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Abstract
We present James Webb Space Telescope (JWST) and Hubble Space Telescope (HST) observations of the
afterglow of GRB 221009A, the brightest gamma-ray burst (GRB) ever observed. This includes the �rst mid-IR
spectra of any GRB, obtained with JWST/Near Infrared Spectrograph (0.6–5.5 micron) and Mid-Infrared
Instrument (5–12 micron), 12 days after the burst. Assuming that the intrinsic spectral slope is a single power law,
with F� � � Š � , we obtain � � 0.35, modi�ed by substantial dust extinction with AV = 4.9. This suggests extinction
above the notional Galactic value, possibly due to patchy extinction within the Milky Way or dust in the GRB host
galaxy. It further implies that the X-ray and optical/IR regimes are not on the same segment of the synchrotron
spectrum of the afterglow. If the cooling break lies between the X-ray and optical/IR, then the temporal decay rates
would only match a post-jet-break model, with electron index p < 2, and with the jet expanding into a uniform ISM
medium. The shape of the JWST spectrum is near-identical in the optical/near-IR to X-SHOOTER spectroscopy
obtained at 0.5 days and to later time observations with HST. The lack of spectral evolution suggests that any
accompanying supernova (SN) is either substantially fainter or bluer than SN 1998bw, the proto-type GRB-SN.
Our HST observations also reveal a disk-like host galaxy, viewed close to edge-on, that further complicates the
isolation of any SN component. The host galaxy appears rather typical among long-GRB hosts and suggests that
the extreme properties of GRB 221009A are not directly tied to its galaxy-scale environment.
Uni� ed Astronomy Thesaurus concepts: Gamma-ray bursts (629)

1. Introduction

Gamma-ray bursts (GRBs) are the instantaneously most
luminous events known in the universe. They arise in at least
two varieties, long and short (Kouveliotou et al. 1993),
re�ecting the typical durations of their prompt emission. The
majority of long bursts are thought to arise from the collapse of
very massive stars, an origin secured through observations of
associated supernovae (SNe; Hjorth et al. 2003; Levan et al.
2016). Many of the short GRBs likely arise from the merger of
compact objects, as evidenced by the presence of kilonova
emission in their light curves (Berger et al. 2013; Tanvir et al.
2013; Gompertz et al. 2018; Lamb et al. 2019; Rastinejad et al.
2021), and most robustly by their association with a
gravitational wave signal (Abbott et al. 2017). Although it
should be noted that there is clearly a more signi�cant overlap
in the progenitors of long and short GRBs than previously
realized, with SNe in some short GRBs (Ahumada et al. 2021;
Rossi et al. 2022), and kilonovae in bursts with durations in
excess of a minute (Mei et al. 2022; Rastinejad et al. 2022;
Troja et al. 2022; Yang et al. 2022). GRBs have been used as
probes of extreme physics, routes to understanding stellar
evolution and as lighthouses to the distant universe.

The long-duration GRB 221009A is, by any measure, the
brightest GRB to have been discovered in more than 50 yr of
sky-monitoring and out of � 10,000 GRBs. Rate estimates
suggest bursts like it should occur only once every few
centuries (Burns et al. 2023; Malesani et al. 2023; Williams
et al. 2023). Furthermore, it is the �rst GRB to have emission
detected at tens of teraelectronvolts (Dzhappuev et al. 2022;
Huang et al. 2022), and its afterglow has been observed from
the � -ray to radio as part of intensive follow-up (e.g., Kann
et al. 2023; Laskar et al. 2023; O’Connor et al. 2023; Williams
et al. 2023). Critically, observations from the Very Large
Telescope (VLT)/X-SHOOTER (de Ugarte Postigo et al.
2022b; Malesani et al. 2023), and subsequently the Gran
Telescopio Canarias (GTC; Castro-Tirado et al. 2022) showed
the redshift to be z = 0.151—a very local event by GRB
standards.

