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Abstract

We report observations of the optical counterpart of the long gamma-ray burst (GRB) GRB 230812B and its
associated supernova (SN) SN 2023pel. The proximity (z=0.36) and high energy (E. s, ~ 10%3 erg) make it an
important event to study as a probe of the connection between massive star core collapse and relativistic jet
formation. With a phenomenological power-law model for the optical afterglow, we find a late-time flattening
consistent with the presence of an associated SN. SN 2023pel has an absolute peak r-band magnitude of
M, = —19.46 £ 0.18 mag (about as bright as SN 1998bw) and evolves on quicker timescales. Using a radioactive
heating model, we derive a nickel mass powering the SN of My; =0.38 £0.01 M, and a peak bolometric
luminosity of Lyo ~ 1.3 x 10** ergs~'. We confirm SN 2023pel’s classification as a broad-line Type Ic SN with a
spectrum taken 15.5 days after its peak in the r band and derive a photospheric expansion velocity of
vpn = 11,300 &£ 1600 km s~ at that phase. Extrapolating this velocity to the time of maximum light, we derive the
ejecta mass M,;=1.0£0.6 M, and kinetic energy Exg = 1.3773 x 10" erg. We find that GRB 230812B/SN
2023pel has SN properties that are mostly consistent with the overall GRB-SN population. The lack of correlations
found in the GRB-SN population between SN brightness and E. ;, for their associated GRBs across a broad range
of 7 orders of magnitude provides further evidence that the central engine powering the relativistic ejecta is not
coupled to the SN powering mechanism in GRB-SN systems.
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1. Introduction

A clear link has been established over the past two decades
between long-duration gamma-ray bursts (LGRBs; T99>2 s)
and core-collapse supernovae on an observational basis
(Woosley & Bloom 2006). Photometrically, a characteristic
supernova (SN) “bump” arises in the afterglow light curve (LC)
within 10-20 days, as the afterglow fades. Over 40 LGRBs
with this characteristic bump have been discovered (see, e.g.,
Hjorth 2013; Cano et al. 2017a; Melandri et al. 2019; Hu et al.
2021; Kumar et al. 2022a; Rossi et al. 2022; Blanchard et al.
2023; Srinivasaragavan et al. 2023) and are known as GRB-
SNe. Spectroscopic observations of these SNe have revealed
that almost all (SN 2011kl associated with GRB 111209A was
a superluminous SN; Greiner et al. 2015; Kann et al. 2019) are
broad-line Type Ic SNe (Type Ic-BL; Woosley & Bloom 2006);
they lack hydrogen and helium lines in their optical spectra and
have broad lines corresponding to ejecta velocities higher than
those seen in normal Type Ic explosions. Before this work, 28
GRB-SNe had been spectroscopically confirmed (see, e.g.,
Cano et al. 2017a, 2017b; Wang et al. 2018; Melandri et al.
2019; Hu et al. 2021; Kumar et al. 2022a; Rossi et al. 2022;
Blanchard et al. 2023).

However, there remain a number of open questions
surrounding the GRB-SN connection, and recent discoveries
have shown that our understanding of the connection may not
be as complete as once thought. An SN is not always detected
for nearby LGRBs (Della Valle et al. 2006; Fynbo et al. 2006;
Gal-Yam et al. 2006; Tanga et al. 2018), and the physical link
between LGRBs and their associated SN is also not clear.
Studies of the brightest GRB of all time, GRB 221009A
(Frederiks et al. 2023a; Lesage et al. 2023b; Burns et al. 2023;
Kann et al. 2023; Laskar et al. 2023; LHAASO Collaboration
et al. 2023; Malesani et al. 2023; O’Connor et al. 2023;
Williams et al. 2023), have shown that its associated SN has a
peak luminosity consistent with those of the rest of the GRB-
SN population (Levan et al. 2023b; Blanchard et al. 2023;
Fulton et al. 2023; Kann et al. 2023; Shrestha et al. 2023;
Srinivasaragavan et al. 2023), despite the GRB being more
luminous by orders of magnitude. On the other hand, SN
1998bw associated with GRB 0980425 was a very nearby
(z=0.0085; Iwamoto et al. 1998; Patat et al. 2001; Clocchiatti
et al. 2011) and relatively luminous SN with a derived nickel
mass (My;) powering the SN as high as 0.9 M, (Sollerman
et al. 2000). Its associated GRB 980425 was a low-luminosity
GRB with an isotropic equivalent energy of E. s, ~ 10" erg
(Galama et al. 1998), which is 3—4 orders of magnitude fainter
than what is seen for cosmological GRBs. Numerous
observational studies have also been done on GRB-SNe whose
associated GRBs have energies in between GRB 221009A and
GRB 0908425 (see, e.g., Matheson et al. 2003; Malesani et al.
2004; Mazzali et al. 2006; Starling et al. 2011; Schulze et al.
2014), and they paint a scattered picture regarding the
relationship between GRB energetics and SN properties.

The origin and classification of LGRBs based solely on their
Too has also come into question, as GRB 211211A
(Too~34.3s; Mangan et al. 2021) and GRB 230307A
(Too ~35s; Dalessi et al. 2023) may have had associated
kilonova emission, pointing toward a compact object origin
(Rastinejad et al. 2022; Troja et al. 2022; Yang et al. 2022;

Levan et al. 2023a; Gillanders et al. 2023; Yang et al. 2023).
Studies of the LGRBs’ surrounding interstellar medium (ISM)
also show evidence for LGRBs that do not arise from the
collapse of massive stars, but rather compact object
mergers (Le$niewska et al. 2022). Therefore, it is important
to follow up nearby, bright LGRBs and their associated SNe
across the electromagnetic spectrum in order to shed light on
some of these questions surrounding the GRB-SN connection.
Here we report on the characterization of one such GRB-SN.

GRB 230812B was discovered by the Fermi Gamma-Ray
Burst Monitor (GBM; Meegan et al. 2009) at 18:58:12 UTC on
2023 August 12, which we establish hereafter as 7, (Lesage
et al. 2023a). The burst has a To9g = 2.95 4 1.02 s (Roberts et al.
2023) and a fluence of 2.69+0.01 x 10 *ergem > in the
10-1000 keV band. The afterglow was subsequently detected as
an X-ray point source by the Swift X-Ray Telescope (XRT;
Burrows et al. 2005) at T; 4+ 0.297 days (Beardmore et al. 2023).
Its brightness prompted follow-up across the electromagnetic
spectrum (Lipunov et al. 2023a, 2023b; Salgundi et al. 2023;
Zheng et al. 2023); and the optical counterpart was discovered
by Zheng et al. (2023) and Salgundi et al. (2023). Spectroscopic
observations of the optical afterglow led to a redshift
measurement of z=0.36 (de Ugarte Postigo et al. 2023). At
this redshift, using a flat ACDM cosmology with €, =0.286
and Hy=69.6 kms~' Mpc™' to convert redshifts to distances,
the burst has an isotropic equivalent energy release of
E iso~1.1x 10> erg. Using the Ty reported, the burst has an
isotropic equivalent average gamma-ray luminosity of
Lo~ 8.8 X 10>?ergs~'. Comparing these values to the LGRB
population with observationally confirmed SNe, GRB 230812B
possesses the fifth-highest E. i, and second-highest L. ;. This
makes GRB 230812B a rare example of an energetic LGRB
nearby enough to search for an associated Type Ic-BL SN.

In this Letter, we present optical observations of the afterglow
of GRB 230812B that display a clear late-time flattening
consistent with an associated SN (SN 2023pel; Agui Fernandez
et al. 2023) and spectroscopic observations confirming SN
2023pel as a Type Ic-BL SN. In Section 2, we report our
observations of the optical counterpart; in Section 3, we analyze
the optical counterpart and find its associated SN 2023pel; in
Section 4, we analyze SN 2023pel and characterize its key
properties; and in Section 5, we summarize our conclusions. We
report the photometry obtained of GRB 230812B /SN 2023pel
in Table 1 in the Appendix. Hussenot-Desenonges et al. (2023)
also report an analysis of this event, and, where relevant, we
compare our results with theirs.

