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A B S T R A C T 

GRB 230812B is a bright and relatively nearby ( z = 0.36) long gamma-ray burst (GRB) that has generated significant interest 
in the community and has thus been observed over the entire electromagnetic spectrum. We report over 80 observations in 

X-ray, ultraviolet, optical, infrared, and submillimetre bands from the GRANDMA (Global Rapid Advanced Network for 
Multimessenger Addicts) network of observatories and from observational partners. Adding complementary data from the 
literature, we then derive essential physical parameters associated with the ejecta and external properties (i.e. the geometry 

and environment) of the GRB and compare with other analyses of this event. We spectroscopically confirm the presence of an 

associated supernova, SN2023pel, and we derive a photospheric e xpansion v elocity of v ∼ 17 × 10 

3 km s −1 . We analyse the 
photometric data first using empirical fits of the flux and then with full Bayesian inference. We again strongly establish the 
presence of a supernova in the data, with a maximum (pseudo-)bolometric luminosity of 5.75 × 10 

42 erg s −1 , at 15 . 76 

+ 0 . 81 
−1 . 21 d (in 

the observer frame) after the trigger, with a half-max time width of 22.0 d. We compare these values with those of SN1998bw, 
SN2006aj, and SN2013dx. Our best-fitting model fa v ours a very low density environment ( log 10 ( n ISM 

/ cm 

−3 ) = −2 . 38 

+ 1 . 45 
−1 . 60 ) and 

small values for the jet’s core angle θcore = 1 . 54 

+ 1 . 02 
−0 . 81 deg and viewing angle θobs = 0 . 76 

+ 1 . 29 
−0 . 76 deg . GRB 230812B is thus one of 

the best observed afterglows with a distinctive supernova bump. 

Key words: methods: statistical – techniques: photometric – techniques: spectroscopic – gamma-ray burst: individual: GRB 

230812B – gamma-ray bursts – transients: supernovae. 
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 I N T RO D U C T I O N  

amma-ray bursts (GRBs) are energetic explosions that, with their
fterglows, emit o v er the entire range of electromagnetic radiation.
ypically, they are classified in two categories: ‘long’ (duration), last-

ng more than 2 s in the gamma/X-ray bands, and ‘short’, lasting less
han 2 s. Long GRBs are widely believed to result from the collapse
nd explosion of a very massive star, hence they are often referred
o as ‘collapsar’ and hypernova. Short GRBs are thought to result
rom the merger of a neutron star with another neutron star or with
 black hole (compact objects). In both categories, GRBs produce
ipolar jets emerging from the newly formed compact object. The jets
nteract with the surrounding matter and, through shocks, producing
afterglow’ emission, first in the X-ray band, then, as the jet slows and
eaker shocks occur, UV, optical, IR, and radio emissions. The lumi-
osity of GRB afterglows is moderately correlated with the isotropic
rompt-emission (mostly γ -ray) energy released, E iso (Gehrels et al.
008 ; Nysewander, Fruchter & Pe’er 2009 ; Kann et al. 2010 , 2011 ).
Core-collapse GRBs are also associated with an optical/near-

nfrared supernova (SN), which represents the more isotropic out-
urst (in addition to the jet) from the central e xplosiv e process (more
elow). GRB 980425/SN1998bw was the first well-documented
xample of a GRB associated with a supernova, a core-collapse event
trongly associated with a (long-duration) burst (Galama et al. 1998 ;
atat et al. 2001 ). The association between SN1998bw and GRB
80 425 was first made from the optical spectrum and location of a
ransient in a spiral arm of the galaxy ESO184-G82 (Galama et al.
998 ). Observations of such cases strengthen the fact that galaxies
ith strong star formation have greater potential for the occurrence
f long gamma-ray bursts (Bloom, Kulkarni & Djorgovski 2002 ). 
In addition to this seminal case, a number of similar associations

ave been observed since then, such as GRB 030 329 with
N2003dh (Hjorth et al. 2003 ; Stanek et al. 2003 ). Spectral
eatures of SN2003dh indicated a v ery massiv e star origin (Deng
t al. 2005 ), reinforcing the notion that the GRB resulted from a
ore-collapse process. These breakthrough observations opened
he door for the collection of a significant number of GRB-SN
ssociations, now a well-identified class of astrophysical events.
ther thoroughly studied examples include GRB 031203/SN2003lw

Malesani et al. 2004 ), GRB 060218/SN2006aj (Ferrero et al. 2006 ;
ian et al. 2006 ), GRB 100316D/SN2010bh (Cano et al. 2011 ),
RB 120422A/SN2012bz (Melandri et al. 2012 ; Schulze et al.
014 ), GRB 130702A/SN2013dx (D’Elia et al. 2015 ; Mazzali et al.
021 ), GRB 161219B/SN2016jca (Ashall et al. 2019 ), and GRB
71010A/SN2017htp (Melandri et al. 2019 ). 
Important elements which strengthen the association of super-

ovae with gamma-ray bursts (such as the abo v e cases) include the
road lines in the object’s emission spectrum, which are strongly
ypical of Type Ic supernova lines, and the association with star-
orming galaxies; such indicators provide a coherent scenario for the
RB-SN association. Still, important issues remain to be resolved,

ncluding: in which cases does a process (collapsar, merger) produce
 long or short GRB, and what are their counterparts (r-process
r not?); what powers the central engine in each case (magnetar,
adioactive heating, etc.); what kinds of jets are produced, etc. To
ddress such key questions, we need a large sample of GRB events
xhibiting multiband emission with a (supernov a/kilonov a) bump in
he light curve, characteristic lines in the spectrum, rich enough data
o give us constraints on the current models (radioactive heating,
illisecond magnetar central engine, etc.). 
Important parameters that characterize the SNe associated with

RBs include their maximum luminosity (bolometric and in various
NRAS 530, 1–19 (2024) 
ands), the time of their peak emission, and the width at half-max
f the light curv e. Man y authors often use the (less physically
eaningful) relative brightness factor k (typically compared to
N1998bw) and the (time) ‘stretch factor’ s (that is, a ‘time width’),
lso compared to SN1998bw (Cano et al. 2017 ). A grading system,
ntroduced by Hjorth & Bloom ( 2012 ), became widely adopted for
haracterizing the strength of a GRB-SN association. The grading
anges from (A), very strong (conclusive spectroscopic evidence),
o (E), the weakest associations. In the last 25 yr, there have been a
ozen cases rated A or A/B (Cano et al. 2017 ). For those, the average
eak time (in the rest frame) is ∼13.2 d, with a standard deviation of
2.6 d (computed from table 3 of Cano et al. 2017 ). 
Ho we ver, the massi ve star origin for all long GRBs has recently

een challenged by the disco v ery of a few long GRBs (GRB
11211A, GRB 230307A) associated with a kilonova, normally the
ignature of a binary compact object merger (Rastinejad et al. 2022 ;
roja et al. 2022 ; Yang et al. 2022 ; Bulla et al. 2023 ; Le v an et al.
023 ). In addition to these recent associations with kilonovae, there
re also nearby long GRBs without a detected bright SN (Fynbo
t al. 2006 ; Gal-Yam et al. 2006 ; Gehrels et al. 2006 ; Valle et al.
006 ; Jin et al. 2015 ). This evidence then produces a more nuanced
icture: while most long GRBs originate in massive star explosions,
 few may have a different origin. It is thus crucial to obtain a revised
ensus of the collapsar/merger origin for long GRBs. Events at low
edshift ( z � 0.5) offer an excellent opportunity to carry out this
easurement, as the associated SNe, if present, can be easily detected

n photometry and even confirmed spectroscopically with 10 m-class
elescopes. GRB 230812B provided us with an opportunity to further
xplore these GRB-Supernov a/Kilonov a associations. 

GRB-SN associations may also be found serendipitously with op-
ical wide-field surv e y programmes (Soderberg et al. 2008 ; Sanders
t al. 2012 ) rather than by following bursts and their afterglows.
RB 230812B was initially detected by the Fermi Gamma-ray Burst
onitor (GBM – Meegan et al. 2009 ), the Gra vitational wa ve high-

nergy Electromagnetic Counterpart All sky Monitor (GECAM), the
GILE/MCAL instrument (Casentini et al. 2023 ), and the Konus-
ind instrument (Frederiks et al. 2023 ). This GRB is the most recent

vent to exhibit a clear SN feature. 
Triggered at T 0 = 18:58:12 UT on 2023 August 12 (GBM trigger

13559497/230812790 – Fermi GBM Team 2023 ), the GRB’s light
urve in the [10–10 000] keV band showed a very bright short pulse
ith a T 90 duration (90 per cent of its fluence at [50, 300] keV) equal

o 3.264 ± 0.091 s (Roberts et al. 2023 ). The GECAM light curve
eported a value of T 90 = 4 s in the [6–1000] keV range (Xiong et al.
023 ), and Konus a total time of ∼ 20 s in the [20–1200] keV range
Frederiks et al. 2023 ), consistent with GBM’s value.The Fermi Large
rea Telescope (LAT) independently detected high energy photons
ith a maximum of 72 GeV ( T 0 + 30 s) (Scotton et al. 2023 ). 
With the sky localization probability area provided by GBM or

AT (Lesage et al. 2023 ; Scotton et al. 2023 ), a series of tiled
bservations were obtained by the Neil Gehrels Swift observatory
-ray telescope (XRT) (Gehrels et al. 2004 ), the Zwicky Transient
acility (Salgundi et al. 2023 ), and the Global MASTER-Net
Lipunov et al. 2023a ). The X-ray and UV counterpart of GRB
30812B was disco v ered 7.1 h after T 0 by Swift /XRT (Page & Swift-
RT Team 2023 ) and Swift /UV O T (Kuin & Swift/UV O T Team
023 ). The optical counterpart of GRB 230812B was found by the
wicky Transient Facility on 2023 August 13 at 03:34:56, 8.5 h
fter the GRB trigger time T 0 (Salgundi et al. 2023 ), and also
y KAIT (the Katzman Automatic Imaging Telescope – Zheng,
ilippenko & KAIT GRB team 2023 ), which provided localization
ith arcsecond accuracy . Simultaneously , the Global MASTER-Net
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obotic telescopes network reported the optical counterpart at the 
ame location (Lipunov et al. 2023b ). 

A series of photometric observations across the full electro- 
agnetic spectrum were conducted in the months following the 

rigger. Among them, we can cite as an example the Multi-
urpose InSTRument for Astronomy at Low-resolution spectra- 
mager (T193/MISTRAL) in optical (Amram et al. 2023 ; Adami 
t al. 2023a , b ), the Italian 3.6 m TNG telescope in near-infrared,
nd the Northern extended millimeter array (NOEMA) in radio (de 
garte Postigo et al. 2023b ). Spectroscopic observations were also 

onducted in parallel. It led to the measurements of the transient’s
edshift: z = 0.360 (de Ugarte Postigo et al. 2023a ). Twelve days
ater, observations using OSIRIS + mounted on the Gran Telescopio 
anarias (GTC) showed features in the spectrum characteristic of 
 GRB-SN event and matched with the spectrum of SN1998bw, 
ndicating, rather conclusively, the presence of a supernova (Agui 
ernandez et al. 2023 ; Ag ̈u ́ı Fern ́andez et al. 2023 ). 
Observations with GRANDMA (Global Rapid Advanced Network 

or Multimessenger Addicts: Antier et al. 2020a , b ; Ai v azyan et al.
022 ; Kann et al. 2023 ) observatories started on 2023 August 8-
3T13:34:22, 0.77 d after T 0 , and lasted for 38 d (Mao et al. 2023 ;
yshna et al. 2023 ). In total, more than 20 professional telescopes
nd several amateur telescopes imaged the source. 

