W and F444W filters on 22 April 2023 starting
at 07:08 UT. Each observation consisted of four dithered exposures
with atotal exposure time of 558 seconds. We downloaded the stage 3
pipeline products from the Mikulski Archive for Space Telescopes
(MAST) for analysis. GRB 221009A is clearly detected, along with its
host galaxy.

Tomeasure the flux from GRB221009A in each filter, we first mod-
elled the host galaxy contribution using the galaxy profile fitting code
GALFIT®, We modelled the host galaxy as a single Sérsic component.
During the fit, we masked the pixels containing the light from GRB
221009A; we fitted for transient flux in a later step. The input, best-fit
model and residual (best-fit model subtracted off) images are shown
in Fig. 1. The residual image for the F115W filter shows no structure
indicating that the galaxy light is well described by a single Sérsic
component. The residual images in the three redder filters, however,
exhibitremaining diffuse structure not captured by the model near the
centre of the galaxy and to the northeast. Although there is no obvious
evidence for such diffuse structure emanating from the position of GRB
221009A, itis plausible that GRB221009A is co-located with abrighter
region of its host galaxy that is not captured by our galaxy model. Such
adetermination can only be made when the transient fades.

Next, we performed point spread function (PSF) photometry on
theresidualimages at the location of GRB221009A. As WebbPSF only
generates PSF models for use with stage 2 imaging data, we used the
following custom procedure to generate drizzled PSFs for use with
stage 3 data. We generated stage 2 images with model PSFs planted
at the location of GRB 221009A and then ran these images through
the stage 3 pipeline. We then used the drizzled PSF models for the
PSF fitting of GRB 221009A. We found the following AB magnitudes
in each filter: my;5y = 25.10 £ 0.05 mag, mg,qow = 24.12 = 0.11 mag,
My77w =23.77 £ 0.05 mag and My, = 23.22 £ 0.08 mag (not corrected
forextinction, which we assessin detail in Methods section ‘Constraints
onforeground dust from early-time spectroscopy’). The uncertainties
include the systematic uncertainty associated with the GALFIT model-
ling procedure, which we estimated by comparing PSF photometry
with and without galaxy subtraction with GALFIT.

Spectroscopic observations and datareduction
Late-time NIRSpec observations. We obtained spectra of GRB
221009A on 20 April 2023 with the NIRSpec® onboard JWST (pro-
gramme 2784; principalinvestigator (PI), Blanchard). Our observations
began at 14:40 UT, corresponding to a rest-frame phase of 167.7 days
sincethe Fermi GBM trigger. Spectrawere taken with the S200A1 fixed
slit and the medium-resolution gratings G140M/F100LP and G235M/
F170LP, yielding wavelength coverage in the range ~1-3 pm. For each
grating and filter set-up, we used five primary dithers and a total expo-
sure time 010,942 seconds. Owing to the small offset of GRB 221009A
fromits host galaxy®, target acquisition was performed using an offset
star to ensure proper centring of the source in the slit.

We downloaded and inspected the pipeline products available on
the MAST. A resolved trace is clearly present in the individual stage 2
exposures and final combined stage 3 products, indicating a substan-
tial host galaxy contribution. In addition, a compact trace spanning
~2 pixels is apparent at the red end of the G140M/F100LP spectrum
and the G235M/F170LP spectrum at the expected location of GRB
221009A within the slit. This trace is also at a consistent offset from
the brightest part of the resolved trace representing the centre of the
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host galaxy, which confirms that this unresolved trace is the spectrum
of GRB221009A.

The pipeline products available on MAST were reduced using
nod-subtraction, the default background subtraction method for
apointsource with multiple dithered exposures. Owing to the resolved
nature of the overall trace, we re-reduced the data using the JWST
Science Calibration Pipeline with nod-subtraction turned off to
reduce the effect of subtracting source flux from itself. We then
extract the one-dimensional spectrum of GRB 221009A from
our re-reduced stage 3 combined and rectified two-dimensional (2D)
spectrafor further analysis. The final 2D spectra are shown in Extended
DataFigs.1and 2 (see Fig.1for theslit orientation).

