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A B S T R A C T 

Luminous fast blue optical transients (LFBOTs) are a growing class of enigmatic energetic transients. They show fast rises 
and declines, high temperatures throughout their evolution, and non-thermal emission in radio and X-rays. Their power 
source is currently unknown, but proposed models include engine-driven supernovae, interaction-powered supernovae, 
shock cooling emission, intermediate mass black hole tidal disruption events (IMBH TDEs), and Wolf–Rayet/black hole 
mergers, among others. AT2024wpp is the most optically luminous LFBOT to date and has been observed extensively at 
multiple wavelengths, including radio, optical, UV, and X-rays. We take models from multiple scenarios and fit them to 
the AT2024wpp optical, radio, and X-ray light curves to determine which of these scenarios can best describe all aspects 
of the data. We show that none of the multiwavelength light-curve models can reasonably explain the data, and that other 
physical arguments disfavour models with homologously expanding ejecta. We discuss how a stellar mass/IMBH TDE of 
a low-mass star can be tested with late-time observations, and what other scenarios could possibly explain the broad-band 
data. 

Key words: transients: supernovae – transients: tidal disruption events – stars: black holes. 
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 INTRODUCTION  

ecent high-cadence wide-field surveys, such as the Zwicky Tran- 
ient Facility (ZTF; E. C. Bellm et al. 2019a ) and the Asteroid
errestrial-impact Last Alert System (ATLAS; J. L. Tonry 2011 ; 
. L. Tonry et al. 2018 ), have led to the discovery and characteri-
ation of several new types of fast optical transients (M. R. Drout
t al. 2014 ; I. Arcavi et al. 2016 ; M. Pursiainen et al. 2018 ; A. Y.
. Ho et al. 2023b ). These transients evolve faster than typical
upernovae (SNe) and can have peak luminosities similar to su- 
erluminous supernovae (SLSNe; A. Gal-Yam 2012 ; M. Nicholl 
021 ; S. Gomez et al. 2024 ). These properties rule out typical 56 Ni-
owered core-collapse or thermonuclear SN models, since the 
ass of 56 Ni required to explain the luminosity would be larger 
han the mass of the ejected material. Further studies have shown
 E-mail: c.m.omand@ljmu.ac.uk 
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hat many of these transients are likely Type Ibn/Icn SNe (A.
. Q. Ho et al. 2023b ); SNe powered by the interaction between
he ejected material and circumstellar material (CSM). However, 
 few of the more luminous fast optical transients have shown
ulti-component multiwavelength signatures consistent with a 
entral engine (A. Y. Q. Ho et al. 2019 ; R. Margutti et al. 2019 ; A.
. Q. Ho et al. 2020 , 2022 ; B. D. Metzger 2022a ; A. A. Chrimes
t al. 2024b ); these transients have become known as luminous
ast blue optical transients (LFBOTs). 
The prototype LFBOT is AT2018cow (‘the Cow’, S. J. Prentice 
t al. 2018 ), the closest observed event so far ( z = 0.014). The
ptical emission rose to peak within ∼ 2.5 d, and peaked at an
bsolute magnitude ∼ −20.5. The optical spectra had only a few 

road features, indicating expansion velocities � 0.1 c and tem- 
eratures ∼30 000 K. Around 15 d, the spectrum began to show
 and He features at velocities ∼3000–4000 km s−1 , but showed
o evidence of cooling to normal late-time SN temperatures (R. 
argutti et al. 2019 ; D. A. Perley et al. 2019 ; D. Xiang et al.
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and
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021 ). The spectrum also showed narrow emission components
 v � 300 km s−1 ), consistent with CSM interaction (O. D. Fox & N.
mith 2019 ; L. Dessart et al. 2021 ). The Cow showed polarization
f ∼7 per cent at 5.7 d post-explosion, which quickly faded to
how no polarization after 8 d except for a � 1 day increase to ∼
.5 per cent in the blue at 13 d (P. S. Smith et al. 2018 ; J. R. Maund
t al. 2023 ). Follow-up observations also found a persistent UV
ource coincident with the Cow at ∼years post-explosion (N.-C.
un et al. 2022 , 2023 ; A. Inkenhaag et al. 2023 , 2025 ; Y. Chen et al.
023a , b ). 
The Cow was also bright at other wavelengths. Soft X-ray emis-
ion was detected shortly after the explosion (L. E. Rivera San-
oval et al. 2018 ; N. P. M. Kuin et al. 2019 ), and followed a shal-
ow temporal decline until steepening at ∼ 20 d, when the optical
ines at ∼3000–4000 km s−1 emerged (R. Margutti et al. 2019 ).
he soft X-ray light curve was highly variable, and quasi-periodic
scillations (QPOs) were claimed at 225 Hz (D. R. Pasham et al.
021 ) and 4 mHz (D. Xiang et al. 2021 ), giving constraints on the
ass of the central object to be < 850 M� and 103 –105 M�, re-
pectively. The persistent source found at ∼ years post-explosion
lso showed soft X-ray emission (G. Migliori et al. 2024 ). The Cow
lso showed bright hard X-ray, radio, and millimetre emission (A.
. Q. Ho et al. 2019 ; R. Margutti et al. 2019 ; A. J. Nayana & P.
handra 2021 ). The radio evolved smoothly and showed a steep
emporal drop at ∼ 1 month (A. Y. Q. Ho et al. 2019 ), indicating
 different origin from the X-rays. The atypical properties of the
adio compared to radio SNe can be understood if the radiating
lectrons have a relativistic Maxwellian energy distribution (B.
argalit & E. Quataert 2021 ; A. Y. Q. Ho et al. 2022 ; B. Margalit &
. Quataert 2024 ). 
The multiwavelength analysis from R. Margutti et al. ( 2019 )

ound that the observed properties of the Cow can be explained
y a central engine surrounded by an aspherical ejecta with a
rans-relativistic polar component and a lower velocity equato-
ial ring or torus. The central engine hypothesis for LFBOTs is
lso supported by the time variability of the X-rays, giant optical
ares from AT2022tsd (A. Y. Q. Ho et al. 2023a ), possible QPOs,
nd long-lasting UV/X-ray remnant. The radio emission is likely
aused by the interaction between the trans-relativistic compo-
ent and surrounding high density ( 105 cm−3 ), wind-like CSM (A.
. Q. Ho et al. 2019 ; R. Margutti et al. 2019 ) on scales of ∼ 1016 cm.
or wind speeds of ∼1000 km s−1 (typical of Wolf–Rayet stars),
he mass loss rate is implied to be Ṁ = 10−4 –10−3 M� yr−1 (R.
argutti et al. 2019 ), which is more than an order of magnitude
igher than expected in Wolf–Rayet stars (M. J. Barlow, L. J.
mith & A. J. Willis 1981 ; T. Nugis & H. J. G. L. M. Lamers 2000 ; A.
dhyaqsa et al. 2020 ). This indicates either an extended CSM or a
istinct physical origin (O. D. Fox & N. Smith 2019 ). In the early
hase, the opticaal emission from the polar component is thought
o arise from reprocessed X-ray emission from the central engine
A. L. Piro & W. Lu 2020 ; K. Uno & K. Maeda 2020a ; D. Calderón,
. Pejcha & P. C. Duffell 2021 ; C. Chen & R.-F. Shen 2022 ; K.
no & K. Maeda 2023 ). The photosphere from this component
ecedes into the equatorial torus as reprocessing becomes less
fficient on the time-scale where the lower velocity lines emerge.
Since the discovery of the Cow, a few other transients
ave been discovered with similar properties. These include
T2018lug/ZTF18abvkwla (‘the Koala’, A. Y. Q. Ho et al. 2020 ),
SS161010 (D. L. Coppejans et al. 2020 ; C. P. Gutiérrez et al.
024 ), AT2020xnd/ZTF20acigmel (‘the Camel’, D. A. Perley et al.
021 ; J. S. Bright et al. 2022 ; A. Y. Q. Ho et al. 2022 ), AT2020mrf (Y.
NRAS 550, 1–20 (2026)
ao et al. 2022 ), AT2022tsd (‘the Tasmanian Devil’, D. Matthews
t al. 2023 ; A. Y. Q. Ho et al. 2023a ), and AT2023fhn (‘the Finch’,
. A. Chrimes et al. 2024a , b ). These objects show some variety
n peak luminosity and ejecta velocity, but all show hot, roughly
eatureless early spectra, optical luminosities similar to SLSNe,
nd bright X-ray and radio emission. J. J. Somalwar et al. ( 2025 )
lso discovered AT2024puz, which has similar properties to both
FBOTs and TDEs and evolves on a time-scale intermediate be-
ween the two. The LFBOT rate is estimated to be < 0.1 per cent
f the core-collapse SN rate (A. Y. Q. Ho et al. 2023b ), and they
ormally occur in metal-poor, low-mass starburst galaxies (A. Y.
. Ho et al. 2019 ; M. J. Michałowski et al. 2019 ; D. L. Coppejans
t al. 2020 ; J. D. Lyman et al. 2020 ; Y. Yao et al. 2022 ). These en-
ironments are similar to those of Type-I SLSN and long gamma-
ay burst (GRB) progenitors (R. Lunnan et al. 2014 ; T. W. Chen
t al. 2015 ; G. Leloudas et al. 2015 ; C. R. Angus et al. 2016 ; T.-W.
hen et al. 2017 ; S. Schulze et al. 2018 ; S. V. Ørum et al. 2020 ),
hich may indicate that these transients all come from massive,
ow-metallicity progenitors. 
Although the ejecta structure of LFBOTs is somewhat under-

tood, the nature of the progenitor that produces it is still un-
nown. A few proposed scenarios include engine-driven SNe (e.g.
. J. Prentice et al. 2018 ; J.-F. Liu et al. 2022 ; C. M. B. Omand &
. Sarin 2024 ), failed SNe with prompt accretion disc formation
R. Margutti et al. 2019 ; D. A. Perley et al. 2019 ; E. Quataert, D.
ecoanet & E. R. Coughlin 2019 ), tidal disruption events (TDEs)
rom intermediate mass black holes (IMBHs; N. P. M. Kuin et al.
019 ; D. A. Perley et al. 2019 ; C. P. Gutiérrez et al. 2024 ), choked
ets (O. Gottlieb, A. Tchekhovskoy & R. Margutti 2022 ; N. Soker
022 ; A. Suzuki & K. Maeda 2022 ; A. Suzuki, C. M. Irwin & K.
aeda 2024 ; H. Hamidani et al. 2025b ), highly aspherical SNe
‘ellipsars’, M. DuPont, A. MacFadyen & J. Zrake 2022 ), and the
erger of a compact object and massive star (M. Lyutikov & S.
oonen 2019 ; S. L. Schrøder et al. 2020 ; K. Uno & K. Maeda 2020a ;
. D. Metzger 2022a ). CSM-interaction models have also been
roposed (O. D. Fox & N. Smith 2019 ; D. Xiang et al. 2021 ; C.
ellegrino et al. 2022 ; D. K. Khatami & D. N. Kasen 2024 ), but
hese are disfavoured due to the variability and long duration
f the X-ray emission. The central X-ray source could be either
 magnetized nebula (e.g. C. M. B. Omand, K. Kashiyama & K.
urase 2018 ; I. Vurm & B. D. Metzger 2021 ; C. M. B. Omand, N.
arin & G. P. Lamb 2025b ), which can cause ejecta asymmetry due
o Rayleigh-Taylor instabilities between the wind and ejecta (J. M.
londin & R. A. Chevalier 2017 ; A. Suzuki & K. Maeda 2017 , 2021 ;
. M. B. Omand, N. Sarin & T. Temim 2025a ); the inner region
f a Super-Eddington accretion disc (A. Sądowski & R. Narayan
015 ); or a choked jet (O. Gottlieb et al. 2022 ). The transients can
e infrared bright due to the dense outflow creating a light echo
B. D. Metzger & D. A. Perley 2023 ; J.-Y. Li et al. 2025 ) or from
ewly formed dust reprocessing emission from the central engine
C. M. B. Omand, K. Kashiyama & K. Murase 2019 ). 
One of the newest additions to the LFBOT class is AT2024wpp