2. Observations
2.1. Swift

Observations of the afterglow with the Neil Gehrels Swift
Observatory (Gehrels et al. 2004) XRT began at Ty + 25 ks
(Beardmore et al. 2023), localizing the afterglow of the GRB.
The data were obtained in Photon Counting (PC) mode. We
retrieved the time-averaged XRT PC mode spectrum from the
Swift-XRT GRB Lightcurve Repository*® (Evans et al. 2009).
The spectrum contains 5.0 ks of data obtained between T + 25

= https: //www.swift.ac.uk /xrt_curves/
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and To+ 38 ks, with a midtime of T, 4+ 8.8 hr. The data are
grouped into a minimum of 1 count bin~'. We also retrieve the
X-ray LC, which contains data obtained between T + 25 and
Ty + 1421 ks.

We likewise retrieved the data obtained by the Ultra-Violet/
Optical Telescoge (UVOT; Roming et al. 2005) from the Swift
Data Archive.”” All observations were obtained using the
broadband white filter (hereafter wh). We focused on the initial
wh-filter data (ObsID: 00021619001) with a total exposure of
4881 s. The data were combined using the uvotimsum task
within HEASoft v6.29c (Nasa High Energy Astrophysics
Science Archive Research Center (Heasarc), 2014). Due to an
issue with the Swift gyroscope affecting attitude control
(Cenko 2023), the image point-spread function (PSF) is
elongated. We therefore utilized a lenticular source region
with a position angle of 302° to match the shape of the PSF and
selected two nearby, source-free circular regions of 15” radius
as background. We used the uvotsource and uvot2pha
tasks to measure the photometry and retrieve the spectral files.
At this epoch, we measure a source brightness of
wh=19.29£0.06 AB mag. We obtain similar results (con-
sistent within 1o errors) using uvotdetect, which auto-
matically selects the source region. Therefore, we conclude that
our treatment of the elongated PSF is reasonable.

2.2. Zwicky Transient Facility

The Zwicky Transient Facility (ZTF; Bellm et al. 2019;
Graham et al. 2019; Masci et al. 2019; Dekany et al. 2020) is a
public—private survey that images the entire northern sky every
2 days in the g and r bands. The transient detection with ZTF
relies on image subtraction, using templates of predefined
fields. Any high-significance difference (>50) generates an
alert containing information about the transient (Patterson et al.
2019). We query the alert stream via Kowalski (Duev et al.
2019) through an alert filtering scheme on Fritz previously
described in short-duration GRB and gravitational-wave
searches (Kasliwal et al. 2020; Ahumada et al. 2021, 2022).
In a nutshell, we select sources that are spatially and temporally
consistent with the GBM localization, far from Panoramic
Survey Telescope and Rapid Response System 1 (PS1) stars
(based on Tachibana & Miller 2018) or bright sources, and real
based on the real-bogus score (Duev et al. 2019), as well as
those that have a positive residual and at least two detections
separated by a minimum of 15 minutes.

We ingested the GBM localization map (Goldstein et al.
2022) into Fritz (van der Walt et al. 2019), the ZTF instance of
SkyPortal (van der Walt et al. 2019; Coughlin et al. 2023), an
interactive tool designed to plan and schedule target-of-
opportunity observations for ZTF. The observing plan was
generated using gwemopt (Coughlin et al. 2019) by taking
the healpix Fermi-GBM localization map, slicing the sky map
into predefined tiles of the size and shape of the ZTF field of
view, determining which fields have the highest enclosed
probability, and optimizing observations based on air mass
and visibility windows. For this purpose, we used a modified
version of the greedy algorithm (Coughlin et al. 2018;
Almualla et al. 2020), only allowing for the use of the ZTF
primary grid. The final schedule consisted of 300 s exposures
in the r and g bands starting 8.6 hr after the GBM detection.
The observing plan for the first night covered 420 deg?

2 https: / /heasarc.gsfc.nasa.gov /cgi-bin/W3Browse /swift.pl
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beginning at 2023 August 13 03:34:57 using three epochs of
nine fields totaling 2.25 hr. This corresponds to 78% of the
probability enclosed in the Earth occultation—corrected GRB
localization map. The exposures reached median depths of
21.9 mag in both the g and r bands (Salgundi et al. 2023). The
first ZTF detection of the afterglow ZTF 23aaxeacr happened
8.61 hr after the burst, during the first ZTF exposure of the
field, as the transient was sitting in the ZTF field that covered
the highest probability.

For GRB 230812B, ZTF detected 22,154 sources in the
GBM error region in difference imaging, though only 55
sources passed our filtering criteria. These sources were cross-
matched against the Wide-field Infrared Survey Explorer (Cutri
et al. 2013), milliquas (Flesch 2019), and the Minor Planet
Center to ensure that they were not active galactic nuclei (Stern
et al. 2012) or solar system objects. Finally, we queried the
IPAC-ZTF forced-photometry service using a monthlong
baseline to reject young SNe. The majority of the candidates
were ruled out by one (or multiple) of the criteria previously
described. The afterglow of GRB 230812B, ZTF23 aaxeacr/
SN 2023pel (a (J2000) = 16"36™31548, & (J2000) = 4+47°51"
3226; Salgundi et al. 2023), was found during the first night
of observations due to the fast evolution of 2 mag day ' shown
in the r-band ZTF data. No other candidate showed a
photometric evolution consistent with an afterglow, and the
source was reported to the Transient Name Server (AT
2023pel; Salgundi et al. 2023) once its fast evolution was
confirmed. Our report came only 4 minutes after the refined
Swift XRT localization, and our source was consistent (within
6") with the center of the XRT region (Page & Swift-XRT
Team 2023).

2.3. Spectral Energy Distribution Machine

Once the afterglow was identified, we used the Rainbow
Camera on the Spectral Energy Distribution Machine (SEDM;
Blagorodnova et al. 2018; Rigault et al. 2019) mounted on the
Palomar 60inch telescope to acquire u-, g-, r-, and i-band
imaging in 300 s exposures. The SEDM images started 11.02
hr after the burst. The SEDM images were processed with a
Python-based pipeline version of Fpipe (Fremling et al.
2016), which includes photometric calibrations and image
subtraction using reference images from the Sloan Digital Sky
Survey (Abazajian et al. 2009).

2.4. Liverpool Telescope

The location of the GRB was observed with 10:0, the
optical imager on the 2m robotic Liverpool Telescope (LT;
Steele et al. 2004) at the Observatorio del Roque de los
Muchachos. Observations were taken on three separate nights:
2023 August 14 (griz filters), 2023 August 16 (gri), and 2023
September 4 (r).

Reduced images were downloaded from the LT archive and
processed with custom image subtraction and analysis software
(K. Hinds and K. Taggart et al. 2023, in preparation). Image
stacking and alignment is performed using SWARP (Bertin
2010) where required. Image subtraction is performed using a
preexplosion reference image in the appropriate filter from PS1
(Flewelling et al. 2020). The photometry is measured using
PSF fitting methodology relative to PS1 standards and based on
techniques in Fremling et al. (2016).
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Figure 1. LDT images of the optical afterglow of GRB 230812B /SN 2023pel. The large left panel shows the wider field of view of GRB 230812B in the r band 14
days after T,. The right panels show the observations taken of the GRB that include the host galaxy contribution, the reference images from PS1 used for image
subtraction, and the resulting subtracted images used for photometry in both the r and i bands. The images have been smoothed for display purposes.

