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Abstract

We report observations of the optical counterpart of the long gamma-ray burst GRB 221009A. Due to the extreme rarity
of being both nearby (z = 0.151) and highly energetic (E s > 10°* erg), GRB 221009A offers a unique opportunity to
probe the connection between massive star core collapse and relativistic jet formation across a very broad range of -ray
properties. Adopting a phenomenological power-law model for the afterglow and host galaxy estimates from high-
resolution Hubble Space Telescope imaging, we use Bayesian model comparison techniques to determine the likelihood
of an associated supernova (SN) contnbutmg excess flux to the optical light curve. Though not conclusive, we find
moderate evidence (KB;lees =10"?) for the presence of an additional component arising from an associated SN, SN
2022xiw, and find that it must be substantially fainter (<67% as bright at the 99% confidence interval) than SN 1998bw.
Given the large and uncertain line-of-sight extinction, we attempt to constrain the SN parameters (My;, M, and Exg)
under several different assumptions with respect to the host galaxy’s extinction. We find properties that are broadly
consistent with previous GRB-associated SNe: My;=0.05-025M., M=3.5-11.1M;, and Exg=
(1.6-5.2) x 107 erg. We note that these properties are weakly constrained due to the faintness of the SN with
respect to the afterglow and host emission, but we do find a robust upper limit on My; of My; < 0.36 M..,. Given the
tremendous range in isotropic gamma-ray energy release exhibited by GRBs (seven orders of magnitude), the SN
emission appears to be decoupled from the central engine in these systems.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Gamma-ray bursts (629); Relativistic
jets (1390)

1. Introduction

Over the past two and a half decades, a link has been
established between long-duration gamma-ray bursts (LGRBs)
and core-collapse supernovae (CCSNe; Woosley &
Bloom 2006). Over two dozen LGRBs have been associated
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SNe are of the Ic-BL type (Filippenko 1997): they lack H and
He lines in their optical spectra, and possess broad lines (BLs)
indicative of higher ejecta velocities than seen in normal Type
Ic SNe.

Despite this progress, a number of key open questions
regarding the nature of the GRB-SN connection remain. One of
the foremost of these is understanding why a much smaller
fraction of Type Ic-BL SNe have associated LGRBs than the
converse. A number of studies (Soderberg et al. 2006; Corsi
et al. 2016, 2022) have shown that this dichotomy cannot be
explained solely by viewing angle effects, and that relativistic
ejecta are not ubiquitous to SNe Ic-BL (<19% of Ic-BL events
are SN 1998bw-like, the prototypical SN associated with a
GRB; Corsi et al. 2022). Therefore, there are intrinsic
differences in the explosion mechanisms and/or environments
between jet-powered Type Ic-BL SNe and normal Ic-BL
events, and understanding this dichotomy can provide
important insights into stellar evolution and the landscape of
stellar explosions.

The observed population of LGRBs is comprised predomi-
nantly of cosmological (z 2 1) events, with E. ;,, between 10°°
and 10°* erg (e.g., Jakobsson et al. 2006). On the other hand,
the majority of GRBs that have associated spectroscopically
confirmed SNe (GRB-SNe) are low-luminosity events, with
isotropic-equivalent energies (£ ;,,) between 10*® and 10°° erg
(Cano et al. 2017). This is the natural consequence of low-
luminosity GRBs dominating the population of events nearby
enough for spectroscopic investigations (z <0.3), even with
large-aperture optical facilities. Here we attempt to characterize
the SN associated with a rare energetic LGRB discovered in the
nearby universe.

GRB 221009A [a (J2000)= 19"13™03550, & (J2000) =
+19°46/24"23; Laskar et al. 2022] was discovered by the Burst
Alert Telescope (BAT; Barthelmy et al. 2005) on the Neil
Gebhrels Swift Observatory (Swift; Gehrels et al. 2004), though
initially classified as a potential Galactic transient (Dichiara
et al. 2022). Subsequently, the Fermi Gamma-Ray Burst
Monitor (GBM; Meegan et al. 2009) reported an extremely
bright LGRB detected ~55 minutes earlier’® consistent with
this localization (Lesage et al. 2022). Further observations
revealed that the BAT triggered on the bright X-ray afterglow
of GRB 221009A, a first in the nearly 18 yr of Swift operations
(Williams et al. 2023).

The unprecedented brightness led to extensive follow up
across the electromagnetic spectrum (e.g., Fulton et al. 2023;
Laskar et al. 2023; Kann et al. 2023; O’Connor et al. 2023;
Williams et al. 2023). Spectroscopy of the optical afterglow led
to a redshift measurement of z = 0.151 (de Ugarte Postigo et al.
2022a; Castro-Tirado et al. 2022; Malesani et al. 2023). Its
associated gamma-ray isotropic energy release is well in excess
of 10°* erg, making GRB 221009A an extremely rare example
of a highly energetic LGRB nearby enough to search for an
associated SN Ic-BL.

In this Letter, we present optical observations that display a
late-time flattening in the afterglow decay of GRB 221009A,
and we investigate how these measurements can constrain the
possible associated SN (SN 2022xiw; de Ugarte Postigo et al.
2022c). In Section 2 we report the observations of the optical
afterglow of GRB 221009A; in Section 3 we analyze the
observations, and statistically compare models with and
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without a SN component; in Section 4 we constrain the
physical parameters of SN 2022xiw; in Section 5 we place
GRB 221009A/SN 2022xiw in the context of the GRB-SN
sample in the literature; and in Section 6 we summarize our
conclusions. In the final stages of manuscript preparation,
studies reporting conflicting results on the existence of SN
emission were posted on the arXiv (Fulton et al. 2023; Kann
et al. 2023; Levan et al. 2023; Shrestha et al. 2023)—where
relevant we highlight differences in our approach and contrasts
in our results.