‘the Whippet’ A. Y. Q. Ho et al. 2024 ). AT2024wpp is one of 
he closest ( z = 0 . 0868 ; D. A. Perley et al. 2024 ) and brightest
 Lbol , peak > 1045 erg s−1 ) LFBOTs to date, and the first one to
e identified before the optical/UV peak (A. Y. Q. Ho et al.
024 ). A comprehensive multiwavelength dataset on the object
as been collected, including NIR/optical/UV photometry and
pectroscopy, optical polarization, radio and millimetre data, and
-ray data (R. Margutti et al. 2024 ; G. Schroeder, A. Y. Q. Ho &
. A. Perley 2024 ; G. Srinivasaragavan et al. 2024 ; A. J. Nayana
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t al. 2025 ; M. Pursiainen et al. 2025 ; N. LeBaron et al. 2026 ; D.
. Perley et al. 2026 ). AT2024wpp is featureless at early epochs,
ut shows weak H and He features after ∼ 30 d. Late-time ob-
ervations show no evidence for minute -time -scale flares (E. O. 
fek et al. 2025 ) similar to AT2022tsd (A. Y. Q. Ho et al. 2023a ).
he optical peak is well described by a � 30 000 K blackbody, and
he optical component remains well-described by a � 20 000 K 

lackbody out to late times, although there is some evidence for
 power-law NIR excess after ∼ 20 d. The X-ray emission hardens
ver time and shows a rebrightening at ∼50 d. The radio emission
ises quickly over ∼20–30 d before starting to decline. 
This work attempts to find a physically plausible scenario for 
T2024wpp that can explain both the thermal and non-thermal 
mission. We approach this task by fitting several semi-analytic 
odels to each component and using the results of those fits to
etermine whether different scenarios are viable. We summarize 
he data we attempt to model in Section 2 and the models used
n Section 3 . The results are shown in Section 4 and discussed in
ection 5 . Finally, we conclude in Section 6 . 

 DATA  MODELLED  

he data we model include the NIR/optical/UV photometry, ra- 
io data, and X-ray data presented in D. A. Perley et al. ( 2026 ).
he photometry was gathered using a number of surveys and 
acilities, including the Zwicky Transient Facility (ZTF; M. J. Gra- 
am et al. 2019 ; E. C. Bellm et al. 2019b ; R. Dekany et al. 2020 )
sing the Samuel Oschin 48-inch Schmidt telescope, IO:O and 
he Liverpool Infra-Red Imaging Camera (LIRIC) on the Liver- 
ool Telescope, the Rainbow Palomar 60-inch telescope at Palo- 
ar Observatory, the Panoramic Survey Telescope and Rapid Re- 
ponse System (Pan-STARRS), Goodman High-Throughput Spec- 
rograph (GHTS) on the Southern Astrophysical Research Tele- 
cope (SOAR), the ESO Faint Object Spectrograph and Camera 
2 (EFOSC2) on the New Technology Telescope (NTT), the Focal 
educer/Low Dispersion Spectrograph 2 (FORS2) on the Very 
arge Telescope (VLT), the Ultraviolet-Optical Telescope (UVOT) 
n the Neil Gehrels Swift Observatory, and the Wide Field Camera
 (WFC3) on the Hubble Space Telescope ( HST ). X-ray observa-
ions were taken by the X-Ray Telescope ( XRT ) on Swift , and the
adio observations were taken by the Karl G. Jansky Very Large 
rray (VLA) and Atacama Large Millimetre/submillimetre Array 
ALMA). Overall, the UVOIR photometric data has detections 
panning ∼120 d and upper limits at ∼150–220 d after the last
etection. The radio data spans the 3.0–350 GHz frequency range 
nd has detections up to ∼200 d post-discovery. The X-ray data are
nly in one band (0.2–10 keV), and lasts ∼80 d. Upper limits were
ot included in model fits in either the optical or non-thermal
odels, although late-time upper limits are used as constraints 
n Section 5 . 

 MODELS  AND  FITTING  

e test various models by performing Bayesian inference to fit 
hem to the multiband optical photometry and radio data using 
edback 

1 (N. Sarin et al. 2024 ). We use the pymultinest sam-
ler (J. Buchner et al. 2014 ) implemented in bilby (G. Ashton
t al. 2019 ), and sample in flux density with a Gaussian likelihood.
he priors used are listed in Appendix A . We sample the initial
 Version 1.15.1 

W  

o
t

ime with a uniform prior of up to 20 days before the first observa-
ion, and include a host extinction term AV with a uniform prior
etween 0 and 2 mag for the optical data. A list of the models used
s given in Table 1 . 
The first model used is an evolving blackbody model, which 
ts the transient by assuming the photospheric temperature and 
adius both have power-law rises and declines in time. The tem-
erature and radius peaks are not assumed to be at the same time.
hile this will not reveal the physics of the LFBOT, it will allow
s to characterize the photospheric radius and temperature of 
he system, which can provide insight into the properties that the
ore physical models need to have in order to describe the data. 
The physical semi-analytic optical models we test can be di- 
ided into a few broad classes: SNe, shock cooling, TDEs, and
tellar mergers. These models were chosen to represent the wide 
ange of phenomena that could potentially explain LFBOTs. 
hese models all calculate the bolometric luminosity and pho- 
ospheric radius of one or more components, and convert that to
bserved emission by assuming each component is described by 
 blackbody spectral energy distribution. 

.1 Supernova models 

e test four SN models, which differ depending on their power
ource. One is the standard 56 Ni-powered SN, known as the Ar- 
ett model (S. A. Colgate & C. McKee 1969 ; W. D. Arnett 1982 ).
his model usually has difficulty explaining transients with high 
uminosities and low diffusion times, due to the constraint that 
he 56 Ni mass must be lower than the ejecta mass. The other SNe
odels also have 56 Ni, but are primarily powered by a different 
ource. One model is the millisecond magnetar model (C. M. B.
mand & N. Sarin 2024 ), which was shown in C. M. B. Omand &
. Sarin ( 2024 ) to be a good fit to the LFBOT AT2020xnd (‘the
amel’, D. A. Perley et al. 2021 ). Another is the CSM interaction
odel (E. Chatzopoulos et al. 2013 ; V. A. Villar et al. 2017 ; B. Jiang
t al. 2020 ), powered by the conversion of kinetic energy into
uminosity via the shock formed between the ejecta and CSM. 
he final one is the fallback SN model (J. Guillochon et al. 2018 ),
hich is powered by the accretion of material onto a central black
ole remnant. 

.2 Shock cooling models 

hock cooling emission is the radiation from shock heated mate- 
ial as it cools and expands after shock breakout (e.g. B. Margalit
022 ). The shock that heats the material can come from either an
N explosion or a GRB jet, leaving a region of shocked material
alled the cocoon. The material can either be the envelope of the
tar or an extended CSM. This leads us to examine four shock
ooling scenarios: the SN + envelope (N. Sapir & E. Waxman
017 ), SN + extended CSM (A. L. Piro et al. 2021 ), cocoon + en-
elope (A. L. Piro & W. Lu 2020 ), and cocoon + extended CSM
H. Hamidani et al. 2025a , b ). Shock cooling can emit on short
ime-scales but cannot produce emission at later times, so we test
ll the shock cooling models alongside a 56 Ni component to better 
xplain late-time emission. 

.3 Tidal disruption event models 

e test three models for TDE emission, which vary how the
ptical emission is produced after the star is disrupted. None of 
he models self-consistently solve the early pre-circularization 
MNRAS 550, 1–20 (2026)
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Table 1. The optical, radio, and X-ray models used to fit the data for AT2024wpp, and their associated references. 

Model redback Model Name Reference 

Optical 
Evolving blackbody evolving_blackbody N. Sarin et al. ( 2024 ) 
56 Ni-powered SN arnett W. D. Arnett ( 1982 ) 
Magnetar-powered SN general_magnetar_driven_supernova N. Sarin et al. ( 2022 ) and C. M. B. Omand & N. Sarin ( 2024 ) 
CSM-powered SN csm_nickel E. Chatzopoulos et al. ( 2013 ), V. A. Villar et al. ( 2017 ), and B. Jiang, S. 

Jiang & V. Ashley Villar ( 2020 ) 
Fallback-powered SN sn_nickel_fallback J. Guillochon et al. ( 2018 ) 
SN + envelope shock cooling shockcooling_sapirwaxman_and_arnett N. Sapir & E. Waxman ( 2017 ) 
SN + CSM shock cooling shock_cooling_and_arnett A. L. Piro, A. Haynie & Y. Yao ( 2021 ) 
Cocoon + envelope shock cooling shocked_cocoon_and_arnett A. L. Piro & J. A. Kollmeier ( 2018 ) 
Cocoon + CSM shock cooling shocked_cocoon_csm_and_arnett H. Hamidani et al. ( 2025a , b ) 
Fallback TDE tde_fallback J. Guillochon & E. Ramirez-Ruiz ( 2013 ), J. Guillochon et al. ( 2018 ), and 

B. Mockler, J. Guillochon & E. Ramirez-Ruiz ( 2019 ) 
Stream–stream collision TDE stream_stream_tde T. Piran et al. ( 2015 ) and T. Ryu, J. Krolik & T. Piran ( 2020 ) 
Cooling envelope TDE gaussianrise_cooling_envelope B. D. Metzger ( 2022b ) and N. Sarin & B. D. Metzger ( 2024 ) 
BH–WR merger wr-bh_merger B. D. Metzger ( 2022a ) 

Radio and X-ray 
Top-hat Jet tophat_redback G. P. Lamb, I. Mandel & L. Resmi ( 2018 ) 
Gaussian Jet gaussian_redback G. P. Lamb et al. ( 2018 ) 
Power-law synchrotron synchrotron_pldensity S. Rosswog & M. Brüggen ( 2007 ) and R. A. Chevalier & C. Fransson 

( 2017 ) 
Thermal synchrotron thermal_synchrotron_v2_fluxdensity B. Margalit & E. Quataert ( 2021 , 2024 ) 
Accretion disc fitted A. Mummery & S. A. Balbus ( 2020 ) and A. Mummery et al. ( 2024 , 2025 ) 
Top-hat Jet + accretion Disc tophat_redback & fitted 

e  

G  

d  

(  

B  

p  

(  

a  

c  

(  

m
t  

i
5

3

T
a  

t  

2  

b  

i  

t

3

T  

e  

o  

d  

c  

d  

g  

F  

(  

2  

d  

Q  

t  

a  

f  

a  

ρ  

d  

i  

a

4

4

F  

a  

r  

a  

o  

d  

t  

s  

p  

−
a  

l  

i
−  

l  

e  

l  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/550/1/stag1104/8705434 by Sarah D
akin user on 15 Septem

ber 2026
mission, and instead they all assume a constant-temperature
aussian rise until peak. The first model assumes the emission is
irectly powered by fallback accretion onto the central black hole
J. Guillochon & E. Ramirez-Ruiz 2013 ; J. Guillochon et al. 2018 ;
. Mockler et al. 2019 ). The second model assumes the emission is
owered by shocks resulting from the collisions of debris streams
T. Piran et al. 2015 ; T. Ryu et al. 2020 ). The final TDE model
ssumes the bound debris forms a quasi-steady envelope which
ools radiatively as it undergoes Kelvin-Helmholtz contraction
B. D. Metzger 2022b ; N. Sarin & B. D. Metzger 2024 ). For these
odels, we alter the default prior such that the lower bound of 
he black hole mass goes down to 1 M�, since the TDE rise time
s predominately set by the black hole mass and a time-scale of ∼
 d requires an intermediate or stellar mass black hole. 