2.5. Lowell Discovery Telescope

We also observed GRB 230812B’s optical counterpart in r
and i with the 4.3 m Large Monolithic Imager on the Lowell
Discovery Telescope (LDT) for five epochs between UT 2023
August 26 and 2023 September 9. We reduced the images
using a custom Python-based image analysis pipeline (Toy
et al. 2016) that performs data reduction, astrometry,
registration, source extraction, and PSF photometry using
SExtractor (Bertin & Arnouts 1996). SExtractor was
calibrated using point sources from the PS1 DR1 catalog. We
then performed image subtraction using the PS1 templates and
the ZOGY algorithm-based Python pipeline (Zackay et al.
2016; Kumar et al. 2022a) to remove the host contribution.
Figure 1 shows both the wider field of view of GRB
230812B’s position on the sky and its flux in both filters at
To + 14 days.

2.6. GROWTH-India Telescope

We used the 0.7 m GROWTH-India Telescope (GIT; Kumar
et al. 2022b) located at the Indian Astronomical Observatory
(IAO), Hanle-Ladakh, to acquire data of GRB 230812B’s
optical counterpart. The counterpart was observed in the Sloan
g, r', and i’ bands starting 20 hr after T, We continued
observations for up to 7 days by acquiring multiple 300 s
exposures. The data were downloaded and processed in real
time by the GIT data reduction pipeline (Kumar et al. 2022c).
We used individual exposures of 300 s for photometry in the
early stages when the afterglow was bright. Later, we stacked
images with SWarp (Bertin 2010) to increase the signal-to-
noise ratio of the detections.

All images were preprocessed by subtracting bias images,
flat-fielding, and removing cosmic rays via the Astro-
SCRAPPY (McCully & Tewes 2019) package. Astrometry
was performed on the resulting images using the offline
solve-field (Lang et al. 2010) astrometry engine. Subse-
quently, refined astrometry was conducted using the SCAMP
(Bertin 2006) package to facilitate image stacking with SWarp
(Bertin 2010). Sources were detected using SExtractor
(Bertin & Arnouts 1996) and crossed-matched against the PS1
DRI1 catalog (Chambers et al. 2016) through Vizier to obtain
the zero-point in the images. Using the ZOGY algorithm-based
Python pipeline, we performed image subtraction on all
images using the PS1 templates. Finally, the pipeline
performed PSF fit photometry on the subtracted images to
obtain magnitudes.

2.7. Himalayan Chandra Telescope

The 2 m Himalayan Chandra Telescope (HCT) situated at
the TAO in Hanle-Ladakh was used to observe the optical
counterpart of GRB 230812B. This counterpart was observed
in the Sloan r" and i’ bands beginning 3 days after Ty. During
the period of UT 2023 August 15 to 2023 August 24, we
conducted four observations, capturing multiple exposures
lasting between 20 and 40 minutes each. Standard image
reduction techniques were applied, including bias subtraction
and flat-fielding, as well as cosmic-ray removal using the
Astro-SCRAPPY package. Astrometry was conducted on the
resulting images using the offline solve-field astrometry
engine. We then used the same methods as in Section 2.6 to
extract sources, perform image subtraction, and perform PSF
photometry to get the magnitudes of the GRB counterpart.
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2.8. Keck

We obtained a spectrum of GRB 230812B/SN 2023pel on
UT 2023 September 9 05:31:47 using the Deep Imaging Multi-
Object Spectrograph (DEIMOS; Faber et al. 2003) mounted on
the 10 m Keck II telescope. Our configuration used a 600ZD
grating, a central wavelength of 7500 A, and the OG 550 filter
to maximize redder wavelength coverage. The observation
consisted of 3 x 1800s exposures and one 900s exposure
totaling 1.75 hr. The data were calibrated and reduced using
Pypeit (Prochaska et al. 2020).

3. Afterglow Analysis
3.1. Characterization of X-Ray and Optical Afterglow

We start with determining some of the basic afterglow
properties and note that an in-depth, multiwavelength study of
the afterglow is forthcoming in U. P. Pathak et al. (2023, in
preparation). We find that the power-law temporal decay
indices of the X-ray (Swift XRT) and optical data (using the g,
r, and i bands prior to when the SN emission affects the
LC, <Ty+4 days), are consistent, with ay = 131709
OCouced = 0-96) and ap=1.31+0.02 (2, . = 2:14). We
then calculate the spectral index in the optical using SEDM
observations in the u, g, r, and i bands from SEDM at T, + 10.8
hr. We derive Gp = 0.74 £+ 0.02 (sze quceq = 0.76) after correct-
ing for line-of-sight extinction through the Galactic plane
(Ay = 0.06 mag; Schlafly & Finkbeiner 2011). These values are
consistent with the results of Hussenot-Desenonges et al.
(2023), who find oo =1.35+0.02 and 5, =0.74 + 0.01.

We then perform an X-ray analysis through XSPEC
v12.12.0 using the initial PC mode XRT spectrum. We
modeled the spectrum assuming an absorbed power-law model
tbabs*ztbabs pow, which is a Tuebingen-Boulder ISM
absorption model that calculates the cross section for X-ray
absorption by the ISM (Wilms et al. 2000). We fix the Galactic
hydrogen column density to Nygyw =2.0 % 10%° c¢m™2
(Willingale et al. 2013) and a redshift of z =0.36. We fit the
data by minimizing the Cash statistics (Cash 1979). We obtain
a best-fit (C-stat =259 for 332 degrees of freedom, dof) X-ray
photon index of I'y =1.765 +0.085 and intrinsic hydrogen
column density Ny = (1.2£0.4) x 10*! cm™2. This corre-
sponds to an X-ray spectral index of (Ox=Ix—1=
0.765 £0.085. The consistency between the optical and
X-ray spectral indices suggests that the optical and X-ray data
lie on the same spectral segment (see Figure 2).

Therefore, we include the early optical data (u, g, r, and i
filters) obtained by SEDM, each shifted to a midtime of 8.8 hr
using the best-fit temporal power law, to constrain the possibility
of dust intrinsic to the GRB environment through modeling the
broadband spectral energy distribution (SED) again in XSPEC
v12.12.0. We fix the Milky Way dust reddening to
E(B — V)yw =0.02 mag (Schlafly & Finkbeiner 2011). The
broadband SED was fit using the model tbabs*ztbabs™”
redden®zdust®pow, which again uses the Tuebingen—
Boulder ISM absorption model to account for absorption and
extinction in both the Milky Way and the host galaxy. We
applied a Milky Way extinction law with Ry =3.1 (Cardelli
et al. 1989) and derive a photon index of I'xo=1.73 £0.02,
Ny.=(1.1+0.2) x 10*' cm 2, and E(B — V), < 0.07 mag (30)
for a x* =363 for 336 dof. This is consistent with the results of
Hussenot-Desenonges et al. (2023), who find E(B—V),<
0.03 mag. We show the broadband modeling described, along
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Figure 2. Broadband modeling of the GRB afterglow from optical (ZTF and
SEDM; ugri) to X-ray (Swift) wavelengths at a midtime of 7o + 8.8 hr. The
model is a simple absorbed power law shown by the gray dotted line, and the
unabsorbed model is shown as the gray dashed line, both corrected for Galactic
extinction. The bottom panel shows the ratio between the data and the absorbed
power-law model, with the black dashed line showing a ratio of unity.

with the X-ray and optical data, at a midtime of 7, + 8.8 hr in
Figure 2. Given the low upper limit derived, we ignore the host
galaxy extinction for the rest of our analysis.

The spectral index we derive (Box = 0.73 4 0.02) does not
match with a locally fast-cooling environment (v,, < v, <v,
where v, is the injection frequency of the electrons and v, is
the cooling frequency), as the slope of the electron energy
distribution p would be abnormally low (1.46 £ 0.04), accord-
ing to the standard closure relations (Sari et al. 1998; Granot &
Sari 2002). Instead, a more reasonable value of p = 2.46 4+ 0.04
is obtained for v, <v <, assuming an adiabatic jet and
constant density ISM. This points toward a slow-cooling
regime for the synchrotron afterglow in the optical to X-ray
bands (see Pathak et al. 2023, in preparation, for more details).