2. Observations

The main telescopes used for this work are the GROWTH-
India Telescope (GIT), Lowell Discovery Telescope (LDT),
and the Gemini-South Telescope. The results of the GIT, LDT,
and Gemini-South observations are presented in Table 1. To
provide additional coverage at early times and help constrain
the afterglow behavior, we have also considered optical
afterglow measurements from the Liverpool Telescope (LT)
reported in Laskar et al. (2023), and supplemented these with
preliminary results reported in the GCN circulars (Belkin et al.
2022a, 2022b, 2022; Bikmaev et al. 2022a, 2022b; Brivio et al.
2022; D’Avanzo et al. 2022; de Wet & Groot 2022; Ferro et al.
2022; Groot et al. 2022; Gupta et al. 2022; Huber et al. 2022;
Im et al. 2022; Izzo et al. 2022; Kim et al. 2022; Kumar et al.
2022a; Pellegrin et al. 2022; Rajabov et al. 2022; Rossi et al.
2022; Schneider et al. 2022; Shrestha et al. 2022; Vinko et al.
2022). The GCN photometry is provided in tabular form in
Table 4. All times used in this work are in the observer frame.
Below we describe the data reduction processes for each of the
telescopes we use.

2.1. GIT

We used the GIT located at the Indian Astronomical
Observatory (IAO), Hanle-Ladakh, to acquire observations of
the GRB 221009A optical afterglow (Kumar et al. 2022b). The
source was observed in Sloan g/, 7/, i/, and 7’ bands. Data were
downloaded and processed in real time by the GIT data
reduction pipeline. We used individual exposures for photo-
metry in the early stages when the afterglow was bright. Later,
we stacked images with SWarp (Bertin 2010) to increase the
signal-to-noise ratio (S/N) of the detections.

The data were reduced in a standard manner using the GIT
pipeline (Kumar et al. 2022c). All images were preprocessed by
subtracting bias, flat fielding, and cosmic-ray removal via the
Astro-SCRAPPY (McCully & Tewes 2019) package. Astro-
metry was performed on the resulting images using the offline
solve-field astrometry engine. Sources were detected
using SExtractor (Bertin & Arnouts 1996) and were
crossed-matched against the Pan-STARRS1 DRI catalog
(PS1; Flewelling et al. 2020) through VizieR to obtain the
zero-point. Finally, the pipeline performed point-spread func-
tion (PSF) fit photometry to obtain the magnitudes of the GRB
221009A afterglow (Table 1).

2.2. LDT

We also observed GRB 221009A in 7/, i’, and 7’ with the
4.3 m Large Monolithic Imager (LMI) on the LDT through an
approved Target-of-Opportunity (ToO) program. We reduced
the images using a custom Python-based image analysis
pipeline (Toy et al. 2016), that can perform data reduction,
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Table 1 Table 1
Optical Photometry and Associated 1o Errors of GRB 221009A, Which (Continued)
Includes Contributions From its Afterglow, Host Galaxy, and Associated SN
2022xiw tons — To (days) Telescope Filter AB mag Uncertainty
fobs — To (days) Telescope Filter AB mag Uncertainty 36.53 LDT r 23.64 0.11
A

0.12835635 GIT g 17.66 0.08 ;ggi I]:g¥ ;, 5?32 gg;
A T R S
’ ’ ’ 44 Gemini-South i’ 19.78 0.02
0.13633535 GIT J 14.50 0.04 17.4 Gemini-South 7 2171 0.05
0.14391035 GIT g 17.69 0.07
0.14653335 GIT Y 16.26 0.05 . . R .
0.14922235 GIT i 15.28 0.03 Note. /.%ll tupes are in the observer frame. The magnitudes are not corrected for
0.15183035 GIT Z 1457 0.05 Galactic extinction.
0.15955335 GIT g 17.99 0.10
0.16225435 GIT v 16.32 0.05
0.16486235 GIT i 15.34 0.04 astrometry, registration, source extraction, and PSF photometry
0.16755835 GIT 4 14.64 0.06 using SExtractor, which was calibrated using point sources
0.17138035 GIT g 17.94 0.11 from the PS1 catalog (Table 1). These observations were also
0.17407535 GIT r 16.40 0.05 reported in O’Connor et al. (2022a, 2022b, 2023). Figure 1
017668335 GIT " 15.41 0.04 shows both the wider field of view of GRB 221009A’s position
0.17939935 GIT z 14.71 0.07 . e - . .
018711135 GIT o 18.11 016 on thf: sky, as well as the individual evolution of its flux over
0.18971935 GIT Y 16.49 0.05 time in both filters.
0.19239635 GIT 4 15.47 0.05
0.19499735 GIT 4 14.72 0.06 2.3. Gemini-South

1.03149435 GIT g 20.21 0.23

1.03551335 GIT 4 16.75 0.05 Two additional publicly available i’-band observations
103843935 GIT 7 16.73 0.06 obtained with GMOS-S mounted on the 8.1 m Gemini-South
1.04287735 GIT 7 17.48 0.04 Telescope (PIs: Rastinejad, O’Connor; Rastinejad &
104447835 GIT ’; 17.49 0.03 Fong 2022) were also analyzed. The data were reduced using
}gggg;giz gg lr, i;g; 882 DRAGONS?’ (Labrie et al. 2019) t(? align anq stack individgal
105371835 GIT y 18.55 0.05 frames. .PSF photometry was calibrated using nearby point
1.08636135 GIT ¢ 20.50 016 sources in the PS1 catalog (Table 1).

1.09184435 GIT 4 16.90 0.15

110147035 GIT r 18.66 0.08 3. Analysis and Model Selection

1.14527035 GIT 4 17.06 0.08

1.14817435 GIT 4 17.01 0.15 3.1. Previous Broadband Modeling Results
2.11955235 GIT r 19.77 0.14 . .
214304035 GIT o 17.99 0.15 We draw upon three results from previous studies of the
3.00313235 GIT i 19.20 0.14 broadband afterglow of GRB 221009A in order to inform our
3.00693735 GIT I 20.41 0.15 approach to characterizing the associated SN emission. First,
3.00697835 GIT 7 18.57 0.16 fits to the broadband spectral energy distribution (SED)
4.02688035 GIT il 19.68 0.14 revealed that the frequency range from optical to hard X-rays
4.03068335 GIT v 20.83 0.16 is not well fit by a single power law (i.e., f, oc v~ %, Instead, a
4.03069335 GIT 7 18.82 0.17 change in the spectral slope, physically attributed to the
2 g;gggg;z gg :,/ ?(9)3; 8?; synchrotron coolin’g frequency (v,), is ipff:rred around the
5 08403035 GIT y 18.03 017 X-ray bandpass (O’Connor et al. 2023; Williams et al. 2023).
6.09907835 GIT 7 2043 0.18 As aresult, in §tandard synchrotron after'glow theory, we do not
6.10467335 GIT 2 19.41 0.19 expect the optical afterglow to decay with the same power-law
3.6 LDT Py 22.06 0.04 index as the X-rays (e.g., Sari et al. 1998). Thus, to remove the
3.6 LDT 20.44 0.04 afterglow contribution we must model the optical decay
3.6 LDT il 19.37 0.01 separately from the X-rays (see Fulton et al. 2023 and the
3.6 LDT 4 18.67 0.01 first approach in Shrestha et al. 2023).
9.5 LDT r 215 0.08 Second, in addition to significant extinction due to dust in
9.5 LDT i’, 20.75 0.05 the Milky Way galaxy, broadband SED fits indicate the
95 LDT < 2001 0.03 possible existence of absorption beyond the nominal value of E
185 LDT 8 2471 015 (B — V) = 1.30 mag reported in Schlafly & Finkbeiner (2011).
18.5 LDT Y 22.71 0.06 . o e s g g