.4 Stellar merger model 

he final optical model is the disruption and hyper-accretion of 
 Wolf–Rayet star onto a black hole companion, with a delay be-
ween the common envelope phase and the merger (B. D. Metzger
022a ). The optical emission in this model is primarily powered
y reprocessed X-rays from the inner accretion disc, although
nteraction between ejecta and CSM can also contribute at later
imes. 

.5 Radio and X-ray models 

o try and explain the radio and X-ray emission, we test mod-
ls from GRB afterglows, CSM interaction from non-relativistic
r trans-relativistic spherical blast waves, and from an accretion
isc. Since previous LFBOTs have shown evidence for multiple
omponents in their non-thermal emission, the radio and X-ray
ata are fit separately. We test two jet structures for the after-
low: a top-hat jet and a Gaussian jet (G. P. Lamb et al. 2018 ).
or CSM interaction, we test a power-law synchrotron model
NRAS 550, 1–20 (2026)
S. Rosswog & M. Brüggen 2007 ; R. A. Chevalier & C. Fransson
017 ), where the emitting electrons have a power-law energy
istribution, and a thermal synchrotron model (B. Margalit & E.
uataert 2021 , 2024 ), where the emitting electrons have a rela-
ivistic Maxwellian distribution. The GRB afterglow models are
ssumed to be in a constant density medium since they decelerate
urther away from the progenitor, while the interaction models
re assumed to be in a medium with a power-law density profile
∝ r−α , with α between 0 and 4. The emission from the accretion
isc is fit using models from fitted (A. Mummery et al. 2025 )
mported into redback , and we also examine a case with a jet
nd accretion disc. 

 RESULTS  

.1 Optical 

ig. 1 shows the multiband fit from the evolving blackbody model
nd the luminosity, photospheric radius, and temperature de-
ived from it; the values found by D. A. Perley et al. ( 2026 ) are
lso shown as a comparison. The model provides a good fit to the
verall, showing that a blackbody with power-law time depen-
ence can approximate the system well. The inferred luminosi-
ies, radii, and temperatures also broadly agree with other mea-
urements from N. LeBaron et al. ( 2026 ). The radius increase with
ower-law index σR, rise = 0 . 01+0 . 01 

−0 . 01 and decreases with σR, decline =
1 . 06+0 . 01 

−0 . 01 , while the temperature rises with σT , rise = 1 . 02+0 . 01 
−0 . 01 

nd declines with σT , decline = −0 . 35+0 . 01 
−0 . 01 , where R or T ∝ tσ . The

uminosity indices are determined from R or T , which give an
nitial rise index of 4 . 10+0 . 06 

−0 . 06 , an intermediate decline index of 
1 . 38+0 . 06 

−0 . 06 , then a final decline index of −3 . 52+0 . 06 
−0 . 06 . The inferred

uminosities, radii, and temperatures do differ from D. A. Perley
t al. ( 2026 ) at early times, likely due to the simplified power-
aw time evolution of those properties in our model, so inferred
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Figure 1. The multiband fit from the evolving blackbody (top) and the 
luminosity (second), radius (third), and temperature (bottom) derived 
from it. The shaded region shows the 90 per cent credible interval. The 
bottom three plots show values from D. A. Perley et al. ( 2026 ) for compar- 
ison. 
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arameters during the early and intermediate phases are likely 
nreliable. 
Fig. 2 shows the fits to the optical data with the more
hysically-motivated models, with the posteriors listed in Ap- 
endix A . Several models, including the magnetar-powered SN 

odel, SN + envelope shock cooling model, and black hole–
olf Rayet (BH–WR) merger model, can reproduce the rise and 
ecline time-scales, luminosity, and colour evolution of the light 
urve well. A few other models, including the nickel-powered and 
allback-powered SN models as well as the cocoon + envelope 
nd SN + CSM shock cooling models, can somewhat reproduce 
he data but underpredict the UV emission around peak. The 
DE models all fail to describe the data, with the fallback and
tream-stream collision models evolving much too slowly, and 
he cooling envelope model cooling far too quickly. 
The parameters for each of the SN, shock cooling, and BH–WR
erger models all contain a plateau temperature, Tfloor , which has 
 wide prior between 103 and 105 K. Models with this parameter 
eep the photospheric temperature at a minimum value Tfloor 
t late times, resulting in the photospheric radius receding as 
he luminosity continues to decrease. This allows the models to 
pproximate a time when the photosphere recedes without the 
eed to continuously calculate the optical depth of the ejecta. 
. Nicholl, J. Guillochon & E. Berger ( 2017 ) mention that this
arameter may contain information about other processes keep- 
ng the ejecta at a constant temperature, such as recombination 
r ejecta fragmentation from a central engine. Using Tfloor also 
llows the model to make multiband predictions deep into the 
ebular phase, when the photosphere no longer exists and the 
mission can no longer have a blackbody spectrum. Emission at 
his phase is driven mostly by line emission in supernovae, al-
hough in LFBOTs, free–free emission and non-thermal emission 
rom the heating source may also be important. Because of this, a
lackbody approximation can not make accurate predictions past 
he photospheric phase (see discussion in S. Schulze et al. 2024 ). 
The values of Tfloor from the fits shown in Fig. 2 are be-

ween 20 000–40 000 K, similar to the values found for the LFBOT
T2020xnd by C. M. B. Omand & N. Sarin ( 2024 ). This is much
igher than the ∼5000 K that has been estimated for other tran-
ients (M. Nicholl et al. 2017 ; F. Taddia et al. 2019 ). This implies
he photosphere begins to recede early, which is consistent with 
he data. However, this also implies that the ejecta becomes opti-
ally thin within � 10 d (see Appendix B ), which is not consistent
ith the spectroscopic data (D. A. Perley et al. 2026 ). 
We re-fit the optical data with the same models, but with the
pper limit on the prior for Tfloor set to 104 K – these fits are
hown in Fig. 3 with the posteriors listed in Appendix A . Tfloor ≤
04 K was chosen because it is below the inferred late-time tem-
erature of the LFBOT (Fig. 1 ), so a model would have to self-
onsistently calculate the photospheric radius and temperature 
o explain the data. The TDE models do not use Tfloor , and thus
emain unchanged. Most models now cool to ≤ 104 K on time- 
cales comparable to the peak of the LFBOT or earlier, and fail
o reproduce the UV data. Only the magnetar-driven SN model 
nd BH–WR merger model can reproduce the light curve peak, 
ut cool down shortly after and fail to reproduce the observed
ecline, again underpredicting the UV data. 

.2 Radio and X-ray 

ig. 4 shows the fits to the radio and X-ray data, which were
odelled separately to allow for the possibility that they could 
rise from separate processes. The posteriors are listed in Ap- 
endix A . The radio data are better reproduced by the two after-
low models and the power-law synchrotron blast wave model 
ompared to the thermal synchrotron blast wave model. Specif- 
cally, the afterglows and power-law synchrotron show a more 
ronounced peak on the same time-scale as the data and a
MNRAS 550, 1–20 (2026)
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Figure 2. The light curve fits to the broadband optical data for each model discussed in Section 3 (see Table 1 ) using default priors. The solid line shows 
the model with the highest likelihood while the shaded region shows the 90 per cent confidence interval. 
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aster decline, although none of the models can reproduce the
ast decline consistent with the 3 GHz upper limit. The jets
re both predicted to be strongly off-axis, with θobs /θcore ∼ 5–10 .
he power-law synchrotron is predicted to be in a medium with
∝ ∼ r−2 . 9 . The fits to the X-ray data show a different prefer-
nce; the synchrotron blast wave models reproduce the later data
ell but underpredict the early data, while the jet and accretion
isc models fail to reproduce the data entirely, especially at late
imes. 
NRAS 550, 1–20 (2026)
An important consideration from the radio and X-ray fits is
hat they predict for the opposite band, since a model that over-
redicts the other band would not be a viable candidate. Fig. 5
hows the fits presented in Fig. 4 extended into the opposite band.
he two jet models and power-law synchrotron model from the
-ray data all have wide confidence intervals that roughly overlap
ith the radio data, while the thermal synchtrotron model over-
redicts the radio data and the accretion disc and jet + accretion
isc models underpredict. The models that are consistent with
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Figure 3. Same as Fig. 2 , but with the prior for Tfloor restricted to < 104 K. 
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he radio data show very different behaviours in the X-ray, with
he Gaussian jet severely underpredicting the data; thermal syn- 
hrotron being consistent with the late data but underpredicting 
he early data; the top-hat jet being roughly consistent but show-
ng a rise on the time-scale of 25 d, which is not observed; and
he power-law synchrotron model overpredicting the data by an 
rder of magnitude. 
Putting these results together yields no obvious explanation for 

he non-thermal emission. The radio could be explained by an 
ff-axis Gaussian jet, since the X-ray flux of that model does not
verpredict the data. The X-ray flux is only consistent with the
ynchrotron models, but the thermal synchrotron overpredicts 
he radio data. The power-law synchrotron models from the X- 
ay fits are roughly consistent with the radio data, yet the models
rom the radio fits overpredict the X-ray data by more than an
rder of magnitude. If the X-rays are powered by a power-law
ynchrotron blast wave, there may be emission from a second 
omponent, like an off-axis jet, that can better reproduce the early
MNRAS 550, 1–20 (2026)
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Figure 4. The light curve fits to the radio and submillimetre (top) and X- 
ray (bottom) data for each model discussed in Section 3 (see Table 1 ). The 
solid line shows the model with the highest likelihood while the shaded 
region shows the 90 per cent confidence interval. 

