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ABSTRACT

Luminous fast blue optical transients (LFBOTSs) 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.
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1 INTRODUCTION

Recent high-cadence wide-field surveys, such as the Zwicky Tran-
sient Facility (ZTF; E. C. Bellm et al. 2019a) and the Asteroid
Terrestrial-impact Last Alert System (ATLAS; J. L. Tonry 2011;
J. L. Tonry et al. 2018), have led to the discovery and characteri-
zation of several new types of fast optical transients (M. R. Drout
et al. 2014; 1. Arcavi et al. 2016; M. Pursiainen et al. 2018; A. Y.
Q. Ho et al. 2023b). These transients evolve faster than typical
supernovae (SNe) and can have peak luminosities similar to su-
perluminous supernovae (SLSNe; A. Gal-Yam 2012; M. Nicholl
2021; S. Gomez et al. 2024). These properties rule out typical °Ni-
powered core-collapse or thermonuclear SN models, since the
mass of °Ni required to explain the luminosity would be larger
than the mass of the ejected material. Further studies have shown
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that many of these transients are likely Type Ibn/Icn SNe (A.
Y. Q. Ho et al. 2023b); SNe powered by the interaction between
the ejected material and circumstellar material (CSM). However,
a few of the more luminous fast optical transients have shown
multi-component multiwavelength signatures consistent with a
central engine (A. Y. Q. Ho et al. 2019; R. Margutti et al. 2019; A.
Y. Q. Ho et al. 2020, 2022; B. D. Metzger 2022a; A. A. Chrimes
et al. 2024b); these transients have become known as luminous
fast blue optical transients (LFBOTS).

The prototype LFBOT is AT2018cow (‘the Cow’, S. J. Prentice
et al. 2018), the closest observed event so far (z = 0.014). The
optical emission rose to peak within ~ 2.5d, and peaked at an
absolute magnitude ~ —20.5. The optical spectra had only a few
broad features, indicating expansion velocities 2> 0.1c and tem-
peratures ~30000 K. Around 15d, the spectrum began to show
H and He features at velocities ~3000-4000 km s~!, but showed
no evidence of cooling to normal late-time SN temperatures (R.
Margutti et al. 2019; D. A. Perley et al. 2019; D. Xiang et al.
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2021). The spectrum also showed narrow emission components
(v £ 300km s~1), consistent with CSM interaction (O. D. Fox & N.
Smith 2019; L. Dessart et al. 2021). The Cow showed polarization
of ~7 percent at 5.7d post-explosion, which quickly faded to
show no polarization after 8 d except for a < 1 day increase to ~
1.5 per cent in the blue at 13d (P. S. Smith et al. 2018; J. R. Maund
et al. 2023). Follow-up observations also found a persistent UV
source coincident with the Cow at ~years post-explosion (N.-C.
Sun et al. 2022, 2023; A. Inkenhaag et al. 2023, 2025; Y. Chen et al.
2023a, b).

The Cow was also bright at other wavelengths. Soft X-ray emis-
sion was detected shortly after the explosion (L. E. Rivera San-
doval et al. 2018 ; N. P. M. Kuin et al. 2019 ), and followed a shal-
low temporal decline until steepening at ~ 20 d, when the optical
lines at ~3000-4000 km s~! emerged (R. Margutti et al. 2019).
The soft X-ray light curve was highly variable, and quasi-periodic
oscillations (QPOs) were claimed at 225 Hz (D. R. Pasham et al.
2021) and 4 mHz (D. Xiang et al. 2021), giving constraints on the
mass of the central object to be <850 Mg and 103-10° M, re-
spectively. The persistent source found at ~ years post-explosion
also showed soft X-ray emission (G. Migliori et al. 2024). The Cow
also showed bright hard X-ray, radio, and millimetre emission (A.
Y. Q. Ho et al. 2019; R. Margutti et al. 2019; A. J. Nayana & P.
Chandra 2021). The radio evolved smoothly and showed a steep
temporal drop at ~ 1 month (A. Y. Q. Ho et al. 2019), indicating
a different origin from the X-rays. The atypical properties of the
radio compared to radio SNe can be understood if the radiating
electrons have a relativistic Maxwellian energy distribution (B.
Margalit & E. Quataert 2021; A. Y. Q. Ho et al. 2022; B. Margalit &
E. Quataert 2024).