18.5 LDT ! 2183 0.15 Given the low re.dsh1f.t, it is difficult to disentangle a largf.:r Fhan
185 LDT o 20.97 0.05 expected Galactic extinction (e.g., due to small-scale variations
215 LDT p 2291 0.06 in Galactic dust), or extinction in the GRB host galaxy.
215 LDT i 21.82 0.02 Existing works differ on the significance of this extinction
21.5 LDT 7 21.37 0.04 component, with inferred values ranging from E(B — V) = 1.30
28.5 LDT Y 23.55 0.15 mag (i.e., no additional extinction; O’Connor et al. 2023) to
28.5 LDT i’ 22.07 0.09
28.5 LDT 7 21.45 0.07

2 https://dragons.readthedocs.io/
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Figure 1. LDT images of the optical afterglow of GRB 221009A. All of the panels show the position of GRB 221009A circled in pink. The left, large panel shows the
wider field of view of GRB 221009A, in # band 3.6 days after T,. The right panels show the evolution over time of the optical afterglow, in both the ' and i’ bands.
The image at 155 days is devoid of afterglow and SN contribution, and the host galaxy is faintly seen in the i’ band. The images have been smoothed for display

purposes.

E(B—V)=1.80 mag (Fulton et al. 2023; Williams et al.
2023). Given these uncertainties, we consider the implications
of differing host extinction levels throughout this work.

Finally we correct for underlying host galaxy light in our
analysis, derived by Levan et al. (2023) through GALFITM
modeling of late-time Hubble Space Telescope (HST)
observations. We use their measurements of F625W =
24.88 £0.08 mag and F775W =23.80+0.14 mag, which
approximately correspond to the r and i’ bands. Previous
analyses (Fulton et al. 2023; Kann et al. 2023; Shrestha et al.
2023) did not incorporate the host contribution explicitly in
their analysis (though Pan-STARRS and DECam photometry
in Fulton et al. 2023, and DECam photometry in Shrestha et al.
2023 are subjected to template subtraction, which negates the
host contribution to a degree).

3.2. Optical Afterglow Modeling

Assuming the optical afterglow is powered by synchrotron
emission from the forward shock (Mészaros & Rees 1997), we
fit the early-time light curve with power-law models (f, o<t %)
to attempt to isolate the contribution from the SN. Prior to
Ty + 1 day, the optical data display a shallow initial slope with
a=0.88£+0.05 (Kann et al. 2023; O’Connor et al. 2023).
Beyond this time there is a clear steepening in the decay, and a
single power law does not provide a good fit to all optical data
(D’Avanzo et al. 2022).

Since a SN will contribute negligibly (compared to the bright
afterglow here) in the first days postexplosion, we perform a

power-law fit of all g/, ¥/, i/, and 7z’ data between 1 and 6 days
postexplosion. We find a best-fit decay index of
a=1.4344+0.004. As found by other authors, this index is
appreciably shallower than the X-ray decay found at this time
(Laskar et al. 2023; O’Connor et al. 2023; Williams et al.
2023). Figure 2 shows the best-fit power law derived, along
with the addition of the host galaxy emission to that power law.

The late-time behavior shows possible deviations from this
power law, even after the host galaxy emission is considered.
Though it is possible that central-engine activity can cause
rebrightening of the optical afterglow in excess of what is
expected from a power-law decay, this usually occurs directly
after the prompt emission in the early-time evolution of the
GRB (Kann et al. 2007; Oates et al. 2009). Because the
brightening occurs weeks after the initial prompt emission (see
Figure 1), we determine that there is the possibility that an
associated SN is contributing excess flux to the optical
emission, and further investigate this in Section 3.3.

3.3. Model Selection

In order to evaluate the statistical significance of the excess
late-time emission, we perform a Bayesian model selection
using the PYMULTINEST package (Feroz et al. 2009; Buchner
et al. 2014). We consider two empirical models—one where
the optical emission is explained as the sum of the afterglow
(i.e., synchrotron radiation) and a (constant) host galaxy
emission, and one where an additional SN component is
added. For each model, we calculate the Bayesian evidence,
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Figure 2. Observed r- and /-band photometry of GRB 221009A after
Ty + 1 day, along with the best-fit optical afterglow model corresponding to a
power-law decay index of o = 1.434, with the addition of the host galaxy
emission. The light curves for a SN 1998bw-like source in the ' and i’ band,
redshifted to z = 0.151 and reddened according to the Galactic and host galaxy
extinction of GRB 221009A, are also shown.

and use it to calculate the Bayes factor to see which is
statistically preferred (Trotta 2008). We limit the analysis to the
" and ¢’ bands, as the large Galactic extinction makes g’ band
uninformative, and 7’ band SN templates are less available due
to a lack of spectral coverage in that wavelength range.

For the afterglow+host model, we assume a single power-
law decay in both bands at times after 7, + 1 day. While the
index is fixed to be identical in both the ¥ and i’ bands, we do
not require its value be equal to that derived from 1 to 6 days
postexplosion (Section 3.2); rather, we allow the index to vary
to provide the best fit to the entire data set. The host galaxy
emission is incorporated as a free parameter in the fit, using a
Gaussian prior with the mean and standard deviation measured
by HST (Levan et al. 2023).