Figure 5. Radio light curves using the posteriors from the X-ray fits (top) 
and X-ray light curves using the radio posteriors (bottom) (see Fig. 4 for 
the fits). The shaded region shows the 90 per cent confidence intervals, 
while the solid lines show the upper and lower bounds of the 90 per cent 
confidence intervals. 
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Figure 6. The light-curve fits to the radio, submillimetre, and X-ray data 
for the power-law synchrotron (top) and thermal synchrotron (bottom) 
models. The solid line shows the model with the highest likelihood while 
the shaded region shows the 90 per cent confidence interval. 
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adio emission, but that component would need to have a radio
ux not significantly larger than the blast wave and a negligible 
-ray flux. 
The two possibilities to explain the non-thermal emission that 
rise from our analysis, assuming that the data are not described
y a model we have not investigated, are that a power-law syn-
hrotron blast wave can explain both the radio and X-ray data, or
hat a combined Gaussian jet and power-law synchrotron blast 
ave are needed to explain the data. We show the combined 
adio and X-ray fits for both of these scenarios in Fig. 6 , with the
osteriors listed in Appendix A . The power-law synchrotron fit is
imilar to the fits presented in Fig. 4 : The model underpredicts X-
ays at early times but reproduces the data at late times, and does
ot reproduce the peak or the decline in the radio data. The syn-
hrotron + Gaussian jet model reproduces the peak and decline 
n the radio data, but underpredicts the X-ray data. While neither
f these possibilities can explain the data, this might be due to
hese models assuming a power-law density profile for the CSM. 
 more complicated profile may be able to explain the differences
t late time for the radio (see discussion in Section 5.3 ), although
t seems likely that the X-ray emission was produced by a process
e have not considered here. 
 DISCUSSION  

.1 Model analysis and late-time predictions 

he optical models tested all failed to reproduce the optical emis-
ion unless the temperature was allowed to plateau at > 20 000 K.
his highlights the need for multiband fitting when examining 
ight-curve models, as opposed to bolometric fitting. After the 
iffusion phase, a constant temperature implies L ∝ R2 phot , which 
ay be a good approximation when the photosphere is receding. 
he recession of the photosphere in an expanding medium begins 
hen the optical depth of the ejecta drops fast enough to counter-
ct the effect of the ejecta expansion. This time-scale can be con-
ected to the nebular time-scale, when the entire ejecta becomes 
ptically thin. Appendix B shows that the ratio between these 
wo time-scales for a homologously expanding medium with any 
on-increasing density profile is <

√ 

3 . While the data show the 
hotospheric radius peaks on a time-scale of ∼5 d, spectra at ∼
0 d still show the emission being dominated by a blackbody-
ike continuum (D. A. Perley et al. 2026 ). Since this is inconsis-
ent with the derived time-scales, this suggests that the ejecta 
esponsible for the thermal emission cannot be homologously 
xpanding, which rules out the SN, shock cooling, and BH–WR 

erger models. This can also rule out some models we did not
est, such as the TDE-powered SN model from D. Tsuna & W. Lu
 2025 ) or the Helium core-black hole merger from J. Klencki &
. D. Metzger ( 2025 ). This does not rule out the presence of 
omologous components that may produce spectral lines or non- 
hermal emission, but these components cannot be the primary 
ource of the optical emission. This photospheric behaviour also 
oes not rule out TDEs, although none of the TDE models were
ble to explain the optical emission. However, TDE models are 
nown to be uncertain and the emission processes of supermas-
ive black hole (SMBH) TDEs, especially around peak are not well 
nderstood (e.g. N. Sarin & B. D. Metzger 2024 ; C. R. Angus et al.
026 ; J. L. Wise et al. 2026 ), so the possibility that this transient
ould be an IMBH TDE cannot be completely discounted. The 
ack of early rest-frame optical/near-UV spectral features may 
oint to AT2024wpp as a low-mass analogue to featureless TDEs 
E. Hammerstein et al. 2023 ). However, the presence of the dense
xtended material inferred from radio emission is not predicted 
y any current TDE models. 
One way of testing models is using their early properties to pre-
ict emission at later times (e.g. C. J. Law et al. 2019 ; R. Margutti
t al. 2023 ; C. M. B. Omand & A. Jerkstrand 2023 ). The late-time
mission from tidal disruption events can be predicted in radio 
e.g. B. A. Zauderer et al. 2011 ; S. Velzen et al. 2016 ; I. Andreoni
t al. 2022 ; K. D. Alexander et al. 2026 ), infrared (e.g. L. Dou et al.
016 ; M. Masterson et al. 2024 ; M. Newsome et al. 2024 ), X-rays
e.g. N. Bade, S. Komossa & M. Dahlem 1996 ; J. L. Donley et al.
002 ; I. Grotova et al. 2025 ), and may also be in neutrinos (e.g. R.
tein et al. 2021 ; N. Jiang et al. 2023 ; S. Ji et al. 2025 ; S. Toshikage
t al. 2025 ). One prediction from all TDE models is that the system
ill settle into an accretion disc at late times, which will emit pri-
arily in optical/UV and X-rays (A. Mummery et al. 2025 ). Since
he TDE models for early optical emission did not reproduce the
ata for AT2024wpp, we do not use the posteriors from those
odels for predictions. We instead present F225W UV and 1 keV
redictions 2 for 103 and 105 M� black holes and 0.5 and 5.0 M�
MNRAS 550, 1–20 (2026)
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Figure 7. The predicted late-time emission from the accretion disc of 
an IMBH TDE. Each colour represents a different black hole mass and 
disc mass, while the width of the band shows the 90 per cent confidence 
interval from marginalizing over the default priors for the other parame- 
ters (see A. Mummery et al. ( 2025 ) for details). The solid lines show the 
upper and lower bounds of the 90 per cent confidence interval. The top 
panel shows the prediction for F225W, while the bottom panel shows the 
predictions at 1 keV. The triangles denote the observed 3 σ upper limits. 
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ccretion discs in Fig. 7 . These black hole masses were chosen
ecause the plateau emission from AT2018cow was estimated
o originate from a ∼ 103 M� black hole (A. Inkenhaag et al.
023 , 2025 ), with 105 M� acting as a conservative upper limit. The
bserver-inclination angle and black hole spin are marginalized
ver using their default priors (A. Mummery et al. 2025 ), while
he initial disc radius r0 and viscous time-scale tvisc are calculated
NRAS 550, 1–20 (2026)

ravitational redshift. Marginalizing over a prior using a model incorpo- 
ating these effects ( GR_disc_plus ) would be computationally unfeasi- 
le. These effects are not expected to strongly affect optical/UV emission, 
ut may introduce uncertainty in the X-ray predictions. 

–  

l  

p
a  

M  

t  
ia 

0 = 2 R� (MBH / 2 Mdisc )1 / 3 (1) 

nd 

visc = V
√ 

r3 0 /GMBH . (2) 

e use the mass–radius relation R� = (M� /M�)4 / 5 R� appropriate
or lower-mass main sequence stars (B. D. Metzger 2022b ; N.
arin & B. D. Metzger 2024 ), and the parameter V encapsulates
he poorly understood MHD effects in the disc physics. We sample
 with a log-uniform prior between 102 and 104 . Shown also are
 σ upper limits from D. A. Perley et al. ( 2026 ). 
The F225W predictions have ∼3 mag of uncertainty, with the
05 M� black holes having emission between 22–26th mag and
he 103 M� black holes having emission between 26–30th mag,
aking it likely this emission could be detected if the black hole
ass is close to the IMBH–SMBH boundary, but more parameter
ependent if the black hole mass is lower. The X-ray predictions
ave � an order of magnitude of uncertainty, especially during
he first year, but are predicted to be between ∼ 10−1 − 10−5 mJy
ver the next two years. More massive black holes and discs have
igher early uncertainty but higher luminosity at late times. The
ST UV upper limit disfavours black holes with masses � 105 

�, but does not strongly constrain discs around lower mass
lack holes. The Swift X-ray upper limit at ∼ 1 yr strongly dis-
avours these all of these plateau models, which suggests either a
ower mass disc or black hole, or that AT2024wpp is not an IMBH
DE. 
The late-time optical, UV, and X-ray upper limits can be used to
xclude some regions of the MBH –Mdisc parameter space through
odelling of the plateau emission in the case of an IMBH TDE
this is shown in Fig. 8 for all upper limits at > 200 d, including
imits from the VLT, HST, and Swift . We sample a log-uniform
rior for both MBH and Mdisc , with MBH ranging from 1–105 M�
nd Mdisc ranging from 0 . 05 − 10 M�. The upper limit for the
BH prior is because any larger black hole would cause the initial
ransient to be too slow, and the lower limit on disc mass prior was
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Figure 9. Same as Fig. 7 , but for discs resulting from failed SNe. 
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hosen so we could examine tidal disruptions of the lowest mass
tars. We calculate r0 and tvisc using equations ( 1 ) and ( 2 ), and
ll other parameters use their default priors. Disc masses � 1 M�
re excluded with 99 per cent confidence for a black hole mass of 
 102 M�. At 90 per cent confidence, disc masses � 0.3 M� are
xcluded for a black hole mass of > 102 M�. Black hole masses
f � 104 . 5 and � 104 M� are excluded for all disc masses at 99
er cent and 90 per cent confidence respectively. However, we 
aution against drawing too strong a conclusion from a posterior 
ased only on a few upper limits. 

.2 Other scenarios 

. D. Metzger ( 2022a ) outlined several progenitor scenarios for
FBOTs, including engine-powered SNe (e.g. S. J. Prentice et al. 
018 ), pulsational pair instability SNe (PPISNe, e.g. S.-C. Leung, 
. Fuller & K. Nomoto 2021 ), prompt collapse from failed SNe or
PISNe (e.g. R. Margutti et al. 2019 ), IMBH TDEs (e.g. R. Margutti
t al. 2019 ; D. A. Perley et al. 2019 ; E. Quataert et al. 2019 ), stellar
ass BH TDEs (e.g. H. B. Perets et al. 2016 ; K. Kremer et al.
019 , 2023 ; P. Beniamini, H. B. Perets & J. Granot 2025 ), failed
ommon envelope with a prompt merger (e.g. N. Soker 2019 ; 
. Soker, A. Grichener & A. Gilkis 2019 ; S. L. Schrøder et al.
020 ), and failed common envelope with a delayed merger (e.g. B.
. Metzger 2022a ). This work examined engine-driven SNe and 
DEs, while PPISNe and current failed common envelope models 
re not supported by the photospheric radius time-scales derived 
n Appendix B . 
Failed SNe remain an intriguing possibility, though predicting 

heir optical signatures is extremely challenging (E. R. Beasor 
t al. 2024 ), as theoretical models offer a wide range of predictions
or what a failed SN might look like. Different models of failed
Ne have predicted no observable signature (C. S. Kochanek et al. 
008 ), a long-lived infrared transient with little to no optical emis-
ion (E. Lovegrove & S. E. Woosley 2013 ), a long-lived optical
ransient (R. Perna et al. 2014 ), or even a short-lived relatively
right transient (A. Antoni & E. Quataert 2023 ; A. Antoni, Y.-F.
iang & E. Quataert 2025 ), similar to an LFBOT. A. A. Chrimes
t al. ( 2026 ) examine the possibility of failed SNe from very mas-
ive stars ( > 30 M�), similar to the progenitors of super-kilonovae
D. M. Siegel et al. 2022 ), and find that the rates, host metallicities,
ass loss rates, and expected plateau emission roughly match 
ith the LFBOT population and previous observations. In this 
ase, LFBOTs may contribute significantly to r-process enrich- 
ent in galaxies. 
Although there are no reliable models for the optical flare from

 prompt collapse failed SN, the system should settle into an ac-
retion disc at later times, similar to TDEs. The expected plateau 
mission for failed SNe involving high and low mass stars are 
hown in Fig. 9 . The priors are similar to the IMBH TDE plateaus,
xcept the initial disc radius r0 is calculated by assuming the 
rogenitor star is maximally rotating and the angular momentum 

f the black hole JBH is much less than the angular momentum
f the disc Jdisc . These assumptions give a radius 