We used the following extraction procedure to isolate the flux
associated with GRB 221009A from the light of its host galaxy. We
modelled the spatial profile of the overall trace as a two-component
Gaussian with centres fixed at the position of GRB 221009A and the
centre of the host galaxy. We fitted the total spatial profile, summed
over all wavelengths, to determine the best-fit Gaussian width of each
component. We then fitted this model, with widths fixed at these values,
tothe spatial profile ateachwavelength. We also fitted for alinear back-
ground component determined from background regions located on
bothsides of the trace. The sum of the fluxin each fitted Gaussian com-
ponent thus represents the flux from GRB221009A and its host galaxy
as afunction of wavelength. The resulting spectra of GRB221009A in
the G140M and G235M gratings are shown in Extended DataFigs.1and
2, respectively. We also show corresponding error spectra calculated
from the 2D pipeline-generated error arrays for each grating. The fit
to the host galaxy Gaussian component yields a ‘host-only’ spectrum.

We note that the background exhibits evidence for PSF artefacts
that are potentially from a nearby bright star (the pseudoperiodic
signal at pixel rows ~18-24 in the 2D frames; Extended Data Figs. 1
and 2), whichis the most likely explanation given the crowded nature
of the field. Owing to the difficulty of accurately modelling this com-
ponent of the background, our background regions exclude those
containing such artefacts. Our fitted background therefore represents
the smooth underlying sky background. This may mean that the back-
ground at thelocation of GRB 221009A and its host galaxy is underesti-
mated. However, we extract regions of the background containing the
suspected PSF artefacts from a nearby star and find no evidence that
these features are presentin our extracted spectrum of GRB221009A.
Inaddition, the flux from these features decreases towards the spatial
location of the GRB spectral trace.

Combined G140M+G235M spectrum compared with photometry.
As the photometry was obtained only two days after our NIRSpec
spectra, we used the photometry to check the flux calibration of the
spectra. We find that the fluxes in the four NIRCam filters are an excel-
lent match to the flux calibration of the G140M and G235M spectra. In
addition, the two spectra agree in the wavelength region where the
gratings overlap. In Fig. 2, we show the fluxes in each filter compared
with the combined G140M + G235M spectrum.

Host galaxy spectral extractions. As seen in Extended Data Figs. 1
and 2, the host galaxy is resolved in our JWST/NIRSpec observations,
extending across approximately ten rows in our 2D spectra and with
numerous narrow emission lines. To study the global host properties,
we extracted the entire trace including the position of the GRB. We
note that there is significant variation of the strength of some emis-
sion lines across the spatial extent of the galaxy, where several lines
are stronger at the position of GRB221009A. To identify these lines and
assess any potential variation in the galaxy properties at the position
ofthe GRB, we extracted a narrow aperture centred on the position of
GRB 221009A. This differs from the Gaussian decomposition proce-
dure described in Methods section ‘Late-time NIRSpec observations’
used to isolate the GRB spectrum, as here we are not modelling and

subtracting the underlying host spectrum; the goal here is to measure
the host properties at the position of the GRB.

Archival NIRSpec/MIRI observations. We obtained archival spec-
troscopic observations of GRB 221009A from JWST, observed with
NIRSpecand the MIRIon22 Oct 2022 (programme 2782; PI, Levanand
originally presentedinref.31). These observations correspond to13.16
and13.2 days post burst, respectively.

At this epoch, the NIRSpec observations were taken in the
low-resolution PRISM mode, with spectral coverage from -0.5 pm
to -5.5 um. The pipeline products from MAST reveal a clear, high
signal-to-noise ratio trace in the 2D spectrum. The stage 3, reduced
spectrum is consistent with that published in ref. 31, and we thus use
it for analysis in this work without additional reductions.