Most bursts found at low redshifts have been low-energy events
(e.g., Soderberg et al. 2006; Chapman et al. 2007), perhaps the
result of a fundamentally different emission process (e.g., arising
from shock breakout rather than directly from the relativistic jet

itself; Campana et al. 2006; Waxman et al. 2007). Instead, the
isotropic-equivalent energy release of GRB 221009A is
E� ,iso > 1054 erg, and comparable to the most energetic and
distant GRBs seen at high redshift. Furthermore, the event’s
proximity is such that any associated SN, and its underlying host
galaxy, are open to intensive study, offering the opportunity to test
similarities between the substantially subluminous local GRB
population and the much more luminous cosmological population.
However, in the case of GRB 221009A, this is complicated by a
location on the sky near the Galactic plane, where foreground
extinction is both large (AV � 4.2) and uncertain, where crowding
complicates optical and IR observations. Even X-ray observations
must contend with an additional contribution from the dust-
scattered X-ray halo (Williams et al. 2023).

Despite these challenges, observations to date have yielded a
rich data set across the electromagnetic spectrum (e.g., Fulton
et al. 2023; Kann et al. 2023; Laskar et al. 2023; O’Connor
et al. 2023; Shrestha et al. 2023; Williams et al. 2023). These
data paint a complex picture of a burst with multiple
components not readily subsumed within standard afterglow
models. In addition, there are apparent detections of the
associated SN 2022ixw (Fulton et al. 2023) and excess
emission in the radio regime (Laskar et al. 2023).

Here we present a set of space-based, high spatial resolution
observations of GRB 221009A obtained with the James Webb
Space Telescope (JWST) and Hubble Space Telescope (HST).
These minimize impacts from crowding, extend redward of the
limit of ground-based observations, and provide the necessary
spatial resolution to identify the host galaxy. Although they do
not sample the temporal evolution of the event as well as the
extensive observations from the ground, they are, in principle,
substantially cleaner because of their high resolution and
signal-to-noise ratio (S/N) and provide a well-sampled spectral
energy distribution (SED). Therefore, we use them to probe the
evolving SED of GRB 221009A, which is essential in
understanding both the physics of the blast wave and the
presence and properties of any associated SN.

2. Observations

Many space-based � -ray observatories identi�ed GRB
221009A. These included Fermi-GBM (Veres et al. 2022),
Fermi-LAT (Bissaldi et al. 2022), AGILE/MCAL (Ursi et al.
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2022), AGILE/GRID (Piano et al. 2022), INTEGRAL (Gotz
et al. 2022), Konus-Wind (Frederiks et al. 2022) Insight-
HMXT (Tan et al. 2022), STPSat-6/SIRI-2 (Mitchell et al.
2022), SATech-01/GECAM-C HEBS (Liu et al. 2022), SRG/
ART-XC (Lapshov et al. 2022), Solar Orbiter/STIX (Xiao
et al. 2022), and GRBalpha (Ripa et al. 2022). The initial
brightness seen by the Neil Gehrels Swift Observatory (Swift)
was suf�ciently extreme (and also considering its on-sky
location in the plane of the Milky Way) that it was proposed to
be a new Galactic transient rather than a GRB, despite the fact
that Swift triggered on the afterglow emission (Dichiara et al.
2022)

Following the identi�cation of the source as a GRB (Kennea
et al. 2022), ground-based observations rapidly secured a
redshift measurement of z = 0.151 (de Ugarte Postigo et al.
2022b; Malesani et al. 2023). X-ray and optical observations
continued until the source entered Sun-block and found a
typical GRB afterglow decay. The optical data also showed
evidence for emission from an accompanying SN (Fulton et al.
2023), although, as we will discuss in Section 3.3.1, isolation
of such an SN component is challenging.

2.1. James Webb Space Telescope

On 2022 October 22, we obtained observations of the
afterglow of GRB 221009A with JWST (program GO 2782, PI
Levan). A single, uninterrupted set of observations were
obtained with the Near Infrared Spectrograph (NIRSPEC;
Jakobsen et al. 2022) and Mid-Infrared Instrument (MIRI;
Rieke et al. 2015). NIRSPEC observations began at 17:13 UT
and MIRI at 18:12, corresponding to times since burst of 13.16
and 13.20 days, respectively. An image of the �eld at the time
is shown in Figure 1, and the resulting spectra are shown in
Figure 2.

For NIRSPEC, we utilized the prism, spanning a spectral
range from 0.5–5.5 � m at a low (and variable) spectral
resolution. The MIRI observations were undertaken in low-
resolution mode and span the 5–12 � m range. For both

NIRSPEC and MIRI observations, we reprocessed the data
with the most up-to-date calibrations from 2022 December and
obtained 1D extractions. Comparing these products with those
obtained from the archive processing shows good agreement;
however, our re-reduction of the NIRSPEC data is � 10%
brighter beyond 5 � m than the archival data. This reprocessing
provides more consistent spectral �ts between MIRI and
NIRSPEC (see below), although it also introduces a small
disjoint at the overlap region (see Figure 2).