0 = 2 R� 

(
M� 

Mdisc 

)2 ( M� 

MBH 

)
, (3) 

ith M� = Mdisc + MBH . It is worth noting that this calculation 
gnores the self-gravity of the disc, which can be important when 
disc � MBH . The F225W emission has ∼3 mag of uncertainty 
nd is fainter than the IMBH TDE plateau, and the observed 
pper limit is not constraining. The X-ray emission is predicted to
e fainter than 10−2 mJy but have lots of uncertainty, except for
he Mdisc = MBH = 50 M� case. The X-ray upper limit disfavours 
iscs � 50 M� but does not constrain black hole mass. Sampling
he prior to find the excluded area in the failed SN scenario, as
one with TDEs in Fig. 8 , does not give meaningful constraints
n either the black hole or disc mass. 
Another scenario of interest is a reprocessing outflow, where 
n accretion disc powers an outflow that reprocesses the disc 
mission, powering an optical transient (A. L. Piro & W. Lu 2020 ;
. Uno & K. Maeda 2020a ). Models of these outflows have suc-
essfully reproduced previous TDEs (K. Uno & K. Maeda 2020b ;
. Matsumoto & T. Piran 2021 ) and LFBOTs (K. Uno & K. Maeda
020a , 2023 ). The continuous mass injection of the model means
hat even though the outflow is expanding, the properties of the
hotospheric radius cannot be described by the relations in Ap- 
endix B . The photospheric radius will expand outward initially 
ith the outflow until it reaches the radius where the outer region
f the outflow is too diffuse to absorb light, and its recession
s governed by the time-dependence of the mass outflow rate, 
MNRAS 550, 1–20 (2026)
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ith the outflow becoming optically thin only when the outflow
ate becomes sufficiently small. This should lead to an early pho-
ospheric peak and a late nebular phase, which is observed in
T2024wpp. Both A. L. Piro & W. Lu ( 2020 ) and K. Uno & K.
aeda ( 2023 ) predict an increase in photospheric temperature
ithin the first 10 d post-explosion when the mass outflow rate
nd central luminosity are coupled, contrary to what is observed,
ut A. L. Piro & W. Lu ( 2020 ) show that the optical emission
rom AT2018cow can be reproduced if the central luminosity
ecreases faster than the mass outflow rate; they speculate that
his could arise from either the X-rays being produced by a wind
nteracting with an equatorial torus which erodes over time, or
rom a viscously spreading disc causing the outflow velocity to
ecrease over time. A calculation of the X-ray opacity within this
odel would be useful to predict when the emission from the
ccretion disc will escape unattenuated. 

.3 Summary of previous interpretations 

ur analysis of AT2024wpp and our interpretation of the event
s mostly in broad agreement with previous studies. N. LeBaron
t al. ( 2026 ) and D. A. Perley et al. ( 2026 ) both concluded that
 homologously expanding medium can not explain the optical
ransient, and preferred a reprocessing outflow model similar to
hat discussed above, although no attempts were made to com-
are a model light curve to the data. O. Aspegren & D. Kasen
 2026 ) reach a similar conclusion through simulations of line
ormation and suppression in LFBOT- and TDE-like transients.
. LeBaron et al. ( 2026 ) also discuss a dense CSM interaction
odel (D. K. Khatami & D. N. Kasen 2024 ) as well as BH–WR
erger and TDE-powered SN models (B. D. Metzger 2022a ; D.
suna & W. Lu 2025 ), ruling out the former but not the latter two.
The density profile and density from our modelling of the radio
mission with a power-law synchrotron blast wave were nCSM 

∝ ∼
−2 . 9 and nCSM 

≈ 107 cm−3 at 1016 cm respectively, which match
ell with the shock modelling from A. J. Nayana et al. ( 2025 ) and
. A. Perley et al. ( 2026 ). Those works find that the shock radius
ecedes after ∼ 100 days, something which is not accounted for
n any of our models and can explain the discrepancy at late
imes. They also both point out that these CSM properties seem
o be typical of LFBOTs as well as some interacting SNe, such
s the Type Ibn SN 2006jc (K. Maeda & T. J. Moriya 2022 ). This
ay imply similar progenitors for the two systems, as previously
uggested by B. D. Metzger ( 2022a ) and J. Klencki & B. D. Metzger
 2025 ). 
N. LeBaron et al. ( 2026 ) observe an excess of IR emission after
20–30 d, which was not well described by D. A. Perley et al.

 2026 ) due to a lack of late-time IR observations. This excess is
imilar to the one observed in AT2018cow (R. Margutti et al. 2019 ;
. A. Perley et al. 2019 ), although it emerges at a later time-scale.
wo models that can explain the IR excess are free–free opacity
ffects, which require several solar masses of outflow (C. Chen &
.-F. Shen 2022 ), and a dust echo (B. D. Metzger & D. A. Perley
023 ), which reproduces the emission with densities similar to
hose inferred from the radio emission. As noted by N. LeBaron
t al. ( 2026 ), this means the radio and IR emission can form in
he same medium by completely separate processes. 
A. J. Nayana et al. ( 2025 ) found that the X-ray rebrightening
nd spectral steepening can be explained by a Compton bump,
nd posit that the time-scale may be due to a drop in the X-ray
pacity due to ionization breakout (B. D. Metzger & A. L. Piro
NRAS 550, 1–20 (2026)
014 ; B. D. Metzger et al. 2014 ) at ∼40 d. This also roughly cor-
esponds to the time-scale at which the broad features disappear
rom the optical spectrum (D. A. Perley et al. 2026 ). The appearing
nd disappearing features are expected in a reprocessing outflow
odel, as the early medium should be hot and ionized until
nough material has been expelled, then should remain partially
onized at the photosphere until the photosphere recedes into
he ionized region (analogous to a Strömgren sphere) caused by
he inner X-ray source. A. J. Nayana et al. ( 2025 ) favour a model
ith super-Eddington accretion onto a compact object which pro-
uces aspherical disc-wind outflows. The polarization measure-
ents by M. Pursiainen et al. ( 2025 ) seem to prohibit large scale
symmetries in the outflow, although small-scale clumping can
roduce a polarization signal below the observed noise threshold
e.g. M. Tanaka et al. 2017 ). 
Finally, D. A. Perley et al. ( 2026 ) used scaling relations (A.
ummery et al. 2024 ) to get a black hole mass constraint from
he late-time non-detections of a plateau. They find a black hole
ass limit of 3 × 104 M�, similar to what we infer at 99 per cent
onfidence from Fig. 8 . 

 SUMMARY  AND  CONCLUSIONS  

n this work, we examined the optical, radio, and X-ray emis-
ion from the LFBOT AT2024wpp. The data were compared to
 number of models to try and determine which physical sce-
ario can best explain the transient. A few optical models, in-
luding the magnetar-powered SN model, SN + envelope and
N + CSM shock cooling models, and BH–WR merger model,
an reproduce the optical data if the temperature of the model
lateaus above 20 000 K. This is not unphysical but does im-
ly that the ejecta should become optically thin on a much
aster time-scale than what is suggested by the spectroscopic
ata (D. A. Perley et al. 2026 ). While GRB afterglow mod-
ls and synchrotron blast wave models can explain the radio
nd X-ray emission separately, a combination of these models
ails to adequately explain the non-thermal emission from the
ystem. 
Analysis of the behaviour of the photospheric radius disfavours
odels featuring a homologously expanding ejecta. Although
he TDE models were not able to reproduce the data, we do
ot rule out this scenario due to the uncertainty of the emis-
ion mechanism in the stellar-mass/IMBH regime. The late-time
ptical emission from an accretion disc would likely be unde-
ectable unless the black hole mass is almost supermassive, but
-rays may be detectable for the first several years. If the system
s a TDE, current constraints favour the disruption of a low-
ass star from a black hole with either intermediate or stellar
ass. 
AT2024wpp could be a failed SN with prompt black hole for-
ation, but there are no reliable models for the optical flare in
rder to test the scenario. A failed SN would have an accretion
isc that would also be detectable in X-rays and display different
ehaviour than accretion discs from IMBH TDEs, allowing the
cenarios to be differentiated. A reprocessing wind may be able to
xplain the optical emission, and opacity calculations from that
odel would be useful for predicting late X-ray emission from
he disc. 
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ądowski A. , Narayan R., 2015, MNRAS , 453, 3213 
mith P. S. , Leonard D. C., Bilinski C. et al., 2018, Astron. Telegram, 11789,
1 

oker N. , 2019, Sci. China Phys. Mech. Astron. , 62, 119501 
oker N. , 2022, Res. Astron. Astrophys. , 22, 055010 
oker N. , Grichener A., Gilkis A., 2019, MNRAS , 484, 4972 
omalwar J. J. et al., 2025, ApJ , 995, 228 
rinivasaragavan G. , Ho A., Perley D. et al., 2024, Transient Name Server
AstroNote, 276, 1 

tein R. et al., 2021, Nat. Astron. , 5, 510 
un N.-C. , Maund J. R., Crowther P. A., Liu L.-D., 2022, MNRAS , 512, L66
un N.-C. , Maund J. R., Shao Y. ,Janiak I. A., 2023, MNRAS , 519, 3785 
uzuki A. , Maeda K., 2017, MNRAS , 466, 2633 
uzuki A. , Maeda K., 2021, ApJ , 908, 217 
uzuki A. , Maeda K., 2022, ApJ , 925, 148 
uzuki A. , Irwin C. M., Maeda K., 2024, PASJ , 76, 863 
addia F. et al., 2019, A&A , 621, A71 
anaka M. , Maeda K., Mazzali P. A., Kawabata K. S., Nomoto K., 2017,
ApJ , 837, 105 

onry J. L. , 2011, PASP , 123, 58 
onry J. L. et al., 2018, PASP , 130, 064505 
oshikage S. , Kimura S. S., Shimizu N., Tanaka M., Yoshida S., Iwakiri W.
B., Morokuma T., 2025, ApJ , 993, 23 

suna D. , Lu W., 2025, ApJ , 986, 84 
no K. , Maeda K., 2020a, ApJ , 897, 156 
no K. , Maeda K., 2020b, ApJ , 905, L5 
no K. , Maeda K., 2023, MNRAS , 521, 4598 
an Velzen S. et al., 2016, Science , 351, 62 
illar V. A. , Berger E., Metzger B. D., Guillochon J, 2017, ApJ , 849, 70 
urm I. , Metzger B. D., 2021, ApJ , 917, 77 
ise J. L. et al., 2026, MNRAS , 546, stag130 
iang D. et al., 2021, ApJ , 910, 42 
ao Y. et al., 2022, ApJ , 934, 104 
auderer B. A. et al., 2011, Nature , 476, 425 