3.2. SN Bump

A clear late-time flattening is seen as soon as Ty + 7 days in
Figure 3 in both the r and i bands, which we interpret as due to
rising SN emission. Kann et al. (2007) and Oates et al. (2009)
have shown that if the central engine is still active, a
rebrightening of the optical afterglow may occur shortly after
the prompt emission. Greiner et al. (2009) has also shown that
optical flaring due to refreshed or reversed shocks can cause
brightening episodes in the early-time optical afterglow LC.
However, the X-ray LC of GRB 230812B (see Figure 5) shows
no evidence of flaring at early times and does not rebrighten
when the optical afterglow begins to, which occurs a week after
the prompt emission. Therefore, we determine that the late-time
flattening cannot be explained by central engine activity.

It has been shown that LGRBs 211211A and 230307A have
evidence of associated kilonova emission (Rastinejad et al.
2022; Troja et al. 2022; Yang et al. 2022; Levan et al. 2023a).
In order to determine if the late-time flattening could be due to
a kilonova, we transform the kilonova LC associated with GRB
130603B (Berger et al. 2013) to the redshift of GRB 230812B
(z=0.36) and apply the line-of-sight Galactic extinction. We
find that the kilonova peaks around 26 mag in the H band and
therefore would be even fainter in the optical bands. This is too
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Figure 3. Observed r- and i-band photometry of GRB 230812B from the optical instruments listed in Section 2, with all magnitudes already host galaxy—subtracted.
The photometry values are reported in Table 1, and all times are in the observer frame. We also show the best-fit power-law decay to the optical data derived in
Section 3.1, corresponding to a power-law decay index of o = 1.31. The LCs for an SN 1998bw-like source in the r and i bands, redshifted to z = 0.36, reddened
according to the line-of-sight Galactic extinction of GRB 230812B, with a flux-stretching factor of k = 0.92 and time-stretching factor of s =0.76 (derived in

Section 3.2) applied, are also shown.

faint to cause any significant late-time flattening in the optical
afterglow LC, which leads us to determine that the late-time
flattening cannot be explained by an associated kilonova.

Therefore, the most likely explanation for the late-time
flattening is an associated SN. In order to compare the
associated SN to SN 1998bw (the prototypical SN associated
with a GRB used in modeling studies due to the proximity of
the SN at z=0.0085), we use the PyMultiNest Bayesian
modeling package (Feroz et al. 2009; Buchner et al. 2014) to
find the best-fit flux-stretching factor (ksnigoogpw) and time-
stretching factor (ssnigosbw) Of the SN with respect to SN
1998bw. The full model that we use is

SN1998b _
1, (Gobs) = ksn1998ow ([, ™ (tobs,/ SN 1998bw)) + @G (fobs) ™

ey

where fVSng%bW (fopbs) 1s the flux seen of SN 1998bw at z = 0.36
at a time in the observer frame, 7. is the time in the observer
frame, « is the power-law decay index, and asg is the flux
constant of proportionality. We derive fVSN'998bW by (de)
reddening and k-correcting the nugent-hyper model (Levan
et al. 2005) in SNCosmo (Barbary et al. 2016) to match the
relevant properties of GRB 230812B. We perform the fitting
concurrently in the r and i bands, fixing a=1.31 and axg
(derived in Section 3.1). Therefore, the free parameters in our
corresponding fitting procedure are ksnigogbw and SsNigogbw-
Because a possible correlation may exist between these two
parameters (Cano 2014), we create priors for both of the

parameters drawn from a bivariate normal distribution fit to the
ksn199gbw and ssniooghw Values derived for GRB-SNe in the
literature (Cano et al. 2017a). Furthermore, in order to account
for systematic uncertainties due to combining data from multiple
telescopes (s-corrections; Stritzinger et al. 2002), we numeri-
cally optimize the likelihood function assuming that the reported
errors actually underestimate the true uncertainty. We do this
using the same method as Srinivasaragavan et al. (2023), by
introducing an error-stretching factor § in the fitting procedure
to represent the s-correction.

We find that the best-fit values for the flux- and time-
stretching factors are ksnigogpw = 0.92 and ssnigogpw = 0.76,
with median +1o values of ksnigoghw = 0.93f8j8§ and
ssn199gbw = 0.76 £ 0.02. The reduced chi-squared statistic is
Xreduced = 1-2» indicative that the model is an adequate fit to the
observed data. Our kgni99spyw 18 consistent with the value found
by Hussenot-Desenonges et al. (2023) of ksnigogpw = 1.04 £
0.09, and our ssni998bw 1S consistent at the 20 level with their
SsN199gbw = 0.68 + 0.05. Therefore, we find that the SN
associated with GRB 230812B, SN 2023pel, is about as bright
as SN 1998bw but evolves on a quicker timescale. We will
revisit this when we model the SN parameters in Section 4.2.
We note that the presence of a jet break in the optical LC is a
possible source of systematic error for this analysis; however,
the lack of a jet break in the X-ray LC and our well-sampled
optical data set make this an unlikely possibility.

After subtracting the best-fit power-law value from the
brightest r-band photometry point seen in the late-time
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flattening and correcting for the Galactic extinction, we find
that the observed peak absolute magnitude of SN 2023pel is
M, = —19.46 £0.18 mag, which is consistent with the peak
magnitude found in Hussenot-Desenonges et al. (2023),
M,=—-19.41+£0.10. As expected from the flux-stretching
factor we derived, this is consistent with the peak absolute
magnitude of SN 1998bw, Mz = —19.36 + 0.05 mag (Galama
et al. 1998), and brighter than what is seen for the the overall
Type Ic-BL SN population (M, = —18.6+ 0.5 mag; Taddia
et al. 2019). We confirm that SN 2023pel is indeed a Type Ic-
BL SN in Section 3.3.

3.3. Spectrum Analysis

As described in Section 2.8, we obtained a DEIMOS
spectrum on UT 2023 September 9 05:31:47 of GRB
230812B/SN 2023pel, and we show the observed, reduced
spectrum after correcting for telluric features in gray in the top
panel of Figure 4. HG, Ha, and [O 1IT] galaxy emission lines are
clearly seen in the spectrum, and we use PYSPECKIT’s SPLOT
interactive fitting routine (Ginsburg & Mirocha 2011; Ginsburg
et al. 2022) to fit these lines to a redshiftt We find
z=0.36112 £ 0.00004 (where the error is the rms error),
providing an independent confirmation of the redshift of GRB
230812B/SN 2023pel.

We then use the Next Generation Super Fitter (NGSF;
Goldwasser et al. 2022) to model the SN and host together. For
this, we allow NGSF to explore all available SN and galaxy
templates while fixing the value for the redshift and limiting the
SN phase to a window between 5 and 25 days after peak. The
results show that the NGSF best fit is to an elliptical galaxy
with an SN Ic-BL (Xz/dof ~ 7.45). However, elliptical hosts
for LGRBs are extremely rare, as they usually originate from
active star-forming galaxies. So far, GRB 050219A is the only
example of an LGRB found in an elliptical (Rossi et al. 2014)
galaxy, and the presence of narrow emission lines at the
redshift of the host leads us to conclude that the host is most
likely not an elliptical galaxy. Therefore, we use the next-best
fit with an SN Ic-BL, an SO spiral galaxy (Xz/dof ~9.80), to
represent the host contribution. We note that NGSF does not
include nebular emission in their galaxy templates, though we
mask the galaxy lines before performing the fits. When redoing
the analysis using the elliptical galaxy template, all of our
derived results were consistent within the error bars. The
particular template used does not seem to significantly impact
our analysis.