The multiwavelength analysis from R. Margutti et al. (2019)
found that the observed properties of the Cow can be explained
by a central engine surrounded by an aspherical ejecta with a
trans-relativistic polar component and a lower velocity equato-
rial ring or torus. The central engine hypothesis for LFBOTs is
also supported by the time variability of the X-rays, giant optical
flares from AT2022tsd (A. Y. Q. Ho et al. 2023a), possible QPOs,
and long-lasting UV/X-ray remnant. The radio emission is likely
caused by the interaction between the trans-relativistic compo-
nent and surrounding high density (10° cm~3), wind-like CSM (A.
Y. Q. Hoetal. 2019; R. Margutti et al. 2019) on scales of ~ 106 cm.
For wind speeds of ~1000km s~ (typical of Wolf-Rayet stars),
the mass loss rate is implied to be M = 107*-10—> My, yr! (R.
Margutti et al. 2019), which is more than an order of magnitude
higher than expected in Wolf-Rayet stars (M. J. Barlow, L. J.
Smith & A. J. Willis 1981; T. Nugis & H. J. G. L. M. Lamers 2000; A.
Adhyagsa et al. 2020). This indicates either an extended CSM or a
distinct physical origin (O. D. Fox & N. Smith 2019). In the early
phase, the opticaal emission from the polar component is thought
to arise from reprocessed X-ray emission from the central engine
(A. L. Piro & W. Lu 2020; K. Uno & K. Maeda 2020a; D. Calderén,
O. Pejcha & P. C. Duffell 2021; C. Chen & R.-F. Shen 2022; K.
Uno & K. Maeda 2023). The photosphere from this component
recedes into the equatorial torus as reprocessing becomes less
efficient on the time-scale where the lower velocity lines emerge.

Since the discovery of the Cow, a few other transients
have been discovered with similar properties. These include
AT2018lug/ZTF18abvkwla (‘the Koala’, A. Y. Q. Ho et al. 2020),
CSS161010 (D. L. Coppejans et al. 2020; C. P. Gutiérrez et al.
2024), AT2020xnd/ZTF20acigmel (‘the Camel’, D. A. Perley et al.
2021;7J. S. Bright et al. 2022; A. Y. Q. Ho et al. 2022), AT2020mrf (Y.
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Yao et al. 2022), AT2022tsd (‘the Tasmanian Devil’, D. Matthews
et al. 2023; A. Y. Q. Ho et al. 2023a), and AT2023thn (‘the Finch’,
A. A. Chrimes et al. 2024a, b). These objects show some variety
in peak luminosity and ejecta velocity, but all show hot, roughly
featureless early spectra, optical luminosities similar to SLSNe,
and bright X-ray and radio emission. J. J. Somalwar et al. (2025)
also discovered AT2024puz, which has similar properties to both
LFBOTs and TDEs and evolves on a time-scale intermediate be-
tween the two. The LFBOT rate is estimated to be <0.1 per cent
of the core-collapse SN rate (A. Y. Q. Ho et al. 2023b), and they
normally occur in metal-poor, low-mass starburst galaxies (A. Y.
Q. Ho et al. 2019; M. J. Michatowski et al. 2019; D. L. Coppejans
et al. 2020; J. D. Lyman et al. 2020; Y. Yao et al. 2022). These en-
vironments are similar to those of Type-I SLSN and long gamma-
ray burst (GRB) progenitors (R. Lunnan et al. 2014; T. W. Chen
et al. 2015; G. Leloudas et al. 2015; C. R. Angus et al. 2016; T.-W.
Chen et al. 2017; S. Schulze et al. 2018; S. V. @rum et al. 2020),
which may indicate that these transients all come from massive,
low-metallicity progenitors.