PPENDIX  A:  PRIORS  AND  SUMMARY  

TATISTICS  

ables A1 - A20 show the priors and posterior summary statistics
or the fits shown in Figs 2 , 3 , 4 , and 6 . 

http://dx.doi.org/10.3847/2515-5172/acdde1
http://dx.doi.org/10.1093/mnras/stad539
http://dx.doi.org/10.3847/1538-4357/ac6d59
http://dx.doi.org/10.3847/2041-8213/ac90ba
http://dx.doi.org/10.3847/1538-4357/acae89
http://dx.doi.org/10.1093/mnras/stu247
http://dx.doi.org/10.1093/mnras/stt1922
http://dx.doi.org/10.1051/0004-6361/201935372
http://dx.doi.org/10.3847/2041-8213/ad2764
http://dx.doi.org/10.3847/1538-4357/ab010f
http://dx.doi.org/10.1093/mnras/staa192
http://dx.doi.org/10.1093/mnras/stad3001
http://dx.doi.org/10.1093/mnras/staf1565
http://dx.doi.org/10.3847/2041-8213/abed55
http://dx.doi.org/10.3847/2041-8213/ae0b4d
http://dx.doi.org/10.3847/1538-4357/ad036e
http://dx.doi.org/10.1093/astrogeo/atab092
http://dx.doi.org/10.3847/1538-4357/aa9334
http://dx.doi.org/10.3847/1538-4357/ae00c0
http://dx.doi.org/10.1051/0004-6361/202245406
http://dx.doi.org/10.1093/mnras/stad3645
http://dx.doi.org/10.1093/mnras/stx2743
http://dx.doi.org/10.1093/mnras/stz371
http://dx.doi.org/10.1093/mnras/stae2585
http://dx.doi.org/10.1093/mnras/staf565
http://dx.doi.org/10.1051/0004-6361/202038176
http://dx.doi.org/10.1038/s41550-021-01524-8
http://dx.doi.org/10.3847/1538-4357/ac3e63
http://dx.doi.org/10.3847/0004-637X/823/2/113
http://dx.doi.org/10.1093/mnras/sty3420
http://dx.doi.org/10.1093/mnras/stab2785
http://dx.doi.org/10.1093/mnras/stag678
http://dx.doi.org/10.1088/0004-637X/781/2/119
http://dx.doi.org/10.1088/0004-637X/806/2/164
http://dx.doi.org/10.3847/1538-4357/aaaab3
http://dx.doi.org/10.3847/1538-4357/ab83f6
http://dx.doi.org/10.3847/1538-4357/abe2b1
http://dx.doi.org/10.3847/2041-8213/aadd90
http://dx.doi.org/10.1093/mnras/sty2309
http://dx.doi.org/10.1093/mnras/staf232
http://dx.doi.org/10.1093/mnrasl/slz031
http://dx.doi.org/10.1093/mnrasl/sly145 
http://dx.doi.org/10.3847/1538-4357/abbf4d
http://dx.doi.org/10.3847/1538-4357/aa64df
http://dx.doi.org/10.3847/2041-8213/ad16d8
http://dx.doi.org/10.1093/mnras/stac2609
http://dx.doi.org/10.1093/mnras/stae1238
http://dx.doi.org/10.3847/1538-4357/ab7014
http://dx.doi.org/10.1093/mnras/stx2352
http://dx.doi.org/10.1051/0004-6361/202346855
http://dx.doi.org/10.3847/1538-4357/ac8d04
http://dx.doi.org/10.1093/mnras/stv1802
http://dx.doi.org/10.1007/s11433-019-9402-x
http://dx.doi.org/10.1088/1674-4527/ac5b40
http://dx.doi.org/10.1093/mnras/stz364
http://dx.doi.org/10.3847/1538-4357/ae1501
http://dx.doi.org/10.1038/s41550-020-01295-8
http://dx.doi.org/10.1093/mnrasl/slac023
http://dx.doi.org/10.1093/mnras/stac3773
http://dx.doi.org/10.1093/mnras/stw3259
http://dx.doi.org/10.3847/1538-4357/abd54c
http://dx.doi.org/10.3847/1538-4357/ac3d8d
http://dx.doi.org/10.1093/pasj/psae055
http://dx.doi.org/10.1051/0004-6361/201834429
http://dx.doi.org/10.3847/1538-4357/aa6035
http://dx.doi.org/10.1086/657997
http://dx.doi.org/10.1088/1538-3873/aabadf
http://dx.doi.org/10.3847/1538-4357/adfedf
http://dx.doi.org/10.3847/1538-4357/add158
http://dx.doi.org/10.3847/1538-4357/ab9632
http://dx.doi.org/10.3847/2041-8213/abca32
http://dx.doi.org/10.1093/mnras/stad840
http://dx.doi.org/10.1126/science.aad1182
http://dx.doi.org/10.3847/1538-4357/aa8fcb
http://dx.doi.org/10.3847/1538-4357/ac0826
http://dx.doi.org/10.1093/mnras/stag130
http://dx.doi.org/10.3847/1538-4357/abdeba
http://dx.doi.org/10.3847/1538-4357/ac7a41
http://dx.doi.org/10.1038/nature10366


AT2024wpp modelling 15

Table A1. Priors and summary statistics for the 56 Ni-powered supernova supernova models in Figs 2 and 3 . Priors are either uniform (U) or log- 
uniform (L). The values shown for the posterior are the median and 1 σ uncertainties. Posterior values denoted with L are given in log-space. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−4 , 102 ] 8.83 ± 0.07 4.87 ± 0.00 
Ejecta velocity vej km s−1 L[103 , 105 ] L( 5 ± 0 . 00 ) L(4 . 99 ± 0 . 00 ) 
Nickel fraction fNi L[10−3 , 1] 1.00 ± 0.00 1.00 ± 0.00 
Opacity κ cm2 g−1 U[0.05, 2] 0.05 ± 0.00 0.05 ± 0.00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0.01 ± 0.00 0.02 ± 0.00 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 15110 ± 40 

L[103 , 104 ] (Fig. 3 ) 9998.9 ± 0.1 

Table A2. Same as Table A1 , but for the magnetar-powered supernova model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−1 , 102 ] 0.40 +0 . 00 
−0 . 01 0.26 ± 0.00 

Explosion energy ESN erg U[ 5 × 1050 , 2 × 1051 ] L( 50 . 72+0 . 03 
−0 . 02 ) L(50 . 70 ± 0 . 00 ) 

Nickel fraction fNi L[10−4 , 1] L( −0 . 62 ± 0 . 03 ) L(−1 . 26 ± 0 . 02 ) 
Opacity κ cm2 g−1 U[0.05, 0.2] 0.05 ± 0.00 0.05 ± 0.00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0.012 ±0 . 00 0.001 ± 0.000 
Initial magnetar luminosity L0 erg s−1 L[1040 , 1050 ] L( 46 . 74+0 . 02 

−0 . 04 ) L(45 . 73 ± 0 . 01 ) 
Spin-down time-scale tSD s L[102 , 108 ] L( 4 . 74 ± 0 . 03 ) L(5 . 71 ± 0 . 02 ) 
Braking Index n U[1.5, 10] 4.06 +0 . 09 

−0 . 10 9.80 +0 . 15 
−0 . 30 

Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 47900 ± 200 
L[103 , 104 ] (Fig. 3 ) 9999 ± 1 

Table A3. Same as Table A1 , but for the CSM-powered supernova model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−4 , 102 ] 0 . 0001 ± 0 . 0000 1 . 47 ± 0 . 00 
Explosion energy ESN erg L[ 1048 , 1052 ] L( 50 . 46 ± 0 . 00 ) L( 52 . 00 ± 0 . 00 ) 
Nickel fraction fNi L[10−3 , 1] L( −1.50+1 . 04 

−1 . 03 ) 0.99+0 . 01 
−0 . 02 

Opacity κ cm2 g−1 U[0.05, 2] 1 . 99 ± 0 . 00 0 . 05 ± 0 . 00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] L( −0.01+2 . 72 

−2 . 75 ) 0 . 01 ± 0 . 00 
CSM mass MCSM 

M� L[10−4 , 102 ] 0 . 46 ± 0 . 00 1 . 28 ± 0 . 00 
CSM density profile index η U[0, 2] 0 . 97 ± 0 . 01 2 . 00 ± 0 . 00 
CSM density ρ cm−3 L[10−15 , 10−12 ] L( −14 . 64 ± 0 . 01 ) L( −12 . 76 ± 0 . 00 ) 
CSM shell radius r0 AU U[50, 700] 50 . 0 ± 0 . 1 63 . 0 ± 0 . 1 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 99972+21 

−44 
L[103 , 104 ] (Fig. 3 ) 10000+0 

−1 

Table A4. Same as Table A1 , but for the fallback-powered supernova model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−4 , 102 ] L( −2 . 7+1 . 2 
−0 . 9 ) L( −3 . 2+0 . 9 

−0 . 5 ) 
Ejecta velocity vej km s−1 L[103 , 105 ] L( 4 . 62 ± 0 . 00 ) L( 4 . 78 ± 0 . 00 ) 
Nickel fraction fNi L[10−3 , 1] L( −1 . 92+1 . 07 

−0 . 75 ) L( −2 . 23+0 . 85 
−0 . 54 ) 

Opacity κ cm2 g−1 U[0.05, 2] 1 . 03 ± 0 . 64 1 . 03 ± 0 . 65 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0 . 97+427 . 33 

−0 . 97 0 . 69+392 . 57 
−0 . 69 

Fallback luminosity L1 erg s−1 L[1051 , 1057 ] L( 56 . 03+0 . 00 
−0 . 01 ) L( 53 . 53 ± 0 . 00 ) 

Fallback transition time ttr d L[10−4 , 102 ] 2 . 36+0 . 04 
−0 . 05 2 . 16 ± 0 . 03 

Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 99700+200 
−500 

L[103 , 104 ] (Fig. 3 ) 2230 ± 10 
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Table A5. Same as Table A1 , but for the SN + envelope shock cooling model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−4 , 102 ] 12 . 5 ± 0 . 4 91 . 3+1 . 1 
−0 . 8 

Shock velocity vsh km s−1 L[103 , 5 × 104 ] L( 4 . 59 ± 0 . 00 ) L( 4 . 61 ± 0 . 00 ) 
Nickel fraction fNi L[10−3 , 1] 1.00 ± 0.00 0.001 ± 0.000 
Opacity κ cm2 g−1 U[0.01, 1] 0 . 01 ± 0 . 00 0 . 01 ± 0 . 00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] L( −2 . 88 ± 0 . 03 ) L( −2 . 78 ± 0 . 01 ) 
Envelope mass Menv M� L[10−3 , 5] 1 . 45 ± 0 . 03 0 . 38 ± 0 . 00 
Envelope structure coefficient fρ U[0.5, 3] 2 . 88+0 . 09 