The MIRIspectrumwas takenin the low-resolution spectroscopy
mode with the P750L disperser. The automatic reduction of the MIRI
spectrum failed, which was likely to be due toimproper selection of the
afterglow trace. We used the official MIRI reduction pipeline to manu-
ally extract the spectrum from the stage 2 products, carefully selecting
the correct trace and appropriate background from the nodded 2D
image. At this epoch, the afterglow traceis clearly identified in the 2D
spectrum and easily isolated using a simple boxcar extraction. We note
that MIRIisuncalibrated below A < 4.5 pm at the time of analysis, and we
therefore removed data below this wavelength of the spectrum from
analysis. The MIRI observations are qualitatively consistent with those
ofref.31and are well matched to their near-simultaneous photometric
observationin FS60W.

ALMA observations

Following the seven epochs of ALMA observations of GRB 221009A
through programme 2022.1.01433.T (PI, Laskar), we obtained two
additional epochs with the same programme on 01 March 2023 ata
mean time of 15:41 UT and on 11 April 2023 at a mean time of 07:55 UT,
corresponding to 143.6514 and 183.7838 days in the observer frame,
respectively (=124.80 and =159.67 days in the rest frame). Both
observations utilized two 4 GHz wide base-bands centred at 91.5
and 103.5 GHz, respectively with J1924 - 2914 as bandpass calibra-
tor and J1914 + 1636 as complex gain calibrator. The millimetre-band
afterglow previously reported in ref. 25 was clearly detected in the
pipeline-processed science-ready data products in the first of the
two epochs and more weakly (=4.70) detected in the second epoch.
We performed photometry using imfit in the Common Astronomy
Software Applications’ and find abest-fit flux density in the two epochs
of (163 £ 22) Wy and (104 = 23) wy (including a 5% systematic flux
calibration uncertainty) at a mean frequency of 97.5 GHz, along with
a position of RA=19 h13 m 03.50 s and dec.=19°46724.3” with an
uncertainty of 0.1in each coordinate (consistent across both epochs).
Together with the last ALMA 97.5 GHz measurement reported in
ref. 25, the temporal decline rate of the millimetre-band afterglow at
~99-188 days after the burst (observer frame) is a,,,,, = —1.54 + 0.08,
which implies an extrapolated millimetre-band flux density of
(99 £ 23) Wy at the time of the NIRSpec observations (194 days,
observer frame).

Swift/XRT observations

We downloaded the count-rate light curve of the X-ray afterglow
of GRB 221009A from the Swift/XRT website”’. Using the spectral
parameters presented in ref. 25 (Milky Way (MW) absorption of
Nymw = 5.36 x 10* cm™, intrinsic absorption of Ny, ;. =1.35 x 10”2 cm™
and photonindex of I, =1.8566), we converted the observed count rate
to a flux density (Fy) at 1 keV and obtained Fy = (9.3 £ 3.5) x 107 pJy
at 19632 days (observer frame; corresponding to 170.4*%7 days,
rest frame) after the burst. Comparing this with our ALMA obser-
vations, we find that the spectral index between the ALMA and XRT
observations at the time of the NIRSpec observations (=194 days,
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observer frame) is By maxrr = 0.63 £ 0.03. We refer to this number
elsewhere in the text as the ALMA-XRT power law, anchored to the
inferred ALMA flux density of =0.1 mJy at the time of the NIRSpec
observations.

Constraints on foreground dust from early-time spectroscopy
Given the location of GRB 221009A in the Galactic plane (b= 4°), we
expected substantial extinction due to interstellar dust in the MW.
Reference 36 estimates the MW extinction contribution to be
A,=4.10+£0.06, assuming the standard extinction factor R, =3.1. As
noted in ref. 72, these dust maps can be unreliable for low galactic
latitudes”. Furthermore, this measurement neglects host contribution;
however, given the relatively low redshift, we do not expect to easily
distinguish between dust arising from either the MW or host galaxy
(see, for example, the results of ref. 20). For simplicity, we neglect
redshift dependence of dust.