In addition to spectroscopy, a short (11 s) acquisition image
was also obtained in F560W with MIRI, as shown in Figure 1.
This provides a photometric measurement at this epoch of
F560W(AB) = 17.9 ± 0.1. For NIRSPEC data, we used near-
simultaneous observations taken with the 3.6 m Italian
Telescopio Nazionale Galileo (TNG) to check the calibration
in the J, H, and K bands. The match appears excellent, so we
adopt the �ux calibration direct from the pipeline without
additional scaling.

2.2. Supporting Observations

In order to build a simultaneous SED at the time of the
JWST observations, we utilize the Swift-XRT data, as well as
obtain observations at the 10.4 m GTC in the optical, the 3.6 m
Italian TNG in near-infrared (NIR), and the Northern Extended
Millimetre Array (NOEMA) in the millimeter regime.

The GRB was observed with the OSIRIS instrument on the
GTC 1 day after the JWST observation, 14.31 days after the
burst (program GTCMULTIPLE2M-22B, PI Kann). The
observations consisted of both imaging in g, r, i, and z and
spectroscopy. We perform a small correction in the photometry
by using the observed temporal decay slope measured from the
light curve to derive the photometry at the time of the JWST
spectra. The OSIRIS spectroscopy consisted of 4 × 1200 s
exposures with the R1000B grism, which covers the spectral
range between 3700 and 7800 Å at a resolving power
of R � 600.

Figure 1. The �eld of GRB 221009A as imaged for target acquisition for the JWST spectroscopy on October 21 (left), and later time observations with HST in the
F098M/F125W and F160W �lters (right). Only a short sequence was obtained for JWST, while the HST observations are substantially deeper. These observations
clearly show the host galaxy of GRB 221009A extending to the NE and SW of the afterglow position.
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NIR observations of GRB 221009A were carried out with
the TNG telescope using the NICS instrument in imaging
mode. Here we use observations carried out on October 22,
approximately 13.3 days after the burst, and nearly simulta-
neous with the JWST observation. The image reduction was
carried out using the JITTER task of the ESO-ECLIPSE
package.45 Astrometry was performed using the Two Micron
All Sky Survey (2MASS)46 catalog. Aperture and point-spread
function (PSF)-matched photometry were performed using the
DAOPHOT package (Stetson 1987). To minimize any systematic
effect, we performed differential photometry with respect to a
selection of local isolated and nonsaturated reference stars from
the 2MASS and the UKIDSS47 surveys. The resulting
magnitudes in the AB-system are J = 19.41 ± 0.06, H =
18.97 ± 0.06, and K = 18.49 ± 0.08 at 13.25 days post-burst.

A set of millimeter data taken with NOEMA between 78 and
150 GHz (program S22BF, PI de Ugarte Postigo) were
interpolated to the epoch of the JWST observation. The
observations were performed in the medium-extended C
con�guration. The data reduction and analysis was done with
CLIC and MAPPING from the GILDAS software package, �ux
calibration was relative to the reference sources MWC349 and
LKHA101. The �uxes were determined with UV point-source
�ts for a consistent error propagation. A full analysis of the
NOEMA data set will be published in a forthcoming paper.

In addition to data taken nearly simultaneously with JWST,
we also utilized the observations with VLT/X-SHOOTER
obtained at 0.5 days post-burst (Malesani et al. 2023), since
these provide an ideal comparison epoch where the source
should be dominated by purely afterglow emission (i.e., the
epoch is so early and the afterglow so bright that there should
be no SN emission). The data reduction is described in detail in
Malesani et al. (2023).

2.3. Hubble Space Telescope

We obtained three epochs of imaging with the HST on 2022
November 8, 2022 November 19, and 2022 December 4
(Program 17264, PI: Levan), corresponding to � 30, 41, and 56
days post-burst. At the �rst epoch, observations were obtained
in F625W, F775W, F098M, F125W, and F160W. A guide star
failure in the IR observations during the second epoch meant
that observations were only obtained in the optical. At the �nal
observations on December 4, we obtained F625W, F098M,
F125W, and F160W. The data were aligned and reduced via
astrodrizzle , while the native pixel scale was retained due
to the relative paucity of dithers in most cases (0 04 pixŠ1 for
WFC3/UVIS images and 0 13 pixŠ1 for WFC3/IR images).