For the SN model, an additional component is added to the
afterglow+host model to mimic SN behavior. We take the light
curve of SN 1998bw (Clocchiatti et al. 2011), and (de)redden
and K-correct it to match the relevant properties of GRB
221009A, using SNCOSMO (Barbary et al. 2016). Specifically
we adopt E(B — V)uw = 1.30 mag (Schlafly & Finkbeiner
2011), E(B — V)post = 0.3 mag, which is the most conservative
value found in Williams et al. (2023), and apply the Milky Way
extinction law from Cardelli et al. (1989) with Ry, =3.1. The
resulting ¥ and i’-band light curves for a SN 1998bw-like
source at z=0.151 [and behind an extinction of
EB —V)yw=1.30 mag and E(B — V)pos: =0.3 mag] are
shown in Figure 2.

The final SN model used in the model selection has two free
parameters: a flux-stretching factor ksny 19ogpw and a time-
stretching factor ssy 1908pw (€.2., Klose et al. 2019). Both of
these parameters have priors drawn from a bivariate normal
distribution fit to values derived for previous GRB-SNe (Cano
et al. 2017). We also allow the afterglow power-law decay
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index («) to be free with uniform priors, the flux constants of
proportionality (asg) to be free with uniform priors in log
space, and add the host galaxy emission in both bands utilizing
the same Gaussian priors. Therefore, the full SN model is:

SN 1998b
S, (tovs) = ksn(f) ™ (tobs/SSN_ 1998bw))

+anc (tops) ™ + 1%, (1

where fVSN 1998bw (fops) 1s the flux seen of the SN at a time in the

observer frame, 7, is the time in the observer frame, and flf“’s‘
is the flux contribution from the host galaxy.

Initially, we fit the two models concurrently to the ' and i/
bands, while assuming the errors are the nominal values
reported in Table 1 and Laskar et al. (2023) for the LT
photometry. We calculate the Bayes factor (Kgayes) between the
two models to determine the likelihood that an SN is
contributing excess flux to the optical afterglow in addition
to the host galaxy emission, and find Kguyes = 10*°, which
indicates that the SN model is strongly favored. However,
when we calculate the X2 statistic for each of the models,
we find that X%’L host = 120.83 for 62° of freedom and

X12>L Fhost SN = 112.62 for 60° of freedom. Though the
Ax“=8.21 for two additional degrees of freedom is also
indicative of a preference for the SN model, the X2 statistics
themselves indicate that neither model adequately fits the data.
This is likely because in the initial fitting, we did not account
for systematic uncertainties that arise from combining data
from multiple telescopes in the full photometric data set, or S-
corrections (Stritzinger et al. 2002).

Therefore, we modify the fitting procedure to optimize the
likelihood function numerically, where we assume that the
reported errors underestimate the true uncertainty. To account
for this, we include an error-stretching factor (0) in the fitting
procedure to represent the S-correction effect, and recalculate
Kgayes- The log-likelihood function we minimize, with the
addition of the error-stretching factor, is:

_ 2
Inp(y|m, s,) = —%Z M + In(27s?2), 2)

n Sn

where y, are the observed data, m,, are the modeled data, and sﬁ
are:

sy = o+ B2(m), 3)

where o, are the nominal errors to the observed data.

The new Bayes factor we find is Kgayes = 10'2, which
indicates the SN model is moderately, but not conclusively,
preferred. We report the median parameters with their lo
errors, along with the best-fit parameters which minimize the
log-likelihood function in Table 2. The best-fit models are
shown in Figure 3, along with their associated x values.
According to the model selection analysis, the optimal error-
stretching factor increases the error bars by ~3% with respect
to the model value at the observed time, for both the afterglow
+host and SN model. We also calculated the Bayesian
evidence for the two models, while incorporating independent
error-stretching factors ((3;) for each telescope rather than a
single factor across all data sets. We did so to investigate if the
way we account for systematic uncertainties plays a role in
biasing the model preferences. We still find similar results, as
the SN model is favored by a Bayes factor of Kgayes = 10°7.
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Table 2
Bayesian Model Selection Fitting Parameters for the Afterglow-+host and the Afterglow+Host+SN Models

host host
fu,r/ fl/.i/

ar ay a ksN 1998bw SSN 1998bw In (5)
(1dy) ai, aG (1dy) (1dy)
Afterglow+Host (Best fit) 146 388 1.43 0.44 1.64 —3.37
Afterglow-+Host (Median +10) 144+2 3847 1424001 0414003  1.33+0.11 —3.30 £ 0.21
Afterglow--Host+SN (Best fit) 147 394 1.46 0.35 1.17 0.39 0.69 -3.51
Afterglow+Host+SN (Median +10)  1464+2  395%2  147+£0.01  0.39 +0.03 1124513 0.434+0.10  0.63 +0.09 —3.5070%3

Next, we analyze the LDT and LT photometry separately
using their nominal error bars, to identify if the combination of
photometry from different telescopes plays a role in biasing the
model preferences. We do not fit the Gemini-South and GIT
photometry separately, as there are only two Gemini-South
photometry points, and the GIT photometry are all at early
times where any SN excess contributing to the afterglow would
be negligible. We find that the afterglow+host model is
favored with a Bayes factor of Kpayes = 10°° for the LDT
photometry, while the two models are indistinguishable for the
LT photometry. Figure 2 shows that the majority of the LDT
photometry is at late times, where excess flux from a SN would
be identifiable. This, in addition to only five and six photometry
points being available respectively in the 7 and i’ bands leads
to the model selection converging toward a shallow power-law
decay slope in its fitting procedure, in order to fit for the excess
flux. The best-fit power-law decay index is o= 1.36 (median
+ 10 =1.36 £ 0.02), which is shallower than what is derived
from the early-time optical photometry fitting in Section 3.2.
Therefore, although the afterglow-+host model is preferred for
the LDT data, the lack of early-time data biases the fit toward a
power-law decay index that is shallower than expected in order
to fit for the excess flux.

On the other hand, the majority of LT data are at early times
and at a significantly higher cadence than the LDT photometry.
The best-fit power-law decay index for the afterglow-host
model is a=1.46 (median 4+ 1o =1.45+0.01), which is
consistent with the power-law decay index derived in
Section 3.2. The two models are indistinguishable due to a
few photometry points that do show excess emission at later
times, for which the afterglow model cannot account. There-
fore, it is necessary to incorporate a combination of data sets in
the modeling, in order to have optimal temporal coverage such
that a sufficient amount of photometry points at both early and
late times is accounted for in the fitting. After accounting for S-
corrections modeled through our error-stretching factor, it is
clear that the most accurate physical description of the light
curve comes from incorporating the entire data set, which we
find favors the SN model moderately.