Given the significant uncertainties expected, we opted to use
the first epoch of NIRSpec/MIRI data to determine the appropriate
extinction correction. We assumed that the spectrumis dominated by
some unknown combination of an afterglow (power-law model) and
athermal, SN-like component. Unless r-process material is mixed sig-
nificantly withinthe ejecta, we do not expect ared thermal component
at early times. As such, we assumed that the event is dominated by a
power-law afterglow at A, = 3 um; below this wavelength, itisreason-
able that a SN 1998bw-like event could contribute significant flux. We
explore the systematic uncertainties associated with the extinction
laws and assumptions on the SN contribution.

Few extinction laws are calibrated across the full wavelength
range covered by the NIRSpec/MIRI observations; a new extinction
law describing A(1)/A(V) as a function of R(V) in the range ~0.1-30 pm
has been recently presented*®. We contrast this solution with the com-
monly used extinction law described in ref. 37 to quantify systematic
uncertainty from assumptions of dust laws. Given a prescribed dust
law, we simultaneously fitted the observed day 13.2 (observer frame)
spectrumto apower law (F, < v*) and extinction parameters A,and R,
using a Markov chain Monte Carlo sampler implemented in emcee™.
Our models have four free parameters: the overall power-law normali-
zation (‘'norm’), the power-law index g, the dust A, and R, values, and
a white noise scatter term. The scatter quantifies the uncertainty in
JWST flux estimates as a fraction of the flux. We assumed awide uniform
prior for all parameters except normalization, in which we assumed a
log-uniform prior.

We first fitted using the dust law presented in ref. 38. Fitting all
observed wavelengths A, < 8 pm, we find =0.39 £ 0.01, A, =4.37 £
0.05 and Ry =3.07+00¢ At A <2 um, we find that the residuals are
consistent with 0, suggesting no contribution from an additional ther-
mal component. We next excluded wavelengths <2 pm in the fitting
process to test the possibility of contamination from either a SN-like
or r-process thermal event. We find that when excluding these wave-
lengths, the afterglow model overestimates the blue flux.

Next, we fitted using the extinction law described in ref. 37 (that
is, following the original analysis of ref. 31). Again, we emphasize that
this extinction law is not calibrated for IR observations and simply
extrapolates at these wavelengths. We simultaneously fitted the
observed spectrum (A, < 8 tm) to a power law and extinction model.
Wefind f=0.41%0.01, Ay = 4.63*0%, and Ry = 4.24*07¢, This is signifi-
cantly different (>30) from the results presented in ref. 31 when only
accounting for statistical uncertainties, which we attribute to a tight
prior (versus our flat prior) set by those authors.

Wereporttheresults of our fitsin Extended Data Table 1and show
these data, models and associated residualsin Extended Data Fig.3. The
residuals of both dust models show significant structure throughout
the spectrum. We specifically compared the residuals toaspectrum of
SN 1998bw taken 12 days post burst and scaled to the redshift of GRB
221009A. We note that the statistical uncertainties and systematic

difference between these two dust extinction models mean that we
are unable to make a conclusive statement on the SN emission from
the early-time JWST spectrum. This is adifferent conclusion from that
of ref. 31, who, given their small statistical uncertainties, rule out SN
1998bw-like thermal emission at early times.