We scale the host contribution to the spectrum to the same
percentage (44%) of the host contribution to the r-band
photometry of GRB 230812B’s optical counterpart at the time
closest to the spectrum (7+ 27.394 days), derived from
comparing the LDT magnitudes before and after image
subtraction. We show the template in brown in the top panel
Figure 4 and subtract this template from the observed spectrum.
We also subtract the afterglow’s spectral model, corresponding
to F, o< v~ %, where 3,=0.74 is the optical spectral index
derived in Section 3.1, from the observed spectrum. We scale
the spectral model of the afterglow to the same percentage
(14%) of the afterglow’s contribution to the observed r-band
photometry at the time of the spectrum through using the best-
fit temporal power law derived in Section 3.1. We show the
spectral model in pink in the top panel of Figure 4.

The final host- and afterglow-subtracted, smoothed, and
normalized spectrum of SN 2023pel is shown in black in the
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top panel of Figure 4. The phase of the spectrum corresponds to
15.5 days after the observed peak in the r band. We then use
the IDL routine WOMBAT to remove the galaxy emission lines
and show that spectrum in the bottom panel of Figure 4. The
spectrum shows clear broad absorption features characteristic
of Type Ic-BL SNe, confirming the classification from Agui
Fernandez et al. (2023). We indicate the Fe 11 and Si II features
in the figure. We then run the SN identification code (SNID;
Blondin & Tonry 2007) to determine the best-matched Ic-BL
templates. We find that the templates for SN 2002ap, 13 days
after its peak, and SN 1998bw, 28 days after its peak, are good
matches to the spectrum. As mentioned in Section 3.2, we
determined that SN 2023pel evolves on a quicker timescale
than SN 1998bw. This agrees with the best-fit SN 1998bw
template SNID found, as the matching template has a phase 13
days later than the observed phase of the spectrum of SN
2023pel. We show the observed spectra of SN 2002ap (Mazzali
et al. 2002) and SN 1998bw (Patat et al. 2001) at the time of
these best-fit templates in pink and green in the bottom panel of
Figure 4.

4. SN Analysis

After showing evidence that an SN is the source of the late-
time flattening of the afterglow LC, we shift our focus to the
analysis of the SN itself. In this section, we investigate whether
the SN can be powered by a millisecond magnetar (Section 4.1)
or if the observed data are better described by the conventional
Arnett (1982) radioactive decay model (Section 4.2) and report
progenitor and SN properties corresponding to the respective
models. We then analyze a spectrum taken of GRB 230812B/
SN 2023pel (Section 3.3) and end by comparing the properties
of GRB 230812B /SN 2023pel to those of the rest of the GRB-
SN population (Section 4.3).

4.1. Magnetar Model

Although the Arnett (1982) radioactive heating model (see
Section 4.2) is the frequently adopted model used to describe
Type Ic-BL LCs, theories have shown that a millisecond
magnetar central engine can power LGRBs (Usov 1992), and
observational studies of multiple GRB-SNe have suggested
evidence for a magnetar origin (Toma et al. 2007; Greiner et al.
2015; Cano et al. 2016; Lii et al. 2018; Zhang et al. 2022). We
investigate whether our observed X-ray and optical LCs can be
explained within the context of this model using the
formulation from Cano et al. (2016) before using the Arnett
(1982) model. The millisecond magnetar model consists of
three phases: an afterglow component whose emission is due to
the GRB ejecta colliding with the surrounding medium, a
component whose emission is due to the powering of the
central engine, and the SN component, whose emission is also
due to the powering of the central engine. The X-ray LC is
described by just the first two phases, as the SN emission is not
significant in the X-ray bandpasses, while the optical LC is
described by the addition of all three phases. In order for this
model to be viable, the initial magnetic field strength (By) and
spin period (Py) derived from the X-ray and optical LC analysis
must be consistent with each other. We note that this model
assumes that the magnetic field is dipolar in nature and
unevolving over time. Therefore, there are no considerations
for multipolar and rapidly evolving magnetic fields within the
context of this model.



THE ASTROPHYSICAL JOURNAL LETTERS, 960:L18 (15pp), 2024 January 10 Srinivasaragavan et al.

Rest Wavelength (A)
5500 6000

4500 5000 6500 7000
| | | | | |
% —— Observed Reduced Spectrum %
2.5 2 S0 Host Template Spectrum Z
[} ©
] Afterglow Spectral Model T
o —— Host and Afterglow Subtracted Spectrum o
2.0 =
F )
%] >
c 3
<) ©
() o
x 1.5
=)
L
ke
()
N
< 1.0+
£
—
o
=2
0.5
0.0

T T T T T T T : T T
5500 6000 6500 7000 7500 8000 8500 9000 9500
Observed Wavelength (4)

Rest Wavelength (A)
5500 6000

4500 5000 6500 7000
35 | | | | | |
SN 2023pel, + 15.5 days
SN 2002ap, + 13 days, z = 0.36 = _
—— SN 1998bw, + 28 days, z = 0.36 o F

w
o
\

N
w
|

=
u
|

Normalized Flux Density (With Offsets)
= N
2 ?

o
n
|

T T T T T T T T T
5500 6000 6500 7000 7500 8000 8500 9000 9500
Observed Wavelength (4)

Figure 4. Top panel: DEIMOS spectrum obtained of GRB 230812B/SN 2023pel, 15.5 days after the observed peak in the r band. We show the original reduced
spectrum, the best-fit SO host galaxy template spectrum from NGSF with its flux scaled to the time of the spectrum, the afterglow spectral model with its flux scaled to
the time of the spectrum assuming F, oc =70 (where (3, = 0.74 is the optical spectral index), and the final host- and afterglow-subtracted spectrum of SN 2023pel,
smoothed and normalized for display purposes. The spectrum shows the strong H3, He, and [O 11I] galaxy emission lines at z = 0.36. Bottom panel: we show the
spectrum of SN 2023pel after manually removing narrow galaxy emission lines. We also show the observed spectrum of SN 2002ap, 13 days after peak and redshifted
to z = 0.36, and of SN 1998bw, 28 days after peak and also redshifted to z = 0.36. All three spectra show broad Fe II and Si II features, characteristic of Type Ic-BL
SNe, and we label the lines as well as show the broadened features in bold for SN 2023pel.

The full derivation of the model can be found in Cano et al. an impulsive energy input term and a continuous energy input
(2016), and here we provide a brief description of the term. The impulsive energy input term (Zhang & Mészaros
components. The afterglow is modeled by two components— 2001) is represented by a simple power law (Rowlinson et al.
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2013),
LspL(t) = At™¢, 2

where A is a normalization constant and « is the power-law
decay index. We assume that o =1I',+ 1, where I', is the
photon index of the prompt emission. This definition of «
comes from the assumption that the decay slope is governed by
the curvature effect (Panaitescu & Kumar 2000; Piran 2004).

The continuous energy input term is due to the magnetar
central engine depositing Poynting flux into the ejecta, where
the neutron star is assumed to have a mass of 1.4 M, and a
radius of 10° cm. This emission creates a characteristic plateau
in the LC and is represented as

-2

Lag(t) = Lo(l + i) , 3)
Iy

where L, is the luminosity of the plateau emission and #; is the

duration of the plateau.

Finally, the SN component is modeled by the central engine
depositing its energy directly into the SN after the initial jet
spreads. The analytical prescription has been derived in many
works (Ostriker & Gunn 1971; Kasen & Bildsten 2010; Barkov
& Komissarov 2011; Chatzopoulos et al. 2011), and the
equation (Arnett 1980, 1982; Valenti et al. 2008; Chatzopoulos
et al. 2009, 2011) is represented as

Lsn(t) = % exp(_—xz) j;x &(z_) dz, 4)

p 2 (1 4 yz2)?

where E;, is the initial energy of the magnetar in units of erg, 7,
is the characteristic spin-down time of the magnetar in units of
days, x =1/tgitr, ¥ = taire/tp, and fgiee is the diffusion timescale
of the SN in units of days. As mentioned earlier, all of this is
considering an /=2 dipole. We can rewrite E, and #, in terms
of Ly and ¢, through

2.00
E,= —— Lot 5
P 505 oo (5)
and
=21 (6)

The final model we fit for the X-ray LC is
Liga™ (1) = Lac + LspL, )
and the optical LC, which we fit to the r band, is
Lo () = Lag + ®Lsn + Lspr, (8)

where ® is an additional free parameter used to normalize the
model to the optical data. Even if the properties of the magnetar
derived from the X-ray and optical LCs match, if ® > 1, an
additional source of energy is necessary to power the SN in
addition to the magnetar central engine.