Although the ejecta structure of LFBOTs is somewhat under-
stood, the nature of the progenitor that produces it is still un-
known. A few proposed scenarios include engine-driven SNe (e.g.
S. J. Prentice et al. 2018; J.-F. Liu et al. 2022; C. M. B. Omand &
N. Sarin 2024), failed SNe with prompt accretion disc formation
(R. Margutti et al. 2019; D. A. Perley et al. 2019; E. Quataert, D.
Lecoanet & E. R. Coughlin 2019), tidal disruption events (TDEs)
from intermediate mass black holes (IMBHSs; N. P. M. Kuin et al.
2019; D. A. Perley et al. 2019; C. P. Gutiérrez et al. 2024), choked
jets (O. Gottlieb, A. Tchekhovskoy & R. Margutti 2022; N. Soker
2022; A. Suzuki & K. Maeda 2022; A. Suzuki, C. M. Irwin & K.
Maeda 2024; H. Hamidani et al. 2025b), highly aspherical SNe
(‘ellipsars’, M. DuPont, A. MacFadyen & J. Zrake 2022), and the
merger of a compact object and massive star (M. Lyutikov & S.
Toonen 2019; S. L. Schreder et al. 2020; K. Uno & K. Maeda 2020a;
B. D. Metzger 2022a). CSM-interaction models have also been
proposed (O. D. Fox & N. Smith 2019; D. Xiang et al. 2021; C.
Pellegrino et al. 2022; D. K. Khatami & D. N. Kasen 2024), but
these are disfavoured due to the variability and long duration
of the X-ray emission. The central X-ray source could be either
a magnetized nebula (e.g. C. M. B. Omand, K. Kashiyama & K.
Murase 2018; I. Vurm & B. D. Metzger 2021; C. M. B. Omand, N.
Sarin & G. P. Lamb 2025b), which can cause ejecta asymmetry due
to Rayleigh-Taylor instabilities between the wind and ejecta (J. M.
Blondin & R. A. Chevalier 2017; A. Suzuki & K. Maeda 2017, 2021;
C. M. B. Omand, N. Sarin & T. Temim 2025a); the inner region
of a Super-Eddington accretion disc (A. Sadowski & R. Narayan
2015); or a choked jet (O. Gottlieb et al. 2022). The transients can
be 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
newly 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
the closest (z = 0.0868; D. A. Perley et al. 2024) and brightest
(Lol peak > 10% erg s71) LFBOTSs to date, and the first one to
be identified before the optical/UV peak (A. Y. Q. Ho et al.
2024). A comprehensive multiwavelength dataset on the object
has been collected, including NIR/optical/UV photometry and
spectroscopy, optical polarization, radio and millimetre data, and
X-ray data (R. Margutti et al. 2024; G. Schroeder, A. Y. Q. Ho &
D. A. Perley 2024; G. Srinivasaragavan et al. 2024; A. J. Nayana
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et al. 2025; M. Pursiainen et al. 2025; N. LeBaron et al. 2026; D.
A. Perley et al. 2026). AT2024wpp is featureless at early epochs,
but shows weak H and He features after ~ 30d. Late-time ob-
servations show no evidence for minute-time-scale flares (E. O.
Ofek et al. 2025) similar to AT2022tsd (A. Y. Q. Ho et al. 2023a).
The optical peak is well described by a =30 000 K blackbody, and
the optical component remains well-described by a >20000K
blackbody out to late times, although there is some evidence for
a power-law NIR excess after ~ 20 d. The X-ray emission hardens
over time and shows a rebrightening at ~50 d. The radio emission
rises quickly over ~20-30 d before starting to decline.

This work attempts to find a physically plausible scenario for
AT2024wpp that can explain both the thermal and non-thermal
emission. We approach this task by fitting several semi-analytic
models to each component and using the results of those fits to
determine whether different scenarios are viable. We summarize
the data we attempt to model in Section 2 and the models used
in Section 3. The results are shown in Section 4 and discussed in
Section 5. Finally, we conclude in Section 6.

2 DATA MODELLED

The data we model include the NIR/optical/UV photometry, ra-
dio data, and X-ray data presented in D. A. Perley et al. (2026).
The photometry was gathered using a number of surveys and
facilities, including the Zwicky Transient Facility (ZTF; M. J. Gra-
ham et al. 2019; E. C. Bellm et al. 2019b; R. Dekany et al. 2020)
using the Samuel Oschin 48-inch Schmidt telescope, 10:0 and
the Liverpool Infra-Red Imaging Camera (LIRIC) on the Liver-
pool Telescope, the Rainbow Palomar 60-inch telescope at Palo-
mar Observatory, the Panoramic Survey Telescope and Rapid Re-
sponse System (Pan-STARRS), Goodman High-Throughput Spec-
trograph (GHTS) on the Southern Astrophysical Research Tele-
scope (SOAR), the ESO Faint Object Spectrograph and Camera
v2 (EFOSC2) on the New Technology Telescope (NTT), the Focal
Reducer/Low Dispersion Spectrograph 2 (FORS2) on the Very
Large Telescope (VLT), the Ultraviolet-Optical Telescope (UVOT)
on the Neil Gehrels Swift Observatory, and the Wide Field Camera
3 (WFC3) on the Hubble Space Telescope (HST). X-ray observa-
tions were taken by the X-Ray Telescope (XRT) on Swift, and the
radio observations were taken by the Karl G. Jansky Very Large
Array (VLA) and Atacama Large Millimetre/submillimetre Array
(ALMA). Overall, the UVOIR photometric data has detections
spanning ~120d and upper limits at ~150-220d after the last
detection. The radio data spans the 3.0-350 GHz frequency range
and has detections up to ~200 d post-discovery. The X-ray data are
only in one band (0.2-10 keV), and lasts ~80 d. Upper limits were
not included in model fits in either the optical or non-thermal
models, although late-time upper limits are used as constraints
in Section 5.