Constraints on the afterglow contribution
Initial comparisons with previous supernovae. In Extended Data
Fig. 5, we show our extinction-corrected spectrum (using the law in
ref. 37 and best-fit parameters listed in Extended Data Table 1) com-
pared with spectra of SN1998bw*’, the canonical SN Ic-BL associated
with a GRB and SN 2013ge**, one of the few supernovae Ic with high S/N
late-time NIR spectra, taken at +51 and +118 days after peak, respec-
tively. Toachieve complete overlap with the blue end of our spectrum,
we combined the +51 day NIR spectrum of SN 1998bw with an optical
spectrum taken at +73 days. We scaled the spectra of SN1998bw and SN
2013ge to the distance of GRB 221009A and used their light curves**
to normalize to their brightnesses at the phase of our GRB 221009A
spectrum. Our spectrum of GRB 221009A is brighter than the com-
parisonsupernovae would be and relatively featureless with adifferent
overall spectral shape, which is consistent with significant contami-
nation from the afterglow. Our spectrum exhibits flux increasing at
Az 1.5 um, whereas the comparison supernovae exhibit declining flux.
Theemission features shownin Extended Data Fig. 4 exhibit similar,
althoughsslightly narrower, widths than the corresponding featuresin
SN1998bw, SN 2013ge and SN 2014ad. Owing to the lack of a late-time
light curve for SN 2014ad, we scaled its spectrum to roughly match SN
1998bw for comparison purposes. In addition, the lines in our JWST
spectrum are diluted in strength and exhibit a different flux ratio.
This, combined with the rising flux to the red, means that there is no
simple luminosity scaling that will bring our spectrum of GRB 221009A
into agreement with the comparison spectra. These observations are
consistent with afterglow contamination. Furthermore, the lack of
many strong SN features (for example, the strong P-Cygni features near
~1 um, =15 pmand =2 pm commonly seen in supernovae®’) other than
thetwoidentified (Ca1INIR tripletand O1at=0.86 pmand =0.92 pum,
respectively) indicates that the SN associated with GRB 221009A is not
substantially brighter than SN 1998bw and SN 2013ge.

Constraints from contemporaneous ALMA and Swift/XRT observa-
tions. Determining the afterglow contributionis critical for constrain-
ing the presence of SN emission and a possible contribution from
r-process material. First, we considered the power law formed by the
ALMA and XRT observations that we obtained around the same phase as
ourJWST observations. We analysed the residual spectrum by subtract-
ing off the ALMA-XRT power law from our spectrum of GRB 221009A
whichwe show, compared with SN1998bw and SN 2013ge, in Extended
DataFig. 5. Although the resulting spectrum matches more closely the
shape of the supernovae compared to the unsubtracted spectrum, in
particular at the blue end, the shape at A > 1.5 pm still exhibits rising
flux substantially different from the supernovae. Given the lack of
strong emission features in this region, the most likely explanation is
that the ALMA-XRT power-law model does not adequately capture the
afterglow contribution. In section ‘No signs of r-process enrichment’
and Methods section ‘Comparison with r-process light curve models’,
we consider whether this red excess could be due to emission from
r-process material.

Varying the afterglow contribution. Next we considered the best-fit
power law from fitting our spectrum at A2 1.5 um (shown in Fig. 3)
and analysed how the implied SN component changes with different
afterglow normalizations. We scaled the best-fit power law by factors
of 0.3, 0.6, 0.9 and 1.0 to generate four potential afterglow models,
subtracted them from the spectrum and compared the resulting resi-
dual spectrawith SN 1998bw and SN 2013ge. In Supplementary Fig. 1,
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we show the residual spectra and afterglow models for the four scalings.
Whenscaled by 0.3and 0.6, the residual spectrastill exhibit flux rising
tothered, asintheunsubtracted spectrum, whichindicatesthat these
models are not likely to account for all of the afterglow flux.

In addition, there is a mismatch between the flux ratios of the
expected emission lines. In other words, the detection of the Ca11 NIR
triplet at the strength we see, would imply the detection of other lines
at strengths that are not observed. Of course, this reasoning relies on
theassumption that the SNassociated with GRB221009A should appear
similar to previous supernovae Ic/Ic-BL. Indeed it is possible that this
SN may not show the same features as previous events and potentially
an additional component from r-process emission which we assess in
section ‘No signs of r-process enrichment’ and Methods section ‘Com-
parison with r-process light curve models’. However, the lack of strong
lines in this region indicates that the SN associated with GRB 221009A
is likely to be fainter than these models suggest and the afterglow is
correspondingly brighter (as found when performingajoint SN + after-
glow fit; see section ‘Isolating the SN signal’), such that most emission
lines are diluted with respect to the continuumand are not detectable.