GRB 230812B being a high-luminosity and (relatively) close-by 
urst ( z= 0.36) makes it a very worthwhile target of investigation
f the GRB and its afterglow, the SN features, and the correlations
etween the two. To compute distances, absolute magnitudes from 

pparent magnitudes, etc., we use the Planck18 cosmological 
odel from astropy (Planck Collaboration VII 2020 ); it adopts 
 flat cosmology with H 0 = 67 . 66 km s −1 Mpc −1 and �m 

= 0.310.
he observed redshift z = 0.360 then corresponds to a luminosity 
istance of 1981 Mpc; with the fluence 2.52 × 10 −4 erg cm 

−2 given
y Fermi /GBM (Roberts et al. 2023 ), we obtain the total isotropic
amma energy E γ, iso = 1 . 2 × 10 53 erg; and with the duration ( T 90 

 3.26 s) we get the mean gamma-ray isotropic luminosity L γ, iso =
1 + z) E γ, iso /T 90 = 4 . 9 × 10 52 erg s −1 . This makes this event one of
he most luminous GRB-SN events ever recorded. 

In this paper, we report observations by the GRANDMA network 
nd its partners of the bright GRB 230812B and the supernova 
named SN2023pel) that emerged in the light curve about five days 
fter the burst onset. In Section 2 , we present the observational data
rom more than two dozen instruments and the photometric methods 
e use. We also explore properties from the host galaxy (brightness,

ine-of-sight extinction). In Section 3 , we analyse our multi-epoch 
pectra from the GRB afterglow to the confirmation of the presence 
f SN2023pel. In Section 4 , we present the methods we applied
n the analysis of the afterglow light curves, using both empirical 
ts and Bayesian inference. We then present our results on the 
strophysical scenarios and processes using different jet structures 
hat best describe the data, and compare SN properties with other 
RB-associated supernovae. In Section 5 , we present some general 
iscussion and conclusions. 

 OBSERVA  T I O NA L  DA  TA  

.1 Swift XRT, UVOT 

he X-ray light curve (0.3–10 keV) of GRB 230812B was acquired 
rom the UK Swift Science Data Centre 1 (Evans et al. 2007 , 2009 ).
 https:// www.swift.ac.uk/ 

3

4

5

6

he data were extracted from the Burst Analyser 2 (Evans et al. 2010 ),
hich provides the light curves and spectra of the [0.3–10] keV

pparent flux, as well as the unabsorbed flux density at 10 keV in
ansk y units. F or the spectral energy distribution (SED) fitting to
easure the dust from the galaxy (see sections below), the [0.3–

0 keV] XRT data were grouped by 10 counts/bin using grppha , a
ubpackage from HEASOFT (version 6.31.1), for statistical purposes. 
or the other analyses, we performed a re-binning of the unabsorbed

ight curve at 10 keV by dividing the observations into eight non-
ontinuous time windows. Among these, four windows contained a 
luster of observations occurring within an hour or less, while the
emaining four had a single data point each. For each cluster, we
omputed the mean value and standard deviation to produce data 
oints in the light curve for the analysis. These values are reported
n Table A1 . 

We retrieved images taken by the Ultraviolet/Optical Telescope 
UV O T; Roming et al. 2005 ) from the Swift archive. 3 The source
as imaged using the broad-band white filter from 0.3 to 8.2 d. In

ll the images, we checked the ef fecti veness of the aspect correction.
o address the excess broadening induced by pointing jitter from the
ging attitude control system (Cenko 2023 ), a meticulous assessment 
f an early image was conducted to determine where the source
ounts merge into the background. To accommodate this, a slightly 
arger aperture of 7.5 arcsec was used for the source. All further
mages show that the source is contained in this aperture. Back-
round measurements were obtained by analysing an annular region 
xtending from 10 to 22 arcsec (after a careful background region
ositioning). The later images were summed to get a good signal-to-
oise ratio in the usual way using the Ftool uvotmaghist . 4 We
hen transformed the Vega magnitudes to AB magnitudes by adding 
.8 mag as is appropriate in white (Breeveld et al. 2011 ). 
The late-time magnitude upper limits suggest that the host galaxy 
agnitude is faint, white > 23.2. We tried deriving a near-UV
agnitude for the host galaxy from earlier observations from the 
alex gPhoton database (Million et al. 2016) , 5 but were unsuccessful

n a v oiding contamination by nearby stars. We eventually chose
he magnitude 23.54 ± 0.84 in u -band from the Sloan Digital Sky
urv e y DR7 (Abazajian et al. 2009 ) as an approximation of the
hite contribution, making sure we propagated properly its very 
onserv ati ve error bars through flux subtraction. The UV O T values,
orrected from this constant galaxy flux contribution and from Milky 
ay extinction (see below), are reported in Table A2 . 

.2 Optical data set 

e conducted simultaneous observations with GRANDMA (Antier 
t al. 2020a ), thanks to its operational platform SKYPORTAL (Coughlin
t al. 2023 ), and with associated partners, from less than a day after
he trigger time T 0 up to 38 d (see Fig. 1 ). Details on the observational
ampaign in the various networks can be found in the Appendix.
rom the images taken, we successfully extracted the photometry of 

he source and corrected it from the constant flux contribution of the
ost galaxy and from absorption by dust along the line of sight. The
ata set can be found in Table A2 . Our preliminary analysis of the
RANDMA observations has been reported publicly in the General 
oordinates Network (GCN) 6 (Mao et al. 2023 ; Pyshna et al. 2023 ).
MNRAS 530, 1–19 (2024) 

 https://swift.gsfc.nasa.gov 
 https:// heasarc.gsfc.nasa.gov/ ftools/ 
 https:// github.com/ cmillion/ gPhoton/ blob/ master/ docs/ UserGuide.md 
 https:// gcn.nasa.gov/ 

https://www.swift.ac.uk/
https://www.swift.ac.uk/burst_analyser/00021589/
https://swift.gsfc.nasa.gov
https://heasarc.gsfc.nasa.gov/ftools/
https://github.com/cmillion/gPhoton/blob/master/docs/UserGuide.md
https://gcn.nasa.gov/
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M

Figure 1. Top: Observations from this work in g -, r -, i -, and z-band (observer 
frame times). Apparent magnitudes before correction by host galaxy flux 
or for the Milky Way fore ground e xtinction; coloured filled re gions with 
arbitrary errorbars 0.2 mag wide have been added to ease the visualization 
of the light curves. Bottom: Multiband (X-ray to IR) light curves, corrected 
from host galaxy flux and the Milky Way foreground extinction. In grey are 
power laws fit to the data points up to T 0 + 5 d (see Section 4.1 ). 
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7 Accessible at http://stdweb.fa v or2.info 
8 https:// www.eso.org/ sci/ software/ eclipse/ 
9 https:// irsa.ipac.caltech.edu/ Missions/ 2mass.html 
10 http:// www.starlink.ac.uk/ docs/ sun45.htx/ sun45.html 
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.2.1 Photometry 

rior to photometry, all images were pre-processed in a telescope-
pecific way with bias and dark subtraction and flat-fielding. We
anually masked the regions of the images containing significant

maging artefacts or regions not fully corrected by the pre-processing.
lso, we derived astrometric solutions for the images where telescope
NRAS 530, 1–19 (2024) 
ipelines did not provide them by using the Astrometry.net service
Lang et al. 2010 ). 

In order to increase the signal-to-noise ratio of the images, we
esampled and coadded individual frames using the SWARP software
Bertin 2010 ) for sequences of images acquired on the same telescope
ithin a short interval of time. Then, we performed the forced
hotometry at the transient position using STDPIPE (Karpov 2021 ),
 set of Python codes for performing astrometry , photometry , and
ransient detection tasks on optical images, in the same way as Kann
t al. ( 2023 ). 

In order to simplify the analysis and quality checking of the
eterogeneous set of images from different telescopes, and to keep
rack of the results, we created a dedicated web-based application,
TDWEB , 7 which acts as a web interface to the STDPIPE library
nd provides a user-friendly way to perform all steps of its data
rocessing, from masking bad regions to image subtraction, with
horough checking of the intermediate results of every step, and
hen adjusting the settings in order to acquire optimal photometry
esults. It also contains some heuristics for the selection of an optimal
perture radius and an optimal selection of reference photometric
atalogue, refining the astrometric solution as needed, etc. 

Specifically, for the photometry on all images, we used an aperture
adius equal to the mean full-width at half-maximum (FWHM) value
stimated o v er all point-like sources in each image. For photometric
alibration, we used the Pan-STARRS DR1 catalogue (Flewelling
t al. 2020 ) for processing the images acquired in filters close to
he Sloan system. We used a spatially variable photometric zero-
oint model represented as a second-order spatial polynomial in
rder to compensate for the effects of improper flat-fielding, image
ignetting, and positionally dependent aperture correction (e.g. due
o PSF shape variations). We first performed the analysis taking into
ccount the linear colour term (using g − r for Sloan-like filters) in
rder to assess how much the individual photometric system of the
mage deviates from the catalogue one. Then, if the colour term is
egligible (e.g. smaller than 0.1), we re-run the analysis of the image
ithout the colour term, thus directly deriving the measurement in

atalogue photometric system. If the colour term is significant, we
ept it in the analysis and corrected the measurement using the known
olour of the transient. 

When the signal-to-noise ratio obtained with the forced photom-
try is below 5, we derive an upper limit for it by multiplying the
ackground noise inside the aperture by 5, and converting this flux
alue to magnitudes. For images taken too close to each other (on a
ogarithmic time-scale), we only selected the one with the best signal-
o-noise ratio. Images with a sensitivity too low ( > 1.5 apparent
agnitude brighter than nearby measurements) were excluded from

he data analysis. Images which, after subtraction of the galaxy’s
onstant flux, give a larger error bar than 0.5, were also excluded
rom our data set for this analysis. 

In parallel, the image reduction for J and K bands was carried out
sing the jitter task of the ESO-eclipse package. 8 Astrometry was
erformed using the 2MASS 

9 catalogue. Aperture photometry was
erformed using the Starlink PHOTOM package. 10 To minimize any
ystematic effect, we performed differential photometry with respect
o a selection of local isolated and non-saturated reference stars from

11 
http:// www.ukidss.org/ 

http://stdweb.favor2.info
https://www.eso.org/sci/software/eclipse/
https://irsa.ipac.caltech.edu/Missions/2mass.html
http://www.starlink.ac.uk/docs/sun45.htx/sun45.html
http://www.ukidss.org/
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Table 1. Apparent magnitudes of the host galaxy used for flux subtraction 
and the Milky Way (MW) extinction in the line of sight in different filters. 