−0 . 18 1 . 62+0 . 01 
−0 . 02 

Stellar radius R∗ 1013 cm L[10−3 , 10] 5 . 62 ± 0 . 18 3 . 88 ± 0 . 01 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 31500 ± 300 

L[103 , 104 ] (Fig. 3 ) 9988+2 
−2 

Table A6. Same as Table A1 , but for the SN + CSM shock cooling model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−4 , 102 ] 9 . 11+0 . 00 
−0 . 01 1 . 43+0 . 03 

−0 . 05 
Ejecta velocity vej km s−1 L[103 , 105 ] L( 4 . 92 ± 0 . 00 ) L( 4 . 66 ± 0 . 00 ) 
Nickel fraction fNi L[10−3 , 1] 1.00 ± 0.00 0.97 ± 0.01 
Opacity κ cm2 g−1 U[0.05, 2] 0 . 05 ± 0 . 00 0 . 32 ± 0 . 00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0 . 01 ± 0 . 00 0 . 04 ± 0 . 00 
CSM mass MCSM 

M� L[10−2 , 103 ] L( 0 . 10 ± 0 . 00 ) L( −0 . 06 ± 0 . 01 ) 
CSM radius RCSM 

1013 cm L[10−3 , 10] 8.86 ± 0.01 10.00 ± 0.00 
CSM energy ECSM 

erg L[1040 , 1052 ] L( 51 . 98 ± 0 . 00 ) L( 51 . 96 ± 0 . 00 ) 
Inner density index δ U[1, 1.5] 1 . 2 ± 0 . 00 1 . 12+0 . 06 

−0 . 05 
Outer density index n U[8, 12] 10 . 86 ± 0 . 01 8 . 78 ± 0 . 01 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 18492+4 

−5 
L[103 , 104 ] (Fig. 3 ) 9988+7 

−9 

Table A7. Same as Table A1 , but for the cocoon + envelope shock cooling model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−1 , 102 ] 9 . 72+0 . 09 
−0 . 20 2.31+0 . 02 

−0 . 03 
Ejecta velocity vej km s−1 L[103 , 105 ] L( 5 . 00 ± 0 . 00 ) L(4.37 ± 0.00) 
Nickel fraction fNi L[10−3 , 1] 1 . 00 ± 0 . 00 1.00 ± 0.00 
Opacity κ cm2 g−1 U[0.05, 2] 0 . 05 ± 0 . 00 0.05 ± 0.00 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0 . 01 ± 0 . 00 0.0038 ± 0.0001 
Cocoon mass Mcoc M� U[0.1, 2] 1 . 60 ± 0 . 04 1.52 ± 0.02 
Cocoon velocity vcoc c U[0.01, 0.3] 0 . 15 ± 0 . 00 0.16 ± 0.00 
Cocoon density index η U[1, 5] 4 . 97 ± 0 . 01 4.96 ± 0.03 
Shock breakout time tSBO s U[0.1, 100] 98 . 5+0 . 6 

−0 . 7 99.9 ± 0.01 
Shocked fraction of cocoon fsh U[0.01, 1] 0 . 65 ± 0 . 02 0.90 ± 0.01 
Cocoon opening angle cos (θcoc ) U[0.866, 1] 0 . 87 ± 0 . 00 0.866 ± 0.000 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 19980+90 

−110 
L[103 , 104 ] (Fig. 3 ) 8930 ± 10 
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Table A8. Same as Table A1 , but for the cocoon + CSM shock cooling model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Ejecta mass Mej M� L[10−1 , 102 ] 14.3 ± 0.2 1.16+0 . 00 
−0 . 01 

Ejecta velocity vej km s−1 L[103 , 105 ] 99100 ± 400 4120 ± 20 
Nickel fraction fNi L[10−3 , 1] 1.00 ± 0.00 0.91 ± 0.00 
Opacity κ cm2 g−1 U[0.05, 2] 0.050 ± 0.000 0.050 ± 0.000 
Non-thermal opacity κγ cm2 g−1 L[10−4 , 104 ] 0.0046+0 . 0002 

−0 . 0001 0.0005 ± 0.0000 
Engine energy Eeng erg L[1048 , 1053 ] L(51.62 ± 0.01) L(51.84 ± 0.00) 
Engine time-scale teng s L[1, 104 ] 120+20 

−10 410+50 
−20 

Cocoon opening angle θcoc rad U[0.01, 0.1] 0.011 ± 0.001 0.070 ± 0.001 
CSM mass MCSM 

M� L[10−2 , 10] 0.94 ± 0.01 1.413 ± 0.001 
CSM radius RCSM 

1013 cm L[10−2 , 102 ] 10.3 ± 0.2 12.0 ± 0.0 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 19960+70 

−50 
L[103 , 104 ] (Fig. 3 ) 9930 ± 10 

Table A9. Same as Table A1 , but for the fallback TDE model. 

Parameter Symbol Units Prior Posterior 

Black hole mass MBH 106 M� L[10−6 , 1] 1.00 ± 0.00 
Stellar mass M∗ M� L[0.05, 10] 9.99+0 . 01 

−0 . 02 
Viscous time-scale tvisc d L[10−3 , 102 ] 4.23 ± 0.07 
Scaled impact parameter b U[0, 2] 0.32 ± 0.00 
Efficiency η L[10−4 , 0.4] L( −3.00 ± 0.00) 
Photosphere power-law constant Rph , 0 cm L[10−4 , 104 ] 53.4 ± 0.9 
Photosphere power-law exponent l U[0, 2] 2.00 ± 0.00 

Table A10. Same as Table A1 , but for the stream-stream TDE model. 

Parameter Symbol Units Prior Posterior 

Black hole mass MBH 106 M� L[10−6 , 1] 0.10+0 . 16 
−0 . 06 

Stellar mass M∗ M� U[0.05, 10] 5.96+2 . 46 
−2 . 96 

Gaussian peak time tpeak d U[0, 60] 45.86+8 . 60 
−10 . 38 

Gaussian sharpness σt d U[0, 60] 0.44+0 . 35 
−0 . 28 

Table A11. Same as Table A1 , but for the cooling envelope TDE model. 

Parameter Symbol Units Prior Posterior 

Black hole mass MBH M� L[1, 106 ] 296+1 
−2 

Stellar mass M∗ M� L[0.05, 10] 10.00 ± 0.00 
Impact parameter β U[1, 100] 86 ± 4 
Viscosity parameter α L[0.1, 1] 0.50+0 . 33 

−0 . 30 
Feedback efficiency η L[10−4 , 0.1] L( −1.85+0 . 40 

−0 . 42 ) 
Gaussian peak time tpeak d U[5, 60] 1.57 ± 0.00 
Gaussian sharpness σt d U[5, 60] 0.037 ± 0.000 
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Table A12. Same as Table A1 , but for the WR + BH merger model. 

Parameter Symbol Units Prior Posterior 
Fig. 2 Fig. 3 

Stellar mass M∗ M� U[5, 50] 46+3 
−4 50.0+0 . 0 

−0 . 1 
Black hole mass MBH M� U[5, 50] 6.1+1 . 2 

−0 . 8 50.0+0 . 0 
−0 . 1 

CSM mass MCSM 

M� U[0.1, 5] 1.40+0 . 25 
−0 . 15 0.40 ± 0.04 

Fast component mass Mfast M� U[0.01, 1] 1.00 ± 0.00 0.088 ± 0.001 
Fast component velocity vfast c U[0.05, 0.3] 0.21 ± 0.00 0.094 ± 0.00 
Slow component velocity vslow km s−1 L[103 , 104 ] 6300 ± 600 4000 ± 300 
Viscosity parameter α L[0.1, 1] 0.11 ± 0.01 0.210 ± 0.001 
Feedback efficiency η L[10−4 , 0.1] 0.069 ± 0.09 0.10 ± 0.00 
Plateau temperature Tfloor K L[103 , 105 ] (Fig. 2 ) 28100+200 

−100 
L[103 , 104 ] (Fig. 3 ) 9999 ± 1 

Table A13. Priors and summary statistics for the radio and X-ray top-hat jet afterglow models in Fig. 4 . Priors are either uniform (U) or log-uniform 

(L). The values shown for the posterior are the median and 1 σ uncertainties. Posterior values denoted with L are given in log-space. 

Parameter Symbol Units Prior Posterior 
Radio X-ray 

Observer angle θob rad Sine[0, π/2] 0.187+0 . 000 
−0 . 001 0.28+0 . 07 

−0 . 06 
Jet opening angle θc rad U[0.01, 0.1] 0.028 ± 0.001 0.075+0 . 017 

−0 . 020 
Isotropic equivalent jet energy Ejet erg L[1044 , 1054 ] L(53.0+0 . 3 

−0 . 4 ) L(52.4+0 . 9 
−0 . 6 ) 

ISM density n0 cm−3 L[10−5 , 102 ] L( −2.3+0 . 3 
−0 . 4 ) L(1.1+0 . 5 

−0 . 9 ) 
Electron spectral index p U[2, 3] 2.13 ± 0.03 2.32+0 . 31 

−0 . 16 
Particle equipartition parameter εe L[10−5 , 1] L( −0.33 ± 0.20) L( −0.69+0 . 44 

−0 . 69 ) 
Magnetic field equipartition parameter εB L[10−5 , 1] L( −1.5 ± 1.0) L( −1.9+1 . 2 

−1 . 4 ) 
Initial Lorentz factor �0 U[100,2000] 160+250 

−50 1000+600 
−500 

Accelerated electron fraction ξN U[0,1] 0.79+0 . 13 
−0 . 16 0.51 ± 0.30 

Table A14. Same as Table A13 , but for the radio and X-ray gaussian jet afterglow models. 

Parameter Symbol Units Prior Posterior 
Radio X-ray 

Observer angle θob rad Sine[0, π/2] 0.88 ± 0.00 0.35+0 . 06 
−0 . 07 

Jet core angle θc rad U[0.01, 0.1] 0.010 ± 0.000 0.056+0 . 024 
−0 . 019 

Jet edge angle θ j rad U[0.1, 0.2] 0.10 ± 0.00 0.14+0 . 04 
−0 . 02 

Isotropic equivalent jet energy Ejet erg L[1044 , 1054 ] L(52.97 ± 0.01) L(52.3+0 . 7 
−0 . 4 ) 

ISM density n0 cm−3 L[10−5 , 102 ] L(2.00 ± 0.00) L(1.4+0 . 4 
−0 . 7 ) 

Electron spectral index p U[2, 3] 2.38+0 . 01 
−0 . 02 2.35+0 . 29 

−0 . 19 
Particle equipartition parameter εe L[10−5 , 1] L( −0.96+0 . 01 

−0 . 02 ) L( −0.45+0 . 29 
−0 . 46 ) 

Magnetic field equipartition parameter εB L[10−5 , 1] L( −0.75 ± 0.02) L( −1.9+1 . 2 
−1 . 4 ) 

Initial Lorentz factor �0 U[100,2000] 1400+400 
−500 1100+500 

−600 
Accelerated electron fraction ξN U[0,1] 1.00+0 . 00 

−0 . 01 0.54+0 . 29 
−0 . 33 

Table A15. Same as Table A13 , but for the radio and X-ray power-law synchrotron blast wave models. 