Ifinstead the best-fit power law is scaled by 0.9, the residual spec-
trum appears consistent with the comparison spectra and is a close
match to the overall flux level of SN1998bw. Note that thisis similar to
the best-fit scaling (0.94) when performing the joint SN + afterglow
fit as described in ‘Isolating the SN signal’ and shown in Fig. 3. Larger
afterglow contributions (for example, scaling by 1.0) yield an overall
steeper slope, inconsistent with the comparison objects.

Comparison with r-process light curve models

We also considered the r-process enriched SN light curve models in
ref.52.InSupplementary Fig. 2, we show the J-H and J-K colour evolu-
tion of these models, for an SN Ic-BL with a typical simulated ejecta
mass of 3.96 M_, a **Ni mass of 0.33 M, an r-process material mass
of 0.03 M, and various levels of r-process mixing, from no mixing to
nearly fully mixed, compared with the colours of the SN component
of GRB 221009A under different afterglow assumptions. We calcu-
latedJ-H andJ-K colours by convolving the filter bandpasses with our
NIRSpec spectrum after subtracting the afterglow models. We show
the resulting colours for the afterglow models considered in section
‘Constraints on the afterglow contribution’ (the ALMA-XRT power law
and the best-fit power law from fitting the red end of our spectrum with
various normalizations; Extended DataFig.5and Supplementary Fig.1).

TheJ-K colours of the afterglow-subtracted spectra match the
r-process enriched models when scaling the best-fit power law by
<0.9.Decreasing the afterglow contribution leads to moreresidual red
light, leading to redder colours. When scaling by 0.6, including the
ALMA-XRT model, theJ-K colours, if reddened due to r-process mate-
rial, wouldimply significant mixing. Inthis case, strong broad emission
lines from r-process elements would be expected, as seenin the MHD
model in Fig. 4 but not in our data. In addition, for a given afterglow
contribution, the J-H colours imply a different degree of r-process
mixing thanthe)-K colours, which suggests that the reddening source
isnot due to r-process emission.

In Supplementary Fig. 2, we also show the colours of SN 1998bw
and SN 2013ge calculated from their late-time NIR spectra. SN1998bw
isnotably blue—bluer even than the models without r-process—which
suggests that these models do not fully capture the range of possible
spectral energy distributions of typical GRB supernovae. SN 2013ge is
notably red, whichis consistent with the r-process enriched models for
amixing fraction of ~10%. This event, however, exhibits a clear exam-
ple of carbon monoxide emission increasing the flux in the K-band.
These comparisons highlight that, without spectra, other sources
of reddening are difficult to disentangle from that due to r-process
material. Similar conclusions have been drawn from studies of large
samples of supernovae Ic-BL light curves*’. We note that the spectrum
of GRB221009A after subtracting the best-fit power law scaled by 0.9,

which yields a good visual match to SN 1998bw and SN 2013ge (Sup-
plementary Fig. 1), exhibits a J-K colour that is ~-0.1 mag redder than
the no r-process model. However, as can be seen in Supplementary
Fig.1,thereisanupturninthe spectruminthe K-band at the expected
location of the first overtone carbon monoxide emission, similar to
thatseenin SN 2013ge.