Filter Host galaxy contribution MW extinction 
Magnitude Error 

u : white 23.54 (AB) 0.84 0.099 
g ′ 23.78 (AB) 0.12 0.077 
r ′ 22.83 (AB) 0.10 0.053 
i ′ 22.54 (AB) 0.12 0.040 
z ′ 22.34 (AB) 0.12 0.029 
J 21.82 (AB) 0.32 0.017 
K – 0.007 
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Figure 2. Spectrum of the best-fitting host galaxy model in CIGALE , con- 
strained by our estimations in ugriz and J bands. 
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.2.2 Host galaxy properties 

he host galaxy of GRB 230812B is SDSS J163631.47 + 475131.8, 
ith measurements available in SDSS DR16 (Ahumada et al. 2020 ), 
ut its photometry there is marked as unreliable. The host galaxy’s 
edshift z = 0.36 was determined through GTC spectroscopic 
bservations of emission lines (de Ugarte Postigo et al. 2023a ). We
tudied its brightness, both for host flux subtraction and spectral 
nalysis. 

Constant flux from the host at the location of GRB 230812B – To
etter characterize the host galaxy flux, we acquired the data for the
RB position from archi v al Pan-STARRS DR1 (Waters et al. 2020 )

mages in i ′ filters, and from the DESI Le gac y Surv e ys DR10 (De y
t al. 2019 ) stacked image in g ′ , r ′ , and z ′ filters. We then performed
orced photometry on these images, on the same apertures and with 
he same parameters as used abo v e for the reduction of the data
et. To convert Legacy Survey measurements to the Pan-STARRS 

hotometric system, we estimated the colour term 

12 while calibrating 
hese images. For the g ′ filter, this happened to be negligible, but for
 

′ and z ′ , we used the following equations: 

 

′ − 0 . 11 ∗ ( g ′ − r ′ ) = 22 . 73 ± 0 . 07 
 

′ − 0 . 11 ∗ ( r ′ − i ′ ) = 22 . 31 ± 0 . 11 , 

here the magnitudes g ′ , r ′ , i ′ , z ′ correspond to the Pan-STARRS
ystem. To extract r ′ and z ′ , we used the g ′ values estimated from
he Le gac y Surv e y image, and i ′ values from P an-STARRS image.
he results are summarized in Table 1 . These host flux contributions
ere then subtracted from the apparent flux to obtain the transient 
ux, combining the flux errors from the apparent magnitude and the 
ost contribution to obtain the errors on the host-subtracted flux. 
In J and K filters, there are to our knowledge no NIR detections of

he host in available surv e y catalogues. We obtained a deep late-time
 -band observation at T 0 + 60 d using the TNG telescope, finding a
agnitude of 20.91 ± 0.32 (Vega), i.e. 21.82 (AB). This approximate 

ost galaxy contribution could then be subtracted from the other TNG 

 images. Unfortunately, no late-time imaging in K -band could be 
erformed, so no host contribution could be estimated in this filter. 
Star formation rate from the host galaxy – Using these host flux 

ontributions as approximations for the observed magnitude of the 
alaxy as a whole, we apply the CIGALE 13 code (Boquien et al.
019 ) to study the spectral energy distribution (SED) of the galaxy.
his analysis constrains the model parameter space to a mass M =

1.99 ± 0.54) × 10 9 M �, a star formation rate (on the last 10 Myr)
FR = 0.17 ± 0.07 M �yr −1 , and an attenuation A V = 0.09 ± 0.06
2 The colour term C here defines the instrumental photometric system through 
atalogue magnitude and colour as m instr = m cat + C · colour cat and may be 
tted during the photometric calibration of the image. 
3 https:// cigale.lam.fr/ 

a  

a

1

ag. We show the best-fitting spectrum in Fig. 2 . Ho we ver, one
hould keep in mind that we are ef fecti vely considering the flux of the
ost galaxy within the aperture size of the transient (a few arcseconds
ecause of point spread of the instruments; to be compared with the
 kpc arcsec −1 scale at z � 0.36), and are thus missing a fraction
f the galaxy, underestimating the flux by an unknown amount that
ay bias these galaxy parameters. The SFR is especially hard to

onstrain without more UV data, so its uncertainty provided here is
ikely underestimated. 

.2.3 Line-of-sight extinction 

ilky Way (MW) extinction: We corrected the UV, griz , J , and K
ands from the MW extinction values from Schlafly & Finkbeiner 
 2011 ), computed along the line of sight by the NED calculator. 14 

hese corrections are reported in Table 1 . 
Host galaxy dust extinction: To estimate the extinction suffered 

y the afterglow due to the host galaxy dust, we created a spectral
nergy distribution (SED) from X-ray to optical at two epochs: T 0 +
.2 d, corresponding to the quasi-simultaneity of the whitegriz bands, 
nd at T 0 + 4 d, to include observations from the J, K bands; as no
uasi-simultaneous observation was available at this epoch for griJ , 
he photometric points were estimated through interpolations. We 
onsidered the typical extinction curves of MW, Large Magellanic 
loud, and Small Magellanic Cloud of Pei ( 1992 ), which gave similar

esults. 
We report the results obtained with the average SMC dust extinc-

ion la w. F or each epoch, the intrinsic spectrum was modelled with
 single or broken power law using the afterglow theory outlined
n Sari, Piran & Narayan ( 1998 ). For the broken power law, the
ifference in slope between X-ray and NIR wavelengths was set to
β = βX − βo = 0.5, which corresponds to the change in slope 

ue to the cooling break. For both epochs, the best fit of the X-
ay/NIR SED is obtained with a single power law, and the measured
ust extinction A V is compatible with zero (see Table 2 ). The higher
ncertainty in A V for T 0 + 4 d is due to higher uncertainties in the J -
nd K -band observed fluxes. The best fits of the SED at both epochs
re shown in Fig. 3 . 
MNRAS 530, 1–19 (2024) 

4 http:// ned.ipac.caltech.edu/ forms/ calculator.html 

https://cigale.lam.fr/
http://ned.ipac.caltech.edu/forms/calculator.html
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M

Table 2. Results of the spectral analysis for both epochs. 

Epoch A V (mag) β χ2 (dof) 

T 0 + 2.2 d 0.0 ± 0.075 0.710 ± 0.027 19.269 (7) 
T 0 + 4 d 0.0 ± 0.185 0.712 ± 0.036 4.773 (7) 

Figure 3. X-ray to NIR SED of the afterglow of GRB 230812B at T 0 + 

2.2 d and T 0 + 4 d (observer-frame times). The dashed lines correspond to 
the best-fitting intrinsic model (single power law). The solid lines illustrate 
the best fit to the data, including the absorption in the X-ray. The 0.3–10 keV 

XRT spectrum extracted around T 0 + 2.2 d has been rescaled and used for 
the SED at T 0 + 4 d. 
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emission was dominated by the afterglow, with a simple power-law continuum 

with absorption lines from the line of sight and emission lines from the host. 
At 12 and 15 d the supernova component is responsible for most of the 
emission, with little evolution between the two epochs. We have plotted the 
host galaxy spectrum derived from the SED fit to understand its contribution 
to the observations. 

Table 3. Identification and equi v alent width of the spectral features observed 
in the afterglow spectrum. 

Feature Obs. wavelength EW 

Å Å

Mg II 3801.01 2.55 ± 0.34 
Mg II 3811.40 1.76 ± 0.27 
MgI 3878.76 2.40 ± 0.29 
[O II ]/[O II ] 5073.53 −2.26 ± 0.15 
Ca II 5353.00 1.70 ± 0.16 
Ca II 5401.00 1.52 ± 0.15 
Ca I 5753.43 1.23 ± 0.15 
H-beta 6614.73 −0.93 ± 0.17 
[O III ] 6750.73 −0.74 ± 0.16 
[O III ] 6813.99 −1.83 ± 0.15 
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The T 0 + 2.2 d SED constrains best the host galaxy dust extinction
s A V = 0.0 ± 0.075 mag, corresponding to a reddening of E ( B −
 ) = 0.0 ± 0.026 mag for the average SMC model with R V = 2.93

this constraint is tighter than but compatible with the upper limit
 ( B − V ) < 0.07 mag (3 σ ) in Srini v asaragav an et al. ( 2024 ). This

s consistent with the CIGALE analysis finding a very low global
ttenuation. We thus chose not to apply any additional extinction
orrection to the photometric points in Table A2 . 

.3 Radio 

e also added to our data set two unique submillimetre measure-
ents from NOEMA, taken 3.8 d post T 0 : see a brief description

f the analysis in de Ugarte Postigo et al. ( 2023b ). To complete our
ultiwavelength data set at lower energies, we gathered the published

esults of radio observations of GRB230812B starting two days after
 0 and co v ering different radio bands from 1 to 15.5 GHz. We use the
ata from the Arcminute Microkelvin Imager Large-Array (Rhodes
t al. 2023 ), the Karl G. Jansky Very Large Array (Chandra et al.
023 ; Giarratana et al. 2023 ), and the upgraded Giant Meterwave
adio Telescope (Mohnani et al. 2023 ). These data are summarized

n Table A1 . No correction from the host constant flux and extinction
ere applied to these measurements. 

 SPEC TRAL  ANALYSIS  

e performed spectroscopy of the optical counterpart of
RB 230812B on 3 epochs using OSIRIS + (Cepa et al. 2000 ) on the
0.4 m Gran Telescopio Canarias (GTC) (see details in the appendix).
hese spectra, together with the host galaxy model derived from the
ED fit are shown in Fig. 4 . 
NRAS 530, 1–19 (2024) 
The first epoch was obtained 1.1 d after the GRB, when the strong
ontinuum was dominated by the power law, synchrotron emission
f the afterglow. As already mentioned by de Ugarte Postigo et al.
 2023a ), the spectrum shows a strong trace with both emission and
bsorption lines which we identify as Mg II , Mg I , Ca II , Ca I in
bsorption, and [O II ] and [O III ] in emission, at an average redshift
f 0.3602 ± 0.0006, which we identified as the refined redshift of
he GRB. The spectral features and their equi v alent widths (EW)
re displayed in Table 3 . The emission line EWs do not carry much
nformation due to the varying continuum, but the absorption features
ell us about the line of sight to the GRB within its own host galaxy.

e can calculate the line strength parameter as proposed by de
garte Postigo et al. ( 2012 ), which determines the strength of the

eatures as compared to a large sample of afterglows. The line of sight
owards GRB 230812B displays a line strength parameter of LSP =
.15 ± 0.16, indicating that the features are just slightly stronger
han the average of the sample (percentile 60 of the sample). The
nly significant difference with respect to the typical GRB spectrum
s the relative strength of Mg I with respect to Mg II . In our case Mg I ,
s relatively strong, implying that the host galaxy of GRB 230812B
s likely to have a low-ionized interstellar environment. 

The other two epochs (12.12 and 15.12 d post T 0 ) show similar,
road features typical of broad-line Ic supernovae. The second epoch
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Figure 5. Comparison of the host subtracted spectra of GRB 230812B at 
times close to the peak of SN2023pel with spectra of SN1998bw at similar 
rest frame epochs. 
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Figure 6. Posteriors of multiband fit of optical afterglow (emission up to 
5 d): log of the zero-point flux (at 1 d, 1 Hz, in mJy), α the temporal decay 
slope and β the spectral slope. 
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as a slightly redder continuum, that could be due to the cooling of
he ejecta. In our analysis, we consider that the contamination by the
fterglow continuum is negligible at these epochs. 