As a final sanity check, we perform a similar analysis using
the observed light curve of SN 2013dx associated with GRB
130702A (D’Elia et al. 2015; Toy et al. 2016) with the
extinction values described above, again optimizing the
likelihood function and allowing for an error-stretching factor.
Due to the similar redshift (z=0.145) to GRB 221009A, this
avoids the requirement of calculating K-corrections (Fulton
et al. 2023; Shrestha et al. 2023). In this case we find a
comparable Bayes factor to the analysis using SN 1998bw:
Kgayes = 10°7, preferring the SN model. Thus we infer that the
SN model preference is relatively insensitive to the details of
the template SN used. We also emphasize that the detailed
value of the host extinction adopted has little impact on the

model selection. Since the SN flux is scaled by the free
parameter kgy, increasing or decreasing the host extinction is
largely offset in the modeling by a corresponding change
in kSN~

Our preference for the SN model agrees with Fulton et al.
(2023), as they find significant evidence of excess emission in
the optical afterglow that is well modeled by an additional SN
component. However, they did not account for host galaxy
emission explicitly in their analysis, and Figure 2 shows that
the host galaxy makes nonnegligible contributions to the
optical afterglow at late times. This is likely why they were
able to find significant evidence of excess emission, while our
preference for the SN model is moderate. Shrestha et al. (2023)
and Levan et al. (2023) report no evidence for bright SN
emission, while Kann et al. (2023) does not find any strong
evidence for or against SN emission. None of them rule out the
possibility of a faint associated SN, and one of the conclusions
of Levan et al. (2023) is that an associated SN to GRB
221009A must be either substantially (~10%—-40%) fainter or
bluer than SN 1998bw. Our findings point toward the former
being true, as the best-fit flux-scaling factor for SN 2022xiw
with respect to SN 1998bw is ksn 1998pw = 0.39, with an upper
limit at the 99% confidence interval of ksn 1998pw < 0.67.

4. SN Parameter Estimation
4.1. Nickel Mass Estimates

After demonstrating a preference for models including a SN
component, we derive flux measurements for SN 2022xiw by
subtracting the the best-fit optical afterglow model (see
Section 3.2) from the observed #'- and i-band photometry.
We only use photometry starting from 7, + 7 days, and convert
negative flux values after the subtractions to 3¢ upper limits.
The resulting SN light curve is shown in Figure 4. The SN
photometry shown in the Figure is not host subtracted, because
we allow the host galaxy emission to vary as a free parameter
within the Gaussian priors corresponding to the values from
Levan et al. (2023) when extracting physical parameters from
the light curve.

The decay of *°Ni to *°Coand to *°Fe releases the energy
that powers the optical light curve of Type I SNe, so the *°Ni
mass is a key physical parameter that can provide insight into
the properties of the explosion and progenitor (Arnett 1982;
hereafter AS82). Therefore, we fit semianalytic light-curve
models from A82 to the observed r/- and //-band photometry
after day 7 to constrain the >’Ni mass. Equation (36) in A82
provides an analytic expression for the bolometric luminosity
of Type I SNe, assuming full «-ray trapping of the ejecta along
with further radioactive inputs (Valenti et al. 2008). We use the
infrastructure from the Hybrid Analytic Flux FittEr for
Transients (HAFFET; Yang & Sollerman 2023) to perform
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Figure 3. Left panel: the best-fit afterglow+host model, along with its a posteriori possible models and  values. Right panel: the best-fit SN model, along with its
a posteriori models and y values. The SN model is moderately but not conclusively favored, with a Bayes factor Kggyes = 10", and the best-fit parameters for each

model are shown in Table 2.

the fits, where the two free parameters are the nickel mass
(My;;) and the photon diffusion timescale (7y,).

Given a bolometric light curve from the model, it is
necessary to extract the associated 7/- and i’-band light curves
to compare to the observed photometry. It is possible to derive
light curves in individual bands from a bolometric magnitude
light curve using bolometric correction (BC) coefficients:

BCx = Myo1 — M,, (4)

where x is the relevant filter.
For stripped-envelope SNe, Lyman et al. (2014) derive a g-
band BC coefficient of:

BC, = 0.054 — 0.195 x (g — r) — 0.719 x (g — r)*. (5)

Here we assume that the color evolution of SN 2022xiw is
identical to that of SN 1998bw. We use the BC coefficient,
along with the color evolution of SN 1998bw, to generate r'-
and #/-band light curves to fit to the SN photometry. First, we
convert the BVRI photometry of SN 1998bw from Clocchiatti
et al. (2011) to Sloan Digital Sky Survey (SDSS) filters using
conversions from Jester et al. (2005). At the time of each
observation, we compute BC,, along with the g — r and g — i
colors. Given a bolometric absolute magnitude light curve
from A82, we derive a g-band absolute magnitude light curve
from BC,. We then compute the associated r- and i-band light
curves from the g — r and g — i colors derived above. Finally we
apply the distance modulus, host galaxy emission, and
extinction corrections described below, along with conversions
from r and i band to # and ' band,*® to produce observed r'-
and //-band light curves for comparison with the data. Best-fit
models with associated uncertainties are generated using
Markov Chain Monte Carlo (MCMC) techniques.

2 hitps: //classic.sdss.org/dr5 /algorithms /jeg_photometric_eq_drl.
html##usno2SDSS

Given the large uncertainty in the host extinction (Section 3.1),
we perform the fitting under three different assumptions: (1)
E(B — V)post allowed to vary freely between 0.3 and 0.5 mag; (2)
E(B — V)post fixed to a value of 0.3 mag; and, (3) E(B — V)nost
fixed to a value of 0. For all three scenarios we allow My;;, T, and
E(B— V)uw to vary as additional free parameters. We allow
E(B — V)uw to vary due to the high uncertainty in the Galactic
extinction at the location of GRB 221009A, and adopt uniform
priors corresponding to the minimum and maximum values from
Schlafly & Finkbeiner (2011). Additionally, we allow the host
galaxy emission in the # and ¢ bands to vary as free parameters,
with Gaussian priors corresponding to the values presented in
Levan et al. (2023). We adopt uniform priors for My; and 7,,, based
on values from previous Type Ic-BL SN studies (Corsi et al.
2016, 2022; Taddia et al. 2019).