Host galaxy modelling

We used Prospector®*, a Bayesian galaxy spectral energy distribution
(SED) fitting code to simultaneously fit the global host galaxy photom-
etry and spectroscopy. Additionally, we fitted the spectrum extracted
at the position of the GRB to compare the global host properties and
those at the GRB position. We adopted the MIST isochrones™ and the
C3K stellar spectral libraries in the Flexible Stellar Population Syn-
thesis’”” framework. The stellar population is described by redshift,
stellar mass, velocity dispersion, stellar metallicity and astep function
non-parametric star formation history with 14 time bins’®. The nebular
emission was parametrized by gas-phase metallicity and ionization
parameter using the CLOUDY grid in ref. 79. We simultaneously fit-
ted simple Gaussians to lines that are not included in our emission
line model that assumes that all the emission is powered by the stars,
namely, the He 1, [Fe 11] and H, emission lines, with the same kinemat-
ics but free amplitudes as our CLOUDY grid. We assumed a flexible
two-component dust attenuation model that accounted for birth cloud
and diffuse dust separately®. Variation in the shape of the attenuation
curve was enabled using a power-law modification to a Calzetti curve®.
Wealsoincorporated the contribution of dust emissionto the infrared
photometry using a three-parameter model®. To fit the spectros-
copy and photometry together, we marginalized over the shape of the
observed spectrum (thereby avoiding any wavelength-dependent flux
calibrationissues) with apolynomial; in this manner, the normalization
andshape of the SED was entirely determined by the photometry, or not
constrained at all for the GRB position, where there isno photometry.
We also included a jitter parameter that inflated the spectroscopy
uncertainties to account for imperfect JWST flux calibration and slit
losses, and found typical values of 1.5-2, which are consistent with
other early JWST spectroscopic analyses®*™°, Finally, we used a pixel
outlier model to downweight pixels that were not consistent with our
model®, which were typically identified ata1-2% level. Insummary, the
SED model for the host galaxy fit has 28 free parameters, and the fit to
the spectrum at the GRB position has 24 free parameters.

Data availability
TheJWST data analysed in this work associated with programmes 2784
and 2782 are publicly available on the MAST archive.

Code availability

The software tools used in this work (JWST Science Calibration Pipe-
line, GALFIT, WebbPSF, Prospector and Common Astronomy Software
Applications) are publicly available.
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is likely due to the diffraction spike of a nearby star. Spatially resolved emission
lines from the host galaxy are also detected. Bottom: 1D spectrum of GRB
221009A extracted via a two-component Gaussian fit to the spatially resolved
trace toisolate the spectrum of GRB 221009A from the host galaxy contribution.
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Extended Data Fig. 1| NIRSpec/G140M Spectrum. Top: Final combined 2D
NIRSpec/G140M spectrum of GRB 221009A resulting from our re-reduction. The
trace is clearly dominated by the spatially resolved host galaxy. A broad emission
featureis visible near = 1lum (white arrow) at the expected spatial location of GRB
221009A (red arrow). The background below the trace contains structure that
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host galaxy contribution. Notably, several host galaxy emission lines appear to be
stronger at the position of GRB 221009A than the rest of the galaxy, resulting in
significant excess flux from these lines appearing in the GRB 221009A spectrum
(see Fig. 5 for line identifications).

Extended Data Fig. 2| NIRSpec/G235M Spectrum. Top: Final combined 2D
NIRSpec/G235M spectrum of GRB 221009A resulting from our re-reduction.

The trace from GRB 221009A (red arrow) is more clearly visible at the red end.
Bottom: 1D spectrum of GRB 221009A extracted via a two-component Gaussian
fit to the spatially resolved trace to isolate the spectrum of GRB 221009A from the
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Extended Data Fig. 3| Extinction Fits to the Early JWST Data. Top: Comparison here, we fit 1 < 8um to avoid this feature. Bottom: Model residuals compared to
ofthe early-time NIRSpec/PRISM and MIRI spectra (black) along with two models SN 1998bw (black; [40]). Again, individual lines represent independent draws

for the afterglow and dust law ([37] in blue, and [38] in orange). Each line of the from the model posterior. For both laws, strong systematic residuals are found
model represents a draw from the posterior. Note that there is a silicate feature across the full wavelength range. An SN 1998bw-like supernova cannot be ruled
at ~10um whichis not properly modeled without a detailed dust composition; out.
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Extended Data Fig. 4 | Broad SN Features. Left: Zoom-in on the blue end of our their brightness at the phase of our observations, as well as SN 2014ad (magenta)
spectrum of GRB 221009A highlighting the broad emission features we attribute arbitrarily scaled. Right: Spectrum of GRB 221009A after subtracting our best-fit
to the CalINIR triplet and Ol. Also shown are comparison spectra of SN1998bw afterglow model from the joint SN+afterglow fit described by the power law
(orange) and SN 2013ge (gold) both scaled to the distance of GRB 221009A and F, o y 076£007,
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Extended Data Fig. 5| Comparisons with Previous SNe and Assessment
ALMA-XRT Power Law. Left: Our NIRSpec spectrum of GRB 221009A, corr