To analyse the clean SN spectra, we subtracted the contribution 
rom the host galaxy using the host spectrum template that was fit
o the host photometry in Section 2.2.2 . The host subtracted spectra
esemble well the ones obtained for SN1998bw at similar rest-frame 
bserving epochs as was earlier noted by Ag ̈u ́ı Fern ́andez et al.
 2023 ), who identify SN2023pel as a broad-line type Ic supernova. 

Furthermore, we use NGSF (Goldwasser et al. 2022 ) on the host-
ubtracted spectra to determine the type of SN associated with the 
urst. For the spectra taken on August 27, the best matches are indeed
hose of type Ic, the best one being SN2006aj, at phase 2 d (after
ts peak), with a reduced χ2 / dof = 1.74, followed by SN2002ap,
N2005ek, and SN1998bw with χ2 / dof = 1.77, 1.78, and 1.79, 
espectively. We note that Srinivasaragavan et al. ( 2024 ) also find
N2002ap and SN1998bw to be good matches to their spectrum. 
ee Figure 5 for a comparison of the spectra, after removing the host
ontribution, with SN1998bw. 

Additionally, we measured the photospheric velocity of 
N2023pel using host-subtracted spectra from GTC. Narrow emis- 
ion lines and artefacts were first clipped using the IRAF-based 
outine WOMBAT , and then smoothed the spectra using the the open-
ource code SESNSPECTRAPCA . 15 We measure the velocity of the 
e II line near the SN peak, a proxy for the photospheric velocity
f the SN, using ESNSPECTRALIB 

16 (Liu et al. 2016 ; Modjaz et al.
016 ). SESNSPECTRALIB computes the blue-shift of the Fe II 5169 

line between a normalized SN Ic template and the pre-processed 
nd pre-smoothed SN Ic-BL spectrum. Since the Fe II feature in a
tandard SN Ic spectrum is actually a combination of three lines
at 4924 Å, 5018 Å, 5169 Å), one can measure the relative blue
hift of the 5169 Å line in an SN Ic-BL spectrum to a normalized
N Ic template of the same phase. The uncertainty on the velocity
easurement is calculated by adding the uncertainty of the mean SN 

c template (at a particular phase) in quadrature with the uncertainty 
n the relative blue-shifted Fe II absorption velocity. We measure 
 ph = 19 000 ± 4000 km s −1 for the spectrum taken on 2023 August
4 and v ph = 17 000 ± 3000 km s −1 for the spectrum taken on 2023
ugust 27. The velocity we measure is broadly consistent with 
5 https:// github.com/ nyusngroup/ SESNspectraPCA 

6 https:// github.com/ nyusngroup/ SESNspectraLib 

p  

b  

s  

a

rini v asaragav an et al. ( 2024 ) and with that of the larger population
f GRB-SNe at a similar phase Cano et al. ( 2017 ), for which the
v erage v elocity at peak is v = 20000 ± 8000 km s −1 . 

 MULTI WAV ELENGTH  P H OTO M E T R I C  

NALYSI S  O F  G R B  2 3 0 8 1 2 B  A N D  SN2023PEL  

.1 Empirical light-cur v e analysis 

s a first empirical analysis of the afterglow, we perform a multiband
t of our data up to 5 d (Fig. 1 , bottom), to a v oid including the
ontribution from the emerging supernova. Assuming a power-law 

unction of the form F ν∝ t −αν−β , we derive a decay slope of α
 1.35 ± 0.02 and a spectral slope β = 0.74 ± 0.01 (Fig. 6 ).
e note that these values are almost identical to those obtained by

rini v asaragav an et al. ( 2024 ) for this GRB: in their work, αo =
.31 ± 0.02 and βo = 0.74 ± 0.02. These slopes give an indication
f the physical conditions in the GRB’s jet (which produces the
fterglow through shocks), particularly the electron distribution’s 
ndex p ( N e ( E ) ∝ E 

−p ). 
Using the forward shock model, different assumptions about the 

fterglow environment lead to different analytical equations and 
elations between p and α and β (Sari, Piran & Narayan 1998 ;
anaitescu & Kumar 2000 ). For instance, a fast-cooling scenario 
escribes a spectral index β = p /2 leading to an unusual p =
.48 ± 0.03, but for a slow-cooling scenario, β = ( p − 1)/2, which
ould give a more reasonable p = 2.48 ± 0.03. For the time-decay

lope α, a uniform external medium gives α = (3/4)( p − 1), which
eans p = 2.80 ± 0.04, while a wind medium gives α = (3 p − 1)/4,
 = 2.14 ± 0.04. The temporal and spectral indices are not satisfied
y the same value of p , thus, a more sophisticated model (e.g. jet with
tructure) is needed, and that is what the NMMA Bayesian inference
nalysis will undertake. 
MNRAS 530, 1–19 (2024) 
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.2 Bayesian inference for the investigation of the jet structure, 
N properties, and comparison with state of the art (using 
MMA ) 

he GRB + SN astrophysical scenario of GRB230812B is modelled
ith the combination of two independent models: the semi-analytic

ode afterglowpy (van Eerten et al. 2010 ; Ryan et al. 2020 )
llo wing for dif ferent structures of the jet, and the nugent-hyper
odel from sncosmo (Le v an et al. 2005 ) for the supernova. We have

reviously used the same models on similar Kunert et al. ( 2024 ) and
ann et al. ( 2023 ) 
In afterglowpy (van Eerten et al. 2010 ; Ryan et al. 2020 ),

he thin-shell approximation is used for handling the dynamics of
he relativistic ejecta propagating through the interstellar medium,
nd the angular structure is introduced by dissecting the blast
ave into angular elements, each of which evolves independently,

ncluding lateral expansion. The analytical descriptions in Sari, Piran
 Narayan ( 1998 ) are used for the magnetic-field amplification,

lectron acceleration, and synchrotron emission from the forward
hock. The observed radiation is then computed by performing equal-
ime arri v al surface integration. It should be noted that the model
oes not account for the presence of a reverse shock or an early
oasting phase and does not include inverse-Compton radiation.
his limits its applicability to the early afterglow of very bright
RBs. In addition, it does not allow us to explore a wind-like
edium, which may be rele v ant in a case like GRB230812B. In
ncosmo , the supernova modelization is constructed from obser-
ations of the supernova SN1998bw associated with the long GRB
80425. 
We use the Nuclear physics and MultiMessenger Astronomy

ramework NMMA (Dietrich et al. 2020 ; Pang et al. 2023 ) 17 to
 v aluate the statistical significance of the different jet structures
nd provide physical properties of the GRB afterglow and the
upernova component. 18 NMMA uses Bayesian inference that allows
s to quantify which theoretical model M fits the observational
ata set d best by computing posterior probability distributions
( θ ) = p( θ | d, M ). Here θ denotes the model’s parameters. These

osteriors are computed via Bayes’ theorem: 

( θ ) = 

p( d| θ, M ) p( θ | M ) 

p( d| M ) 
= 

L ( θ ) π ( θ) 

Z( d) 
, (1) 

here L ( θ ), π ( θ), and Z( d) are called the likelihood, the prior,
nd the e vidence, respecti vely. The nested sampling algorithm
mplemented in PYMULTINEST (Buchner 2016 ) is used for obtaining
he posterior samples and the evidence. 

Assuming a priori that the different scenarios considered are
qually likely to explain the data, the plausibility of M 1 over M 2 is
uantified by the Bayes factor 

 = 

p( d| M 1 ) 

p( d| M 2 ) 
, (2) 

ith B > 1( ln B > 0) indicating a preference for M 1 , and vice
 ersa. Giv en a set of AB magnitude measurements { m 

j 

i ( t i ) } (and
he associated statistical uncertainties σ j 

i ) across different times { t i }
NRAS 530, 1–19 (2024) 

7 https:// github.com/ nuclear -multimessenger -astronomy/nmma 
8 In order to study and compare the statistical significance between different 
RB + SN scenarios in NMMA , we assessed as a first step how statistically 

a v oured the GRB + SN scenario (regardless of the jet structure) is compared to 
 compact object merger scenario. This study is presented in the Appendix D . 

P  

o  

−  

n  

2  

1

b

nd filters { j } , the likelihood is given by 

 ( θ ) = 
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ij 

1 √ 

2 π (( σ j 

i ) 2 + ( σsys ) 2 ) 
exp 
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(
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i − m 
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i ( θ ) 

)2 

( σ j 

i ) 2 + ( σsys ) 2 

⎞ 

⎟ ⎠ 

,(3

here m 

j, est 
i ( θ ) is the estimated AB magnitude for the parameters θ

i ven dif ferent models. Moreover, as an improvement over Kunert
t al. ( 2024 ) and Kann et al. ( 2023 ), the systematic uncertainty σ sys 

s treated as a free parameter and sampled o v er during the nested
ampling and not kept fixed at a particular value. Therefore, the
esulting posterior of σ sys can also be interpreted as the goodness of
t. The lower the σ sys , the better the fit, and vice versa. 
We have analysed our full data set (X-ray, UV, optical, IR, and

adio) 19 with NMMA . All the values quoted in this section are medians
ith a 95 per cent credible interval as uncertainty. 

.2.1 Jet structure 

e vary the jet structure of the GRB to try to characterize or
o constrain the jet. To do this, we considered Gaussian (Gauss)
nd power-law (Power-law) jet structures. Gaussian jets feature an
ngular dependence E( θobs ) ∝ exp ( −θ2 

obs / (2 θ
2 
c )) for θobs ≤ θw , with

w being an additional free parameter. A power-law jet features an
ngular dependence E ( θobs ) ∝ (1 + ( θobs / θ c ) 2 / b ) −b /2 for θobs ≤ θw ,
ith θw and b being additional parameters. The resulting log Bayes

actor ln B of Po wer-law + SN relati ve to Tophat + SN and Gauss + SN
s found to be 18.360 ± 0.020 and 17.356 ± 0.020, respectively,
emonstrating a preference for the power-law jet. 
The light-curve fits of our best-performing model, i.e. Power-

aw + SN, are shown in Fig. 7 . The posterior distributions of the
RB + SN models for all jet structures considered in this work are

hown in Fig. 8 (with corresponding priors displayed in Table 4 ).
he corresponding best-fitting light curves are shown in Fig. D1 in

he Appendix. 
Given the Bayes factors with the interpretation of Jeffreys ( 1961 )

nd Kass & Raftery ( 1995 ), one will conclude that the power-law jet is
ecisively fa v oured against the Gaussian and the top-hat jets. Yet, as
reviously explained, the models presented in afterglowpy have
imitations for early-time GRB afterglow, and the early-time data
re also the main source of discriminatory power between different
et structures (as seen in Fig. D1 ). Thus one can only conclude that
here is a preference for power-law jet structure over top-hat and
aussian jet structures, but it is not a confirmation for detecting such
 structure. 