The images clearly show the afterglow in all bands
superimposed on an underlying host galaxy. This host galaxy
contributes modestly at the time of the �rst epoch but more
than 50% of the light in 1� apertures at later times. Ultimately,
the optimal way to remove the host contribution would be via
the direct subtraction of late-time images. However, given the

Figure 2. The JWST NIRSPEC+ MIRI spectrum of GRB 221009A as observed at 12 days post-burst. The upper panel shows the observed spectrum (with the black
points showing near-simultaneous photometry), while the lower panel is corrected for a foreground extinction of AV = 4.9. While this has little impact on the mid-IR,
the correction factors for the optical are a factor of � 100. The spectrum appears largely featureless, although some possible absorption features are seen. At this epoch,
there are no individual emission features. For comparison, expected lines from iron group elements and possible r Š process contributions are marked (Hotokezaka
et al. 2022). For comparison, we also plot the best-�t absorbed power-law model and how SN 1998bw at 12 days would appear in addition to that model (the SN
should contribute minimally at > 5 � m, such that this additive approach is reasonable). The spectrum does not require the presence of any additional component.
However, the bluest regions (which are also those most impacted by the extinction correction) do show an upturn, which is apparently also present in GTC
observations. This upturn could be indicative of some SN contribution in the blue.

45 https://www.eso.org/sci/software/eclipse/
46 https://irsa.ipac.caltech.edu/Missions/2mass.html
47 http://www.ukidss.org/
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brightness of GRB 221009A, the afterglow contribution may
remain detectable to HST for several years. We, therefore,
report photometry via three different approaches.

First, we measure the curve of growth around the afterglow
location, compared to that of an isolated star within the image
(see Figure 3). We then scale the PSF and subtract it. In
undertaking this subtraction, we consider the case where all of
the light at the afterglow position is provided by the afterglow
(i.e., we subtract to zero) and where there is an underlying
contribution from the host galaxy. We estimate this contrib-
ution by measuring the �ux in a small aperture at a location on
the host that is a comparable distance from the center as the
afterglow. We assign this value as our best estimate of the
actual afterglow �ux and set the error as the difference
between this and zero (when applied symmetrically, this
allows for either no underlying host contribution or a
relatively bright underlying star-forming region). We believe
this provides a conservative error estimate for the actual
afterglow/SN brightness at any given epoch and note that this
error is substantially larger than the photon counting/back-
ground errors introduced via the photometry (which are
typically < 1%).

Second, we also report measurements made in a larger (1� )
aperture. This is the largest aperture that can be used without
introducing signi�cant additional light from other sources in
the crowded �eld of view. These magnitudes are comparable to
those measured from the ground and may be helpful for
ground-based comparisons.

Finally, the unambiguous detection of the host galaxy in the
F098M, F125W, and F160W �lters at the last HST epoch
(Figure 1) provides a different approach to decomposing the
emission through modeling the light pro�le of the host. To
model the system, we use a parametric method based on
GALFIT (Peng et al. 2010) to simultaneously �t a Sérsic
function for the host and a PSF component for the afterglow
(see Schneider et al. 2022, for more details on the method). In
addition, we also exploit the available multiwavelength images
of the host to perform a multiband �t and derive a more robust
wavelength-dependent model. This model is derived using
GALFITM (Häußler et al. 2013; Vika et al. 2013), an extended
multiband version of GALFIT where each component parameter
is replaced by a polynomial function of wavelength. GALFITM
is expected to provide a more consistent and homogeneous
model of the object over wavelength and improve the
information extracted from lower-S/N bands.