Rest Wavelength (um)

ofthe subtracting an estimate of the afterglow contribution as described by the power
ected law connecting ALMA and Swift/XRT observations taken around the same phase

for extinction using the law from ref. 37 and best-fit parameters from the fitting asour JWST data (F, « v °%; black line). Significant flux rising toward the red

described in the Methods (blue), compared to ground-based late-time NIR
spectra of SN1998bw (orange) and SN 2013ge (gold) scaled to the distance

remains in the resulting subtracted spectrum, inconsistent with the comparison
of GRB  SNe, indicating this model likely does not adequately describe the afterglow

221009A and the same phase of our observations. Right: Comparison between contribution at these wavelengths.
SN 1998bw and SN 2013ge and our spectrum of GRB 221009A (smoothed) after
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Extended Data Fig. 6 | Galaxy Model Posteriors. Comparison of the Prospector model parameter posteriors for the galaxy spectra extracted at the location of GRB
221009A (orange) and the total galaxy (blue). The gas-phase metallicities are similar, but the GRB position exhibits a lower stellar metallicity.
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Extended Data Table 1| Extinction Fitting Results

Dust Law  logio(Norm, Jy) B Ay Ry
0.01 0.01 0.05 0.04
[38] —3.8518_8% 0'3918'8% 4'3718'95 307;8'92
37] ~3.837001 0417007 4637040 42470705

Best-fit extinction parameters and 1o uncertainties from fitting the +13.2 day (observer frame) NIRSpec/MIRI data.
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Extended Data Table 2 | H, Emission Line Measurements

Line (um) Flux / 10=° (Jy) Measured Ratio  Fluorescence Model — Shock Model
Ho 1.233 2.15 &+ 2.95 0.17 £ 0.24 0.47 0.01
Ho 1.314 5.32 £ 1.19 0.43 £+ 0.18 0.53 0.01
Ho 1.957 20.70 £+ 1.43 1.66 4+ 0.62 NA NA
Ho 2.033 11.16 £ 0.92 0.89 £+ 0.33 0.56 0.37
Ho 2.073 3.37 £ 0.58 0.27 £ 0.11 0.25 0.08
Ho 2.223 12.43 £+ 0.88 0.99 £+ 0.37 0.61 0.21
Ho 2.247 2.65 + 0.45 0.20 £ 0.08 0.53 0.08
Ho 2.406 11.90 £ 0.96 1.43 4+ 0.61 NA NA
Ho 2.413 20.60 £ 13.70 247 £ 1.94 NA NA
Ho 2.423 10.76 £+ 1.10 1.29 4+ 0.56 NA NA
Ho 2.437 7.12 £+ 0.90 0.85 + 0.37 NA NA
Ho 2.454 5.86 £+ 0.84 0.70 £ 0.31 NA NA
Ho 2.475 9.73 £ 0.93 1.17 &+ 0.50 NA NA
Ho 2.499 4.61 £ 0.79 0.55 £+ 0.25 NA NA
Ho 2.550 4.54 £+ 0.84 0.54 £+ 0.25 NA NA
Ho 2.558 4.15 £+ 1.19 0.50 £+ 0.25 NA NA
H2 2.559 2.82 +1.14 0.34 £+ 0.20 NA NA

H, emission line fluxes and ratios with respect to H, 2.122 um (with flux (8.34+3.50)x10°® Jy). Predicted ratios from the shock and fluorescence models are also given.
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