In Fig. 8 , we present the NMMA posteriors for the source parameters,
amely the isotropic energy E 0 , the interstellar medium density n ISM 

,
he viewing angle θobs , the half-opening angle of the jet core θ core ,
nd the microphysical parameters { p , εe , εB } (the power-law index
f the electron energy distribution, the fraction of energy in electrons,
he fraction of energy in the magnetic field, respectively) using the
ifferent jet structure models with SN. 
The numerical results for the posteriors and the associated pri-

rs can be found in Table 4 . For the best-fitting model, namely
ower-law + SN, the posterior of p gives p = 2 . 04 + 0 . 04 

−0 . 02 . More-
 v er, we find log 10 ( E 0 / erg ) = 52 . 82 + 0 . 35 

−0 . 31 and log 10 ( n ISM 

/ cm 

−3 ) =
2 . 38 + 1 . 45 

−1 . 60 which is rather low. If such an inferred low-density is
ot uncommon in long GRBs (GRB 990123 – Granot & Taylor
005 ; GRB 090510 – Corsi, Guetta & Piro 2010 ; Joshi & Razzaque
9 With the exception of the K band, for which host flux contributions cannot 
e computed due to the absence of late-time observations. 

https://github.com/nuclear-multimessenger-astronomy/nmma
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Figure 7. Best-fitting light curves of the Power-law + SN model. Datapoints 
are reported in the observer frame. 
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021 ; GRB 140515A – Melandri et al. 2015 ; GRB 160509A – Fraija
t al. 2020 ), it remains surprising in this case where the supernova
ssociation is strong evidence for a massive progenitor. This may 
eflect a strong reduction of the progenitor mass-loss in the last
enturies before the collapse or that the environment had likely been 
lown away before the jet’s interaction with it. The fractions of

nergy in the electrons and in the magnetic field are εe = 10 −0 . 10 + 0 . 10 
−0 . 29 

nd εB = 10 −2 . 29 + 1 . 02 
−0 . 94 ; and the jet’s core angle θcore = 1 . 54 + 1 . 02 

−0 . 81 deg 
nd viewing angle θobs = 0 . 76 + 1 . 29 

−0 . 76 deg . 

.2.2 Investigation on the X-ray residual 

ig. 7 shows that the best-fitting model has substantial residuals in 
he X-ray band, especially at earlier times. To further understand this
henomenon, we have performed additional analyses considering 
ata up to 5 d after trigger time, all with the power-law model,
he best-performing GRB model considered. The analyses consider 
ither only the X-ray data or only the UV, optical, and IR (UVOIR)
ata. The results vary in significance, as demonstrated, for instance, 
y the electron energy distribution index p . The analysis with the
VOIR data set gives p = 2 . 39 + 0 . 11 

−0 . 14 , whereas the analysis with
nly X-ray data gives p = 2 . 25 + 0 . 22 

−0 . 27 . We should, however, note
he limitations of this restricted analysis as it results in posterior
istributions that are less constrained due to the lower amount 
f data considered, in the X-ray band, in particular. Moreo v er,
fterglowpy does not include early-time components such as a 

everse shock or inverse-Compton radiation. The UVOIR data have 
 higher weight in the Bayesian analysis due to the higher number of
ata points in those bands, and since the SN model used here does not
upport the X-ray band, we can ascribe the high residuals in the X-
ay band to a combined effect of the different sizes of the data sets in
ifferent filters and a limitation of the models considered in this work.

.2.3 Comparison of SN2023pel with other GRB-associated SNe 

e compare the luminosity of SN2023pel with those of several well-
tudied GRB-associated supernovae, namely SN1998bw, SN2006aj, 
nd SN2013dx (Mazzali et al. 2021 ). To do this, we use the bolometry
ool from SNooPy (Burns et al. 2011 ) 20 to obtain a bolometric light
urve in the (450–1050) nm range. We grouped our griz and J -band
ata points (see Table A2 ) into 1-d bins. When an optical band has no
bserved data in a bin, we use the flux from the best-fitting model light
urves as a proxy. We then subtract the bolometric flux from the GRB
omponent of the best-fitting model from the total curve in order to
et the SN component. Our results are shown in Fig. 9 . We compare
he maximum luminosities, the peak times, and half-max time widths 
f those four supernovae (SN2023pel, SN1998bw, SN2006aj, and 
N2013dx, see Table 5 ). SN2023pel has a (rest-frame) peak time of
1.6 d, close to that of SN2013dx, but shorter than for SN1998bw
nd longer than for SN2006aj. It is also consistent with the average
eak-time of 13.2 ± 2.6 d that Cano et al. ( 2017 ) find for a collection
f GRB-SN e vents. Ho we ver, SN2023pel notably declines somewhat
aster than the other three, especially SN1998bw, with a half-max 
ime width of 16.2 d compared to 36.0 d for the latter. We also note
he dif fering e volution of the supernov a in each band, e.g. the half-
ax time widths in the i ′ and r ′ bands, measured in the source frame,

re 17 . 32 + 1 . 27 
−1 . 23 d and 13 . 30 + 0 . 97 

−0 . 96 d, respectively. 
Additionally, we compute the brightness factor k SN and (time) 

tretch factor s SN (both relative to SN1998bw) to compare SN2023pel 
ith the results of the recent Srini v asaragav an et al. ( 2024 ) paper
n this supernova. We find k SN = 1 . 08 + 0 . 09 

−0 . 10 and s SN = 0 . 67 + 0 . 05 
−0 . 05 ,

espectiv ely. F or comparison, Srinivasaragavan et al. ( 2024 ) find k SN 

0.92 and s SN ≈ 0.76, yielding good agreement. Looking at the 
nown correlation between brightness and time-stretch (see fig. 3 in 
ano et al. 2017 ), SN2023pel is the brightest one among events of

imilar characteristic times, but still compatible with the distribution. 
Further investigations have been pursued by Srini v asaragav an et al.

 2024 ) to contextualize GRB 230812B/SN 2023pel with respect 
o a complete GRB-SN population beyond the three examples 
entioned abo v e [see Section 4.3 of Srini v asaragav an et al. ( 2024 )].
heir comparison (using statistical correlations between L γ , iso and 
 SN , 1998bw , L γ , iso and M Ni ) shows that SN 2023pel is a rather ordinary
N with respect to the o v erall GRB-SN population, adding more
vidence that the central engine and SN powering mechanisms are 
ecoupled in GRB-SN systems. 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

RB 230812B was a bright and relatively nearby gamma-ray burst 
hat displayed a number of important features: it was accompanied 
y a luminous supernova, it produced radiation from a high energy
f 72 GeV down to radio wavelengths, and was observed for at least
 few months since the initial burst, which was detected by several
pace detectors. Dozens of images and measurements were taken 
rom observatories across the world, including some 80 data points 
rom our GRANDMA network and partner institutions, necessitating 
ot only careful reductions and analyses but also subtractions of 
ackgrounds, host, and Milky Way Galaxy absorption (dust) and 
xtinction corrections, etc. 
MNRAS 530, 1–19 (2024) 

https:// csp.obs.carnegiescience.edu/ data/ snpy 

https://csp.obs.carnegiescience.edu/data/snpy
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M

Figure 8. Posterior distribution using different jet models of afterglowpy and nugent-hyper for the supernova component. 
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With a duration T 90 of 3.264 ± 0.091 s (in the [50–300] keV
and), GRB 230812B falls in the ‘long’ category, thus (in princi-
le) the result of a v ery massiv e star’s collapse, which produces
owerful jets and (oftentimes) a more isotropic supernova, which
ay be detected several days after the initial burst and afterglow.
o we ver, moti v ated by recent cases indicating that ‘long’ GRBs
ay sometimes display kilonova characteristics (which are normally

ssociated with ‘short’, merger-type GRBs) and vice versa (‘short’
RBs displaying collapsar-type characteristics), it w as w orthwhile

o analyse this GRB’s multiband emission to see if it is best fit with a
upernova or a kilonova, in addition to determining its jet properties,
.e. geometry (observed and core angle) and physical parameters
electron and magnetic field energy fractions, etc.). 

In a nutshell, our analyses (both photometric and spectral) found
 clear confirmation of a supernova, and, using NMMA , a GRB best fit
NRAS 530, 1–19 (2024) 
y a high (but not abnormal) total energy E 0 = 10 52 . 82 + 0 . 35 
−0 . 31 erg. The

ssociated supernova SN2023pel peaked 15 . 76 + 0 . 81 
−1 . 21 d (in the observer

rame) after the trigger, consistent with Srini v asaragav an et al. ( 2024 )
or this supernova and similar to cases of strong GRB-SN associa-
ions (Cano et al. 2017 ). We also plotted pseudo-bolometric light
urves for SN2023pel and three other GRB-associated supernovae
SN1998bw, SN2006aj, SN2013dx); we found this new one to have
volved similarly to the others, albeit somewhat faster (especially in
ecay times). 

Our best-fitting model also gave a very low ambient density

 ISM 

= 10 −2 . 38 + 1 . 45 
−1 . 60 cm 

−3 , similar to a number of previously modelled
ases (see the brief discussion and references given above). Further
nvestigations with different models are called for to confirm and
nderstand all these findings. 
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Table 4. NMMA – Parameters and prior bounds employed in our Bayesian inferences. We report median posterior values at 95 per cent credibility for various 
physical scenarios and jet structures for the GRB. ‘Uniform’ refers to an uniform distribution, and ‘LogUniform’ refers to an uniform distribution for the log of 
the parameter. N ( μ, σ 2 ) refers to a Gaussian distribution with mean μ and variance σ 2 . 

Parameter Prior Prior range Tophat + SN Gauss + SN Power-law + SN 

(log-) Isotropic afterglow energy E 0 (erg) Uniform [47, 57] 52 . 91 + 2 . 20 
−0 . 78 52 . 58 + 2 . 00 

−0 . 42 52 . 82 + 0 . 35 
−0 . 31 

(log-) Ambient medium’s density n ism 

( cm 

−3 ) Uniform [ − 6, 3] −1 . 36 + 1 . 34 
−2 . 94 −1 . 38 + 1 . 30 

−2 . 27 −2 . 38 + 1 . 45 
−1 . 60 

(log-) Energy fraction in electrons εe Uniform [ − 5, 0] −0 . 13 + 0 . 13 
−0 . 49 −0 . 12 + 0 . 12 

−0 . 43 −0 . 10 + 0 . 10 
−0 . 29 

(log-) Energy fraction in magnetic field εB Uniform [ − 10, 0] −4 . 02 + 1 . 83 
−2 . 65 −3 . 56 + 1 . 59 

−2 . 52 −2 . 29 + 1 . 02 
−0 . 94 

Electron distribution power-law index p Uniform [2.01, 3] 2 . 25 + 0 . 09 
−0 . 19 2 . 15 + 0 . 16 

−0 . 09 2 . 04 + 0 . 04 
−0 . 02 

Viewing angle θobs (deg) N (0 , θ2 
core ) – 2 . 77 + 2 . 24 

−2 . 42 2 . 20 + 2 . 28 
−2 . 11 0 . 76 + 1 . 29 

−0 . 76 

Jet core’s opening angle θ core (deg) Uniform [0.6, 18] 4 . 96 + 3 . 30 
−4 . 20 3 . 96 + 2 . 45 

−3 . 09 1 . 54 + 1 . 02 
−0 . 81 

‘Wing’ truncation angle θwing (deg) Uniform [0.6, 45] – 25 . 18 + 19 . 77 
−17 . 50 18 . 25 + 19 . 07 

−11 . 48 

Power-law structure index b Uniform [0.1, 7] – – 1 . 64 + 0 . 49 
−0 . 47 

Angle ratio θobs / θ core – – 0 . 56 + 0 . 23 
−0 . 21 0 . 64 + 0 . 41 

−0 . 57 0 . 49 + 0 . 91 
−0 . 49 

Supernova boost k SN Uniform [0.01, 100] 1 . 06 + 0 . 18 
−0 . 18 1 . 08 + 0 . 15 

−0 . 15 1 . 08 + 0 . 09 
−0 . 10 

Supernova stretch s SN Uniform [0.1, 5.0] 0 . 69 + 0 . 08 
−0 . 07 0 . 68 + 0 . 07 

−0 . 07 0 . 67 + 0 . 05 
−0 . 05 

Systematic error σ sys LogUniform [0.01, 2.0] 0 . 28 + 0 . 08 
−0 . 08 0 . 28 + 0 . 08 

−0 . 07 0 . 14 + 0 . 06 
−0 . 05 

Figure 9. Comparison of pseudo-bolometric ( grizJ ) luminosity (erg s −1 ) 
of SN2023pel with those of SN1998bw, SN2006aj, and SN2013dx. The 
dotted line shows the light curve computed from the best-fitting nugent- 
hyper model, while the points with error bars are the observational data 
after subtraction of the best-fitting GRB component. 