3 MODELS AND FITTING

We test various models by performing Bayesian inference to fit
them to the multiband optical photometry and radio data using
REDBACK! (N. Sarin et al. 2024). We use the PYMULTINEST sam-
pler (J. Buchner et al. 2014) implemented in BILBY (G. Ashton
etal. 2019), and sample in flux density with a Gaussian likelihood.
The priors used are listed in Appendix A. We sample the initial
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time with a uniform prior of up to 20 days before the first observa-
tion, and include a host extinction term Ay, with a uniform prior
between 0 and 2 mag for the optical data. A list of the models used
is given in Table 1.

The first model used is an evolving blackbody model, which
fits the transient by assuming the photospheric temperature and
radius both have power-law rises and declines in time. The tem-
perature and radius peaks are not assumed to be at the same time.
While this will not reveal the physics of the LFBOT, it will allow
us to characterize the photospheric radius and temperature of
the system, which can provide insight into the properties that the
more physical models need to have in order to describe the data.

The physical semi-analytic optical models we test can be di-
vided into a few broad classes: SNe, shock cooling, TDEs, and
stellar mergers. These models were chosen to represent the wide
range of phenomena that could potentially explain LFBOTs.
These models all calculate the bolometric luminosity and pho-
tospheric radius of one or more components, and convert that to
observed emission by assuming each component is described by
a blackbody spectral energy distribution.

3.1 Supernova models

We test four SN models, which differ depending on their power
source. One is the standard >*Ni-powered SN, known as the Ar-
nett model (S. A. Colgate & C. McKee 1969; W. D. Arnett 1982).
This model usually has difficulty explaining transients with high
luminosities and low diffusion times, due to the constraint that
the °Ni mass must be lower than the ejecta mass. The other SNe
models also have **Ni, but are primarily powered by a different
source. One model is the millisecond magnetar model (C. M. B.
Omand & N. Sarin 2024), which was shown in C. M. B. Omand &
N. Sarin (2024) to be a good fit to the LFBOT AT2020xnd (‘the
Camel’, D. A. Perley et al. 2021). Another is the CSM interaction
model (E. Chatzopoulos et al. 2013; V. A. Villar et al. 2017; B. Jiang
et al. 2020), powered by the conversion of kinetic energy into
luminosity via the shock formed between the ejecta and CSM.
The final one is the fallback SN model (J. Guillochon et al. 2018),
which is powered by the accretion of material onto a central black
hole remnant.

3.2 Shock cooling models

Shock cooling emission is the radiation from shock heated mate-
rial as it cools and expands after shock breakout (e.g. B. Margalit
2022). The shock that heats the material can come from either an
SN explosion or a GRB jet, leaving a region of shocked material
called the cocoon. The material can either be the envelope of the
star or an extended CSM. This leads us to examine four shock
cooling scenarios: the SN + envelope (N. Sapir & E. Waxman
2017), SN + extended CSM (A. L. Piro et al. 2021), cocoon + en-
velope (A. L. Piro & W. Lu 2020), and cocoon + extended CSM
(H. Hamidani et al. 2025a, b). Shock cooling can emit on short
time-scales but cannot produce emission at later times, so we test
all the shock cooling models alongside a >*Ni component to better
explain late-time emission.

3.3 Tidal disruption event models

We test three models for TDE emission, which vary how the
optical emission is produced after the star is disrupted. None of
the models self-consistently solve the early pre-circularization
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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)
56Ni-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

Fallback-powered SN sn_nickel_fallback
SN + envelope shock cooling shockcooling_sapirwaxman_and_arnett
SN + CSM shock cooling shock_cooling_and_arnett

Cocoon + envelope shock cooling shocked_cocoon_and_arnett
Cocoon + CSM shock cooling