We note that there are varying interpretations of the intrinsic
extinction and hydrogen column density of the host that are
model dependent on the spectral shape of the afterglow (e.g.,
E(B — V)iost < 0.1 mag, O’Connor et al. 2023; Ny=~4 X
10! em 2, Tiengo et al. 2023). However, we believe that the
most likely physically plausible situation is the first where
E(B — V)post 1s allowed to vary freely between 0.3 and 0.5 mag,
due to the possibility of a significant amount of intrinsic
hydrogen column density in the host that may be up to
Ny~1.29 x 102 cm 2 (Williams et al. 2023). We present the
best-fit model from this scenario and 100 random samples from
the posterior distribution in Figure 4, along with the associated
corner plots for each parameter.

The best-fit values derived in all three scenarios are
displayed in Table 3, and we find My; =0.05-0.25 M,
depending on the scenario. Because the SN flux is only
marginally detectable with respect to the afterglow and host
galaxy emission, these best-fit values should be taken with a
grain of salt. However, we can more robustly determine an
upper limit, and find that at the 99% confidence level,
My; < 0.36 M. The My; we find is systematically lower than


https://classic.sdss.org/dr5/algorithms/jeg_photometric_eq_dr1.html##usno2SDSS
https://classic.sdss.org/dr5/algorithms/jeg_photometric_eq_dr1.html##usno2SDSS
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Figure 4. Top panel: best-fit 7/~ and i’-band light curves in flux space extrapolated from the best-fit bolometric light curve constructed from the A82 model (details in
Section 4), assuming the host galaxy extinction is a free parameter between E(B — V)0 = 0.3-0.5 mag. The best-fit values are My; = 0.18f8;8g My, Th = 15.981“%;;%
days, E(B — V)yw = 131709 mag, E(B — V)post = 041705 mag, myes, v = 24887509 mag, and Mpost, i = 23.83%013 mag. 100 random a posteriori possible
models from the MCMC fitting samples are plotted, along with the best fits in bold. Bottom panel: corner plots associated with the MCMC fits of the A82 model,
corresponding to the top panel. A total of 33,250 samples were generated in the posteriors.

that of SN 1998bw (My; = 0.3-0.9 M,; Sollerman et al. 2000), extinction in the optical when compared to the nominal galactic

which agrees with the results from Section 3.3, that SN extinction from Schlafly & Finkbeiner (2011), we find
2022xiw must be substantially fainter than SN 1998bw. Mni=0.59+0.04M,. This My; is lower, but marginally

Finally, we note that if we repeat the analysis under the same consistent with their value of My; = 1.070% M. The lower My;
assumptions as Fulton et al. (2023), who do not explicitly account in comparison to their work is expected, due to their use of a
for host galaxy emission, and assume an additional 0.8 mag of steeper optical afterglow power-law decay slope (f, oc 22620002,
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Table 3
Best-fit Physical Parameters and Their Statistical 1o Errors Corresponding to the Three Different Host Extinction Scenarios Presented in Section 4.1
My Tm EB — V)mw EB — V)host M Exr Miosts ' Mhost> 1’
M) (days) (mag) (mag) M) (erg) (mag) (mag)
E(B — V)post = 0.3-0.5 mag 0.18+0:%7 15.987%7] 1317598 0.4175:% 7.931299 371089 % 1052 24.88%008  23.83%014
E(B — V)host = 0.3 mag 0.1445% 16.567%3; 1315988 0.3 8.537330  3.991121 x 102 2488708  23.847013
E(B — V)pos = 0 mag 0.07£0.02 1626733 131159 0 8224204 3847178 % 102 2489100 23827013

see Section 3.1), which in turn leads to more luminous SN
emission, and a higher My;.
4.2. Additional Explosion Properties

Given the photon diffusion timescale 7, it is possible to
derive the total ejecta mass (M;) of a SN, through Equation Al
of Valenti et al. (2008):

b _ ZKJOptMej

m
Beve

1

, (6)

T

where Kqp = 0.07 cm 2 g ! is a constant, average opacity that
is able to produce consistent results with hydrodynamical light-
curve modeling of stripped-envelope SNe (Taddia et al. 2018),
B =13.8 is a constant, c is the speed of light, and vy is a scale
velocity, which is set observationally to the photospheric
velocity vpp, which is roughly related to the line velocity at the
peak epoch.

Given that we assumed the color and spectral evolution of
SN 2022xiw were identical to that of SN 1998bw, we also
assume it has a comparable photospheric velocity: v,, = 28,000
kms™! (Iwamoto et al. 1998). We note that SN 1998bw’s
photospheric velocity is high with respect to the population of
GRB-SNe in the literature, which possess an average of
von = 20,200 km s ™', with a dispersion o = 8500 kms ™' (Cano
et al. 2017). However, a spectrum taken of the optical afterglow
at T + 8 days reported the possible existence of broad features
with velocities slightly larger than SN 1998bw (de Ugarte
Postigo et al. 2022b). Therefore, our assumption of SN
2022xiw’s peak photospheric velocity is valid, and may
possibly underrepresent the true photospheric velocity. We
report the derived values in Table 3, and find M. =
3.5-11.1 M.,

Given M, and vy, it is possible to derive the kinetic energy
Exg of the explosion, assuming that it is a constant density
sphere undergoing homologous expansion (Lyman et al. 2016):

2= =22K )

The derived values are again reported in Table 3, and we find
Exg = (1.6-5.2) x 10> erg. These values are consistent with
the values Fulton et al. (2023) derive, who find
Mg = 71773 M, and Exg=(2.7-6.3) x 107 erg. We note
that both M,; and Ex largely depend on the photon diffusion
timescale, and the corner plots in Figure 4 show that 7, is close
to hitting the bounds of the priors. This is unsurprising given
the nature of the data set, and the faintness of the SN with
respect to the afterglow and host galaxy emission. Therefore,
both the M.; and Exg we derive should also be considered as
estimates, and we are unable to derive robust upper limits in
this case due to the nature of the posterior of 7,,,.