Table 5. Comparison of maximum pseudo-bolometric luminosities, (rest- 
frame) peak times and half-max time widths of SN2023pel, SN1998bw, 
SN2006aj, and SN2013dx. 

SN L max Peak time Half-max 
(erg s −1 ) (d) time width (d) 

SN2023pel 5.75 × 10 42 11.6 16.2 
SN1998bw 5.67 × 10 42 15.3 36.0 
SN2006aj 3.80 × 10 42 9.50 26.9 
SN2013dx 7.10 × 10 42 12.3 25.1 

v  

a
e
e
t  

i
≈  

w  

a
θ

p

G
d
t  

i  

t  

s
1  

w
a

 

o  

e
t  

o
t
o

A

T
C
v
T  

e  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/1/7631370 by guest on 16 M
ay 2024
Our NMMA framework/simulation also gave best-fitting parameter 
alues for the jet’s geometry (shape and core and viewing angles)
nd physical conditions (electron energy distribution index, electron 
nergy fraction, and magnetic field energy fraction). The jet’s geom- 
try/shape was best described by the (angular) ‘power-law’ model; 
he electron energy distribution index p was found to be ≈2.1, which
s quite typical; the best-fitting magnetic field energy fraction εB was 

10 −2.4 , also quite typical. Ho we ver, the electron energy fraction

as found to be rather high: εe ≈ 0.5 − 1 (10 −0 . 10 + 0 . 10 
−0 . 29 ). The jet’s core

nd viewing angles were found to be small: θcore = 1 . 54 + 1 . 02 
−0 . 81 deg and 

obs = 0 . 76 + 1 . 29 
−0 . 76 deg , respectively. Despite these atypical values, the 

arameters still allow an on-axis jet scenario. 
GRB 230812B, bright and relatively close-by, provided us (the 

RANDMA network and its partners) the opportunity to perform 

ozens of observations in UV, optical, near infrared, and submillime- 
re resulting in some 80 high-quality data points. The light curves
n optical showed a distinctiv e superno va bump, SN2023pel, which
urned out to be about as bright as the famous SN1998bw. Our
pectroscopic analysis determined a photospheric velocity v ph = 

7 000 ± 3000 km s −1 near the peak, and the host-subtracted spectra
as best fit by SN2006aj, slightly better than SN2002ap, SN2005ek, 

nd SN1998bw. 
The rich data that we have produced, coupled with data from

ther groups (Srini v asaragav an et al. 2024 ) and facilities, will help
xplore this event and other GRB-SN associations with additional 
ools and models. Co v ering nine orders of magnitude in frequency,
ur multiband analysis presented some information about the jet and 
he supernova, but further investigations can help confirm or refine 
ur results. 
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PPENDI X  A :  P H OTO M E T R I C  OBSERVATIO NS  

ETA I LS  

n this section, we detail observations for GRB 230812B by 
RANDMA and associated partners. The observations of the optical 

fterglow of GRB 230812B started on 2023-08-13T13:34:22 UTC, 
8.5 h after the trigger by the Fermi Gamma-ray Burst Monitor
GBM), with the GMG 2.4-m telescope, located at the Lijiang 
tation of Yunnan Observatories. In the context of GRANDMA, this 
rst observation was conducted after the GRANDMA collaboration 
ecided to follow up on this GRB, which goes beyond its standard
ra vitational-wa ve follow-up programme, 12 h after the trigger time.
e measured a magnitude of 19.9 ± 0.1 in the R band. The TAR O T

elescopes and other automated systems were inactive during that 
eriod. 
The full observational campaign lasted 38 d and ended with ob-

ervations performed by the 2-m at Observatoire de Haute Pro v ence.
MNRAS 530, 1–19 (2024) 

http://dx.doi.org/10.1088/0004-637X/720/2/1008
http://dx.doi.org/10.1093/mnras/sty1066
http://dx.doi.org/10.3847/1538-4365/acdee1
http://dx.doi.org/10.1051/0004-6361/201425381
http://dx.doi.org/10.1051/0004-6361/201219894
http://dx.doi.org/10.1086/429284
http://dx.doi.org/10.3847/1538-3881/ab089d
http://dx.doi.org/10.1126/science.abb4317
http://dx.doi.org/10.1051/0004-6361:20077530
http://dx.doi.org/10.1111/j.1365-2966.2009.14913.x
http://dx.doi.org/10.1051/0004-6361/201014819
http://dx.doi.org/10.1051/0004-6361:20065530
http://dx.doi.org/ 10.3847/1538-4365/abb82d 
http://dx.doi.org/10.3847/1538-4357/abc41a
http://dx.doi.org/10.1038/nature05375
http://dx.doi.org/10.1038/nature05373
http://dx.doi.org/10.1038/27150
http://dx.doi.org/10.1086/422091
http://dx.doi.org/10.1038/nature05376
http://dx.doi.org/10.1086/592766
http://dx.doi.org/10.1088/1538-3873/ab006c
http://dx.doi.org/10.1086/429536
http://dx.doi.org/10.1038/nature01750
http://dx.doi.org/10.1088/2041-8205/811/2/L22
http://dx.doi.org/10.1093/mnras/stab1329
http://dx.doi.org/10.1088/0004-637X/720/2/1513
http://dx.doi.org/10.1088/0004-637X/734/2/96
http://dx.doi.org/10.3847/2041-8213/acc8d0
http://dx.doi.org/10.1038/nature24453
http://dx.doi.org/10.1080/01621459.1995.10476572
http://dx.doi.org/
http://dx.doi.org/10.1088/0004-6256/139/5/1782
http://dx.doi.org/10.1086/428657
http://dx.doi.org/10.3847/0004-637X/827/2/90
http://dx.doi.org/10.1086/422684
http://dx.doi.org/10.1093/mnras/stab1594
http://dx.doi.org/10.1088/0004-637X/702/1/791
http://dx.doi.org/10.1051/0004-6361/201219879
http://dx.doi.org/10.1051/0004-6361/201526660
http://dx.doi.org/10.1093/mnras/stz2900
http://dx.doi.org/ 10.3847/1538-4357/833/2/292
http://dx.doi.org/10.3847/0004-637X/832/2/108
http://dx.doi.org/10.1088/0004-637X/701/1/824
http://dx.doi.org/10.1051/aas:2000169
http://dx.doi.org/10.1086/317090
http://dx.doi.org/10.1038/s41467-023-43932-6
http://dx.doi.org/10.1086/321526
http://dx.doi.org/10.1086/171637
http://dx.doi.org/10.1038/nature05082
http://dx.doi.org/ 10.1051/0004-6361/201935201
http://dx.doi.org/10.1038/s41586-022-05390-w
http://dx.doi.org/10.1007/s11214-005-5095-4
http://dx.doi.org/10.3847/1538-4357/ab93cf
http://dx.doi.org/10.1086/311269
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://dx.doi.org/10.1051/0004-6361/201423387
http://dx.doi.org/
http://dx.doi.org/10.3847/2041-8213/ad16e7
http://dx.doi.org/10.1086/376976
http://dx.doi.org/10.1088/1538-3873/aabadf
http://dx.doi.org/10.1038/s41586-022-05327-3
http://dx.doi.org/10.1038/nature05374
http://dx.doi.org/
http://dx.doi.org/10.1111/j.1365-2966.2009.16109.x
http://dx.doi.org/10.3847/1538-4365/abb82b
http://dx.doi.org/10.1038/s41586-022-05403-8


14 T. Hussenot-Desenonges et al. 

MNRAS 530, 1–19 (2024) 

Table A1. X-ray and radio data used in this work. ‘Delay’ is the time interval between the start of the observation ( T start ) and the Fermi GBM’s GRB trigger 
time (2023-08-12T18:58:12). We display both the unabsorbed flux densities and the corresponding computed AB magnitudes. 

T start Delay Band Flux Instrument 
UT MJD (d) (s) Central frequency AB Magnitude Flux density (Jy) Error (Jy) 

X-ray bands 
2023-08-13T02:15:22 60169.094 0.304 26230 10 keV 25.50 ± 0.45 2.29 × 10 −7 9.5 × 10 −8 Swift XRT 

2023-08-13T03:48:00 60169.158 0.368 31788 10 keV 25.78 ± 0.35 1.77 × 10 −7 5.7 × 10 −8 Swift XRT 

2023-08-13T05:20:10 60169.222 0.432 37317 10 keV 26.45 ± 0.37 9.55 × 10 −8 3.3 × 10 −8 Swift XRT 

2023-08-15T00:20:43 60171.014 2.224 192151 10 keV 28.01 ± 0.25 2.27 × 10 −8 5.3 × 10 −9 Swift XRT 

2023-08-15T06:25:05 60171.267 2.477 214012 10 keV 28.28 ± 0.26 1.77 × 10 −8 4.2 × 10 −9 Swift XRT 

2023-08-18T22:40:51 60174.945 6.155 531759 10 keV 30.15 ± 0.20 3.15 × 10 −9 5.7 × 10 −10 Swift XRT 

2023-08-24T07:02:27 60180.293 11.503 993854 10 keV 30.25 ± 0.23 2.89 × 10 −9 6.1 × 10 −10 Swift XRT 

2023-08-29T05:47:45 60185.241 16.451 1421373 10 keV 31.41 ± 0.59 9.94 × 10 −10 5.4 × 10 −10 Swift XRT 

Radio bands 
2023-08-14T18:13:52 60170.760 1.969 170139 15.5 GHz 17.78 ± 0.16 2.8 × 10 −4 4 × 10 −5 AMI-LA 