Finally, after fitting the observed LCs with the models
presented, the derived L, and #, can be used to find By and P,

through
By _ 4.2 ©)
10 G L(),49l02,3

Srinivasaragavan et al.

— X-ray
45’ —— rband (® =8.84)
1074 rband (¢ =1)

Luminosity (erg/s)

10010t
Days since GRB (rest frame)

Figure 5. The magnetar model from Cano et al. (2016) fit to both the Swift
XRT X-ray LC and the r-band LC of GRB 230812B/SN 2023pel
independently. The derived properties of the magnetar are not consistent when
comparing the X-ray and optical analysis, where we find that
By = 33708 x 105G and Py = 14.44733 ms from the X-ray fitting and
By = 1071013 x 10'G and Py = 32.41728] ms from the optical fitting. We
find that an additional flux-stretching factor of ® = 8.8470¢ is necessary to fit
for the SN bump in the r-band LC, and we show the r-band LC with and
without the inclusion of this stretching factor in the plot. These findings all
show that the magnetar model is not viable to describe the LC of GRB
230812B/SN 2023pel, and that an additional source of power is necessary to
describe the observed flux.

Py _ 2.05 (10)
1 ms Loy49 103 ’

where L 49 = Lo/10* ergs™' and foz= 10/10° s.

Given this formulation, we begin by fitting Equation (7) to
the Swift XRT LC, where we convert the 0.3—-10 keV flux LC
to a rest-frame 0.310keV X-ray luminosity LC through the
same method described in Section 3 of Cano et al. (2016),
fitting the power-law decay index to a=1I1,4+1=3.16
(Scotton et al. 2023). The best-fit LC is shown in black in
Figure 5, and we derive Ly = 2.627933 x 10*ergs~! and
to = 3757021 x 10*s. This in turn corresponds to
By = 337100 x 105G and Py = 14.4473% ms. We then
convert our r-band LC into luminosity space and fit
Equation (8) to the LC, where the best-fit LC is shown in red
in Figure 5. We derive Ly=1.03+0.09 x 10* ergs™",
o= 1.897013 x 10*s, and ® = 8.8470%, which clearly
shows that an additional source of energy is needed to
power the SN. These parameters correspond to By =
1.071013 x 10'° G and Py = 32.4173%% ms.

There is therefore a clear discrepancy found in the values
derived for the magnetar through independently fitting the
X-ray and optical LCs. This shows that the magnetar model
under the assumption of a dipolar, unevolving magnetic field is
not viable to satisfactorily describe the observed phases of
GRB 230812B/SN 2023pel.

and

4.2. Arnett Model and SN Parameters

We then consider the conventional Arnett (1982) model.
This model, also known as the radioactive heating model,
assumes that the optical emission is due to the decay of *°Ni to
36Co and to °Fe. We use Equation (36) from Arnett (1982) to
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Figure 6. The afterglow and host-subtracted SN flux LC of SN 2023pel, corrected for Galactic extinction. In addition, we plot the best-fit 7- and i-band flux LCs in the
observer frame obtained from the best-fit bolometric LC constructed from the A82 radioactive heating SN model, assuming that the color and spectral evolution of SN

2023pel is identical to that of SN 2002ap. We derive the best-fit values My; =

0.38 +0.01 M, and 7, = 7.647034

days. One hundred possible random a posteriori

models from the MCMC fitting samples are also plotted, with the best fits shown in bold.

model the bolometric optical luminosity, assuming full gamma-
ray trapping of the ejecta, in addition to further radioactive
inputs (Valenti et al. 2008). The °Ni mass is a key parameter
that can be used to provide insights into both the explosion and
the progenitor and is one of the major SN parameters we fit for
in our modeling.

In order to fit the Arnett (1982) model, we begin by isolating
the SN flux by subtracting the best-fit power law from
Section 3.1 from the observed photometry after 7y + 5 days,
when the afterglow has faded enough for the SN flux to make
relevant contributions to the LC. SN 2023pel’s flux LC,
corrected for Galactic extinction, is shown in Figure 6. We then
generate semianalytic bolometric luminosity LC models from
Arnett (1982) using the Hybrid Analytic Flux FittEr for
Transients (Yang & Sollerman 2023), where the two free
parameters are the nickel mass (My;) and the photon diffusion
timescale (7,,,). T, 1S an important parameter that relates to the
mass of the total ejecta and the kinetic energy of the explosion,
which we will show in Section 3.3.

Given a bolometric luminosity LC from the models, we need
to extract associated r- and i-band LCs corresponding to the
models to compare to our observed photometry. We do so
through a similar method as in Srinivasaragavan et al. (2023),
where we use bolometric correction (BC) coefficients at every
epoch to convert from a bolometric luminosity LC to individual
filter LCs, assuming that the color and spectral evolution of the
SN is identical to that of the Type Ic-BL SN 2002ap (see
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Section 3.3; Mazzali et al. 2002). The BCs are defined as

BC, = Myoi — M, 1D

where x is the relevant filter, My, is the optical absolute
bolometric magnitude, and M, is the absolute magnitude in the
relevant filter. For stripped-envelope SNe in the photospheric
phase, the g-band coefficient (Lyman et al. 2014) is

BC, = 0.054-0.195 x (g — r) — 0.719 x (g — r?. (12

We derive the g-band coefficients at every epoch from an SN
2002ap-like LC at z=0.36 generated through SNCOSMO, as
well as the g —r and g — i colors. Then, at every epoch, we
convert the bolometric luminosity computed from the Arnett
(1982) model to a bolometric absolute magnitude and use
Equation (11) to compute a g-band LC. Finally, we use the
associated g — r and g — i colors at every epoch to generate -
and i-band LCs. After applying the correct distance modulus
and k-corrections to these LCs, we compare them to our
observed SN flux using Markov Chain Monte Carlo (MCMC)
techniques with the Python package EMCEE (Foreman-
Mackey et al. 2013) to fit for the nickel mass and the photon
diffusion timescale, which have uniform priors corresponding
to values derived in the literature (Corsi et al. 2016; Taddia
et al. 2019; Corsi et al. 2023). We note that this method (though
using an SN 1998bw-like LC instead) was also used to
estimate the nickel mass of SN 2022xiw, the SN associated
with GRB 221009A, in Srinivasaragavan et al. (2023). They
derived results consistent with those of Blanchard et al. (2023),
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who analyzed a JWST NIRSpec spectrum to constrain the
nickel mass of SN 2022xiw.

The best-fit LCs from our fitting are shown in Figure 6. We
derive My; = 0.38 £ 0.01 M., and 71, = 7.64333. We note that
this error is the statistical uncertainty, and there are likely
systematic uncertainties that arise from the Arnett (1982)
model. Specifically, the assumptions of spherical symmetry
along with full gamma-ray trapping of the ejecta play the
biggest role in these uncertainties. The My; we find is
consistent with studies of SN 1998bw (My; =0.3-0.9 M,.;
Sollerman et al. 2000). This is expected, as the brightness
of the SN is about the same as SN 1998bw (see Section 3.2),
and the nickel mass is a proxy for the brightness of the
SN. These values correspond to a peak bolometric luminosity
of Ly~ 1.3 % 10% erg s~!, which is consistent with the
average found for the overall GRB-SN sample of Ly, =
1 x 10¥ ergs~' with dispersion o =0.4 x 10” ergs™" (Cano
et al. 2017a).