We note that throughout this analysis, systematic uncertain-
ties likely arise from the assumptions made with the color and
spectral evolution of SN 2022xiw being identical to that of SN
1998bw, as well as assuming that the explosion is undergoing
homologous expansion, as the presence of a relativistic jet
likely impacts the spherical symmetry of the explosion. An
asymmetric explosion would likely impact ko and the
assumptions made in Equation (6) from Taddia et al. (2019).
However, despite these caveats, the statistical uncertainties we
find are large and likely dominate over any of these systematic
uncertainties.

5. Comparison to other GRB-SNe

Based on our previous modeling, we attempt to contextualize
SN 2022xiw with respect to the overall GRB-SN population.
The range of My; found for previous GRB-SNe, derived under
the same assumption that the luminosity is powered by the
radioactive decay of 56Ni, has an average value of
My; =0.37 M., with a dispersion 0 =0.20M,, (Cano et al.
2017). The My; we derive for the scenarios where we take into
account host galaxy extinction (My;=0.10-0.25M.) are
within this range, while the My; we derive for the scenario
with zero host galaxy extinction is outside of this range. The
upper limit for the My; we derive (<0.36 M) shows that
despite GRB 221009A’s highly energetic nature, its associated
SN does not possess an exceptional My; in comparison with the
overall GRB-SN population—in fact, its My; is likely lower
with respect to the average. For the ejecta mass and kinetic
energy, the average values inferred for previous GRB-SNe are
M;=6M; with a dispersion 0 =4M. and Exg=2.5 X
10°%erg, with a dispersion o =1.8 x 10°*erg (Cano et al.
2017). Despite the caveat mentioned in Section 4.2 with the
values we derive, both the ejecta masses and kinetic energies
for all scenarios are well within these values.

Through these comparisons, we see that SN 2022xiw
possesses explosion properties that are overall broadly
consistent with the GRB-SN population. This is despite its
highly energetic relativistic ejecta, as it possesses an isotropic-
equivalent peak ~-ray luminosity of L. s, = 2.1 x 10°*ergs ™!
(Frederiks et al. 2023), making it the most luminous GRB-SN
ever detected (Cano et al. 2017; Burns et al. 2023). Figure 3 in
Hjorth (2013) suggests that a relationship may exist between
the energy release of GRBs and their associated SN brightness.
In his Figure 3, he plots the L., of GRBs against the peak
absolute magnitude in V band (My) of their associated SNe,
and make the distinction between low-luminosity GRBs
(Lyiso < 10®3erg s!), and  high-energy jet GRBs
(Lyiso > 10% erg s~ 1. He reports a possible direct relation-
ship between L. s, and My in low-luminosity GRBs, which
turns over into a possible inverse relationship in the high-
energy jet GRB region of the parameter space.

In Figure 5, we recreate the results from Hjorth (2013) to test
for these correlations, with a larger data set and a few
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Table 4 Table 4

Optical Photometry and 1o Errors of GRB 221009A, Including Contributions (Continued)
From its Afterglow, Host Galaxy, and Associated SN 2022xiw, From Publicly

Available GCNs tons — To (days) Filter AB mag Uncertainty
fobs — T (days) Filter AB mag Uncertainty 4.156539 i 19.51 0.06
C e e oo
0.211 8 18.22 0.33 4226539 i 19.44 0.04
1134 g 20.43 0.2 4246539 i 19.45 0.0
1152193 8 20.13 0.08 4266539 i 19.43 0.05
1.165 8 20.53 0.11 4296539 i 19.48 0.06
2.166539 g 21.15 0.21 4316539 ; 19.5 0.07
1.02802141 g 20.037 0.205 4.45 ; 19.89 0.05
1.03149415 8 20.248 0234 4.671579 i 19.88 0.02
1.12791174 g 20.228 0.339 5.7 i 20.01 0.05
1.13782442 g 20.299 0.363 6.07 i 20.01 0.04
1.1412292 g 20.634 0.469 0.216667 Z 14.89 0.03
1.27027935 g 2033 0.06 1.166 z 16.93 0.05
1.39404935 g 20.41 0.12 1171 z 16.87 0.05
2.29360935 g 21.05 0.12 1.174389 z 16.81 0.01
3.28066935 g 21.61 0.19 1.330626 z 16.99 0.01
6.09 g 22.61 0.12 1.48 z 16.92 0.11
11.55024 g 23.7 0.2 2.154231 z 17.69 0.02
0.131049 r 16.16 0.07 2326539 z 17.72 0.03
0.43625 r 17.36 0.12 3.186539 z 18.19 0.05
1.159669 r 18.65 0.02 3.236539 z 18.26 0.03
1.172 r 18.43 0.11 3.256539 z 18.23 0.03
1.301 r 18.96 0.1 3.306539 z 18.3 0.04
1.314699 r 18.81 0.05 3326539 z 18.18 0.04
2.138926 r 19.53 0.04 4.166539 z 18.63 0.05
2.306539 r 19.67 0.1 4.186539 z 18.76 0.05
3.156539 r 20.03 0.06 4.191 z 18.8 0.1
3.176539 r 19.97 0.08 4.206539 z 18.69 0.04
3.206539 r 20.07 0.19 4.236539 z 18.75 0.04
3.226539 r 20.32 0.17 4.256539 z 18.74 0.05
3.2459 r 20.23 0.09 4.276539 z 18.83 0.05
3.296539 r 20.26 0.16 4.326539 z 18.71 0.06
3.316539 r 20.24 0.19 4.670249 z 19.21 0.02
4.146539 r 20.53 0.09 57 z 19.39 0.05
4.176539 r 20.63 0.09
2' é ?gg gg : ig;ll Od 115 Note. All times are in the observer frame. The magnitudes are not corrected for

: ’ ) Galactic extinction.