2023-08-15T01:52:24 60171.078 2.288 197652 6 GHz 18.00 ± 0.05 2.3 × 10 −4 1 × 10 −5 VLA 

2023-08-15T01:52:24 60171.078 2.288 197652 10 GHz 18.17 ± 0.04 1.96 × 10 −4 7 × 10 −6 VLA 

2023-08-16T13:49:00 60172.576 3.785 327048 75 GHz 18.55 ± 0.33 1.38 × 10 −4 4.2 × 10 −5 NOEMA 

2023-08-16T13:49:00 60172.576 3.785 327048 90 GHz 18.87 ± 0.40 1.03 × 10 −4 3.8 × 10 −5 NOEMA 

2023-09-02T18:24:52 60189.767 20.977 1812399 3 GHz 20.19 ± 0.40 3.06 × 10 −5 1.12 × 10 −5 VLA 

2023-09-02T18:24:52 60189.767 20.977 1812399 6 GHz 19.67 ± 0.17 4.92 × 10 −5 7.9 × 10 −6 VLA 

2023-09-02T18:24:52 60189.767 20.977 1812399 6 GHz 20.27 ± 0.39 2.82 × 10 −5 1.01 × 10 −5 VLA 

2023-09-17T11:30:00 60204.479 35.689 3083508 1.26 GHz > 19.82 < 4.3 × 10 −5 – uGMRT 

Table A2. UVOIR observations of GRB 230812B. In column (2), T (s) is the time delay between the start of the observation and the Fermi GBM’s GRB trigger 
time (2023-08-12T18:58:12), all in days. Column (5) gives apparent magnitudes or 5- σ upper-limits in the AB system, without any correction. Column (6) 
gives magnitudes in the AB systems for the afterglow and the associated SN, i.e. corrected for the host galaxy and the dust from the MW (AG + SN). When 
only upper limits were obtained, we corrected only for the MW dust. In Column (7), a cross means we did use this data point for the Bayesian analysis; in some 
cases the data were not used due to redundancy, i.e. a better measurement was made by another telescope at about the same time. 

T start T start (d) Filter Exposure Magnitude Corrected Magnitude Telescope Analysis 
UT MJD T-T GRB 

(1) (2) (3) (4) Apparent (5) AG + SN (6) (7) 

uv band 
2023-08-13T02:01:49 60169.085 0.294 white – 19.05 ± 0.03 18.97 ± 0.03 UV O T x 
2023-08-13T03:33:56 60169.149 0.358 white – 19.36 ± 0.03 19.28 ± 0.04 UV O T x 
2023-08-13T05:12:56 60169.217 0.427 white – 19.58 ± 0.04 19.51 ± 0.05 UV O T x 
2023-08-15T00:12:30 60171.009 2.218 white – 21.62 ± 0.11 21.72 ± 0.21 UV O T x 
2023-08-17T12:14:49 60173.510 4.720 white – 22.77 ± 0.23 23.40 ± 0.88 UV O T x 
2023-08-19T04:17:04 60175.179 6.388 white – > 22.82 > 22.72 UV O T x 

g band 
2023-08-13T04:50:07 60169.201 0.411 g ′ 1 × 300 s 19.22 ± 0.10 19.14 ± 0.10 ZTF x 
2023-08-13T18:00:11 60169.750 0.960 g ′ 10 × 180 s 20.49 ± 0.08 20.47 ± 0.08 KAO x 
2023-08-13T20:09:14 60169.840 1.049 g ′ 4 × 240 s 20.50 ± 0.03 20.48 ± 0.03 CAHA –
2023-08-14T12:47:47 60170.533 1.743 g ′ 1 × 600 s 21.00 ± 0.14 21.01 ± 0.15 GMG x 
2023-08-14T23:41:38 60170.987 2.197 g ′ 1 × 600 s 21.6 ± 0.03 21.68 ± 0.04 NOT x 
2023-08-15T20:48:26 60171.867 3.077 g ′ 4 × 300 s 22.18 ± 0.09 22.39 ± 0.10 CAHA x 
2023-08-18 20:57:22 60174.873 6.083 g ′ 4 × 300 s 22.24 ± 0.3 22.46 ± 0.40 CAHA x 
2023-08-19T19:35:17 60175.816 7.026 g ′ 14 × 180 s > 21.2 > 21.1 KAO –
2023-08-21T22:00:18 60177.917 9.126 g ′ 3 × 500 s 22.83 ± 0.05 23.34 ± 0.12 NOT x 
2023-09-04T15:03:01 60191.627 22.840 g ′ 2 × 600 s > 21.8 > 21.7 GMG –
2023-09-12T6:38:16 60199.277 30.486 g ′ 10 × 30 s 23.32 ± 0.05 24.40 ± 0.27 CFHT-MegaCAM x 

r band 
2023-08-13T03:34:57 60169.149 0.359 r ′ 1 × 300 s 18.85 ± 0.05 18.80 ± 0.05 ZTF x 
2023-08-13T18:41:01 60169.778 0.989 r ′ 10 × 180 s 20.19 ± 0.11 20.24 ± 0.12 KAO x 
2023-08-13T20:09:15 60169.840 1.050 r ′ 4x300 s 20.39 ± 0.05 20.46 ± 0.06 T193/MISTRAL x 
2023-08-13T20:23:43 60169.850 1.059 r ′ 4 × 240 s 20.38 ± 0.02 20.45 ± 0.03 CAHA –
2023-08-14T12:58:38 60170.541 1.750 r ′ 1 × 600 s 20.98 ± 0.06 21.15 ± 0.08 GMG x 
2023-08-14T23:24:41 60170.975 2.185 r ′ 1 × 600 s 21.28 ± 0.04 21.52 ± 0.06 NOT x 
2023-08-15T16:36:09 60171.692 2.901 r ′ 6 × 100 s 21.60 ± 0.10 21.97 ± 0.15 NOWT x 
2023-08-15T21:12:19 60171.884 3.093 r ′ 3 × 300 s 21.78 ± 0.1 22.25 ± 0.17 CAHA –
2023-08-17T00:31:21 60173.0218 4.231 r ′ 18 × 600 s 21.78 ± 0.04 22.25 ± 0.09 NOT x 
2023-08-17T15:36:49 60173.651 4.860 r ′ 18 × 200 s 22.15 ± 0.15 22.93 ± 0.34 NOWT x 
2023-08-17T21:46:15 60173.907 5.117 r ′ 1 × 1200 s 21.85 ± 0.1 22.36 ± 0.18 T193/MISTRAL x 
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Table A2 – continued 

T start T start (d) Filter Exposure Magnitude Corrected Magnitude Telescope Analysis 
UT MJD T-T GRB 

(1) (2) (3) (4) Apparent (5) AG + SN (6) (7) 

2023-08-18T20:55:50 60174.872 6.081 r ′ 1 × 600 s 21.90 ± 0.04 22.45 ± 0.10 NOT x 
2023-08-18T21:22:09 60174.890 6.100 r ′ 3 × 300 s 21.71 ± 0.14 22.14 ± 0.22 CAHA x 
2023-08-19T17:11:42 60175.716 6.926 r ′ 15 × 200 s 21.59 ± 0.07 21.95 ± 0.11 NOWT x 
2023-08-21T16:41:57 60177.696 8.905 r ′ 16 × 100 s 21.55 ± 0.07 21.90 ± 0.11 NOWT x 
2023-08-21T18:37:20 60177.776 8.986 r ′ 18 × 180 s 21.40 ± 0.13 21.69 ± 0.18 KAO x 
2023-08-21T21:32:28 60177.898 9.107 r ′ 1 × 600 s 21.76 ± 0.04 22.21 ± 0.09 NOT x 
2023-08-22T21:10:00 60178.882 10.092 r ′ 15 × 300 s 21.62 ± 0.06 22.00 ± 0.1 C2PU x 
2023-08-26T22:45:58 60182.949 14.158 r ′ 1 × 600 s 21.64 ± 0.09 22.03 ± 0.14 NOT x 
2023-09-04T15:23:48 60191.642 22.850 r ′ 2 × 600 s > 21.7 > 21.65 GMG –
2023-09-05T14:33:44 60192.607 23.816 r ′ 16 × 100 s > 21.9 > 21.85 NOWT –
2023-09-07T22:14:52 60194.927 26.136 r ′ 3 × 1800 s 22.12 ± 0.03 22.86 ± 0.13 NOT x 
2023-09-09T19:30:00 60196.813 28.022 r ′ 5 × 600 s 22.35 ± 0.10 23.41 ± 0.33 NAO-2m x 
2023-09-11T19:14:55 60198.802 30.012 r ′ 11 × 600 s 22.18 ± 0.10 23.00 ± 0.26 NAO-2m –
2023-09-12T06:31:48 60199.272 30.482 r ′ 3 × 40 s 22.33 ± 0.05 23.36 ± 0.22 CFHT-MegaCAM x 
2023-09-12T19:30:18 60199.813 31.023 r ′ 11 × 600 s 22.31 ± 0.10 23.31 ± 0.31 NAO-2m 

2023-09-19T19:58:00 60206.832 38.042 r ′ 9 × 600 s 22.45 ± 0.1 23.72 ± 0.41 T193/MISTRAL x 
i band 

2023-08-13T19:28:23 60169.811 1.021 i ′ 2 × 150 s 20.16 ± 0.05 20.25 ± 0.06 KAO x 
2023-08-13T20:46:19 60169.865 1.705 i ′ 3 × 240 s 20.29 ± 0.03 20.40 ± 0.04 CAHA x 
2023-08-14T13:09:36 60170.548 1.758 i ′ 1 × 600 s 21.08 ± 0.20 21.37 ± 0.27 GMG x 
2023-08-14T23:52:51 60170.995 2.205 i ′ 1 × 300 s 21.31 ± 0.06 21.69 ± 0.11 NOT x 
2023-08-15T21:30:45 60171.896 3.106 i ′ 4 × 300 s 21.59 ± 0.11 22.14 ± 0.21 CAHA x 
2023-08-16T20:12:30 60172.842 4.052 i ′ 9 × 300 s 21.64 ± 0.07 22.22 ± 0.16 NAO-2m x 
2023-08-17T00:42:36 60173.030 4.239 i ′ 1 × 600s 21.74 ± 0.06 22.41 ± 0.16 NOT x 
2023-08-17T19:12:05 60173.800 5.001 i ′ 14 × 300s 21.69 ± 0.09 22.31 ± 0.19 NAO-2m x 
2023-08-18T21:07:04 60174.880 6.089 i ′ 1 × 600 s 21.68 ± 0.04 22.29 ± 0.12 NOT x 
2023-08-18T21:39:40 60174.903 6.112 i ′ 4 × 300 s 21.64 ± 0.15 22.22 ± 0.19 CAHA –
2023-08-19T19:50:40 60175.827 7.037 i ′ 20 × 180 s 21.95 ± 0.20 22.85 ± 0.51 KAO x 
2023-08-20T18:01:44 60176.751 7.961 i ′ 29 × 180 s 21.51 ± 0.06 22.00 ± 0.12 KAO x 
2023-08-21T19:41:01 60177.820 9.030 i ′ 20 × 180 s 21.36 ± 0.06 21.77 ± 0.11 KAO x 
2023-08-21T22:27:57 60177.936 9.146 i ′ 1 × 600 s 21.58 ± 0.04 22.12 ± 0.11 NOT x 
2023-08-22T19:30:17 60178.813 10.022 i ′ 20 × 180 s 21.49 ± 0.09 21.97 ± 0.16 KAO x 
2023-08-23T19:56:13 60179.831 11.040 i ′ 19 × 180 s 21.42 ± 0.07 21.86 ± 0.13 KAO x 
2023-08-26T22:57:10 60182.956 14.165 i ′ 1 × 600 s 21.42 ± 0.08 21.86 ± 0.14 NOT x 
2023-08-28T19:20:25 60184.806 16.015 i ′ 26 × 180 s 21.40 ± 0.11 21.83 ± 0.18 KAO x 
2023-09-04T15:50:00 60191.660 22.870 i ′ 2 × 600 s 21.51 ± 0.24 22.00 ± 0.40 GMG x 
2023-09-12T06:24:15 60199.267 30.476 i ′ 3 × 60 s 21.79 ± 0.04 22.51 ± 0.14 CFHT-MegaCAM x 
2023-10-07T19:44:24 60224.822 56.032 i ′ 1 × 3000 s 22.34 ± 0.04 24.07 ± 0.60 NOT –

z band 
2023-08-14T13:20:38 60170.556 1.766 z ′ 1 × 600 s > 20.5 > 20.47 GMG –
2023-08-14T23:30:23 60170.979 2.189 z ′ 1 × 600 s 20.98 ± 0.08 21.31 ± 0.12 NOT x 
2023-08-21T21:43:40 60177.905 9.115 z ′ 1 × 900 s 21.68 ± 0.10 22.49 ± 0.26 NOT x 