Parameter Symbol Units Prior Posterior 
Radio X-ray 

Shock velocity vshock km s−1 U[103 , 3 × 104 ] 29700+200 
−300 18000+8000 

−9000 
CSM density at 1015 cm A cm−3 L[10−5 , 1015 ] L(9.63 ± 0.06) L(9.1 ± 1.3) 
CSM density index s U[0,4] 2.86 ± 0.01 2.06 ± 0.11 
Electron spectral index p U[2, 3] 2.34 ± 0.03 2.4+0 . 4 

−0 . 3 
Particle equipartition parameter εe L[10−5 , 1] L( −0.07+0 . 05 

−0 . 07 ) L( −2.5 ± 1.7) 
Magnetic field equipartition parameter εB L[10−5 , 1] L( −4.94+0 . 08 

−0 . 04 ) L( −2.6+1 . 7 
−1 . 5 ) 
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Table A16. Same as Table A13 , but for the radio and X-ray thermal synchrotron blast wave models. 

Parameter Symbol Units Prior Posterior 
Radio X-ray 

Shock velocity β� U[0.1, 10] 0.13 ± 0.01 1.5 ± 0.7 
ISM density nISM 

cm−3 U[0, 10] 3.5+3 . 7 
−2 . 6 4.4+3 . 2 

−2 . 9 
Mass loss parameter Ṁ vwind M� s km−1 

yr−1 
L[10−10 , 1] L( −5.8+0 . 3 

−0 . 5 ) L( −5.7+0 . 6 
−0 . 7 ) 

Electron spectral index p U[2, 3] 2.02 ± 0.01 2.94+0 . 04 
−0 . 09 

Particle equipartition parameter εe L[10−5 , 1] L( −1.7+0 . 5 
−0 . 7 ) L( −3.0+1 . 8 

−1 . 3 ) 
Magnetic field equipartition parameter εB L[10−5 , 1] L( −4.4 ± 0.4) L( −2.6+1 . 7 

−1 . 6 ) 
Accelerated electron fraction ξN U[0,1] 0.64+0 . 20 

−0 . 26 0.54+0 . 28 
−0 . 29 

Table A17. Same as Table A13 , but for the X-ray accretion disc model. 

Parameter Symbol Units Prior Posterior 

Black hole mass MBH M� L[1, 1010 ] L(5.6+1 . 2 
−0 . 7 ) 

Black hole spin a U[ −1, 1] −0.48+0 . 50 
−0 . 32 

Disc mass Mdisc M� L[10−3 , 10] L( −2.02+1 . 94 
−0 . 61 ) 

Initial radius of disc R0 Rgrav U[10, 100] 79+12 
−19 

Viscous time-scale tvisc day L[1, 103 ] 4.2+5 . 7 
−2 . 4 

Time of ring formation tform 

day U[ −100, 365] 12.8+9 . 3 
−6 . 1 

Observer angle θobs rad Sine[0, π/2] 0.88+0 . 37 
−0 . 33 

Table A18. Same as Table A13 , but for the X-ray top-hat jet afterglow + accretion disc model. 

Parameter Symbol Units Prior Posterior 

Black hole mass MBH M� L[1, 1010 ] L(5.3+0 . 4 
−0 . 5 ) 

Black hole spin a U[ −1, 1] −0.43+0 . 40 
−0 . 33 

Disc mass Mdisc M� L[10−3 , 10] 0.004+0 . 010 
−0 . 002 

Initial radius of disc R0 Rgrav U[10, 100] 43+25 
−19 

Viscous time-scale tvisc d L[1, 103 ] 4.9+6 . 0 
−2 . 6 

Time of ring formation tform 

d U[ −100, 365] 11.1+4 . 9 
−3 . 4 

Observer angle θob rad Sine[0, π/2] 1.25+0 . 19 
−0 . 32 

Isotropic equivalent jet energy Ejet erg L[1046 , 1053 ] L(50.3+1 . 5 
−2 . 0 ) 

ISM density n0 cm−3 L[10−5 , 102 ] L( −1.1+1 . 8 
−1 . 9 ) 

Particle equipartition parameter εe L[10−5 , 1] L( −2.2+1 . 2 
−1 . 5 ) 

Magnetic field equipartition parameter εB L[10−5 , 1] L( −2.8 ± 1.3) 
Jet opening angle θc rad 0.1 
Electron spectral index p 2.5 
Initial Lorentz factor �0 100 
Accelerated electron fraction ξN 1 

Table A19. Priors and summary statistics for the joint radio and X-ray power-law synchrotron blast wave model in Fig. 6 . Priors are either uniform 

(U) or log-uniform (L). The values shown for the posterior are the median and 1 σ uncertainties. Posterior values denoted with L are given in log-space. 

Parameter Symbol Units Prior Posterior 

Shock velocity vshock km s−1 U[103 , 3 × 104 ] 29996+3 
−6 

CSM density at 1015 cm A cm−3 L[10−5 , 1015 ] L(10.02+0 . 03 
−0 . 02 ) 

CSM density index s U[0,4] 2.67 ± 0.01 
Electron spectral index p U[2, 3] 2.85+0 . 02 

−0 . 01 
Particle equipartition parameter εe L[10−5 , 1] L( −0.0010+0 . 0007 

−0 . 0018 ) 
Magnetic field equipartition parameter εB L[10−5 , 1] L( −4.99 ± 0.00) 
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Table A20. Same as Table A19 , but for the power-law synchrotron blast wave + gaussian jet afterglow model. 

Parameter Symbol Units Prior Posterior 

Observer angle θobs rad Sine[0, π/2] 0.610+0 . 049 
−0 . 005 

Isotropic equivalent jet energy Ejet erg L[1046 , 1053 ] L(50.78+0 . 05 
−0 . 04 ) 

ISM density n0 cm−3 L[10−5 , 102 ] L( −0.62+0 . 16 
−0 . 05 ) 

Particle equipartition parameter (afterglow) εe , GRB L[10−5 , 1] L( −0.028+0 . 16 
−0 . 20 ) 

Magnetic field equipartition parameter (afterglow) εB , GRB L[10−5 , 1] L( −0.22 ± 0.11) 
Shock velocity vshock km s−1 U[103 , 3 × 104 ] 25000+3000 

−4000 
CSM density at 1015 cm A cm−3 L[10−5 , 1015 ] L(8.6+0 . 6 

−0 . 9 ) 
CSM density index s U[0,4] 2.34 ± 0.00 
Particle equipartition parameter (blast wave) εe , ej L[10−5 , 1] L( −1.19+0 . 67 

−0 . 90 ) 
Magnetic field equipartition parameter (blast wave) εB , ej L[10−5 , 1] L( −2.5+1 . 3 

−0 . 9 ) 
Jet core angle θc rad 0.1 
Jet edge angle θ j rad 0.2 
Electron spectral index (afterglow) pGRB 2.5 
Initial Lorentz factor �0 100 
Accelerated electron fraction ξN 1 
Electron spectral index (blast wave) pej 2.5 
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PPENDIX  B:  THE  PHOTOSPHERE  OF  A  

OMOLOGOUS  EXPANDING  MEDIUM  

ne argument against interpretations involving SNe, jets, or
ther expanding media is the behaviour of the photosphere of 
T2024wpp. The photosphere peaks at ∼ 5 d, but the spectra sug-
est that ejecta remains optically thick until � 40 d (D. A. Perley et
l. 2026 ). The time-scale between when the photospheric radius
eaks and when the ejecta becomes optically thin can be derived
sing a few simple assumptions and compared to the observed
ata. 
Assume that the ejecta is expanding homologously with a
ower law density profile ρ ∝ v−α , where α ≥ 0 . The total mass
f the ejecta is Mej and the inner and outer edges of the ejecta are
raveling at vin and vout respectively. The opacity κ is assumed to
e constant and the ejecta is assumed to be spherical. The initial
ize of the object is initially assumed to be small, although we
how the effect of relaxing that assumption after. 
The photospheric radius Rphot can be derived by finding the

ocation where the integrated optical depth from the edge of the
jecta becomes ∼ 2/3 (W. D. Arnett 1980 ; W. D. Arnett & A. Fu
989 ), i.e. 

 / 3 =
∫ vout t 
Rphot 

ρ(r, t ) κd r. (B1) 

nstead of continuing the derivation for arbitrary α, we instead
ocus on the two extreme cases, α = 0 and α → ∞ . 
For α = 0 , the density is 

= 3 Mej 

4 π (v3 out − v3 in ) t3 
. (B2) 

ubstituting this into equation ( B1 ) gives 

 / 3 = 

∫ vout t 
Rphot 

3 Mej κ

4 π (v3 out −v3 in ) t3 
dr, (B3) 

= 

3 Mej κ

4 π (v3 out −v3 in ) t3 
(vout t − Rphot ) , (B4) 

so 
NRAS 550, 1–20 (2026)
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phot = vout t − 8 π (v3 out − v3 in ) t3 

9 Mej κ
. (B5) 

he time-scale for the photosphere to reach a peak is 

phot , peak =
√ 

3 Mej κvout 
8 π (v3 out − v3 in ) 

, (B6) 

nd the time-scale when the entire ejecta becomes optically thin
 Rphot = vin t) and enters the nebular phase is 

neb =
√ 

9 Mej κ (vout − vin ) 
8 π (v3 out − v3 in ) 

. (B7) 

he ratio between these two is 

tneb 
tphot , peak 

=
√ 

3(vout − vin ) 
vout 

≤
√ 

3 . (B8) 

or α → ∞ , the ejecta expands in a thin shell. Rphot will in-
reases linearly until the ejecta becomes optically thin, so the ra-
io tneb /tphot , peak → 1 for this case. Intermediate values of α should
how tneb /tphot , peak between 1 and

√ 

3 , so the highest this ratio can
o within the assumptions we have made is

√ 

3 . Values higher
han this indicate that the ejecta is likely highly non-spherical
r not expanding homologously, either decelerating strongly, re-
aining stationary, or having mass continuously injected into the
jecta. 
However, if the ejecta has an initial radius of R0 , then time t 

n equation ( B5 ) gets replaced with t + R0 /vout , and both tphot , peak 
nd tneb become smaller by R0 /vout , thus, the ratio between them
ecomes 
tneb 

tphot , peak 
= tneb(R0 =0) − R0 /vout 
tphot , peak(R0 =0) − R0 /vout 

>
tneb(R0 =0) 

tphot , peak(R0 =0) 
. (B9) 

hus, an extended progenitor on the order of R0 =
out tphot , peak(R0 =0) can have a high enough ratio to be consistent
ith observations. However, for AT 2024wpp, this radius is
 1015 cm, which rules out any known type of progenitor star. 
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