We then estimate the photospheric expansion velocity (vpn)
through measuring the absorption velocity of the Fe II feature at
5169 A from the SN spectrum (shown in Figure 4), which has
been shown to be a good proxy for v,, (Modjaz et al. 2016).
We use the same method as Anand et al. (2023), using
SESNSpectraPCA (Williamson et al. 2019) to smooth the
spectrum. We then use SESNSpectraLib (Liu et al. 2016;
Modjaz et al. 2016) to fit for the Fe 1I absorption velocity by
convolving the spectrum with Type Ic SN templates. From our
fitting procedure, we estimate that vy, = 11,300 &= 1600 km s !
This is lower than the velocities expected at peak for Type Ic-
BL SNe but consistent with values derived for spectra taken
around the same phase after peak for other Type Ic-BL events
(Modjaz et al. 2016; Taddia et al. 2019). For a sanity check, we
estimate the photospheric velocity for SN 2002ap (Mazzali
et al. 2002) and SN 1998bw (Patat et al. 2001) at the phases of
the best-fit SNID templates. We find that vy, = 11,900 &
1150 km s~ for SN 2002ap and vy, = 14,100 &= 800 km s~ for
SN 1998bw. Therefore, the photospheric velocities we estimate
for SN 2023pel are consistent with SN 2002ap at the 1o level at
a similar phase and with SN 1998bw at the 20 level at a later
phase corresponding to a best-fit template from SNID.

Given 7, and vy, we can derive the total mass ejected in SN
2023pel (M.j) and the total kinetic energy of the explosion
(Ekg) using the equations from Lyman et al. (2016). Assuming
that the explosion is a constant density sphere undergoing
homologous expansion, M,; is described as

2
T BCVse
Mg = L (13)
2/€0p[
and Exg is described as
3Vsszej
Exg = T (14)

where 3= 13.8 is a constant, c is the speed of light, rqp is a
constant average optical opacity, and v is observationally set
to the photospheric velocity v, at maximum light. We note that
the Kope for stripped-envelope SNe varies in the literature
(Nagy 2018 quotes rop = 0.18 cm g~ for Type Ib SNe and
Kopt = 0.10 cm 2 g~ ! for Type Ic SNe), but we adopt the value
used by Chugai (2000), Tartaglia et al. (2021), and Barbarino
et al. (2020) for stripped-envelope SNe, kop = 0.7 em 2g !
shown to accurately model observed stripped-envelope SNe in
hydrodynamical LCs (Taddia et al. 2018). Because our
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observed spectrum is taken 15.5 days after the peak, we
cannot use the photospheric velocity we derived earlier to
estimate these parameters and can only derive lower limits. We
find M.; > 0.58 M, and Exg > 3.2 x 10%° erg.

In order to derive vy, and these parameters, we use the
photospheric velocity evolution of the Type Ic-BL SN sample
from Modjaz et al. (2016) to estimate SN 2023pel’s photo-
spheric velocity at maximum light. Using the values from
Table 3 in Modjaz et al. (2016), we find the median
photospheric velocities and standard deviations at every time
epoch between —15 and 20 days from maximum light and shift
the median and lo time evolution curves to our derived
velocity, vy, = 11,300 £ 1600 km s~! at 11.3 rest-frame days
after SN 2023pel’s observed peak. We then extrapolate
to the time of maximum light (0 days) and derive
Ve = 14,800 4= 7500 km s~! which is broadly consistent with
the results from Hussenot-Desenonges et al. (2023), who derive
a photospheric velocity at peak of v = 17,114 + 2993 kms™".
Then, using the derived photospheric velocity at peak, we find
My=1.0+0.6M, and Exg = 13733 x 107" erg.

4.3. Comparison to GRB-SN Population

Here, we contextualize GRB 230812B/SN 2023pel with
respect to the overall GRB-SN population. The average values
and dispersion of kgnjoogpw and My; for the GRB-SN
population are  ksnigospw = 0.95 with 0=0.45 and
My; =0.37 M, with 0 =0.20 M, (Cano et al. 2017a). There-
fore, the kgnioogpw and My; we derive for SN 2023pel are
consistent with the overall GRB-SN population. The average
values and dispersion of M.; and Exg for previous GRB-SN are
M =6M, with a dispersion 0 =4M, and Eyxg=2.5 X
10°%erg with a dispersion o=1.8 x 10°*erg (Cano et al.
2017a). We find that our derived ejecta masses and kinetic
energies are slightly lower than those of the overall population.
This is due to the quick time evolution of the SN, leading to a
relatively low photon diffusion timescale.

Because most luminous LGRBs are cosmological in origin,
their associated SNe are too faint for current optical facilities to
detect. However, GRB 221009A provided a rare example of an
extremely energetic (E, =1 X 10°° erg; Burns et al. 2023)
and luminous (L, = 2.1 X 10°* erg s ! Frederiks et al.
2023b) LGRB that was close enough (z=0.151) to study its
associated SN. Despite GRB 221009A’s large gamma-ray
energy, its associated SN’s properties were consistent with the
overall GRB-SN population (Levan et al. 2023b; Blanchard
et al. 2023; Fulton et al. 2023; Kann et al. 2023; Shrestha et al.
2023; Srinivasaragavan et al. 2023), and its brightness may
have in fact been a little lower than the average seen in the
population. The prompt emission from GRB 230812B is not
nearly as energetic or luminous as GRB 221009A, but its
properties are still on the high end with respect to the GRB-SN
population. Therefore, it provides us with another opportunity
to understand where SN parameters lie in the higher-energy
regime of the GRB-SN population.

In Figure 7, we add GRB 230812B/SN 2023pel to a
modification of Figure 5 from Srinivasaragavan et al. (2023)
and compare the GRBs’ E. ;i to their associated SN’s
ks 1998bw and My, classifying the GRBs into low-luminosity
(Lyiso < 10*83 erg s and high-energy jet  (Lyiso >
10”~ergs™') GRBs, with events in between labeled as
intermediate GRBs. We shift our focus from the average
isotropic gamma-ray luminosities for GRBs analyzed in



THE ASTROPHYSICAL JOURNAL LETTERS, 960:L18 (15pp), 2024 January 10

ks 1998bw, average GRB-SN

3.0 Y SN 2023pel
¢ Low-luminosity GRBs
¢ High-energy Jet GRBs
2.5+ ¢ Intermediate GRBs

N

o
|
——

ksn1998bw
=
w
L
_ .

=

o
I

[ ]

+ } ¢ “
0.5 * + R ¢
0.0+
T \]\-\848\ T \]\-\849\ T \]\.\850\ T \]\-\851\ T \]\-\852\ T \]\.\853\ T \]\-\854\ T \i\gss
Ey iso (€rg)

Srinivasaragavan et al.

Mni, average GRB-SN
_ Mni, average 1C-BL
1.2 Y& SN 2023pel
¢ Low-luminosity GRBs
1.0 ¢ High-energy Jet GRBs
¢ Intermediate GRBs
0.8
]
=
< 0.6 # *
0.4 . + + X4 1
02 \ * }.# . *
t1 .
0.0
1648 1649 1650 1651 1652 1653 1654 1655
Ey iso (€rg)

Figure 7. Left panel: modification of Figure 5 from Srinivasaragavan et al. (2023), where ksnigogbw 1S plotted against the isotropic equivalent gamma-ray energy
(E,iso) for observationally confirmed GRB-SNe. The plot distinguishes between low-luminosity GRBs, high-energy jet GRBs, and GRBs in the intermediate regime
and also shows the average ksn199sbw for GRB-SNe in the plot and its dispersion without accounting for GRB 230812B /SN 2023pel. We indicate the results from this
work, GRB 230812B /SN 2023pel, with a maroon star. Right panel: a similar update of Figure 5 from Srinivasaragavan et al. (2023), where the My; in M, of GRB-
SNe is plotted against the isotropic equivalent gamma-ray energy (E., ;s,) from the prompt emission for the GRBs. The same distinctions for GRBs are made as for the
left panel, and we show the results from this work with a maroon star. We also show the average My;, along with its dispersion, for GRB-SNe in the plot, with the
exception of GRB 230812B /SN 2023pel, as well as GRB 221009A /SN 2022xiw, because only a robust upper limit was derived for the event from Srinivasaragavan
et al. (2023). We also show the average My;, along with its dispersion, for the Type Ic-BL SN sample not associated with GRBs from Taddia et al. (2019).