J band 
2023-08-16T21:33:58 60172.899 4.108 J 20 × 50 s 21.00 ± 0.17 21.67 ± 0.43 TNG –
2023-08-21T21:29:22 60177.895 9.105 J 45 × 60 s 21.26 ± 0.27 22.23 ± 0.57 TNG –
2023-10-11T20:15:22 60228.844 60.054 J 45 × 80 s 21.82 ± 0.32 – TNG –

K band 
2023-08-16T20:49:28 60172.868 4.077 K 30 × 50 s 21.41 ± 0.33 21.40 ± 0.33 with host TNG –
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hile we took images in V , R , I , g ′ , r ′ , i ′ , and z ′ bands, we use for this
ork only data in g ′ , r ′ , i ′ , and z ′ bands for extracting the physical
roperties of the event. We however computed the synthetic light 
urves in R , I from the NMMA best-fitting parameters constrained from
he Xray + UV + griz + radio analysis, and confirmed their consistency
ith our data sets. 
Below, in sequence, we here provide the start time (relative to T 0 )

f the first observation for each telescope and the filters/bands used 
uring the entire campaign: GMG (0.78 d in R , g ′ , r ′ , i ′ , z ′ ) at Lijiang
tation of Yunnan Observatories, UBAI-AZT-22 (0.91 d in R band) at 
aidanak Observatory, AC-32 telescope at Abastumani observatory 
0.94 d in R ), KAO (0.96 d in g ′ , r ′ , i ′ ) at Kottamia Observatory,
isn yk y-Schmidt (0.98 d in R ) at K yi v Observ atory, NAO-50/70 cm
chmidt (1.03 d in I ) at Rozhen National Astronomical Observatory,
AHA (1.049 d in g ′ , r ′ , i ′ ) at Calar Alto Astronomical Observatory,
193/MISTRAL (1.050 d in r ′ ) at Haute-Pro v ence Observatory, the
-m telescope (1.08 d in R ) at Shamakhy Astrophysical Observatory
f Azerbaijan, FRAM-CTA-N (1.12 d in R ) at Roque de los Mucha-
hos Observatory, NOWT (2.09 d in BVR ) at Xinjiang Astronomical
bservatory, NOT (2.185 d in g ′ , r ′ , i ′ ) at Roque de los Muchachos
MNRAS 530, 1–19 (2024) 
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bservatory, NAO-2 m (4.05 d in r ′ , i ′ ) at Rozhen NAO, 21 C2PU
10.10 d in r ′ ) at Calern observatory, CFHT-Megacam (30.48 d in g ′ ,
 

′ , i ′ ) at Mauna K ea Observ atory. 
Near-infrared (NIR) observations of GRB 230812B were carried

ut with the Italian 3.6-m TNG telescope, sited in Canary Island,
sing the NICS instrument in imaging mode. A series of images
ere obtained with the J and K filters on 2023 August 16 (i.e. about
.1 d after the burst) and with the J filter only on 2023 August 21 and
023 October 11 (i.e. about 9.1 and 60.1 d after the burst). 
In addition to the professional network, GRANDMA acti v ated

ts Kilonova-Catcher (KNC) citizen science programme for further
bservations with amateurs’ telescopes. 
The GRANDMA observations and its partners are listed in

able A2 , which includes the start time T mid time (in ISO format
ith post-trigger delay) and the host-galaxy/extinction-corrected
rightness (in AB magnitudes) of the observations, as well as the
ncorrected magnitudes. The exposure times, names of telescopes,
nd filters used are mentioned for each observation. Our method for
alculating the magnitudes is described in the Section 2.2 , including
ur methods of photometry transient detection, magnitude system
onv ersion, Milk y Way e xtinction correction, and host galaxy flux
ubtraction. 

PPENDIX  B:  SPECTROSCOPIC  OBSERVATI ON
E TA ILS  

e used OSIRIS + (Cepa et al. 2000 ) mounted on the 10.4m Gran
elescopio Canarias (GTC) telescope at Roque de los Muchachos
bservatory in La Palma, Canary Islands, Spain, to observe the

fterglo w and supernov a that follo w GRB 230812B. The observ ation
onsisted of spectroscopy with an exposure time of 3x900s and grism
1000B, with a wavelength coverage between 3600 and 7800 AA.
he first spectrum started at 21:37 UT , 1.110 d after the burst, while

he on 2023 August 24 at 21.79 h UT , 12.12 d after the GRB detection,
lose to the peak of the supernova emission (Ag ̈u ́ı Fern ́andez et al.
023 ; de Ugarte Postigo et al. 2023a ). 
The last two epochs were initially programmed to be obtained

ith larger spacing between epochs, but due to weather and telescope
cheduling they ended up being rather close in time. The first epoch
as obtained with a single grism, R1000B, co v ering the range
etween 3700 and 7880 Å. The second epoch included two grisms,
1000B and R1000R, this second one adding co v erage between 5100
nd 10100 Å to co v er the full optical spectrum. 

PPENDIX  C :  S K Y P O RTA L  

o store, display, and annotate GRANDMA data products in a follow-
p campaign, we use SKYPORTAL (van der Walt, Crellin-Quick &
loom 2019 ; Coughlin et al. 2023 ), a powerful data base, API, and
eb application for time-domain astronomy. We use it for its capabil-

ties of ingesting multimessenger triggers from GCNs in real-time,
rom where network-cognizant observation plans are automatically
enerated using GWEMOPT (Coughlin et al. 2018 ). It also enables
NRAS 530, 1–19 (2024) 

1 Using the focal reducer FoReRo-2 (Jockers et al. 2000 ). 

i  

s

utomated ingestion of transients from the Transient Name Server
TNS) identified by surv e ys such as the Zwicky Transient Facility
Bellm et al. 2019 ; Graham et al. 2019 ), the Panoramic Survey Tele-
cope and Rapid Response System (Pan-STARRS) (Morgan et al.
012 ), or the Asteroid Terrestrial-impact Last Alert System (ATLAS)
Tonry et al. 2018 ); it is from TNS that we retrieved the discovery
hotometry. We store photometry information, including flux and
imiting magnitude measurements from follo w-up observ ations by
RANDMA’s telescopes within SKYPORTAL , supplementing the
ata imported from TNS, to create light curves. From the dedicated
ource page, easy access is provided to many other data base services,
uch as Vizier (Ochsenbein, Bauer & Marcout 2000 ). Finally,
KYPORTAL is used for simplifying interactions with Bayesian in-

erence frameworks such as the Nuclear physics and Multimessenger
stronomy framework NMMA (Dietrich et al. 2020 ; Pang et al. ),
hich we discuss more in the main text. Operations on SKYPORTAL

re conducted and monitored by ‘shifters’, members of the collab-
ration organized in teams every week, and divided into four daily
lots of six hours each to accommodate timezone constraints while
aintaining 24/7 co v erage. Shifters look out for new candidates from

urv e ys (particularly LIGO-Virgo-KAGRA, LVK) and new GCN
vents on the platform and report on associated Slack channels which
andidates are to be followed up or not based on pre-defined criteria.
he shifts are also organized using SKYPORTAL ’s dedicated page

n the form of a calendar. Shifters or members of telescope teams
re expected to upload executed observations data either manually
r programmatically using the API. GCN circular-like documents
an even be automatically generated, ensuring consistent formatting
f the results reported to the General Coordinates Network while
educing the possibility for human errors to be made. 

PPENDI X  D :  C O M PA R I N G  DI FFERENT  

STROPHYSI CAL  S C E NA R I O S  WI TH  NMMA 

As discussed in Section 4.2 , using NMMA , we can quantitatively
ompare different astrophysical scenarios in a Bayesian framework.
e have performed studies using various models and jet geometries.
MMA is able to perform joint Bayesian inference of multimessenger
vents containing gravitational waves, GRB afterglows, SNe, or
ilonovae. In addition to scenarios mentioned above, we also consider
wo kilonova models, Bu2023Ye (Anand et al. 2023 ) and Ka2017
Kasen et al. 2017 ), to accompany the Top-hat model as possible ex-
lanations of the data set. The log Bayes factor ln B of various models
elative to the Power-law + SN, which is the best-performing model
o be introduced shortly, can be found in Table D1 . The posterior of

sys is also shown in Table D1 . The Power-law + SN has the lowest
alue of σ sys , thus signifying a better fit compared to other models.
omparing the differences between the log Bayes factor of scenarios
ith and without an SN component, we conclude that the presence
f an SN component is statistically supported from a Bayesian
erspective. 
The posterior values of all the considered models is summarized

n Table D2 . The best-fitting light curves for the three GRB + SN
cenarios are shown in Fig. D1 . 

http://kilonovacatcher.in2p3.fr/
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Figure D1. Best-fitting light curves of the GRB + SN models with top-hat, Gaussian, and power-law jet structures. Datapoints are reported in the observer frame. 

Table D1. The log Bayes factor ln B and σ sys value (median with 95 per cent credible interval) inferred for different models. 

Scenario log Bayes factor ln B σsys (mag) 

Power-law + SN ref 0 . 140 + 0 . 061 
−0 . 050 

Top-hat −56.612 ± 0.298 0 . 693 + 0 . 133 
−0 . 117 

Top-hat + SN −18.360 ± 0.331 0 . 282 + 0 . 081 
−0 . 077 

Top-hat + Bu2023Ye −56.682 ± 0.297 0 . 696 + 0 . 126 
−0 . 103 

Top-hat + Ka2017 −56.633 ± 0.297 0 . 696 + 0 . 125 
−0 . 108 

Gauss −56.235 ± 0.298 0 . 690 + 0 . 122 
−0 . 116 

Gauss + SN −17.356 ± 0.331 0 . 282 + 0 . 080 
−0 . 073 

Power-law −56.292 ± 0.296 0 . 693 + 0 . 127 
−0 . 111 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/1/7631370 by guest on 16 M
ay 2024
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