4.236539 r 20.55 0.12
4.266539 r 20.74 0.16
4.286539 r 20.9 0.23 modifications. We update the GRB-SN sample to include all
4.306539 r 20.86 027 GRB-SNe with an A, B, or C classification from Cano et al.
‘5‘:374099 : i??i 8:82 (2017) and distinguish between low-luminosity GRBs in blue,
0214 ; 15.58 0.03 high-energy jet GRBs in red, and events in the middle in gray.
1.154 i 17.56 0.05 We plot L, s, against the flux-stretching factor with respect to
1.167041 ; 17.52 0.01 SN 1998bw (ksn 1998bw), along with My;. These two
1.17 i 17.58 0.01 parameters are both proxies for the brightness of the associated
1.322576 i 17.69 0.02 SN light curve (M) that Hjorth (2013) used. We use them both
1.48 i 17.92 0.11 in tandem as they have the additional advantage that one is a
2.14674 i 18.4 0.02 directly observable feature from the light curve (ksn 1998bw),
iﬂgg;g i }Sg ggg while the cher is a physical parameter deriy§d from modeling
3.176539 ; 19.02 0.07 the explosion (My;). We also add a few additional events to the
3 196539 ; 19.09 01 sample of Cano et al. (2017), namely GRB 200826A/AT
3.216539 i 18.95 0.07 2020scz (Ahumada et al. 2021) to the ksn 1998pw Plot, and
3.236539 i 18.93 0.04 GRB 161219B/SN 2016jca (Ashall et al. 2019) and GRB
3.2459 i 18.91 0.11 171010A/SN 2017htp (Melandri et al. 2019) to the My; plot.
3.266539 i 18.93 0.04 Finally, we add the results from this work to both plots, with
3.286539 i 18.92 0.04

10

the best-fit flux-stretching factor from Table 2, ksn  1998pw =
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Figure 5. Left panel: modification of Figure 3 from Hjorth (2013), where the flux-stretching factor of the SNe with respect to SN 1998bw (ksn 1998bw) 1S plotted
against the isotropic-equivalent ~-ray luminosity (L. ) for their associated GRBs. We distinguish between low-luminosity GRBs, high-energy jet GRBs, and GRBs
in the border regime. We indicate the results from this work, GRB 221009A /SN 2022xiw, with a star. We also show the average ksy 199gpw for GRB-SNe in the plot
with the exception of GRB 2201009A /SN 2022xiw, along with its dispersion. Right panel: a similar modification of Figure 3 from Hjorth (2013), where the My; in
M, of the SNe is plotted against the isotropic-equivalent y-ray luminosity (L. ) for their associated GRBs. We make the same distinctions between GRBs as in the
above panel, and label the results from GRB 221009A /SN 2022xiw with an upper limit. We also show the average My; and dispersion for the GRB-SNe plotted with
the exception of GRB 221009A /SN 2022xiw, along with that of the Type Ic-BL sample not associated with GRBs from Taddia et al. (2019).

0.39 denoted as a star, and the limit of My; < 0.36 M., denoted
as an upper limit.

In addition, we also plot the average ksN 1998bw
(ksN  1998bw, average = 0.97) and dispersion (o =0.44) for the
GRB-SNe plotted with the exception of SN 2022xiw shaded in
orange, and the average Myi (Mni, average = 0.35 M) and
dispersion (o =0.17 M) for the GRB-SNe plotted with the
exception of SN 2022xiw shaded again in orange, along with
for the Type Ic-BL population not associated with GRBs
(M, average =0.31 M, 0=0.16 M; Taddia et al. 2019)
shaded in green. From the figure, we notice that SN 2022xiw’s
ks 1998bw 1 slightly lower than the average range for the rest
of the sample, despite the burst being orders of magnitude more
energetic. Furthermore, SN 2022xiw’s My; is also likely on the
lower end with respect to the overall population. The overlap
between the average My; in normal Type Ic-BL SNe and GRB-
SNe suggest that there are no intrinsic differences between the
brightnesses of the SNe associated with GRBs with those that
are not.

We use the Pearson correlation coefficient test to determine
if there are correlations between L. j, and ksn  1998bw and L o
and My;, between the low-luminosity GRBs, high-energy jet
GRBs, and the entire data set. In the low-luminosity regime, we
do find a correlation for both kgn 1998w and My;, with
coefficients of 0.90 and 0.68, respectively. However, this
correlation must be taken with caution, as there are only four
low-luminosity GRBs in the sample. When testing the high-
energy jet GRBs, we find no significant evidence for any
correlations in the data, with coefficients of —0.27 and 0.00 for
ksn 1998bw and My;;, respectively. When testing the overall data
set including the border GRBs, we also find no significant
evidence for any correlations, with coefficients of —0.22 and
0.01 for ks 1998pw and My, respectively. These tests done on
the high-energy jet GRBs and entire data set all had p-values
greater than 0.25. The lack of correlations are quite interesting,
especially because L. s, ranges over seven orders of magni-
tude. This suggests that SN emission appears to be largely
decoupled from any central-engine activity in GRB-SN
systems.
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6. Conclusions

By modeling the optical emission from GRB 221009A, we
find moderate, but not conclusive statistical evidence
(KBayes = 101'2) for the presence of associated SN emission,
and find that GRB 221009A’s associated SN 2022xiw must be
substantially fainter than SN 1998bw. We also extract the
physical parameters associated with the SN, assuming three
different host galaxy extinction scenarios: (1) E(B — V)pog 18
allowed to vary as a free parameter between 0.3 and 0.5 mag;
(2) E(B — V)post = 0.3 mag; and (3) there is no host galaxy
extinction. The most physically plausible scenario is the first, as
there is evidence for extinction larger than the nominal Schlafly
& Finkbeiner (2011) value, though with a large degree of
associated uncertainty (Kann et al. 2023; Levan et al. 2023;
Williams et al. 2023).

We derive My; =0.05-0.25 M, Mq=3.5-11.1M;, and
Exg=(1.6-5.2) x 10°*erg. These values are weakly con-
strained due to the faintness of the SN emission with respect
to the afterglow and host emission, but we robustly constrain an
upper limit on the My; of My; < 0.36 M. All of the explosion
parameters lie within the range of those found in previous
GRB-SNe in the literature (Cano et al. 2017), suggesting that
even the most extreme GRBs can produce SNe with explosion
properties typical of the overall GRB-SN population. We
investigate the explosion parameters with respect to the overall
GRB-SN population, and find that there is no significant
correlation between the luminosity of GRBs and their
associated SN’s brightness. This suggests that central-engine
activity in GRB-SN systems and SN emission are largely
decoupled, and further studies in the future pinpointing why
will be of utmost importance to unraveling the GRB-SN
connection in totality. This event is an important addition to the
GRB-SN population, and is a prime example for why it is
extremely important to continue analyzing high-energy GRBs
to understand further the GRB-SN connection.
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