Srinivasaragavan et al. (2023) to their isotropic equivalent
gamma-ray energies instead, as it is a more relevant property
for comparisons between the associated SN’s parameters
connected to its luminosity (ksn 1998pw and My;). We also plot
the average ksnigogpw fOr the GRB-SN population and My; for
the GRB-SN and overall Type Ic-BL SN population (Taddia
et al. 2019) in the figure. We find that SN 2023pel’s properties
are very ordinary with respect to the rest of the GRB-SN
population.

Srinivasaragavan et al. (2023) also tested for statistical
correlations between L. s, and kgN 199gbw and between L. g,
and My, and they found no significant correlations present. We
do the same with E. ;, for the high-energy jet GRB population
and the entire population using the Pearson correlation
coefficient test. For the nickel mass, we find a coefficient of
0.40 and a p-value of 0.18 for the high-energy jet GRBs and a
coefficient of 0.35 with a p-value of 0.19 for the entire
population. For ks 1998bw, We find a coefficient of —0.16 and a
p-value of 0.48 for the high-energy jet GRBs and a coefficient
of —0.15 with a p-value of 0.46 for the entire population.
Therefore, there are again no significant correlations present.
This, along with other events in the literature (see, e.g., Tanvir
et al. 2010; MichatowskI et al. 2018), suggests a decoupling
between the central engine activity that powers relativistic
ejecta in GRBs and SN emission in GRB-SN systems.

5. Conclusion

We analyze the optical counterpart of GRB 230812B and
determine that it possesses a late-time flattening consistent with
an associated SN, SN 2023pel. SN 2023pel has a peak r-band
magnitude of M, =—19.46 + 0.18 mag and a similar brightness
to SN 1998bw while evolving on quicker timescales. We confirm
that SN 2023pel is a Type Ic-BL SN through analyzing a
spectrum taken by DEIMOS 15.5 days after the SN peak in the r
band and confirming broad Fe 1l and Si I features. We then rule
out a millisecond magnetar central engine powering the GRB-SN
(Cano et al. 2016) in the context of a dipolar, unevolving
magnetic field through an independent fitting of the X-ray and
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optical LCs. Using the Arnett (1982) radioactive decay model,
we find that SN 2023pel has a nickel mass My; =0.38 +
0.01 M, which is consistent with both the GRB-SN population
and the overall Type Ic-BL SN population. We derive a
photospheric expansion velocity of vy, = 11,300 1600 km s
at that phase and extrapolate a velocity at maximum light of
Vph = 14,800 &= 7500 km s, Using this velocity, we derive
estimates of the ejecta mass and kinetic energy: M= 1.0+
0.6 M., and Fxg = 1.3733 x 10°' erg.

Our analysis of GRB 230812B /SN 2023pel shows that SN
2023pel is a rather ordinary SN with respect to the overall
GRB-SN population. GRB 230812B/SN 2023pel adds more
evidence that the central engine and SN-powering mechanisms
are decoupled in GRB-SN systems. As optical surveys become
more sensitive in the future, we will uncover more GRB-SN
events that possess an E. ;,, between those of GRB 230812B
and GRB 221009A, a region of the parameter space that has
been sparsely explored, as seen in Figure 7. These events have
the potential to help understand why this decoupling between
the GRB central engine and SN emission occurs. Therefore, we
encourage future studies of nearby energetic GRB-SNe in order
to continue shedding light on the outstanding open questions of
the GRB-SN connection.
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Appendix

In Table 1 we show the optical photometry obtained of GRB
230812B/SN 2023pel.

Table 1
Optical Photometry and 1o Errors of GRB 230812B/SN 2023pel

tons — To (days) Telescope Filter AB mag Uncertainty
0.359 ZTF r 18.85 0.04
0.359 ZTF r 18.85 0.04
0.359 ZTF r 18.83 0.02
0.377 ZTF r 18.95 0.03
0.377 ZTF r 18.95 0.03
0.377 ZTF r 18.96 0.01
0.393 ZTF g 19.19 0.03
0.393 ZTF g 19.19 0.03
0.393 ZTF g 19.21 0.01
0.411 ZTF g 19.22 0.03
0.411 ZTF g 19.22 0.03
0.411 ZTF g 19.29 0.03
0.446 ZTF r 19.16 0.04
0.446 ZTF r 19.16 0.04
0.446 ZTF r 19.16 0.02
0.451 SEDM u 19.84 0.2
0.455 SEDM g 19.52 0.13
0.455 SEDM g 19.52 0.13
0.457 SEDM r 19.28 0.04
0.46 ZTF r 19.3 0.09
0.46 SEDM i 19.1 0.05
0.463 SEDM r 19.28 0.16
0.489 ZTF r 19.14 0.12
0.489 ZTF r 19.14 0.12
0.489 ZTF r 19.15 0.06
0.49 SEDM u 19.69 0.23
0.494 SEDM g 19.68 0.14
0.497 SEDM r 19.29 0.04
0.497 ZTF r 19.24 0.16
0.497 ZTF r 19.24 0.16
0.497 ZTF r 19.27 0.07
0.5 SEDM i 19.15 0.05
0.518 ZTF r 19.28 0.1
0.518 ZTF r 19.28 0.1
0.518 ZTF r 19.26 0.07
0.53 ZTF r 19.26 0.12
0.53 ZTF r 19.21 0.06
0.531 SEDM g 19.89 0.13
0.534 SEDM r 19.4 0.03
0.536 SEDM i 19.32 0.04
0.832 GIT r 19.98 0.05
0.85 GIT g 20.34 0.06
0.868 GIT i 19.71 0.06
1.368 SEDM g 21.09 0.15
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Table 1
(Continued)

tons — To (days) Telescope Filter AB mag Uncertainty
1.372 SEDM r 20.76 0.07
1.376 SEDM i 20.79 0.12
1.86 GIT r 21.38 0.05
2.125 LT g 21.77 0.24
2.127 LT r 21.16 0.14
2.129 LT i 21.15 0.18
3.009 HCT r 21.77 0.16
4.1 LT r 21.96 0.19
4.103 LT i 22.47 0.3
6.907 HCT r 22.04 0.18
6.91 GIT r 22.06 0.1
6.945 HCT i 22.04 0.15
9.427 SEDM i 21.67 0.23
9.916 HCT r 22.02 0.14
11.979 HCT r 21.84 0.15
13.445 LDT r 22.14 0.08
13.45 LDT i 21.76 0.11
15.436 LDT r 22.22 0.1
15.439 LDT i 21.86 0.11
18.43 LDT r 22.22 0.11
18.438 LDT i 21.8 0.07
23.074 LT r 22.49 0.22
24.382 LDT r 22.6 0.07
24.388 LDT i 21.94 0.09
27.384 LDT r 22.85 0.1
27.394 LDT i 22.21 0.08
37.385 LDT r >24.29 .
37.390 LDT i 22.86 0.06
38.340 LDT r >24.12
38.351 LDT i 22.96 0.1

Note. The photometry includes contributions from the afterglow and associated
SN and are all image-subtracted to correct for the host galaxy contribution. All
times are in the observer frame, and the magnitudes are not corrected for
Galactic extinction.
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