First, we ran GALFITM to simultaneously model the infrared
�lters (F098M, F125W, and F160W) of the �nal observation
epoch (December 4). For the Sérsic function parameters, we
consider a common position (xc, yc), axis ratio (b/a), and
position angle (PA) for the three �lters and let them vary as a
constant offset from the input value. The half-light radius (also
known as the effective radius and denoted as Re) and Sérsic
index (n) are de�ned as a linear function of the wavelength,
while the magnitude is de�ned as a completely free parameter.
Similarly, we use a PSF model with a free magnitude and a
constant position as a function of the wavelength for the
afterglow. Relaxing these assumptions does not strongly affect

Figure 3. Radial pro�les of the afterglow and host of GRB 221009A and their decomposition. The orange line shows the observed radial pro�le. The blue line is a
stellar source from the �eld, scaled to the central regions such that the residual in the central � 0 1 is comparable to the �ux value in a region of the host at a similar
offset to the GRB. The green line shows the residual following the subtraction of that point source, and represents the host galaxy light. The panels are normalized to
the total enclosed counts within a 1� aperture around the afterglow position.
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our estimates, especially for the magnitudes, Re, and Sérsic
index.

We adopted a similar approach to �t the HST/UVIS �lters
simultaneously. However, only F625W observations were
secured during the last HST observations. We instead
consider the November 19 observation for the F775W �lter.
Given that only the afterglow magnitude is expected to vary
signi�cantly between the two epochs, the observational delay
on the host galaxy model should be limited. It is worth noting
that the exposure time of F625W is about �ve times longer
than F775W exposure and thus provides a deeper and higher-
S/N image to drive and model the host through GALFITM. As
a sanity check, we also run GALFIT on each �lter individually.
We �nd consistent host models with those of GALFITM,
except for F775W, which converges to a different solution.
This is likely due to the higher Galactic extinction that affects
the host emission at this wavelength. The best-�t models and
residual maps determined by GALFITM for the �ve HST �lters
are shown in Figure 4. A visual inspection of the residual
maps con�rms that we successfully reduced the majority of
the initial �ux of the system. More quantitatively, we consider
a constant 1� radius aperture at the host position to measure
the fraction of pixels above 3� before and after the
subtraction. We �nd that this fraction is reduced by more
than 90% for all bands. We also note the presence of a
marginal over-subtracted signal for the IR �lters at the
afterglow position. This might be caused by the central core of
the PSF model used for the �t or by the presence of a compact
and unresolved active star-forming region at the burst
location, frequently observed for long-GRB host galaxies
(e.g., Fruchter et al. 2006; Lyman et al. 2017).

Once the best-�t model of the host galaxy was determined,
we used it as a constant input for all HST images. We thus run

GALFIT with a constant48 Sérsic model for the host plus a free
PSF model for the burst. The afterglow magnitudes derived
from this approach are reported in Table 2, and we believe
these to be the most robust estimates of the afterglow
magnitudes at these epochs. The structural parameters of the
host are further discussed in Section 4.

3. Spectral Shape and Evolution

3.1. Optical to Mid-IR Spectral Shape

We �rst consider the spectral shape observed in the
NIRSPEC and MIRI data. The calibration appears robust, with
the NIRSPEC observations matching ground-based JHK
observations. The normalization of the MIRI data is consistent
with the F560W acquisition image.

The spectrum is highly absorbed due to a signi�cant Galactic
foreground. This manifests as a strong suppression of the
optical �ux, while silicate features are also visible in the MIRI
band at 8–10 � m. The strength of these silicate features likely
varies on different lines of sight, and straightforward extinction
laws do not remove it. Therefore, the region of the spectrum
between � 3 and 8 � m is likely to be least affected by Galactic
extinction and can provide an estimate of the spectral slope.
Indeed, this appears to be blue with � � 0.4 (de�ned as a power
law with F� � � Š � ). This is much bluer than the X-ray spectral
slope � = 0.91 ± 0.09 at approximately the same time
(Williams et al. 2023). This would be consistent with the
presence of the cooling break between the two bands, although
the very blue spectral slope is not naturally expected.

Figure 4. The �ve HST data sets used to decompose the host and afterglow light. Each panel row corresponds to a different �lter with HST images of the
GRB 221009A �eld on the left, the best-�t GALFITM models in the middle, and the residual maps on the right. Panels are centered on best-�t host positions and
oriented with north pointing up and east pointing to the left. A common color scale is considered for a given row. The UVIS (left part) and IR (right part) �lters
correspond to a square region of 6� and 12� , respectively. The fraction of pixels with a residual larger than 3� within a constant 1� aperture radius is shown in the
lower part of the residual map.

48 More precisely, we let the host component vary within the uncertainties of
the best-�t model.

6

The Astrophysical Journal Letters, 946:L28 (14pp), 2023 March 20 Levan et al.


















	1. Introduction
	2. Observations