Fallback TDE tde_fallback

Stream-stream collision TDE stream_stream_tde
Cooling envelope TDE

BH-WR merger wr-bh_merger

shocked_cocoon_csm_and_arnett

gaussianrise_cooling_envelope

E. Chatzopoulos et al. (2013), V. A. Villar et al. (2017), and B. Jiang, S.
Jiang & V. Ashley Villar (2020)
J. Guillochon et al. (2018)
N. Sapir & E. Waxman (2017)
A. L. Piro, A. Haynie & Y. Yao (2021)
A. L. Piro & J. A. Kollmeier (2018)
H. Hamidani et al. (2025a, b)
J. Guillochon & E. Ramirez-Ruiz (2013), J. Guillochon et al. (2018), and
B. Mockler, J. Guillochon & E. Ramirez-Ruiz (2019)
T. Piran et al. (2015) and T. Ryu, J. Krolik & T. Piran (2020)
B. D. Metzger (2022b) and N. Sarin & B. D. Metzger (2024)
B. D. Metzger (2022a)

Radio and X-ray

Top-hat Jet
Gaussian Jet
Power-law synchrotron

tophat_redback
gaussian_redback
synchrotron_pldensity

Thermal synchrotron
Accretion disc fitted
Top-hat Jet + accretion Disc tophat_redback & fitted

thermal_synchrotron_v2_fluxdensity

G. P. Lamb, I. Mandel & L. Resmi (2018)
G. P. Lamb et al. (2018)
S. Rosswog & M. Briiggen (2007) and R. A. Chevalier & C. Fransson
(2017)
B. Margalit & E. Quataert (2021, 2024)
A. Mummery & S. A. Balbus (2020) and A. Mummery et al. (2024, 2025)

emission, and instead they all assume a constant-temperature
Gaussian rise until peak. The first model assumes the emission is
directly powered by fallback accretion onto the central black hole
(J. Guillochon & E. Ramirez-Ruiz 2013; J. Guillochon et al. 2018;
B. Mockler et al. 2019). The second model assumes the emission is
powered by shocks resulting from the collisions of debris streams
(T. Piran et al. 2015; T. Ryu et al. 2020). The final TDE model
assumes the bound debris forms a quasi-steady envelope which
cools radiatively as it undergoes Kelvin-Helmholtz contraction
(B. D. Metzger 2022b; N. Sarin & B. D. Metzger 2024). For these
models, we alter the default prior such that the lower bound of
the black hole mass goes down to 1 M, since the TDE rise time
is predominately set by the black hole mass and a time-scale of ~
5d requires an intermediate or stellar mass black hole.

3.4 Stellar merger model

The final optical model is the disruption and hyper-accretion of
a Wolf-Rayet star onto a black hole companion, with a delay be-
tween the common envelope phase and the merger (B. D. Metzger
2022a). The optical emission in this model is primarily powered
by reprocessed X-rays from the inner accretion disc, although
interaction between ejecta and CSM can also contribute at later
times.

3.5 Radio and X-ray models

To try and explain the radio and X-ray emission, we test mod-
els from GRB afterglows, CSM interaction from non-relativistic
or trans-relativistic spherical blast waves, and from an accretion
disc. Since previous LFBOTSs have shown evidence for multiple
components in their non-thermal emission, the radio and X-ray
data are fit separately. We test two jet structures for the after-
glow: a top-hat jet and a Gaussian jet (G. P. Lamb et al. 2018).
For CSM interaction, we test a power-law synchrotron model
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(S. Rosswog & M. Briiggen 2007; R. A. Chevalier & C. Fransson
2017), where the emitting electrons have a power-law energy
distribution, and a thermal synchrotron model (B. Margalit & E.
Quataert 2021, 2024), where the emitting electrons have a rela-
tivistic Maxwellian distribution. The GRB afterglow models are
assumed to be in a constant density medium since they decelerate
further away from the progenitor, while the interaction models
are assumed to be in a medium with a power-law density profile
p o r~*, with @ between 0 and 4. The emission from the accretion
disc is fit using models from FITTED (A. Mummery et al. 2025)
imported into REDBACK, and we also examine a case with a jet
and accretion disc.

4 RESULTS

4.1 Optical

Fig. 1 shows the multiband fit from the evolving blackbody model
and the luminosity, photospheric radius, and temperature de-
rived from it; the values found by D. A. Perley et al. (2026) are
also shown as a comparison. The model provides a good fit to the
overall, showing that a blackbody with power-law time depen-
dence can approximate the system well. The inferred luminosi-
ties, radii, and temperatures also broadly agree with other mea-
surements from N. LeBaron et al. (2026). The radius increase with
power-law index o sise = 0.01739! and decreases with ox gecline =
—1.06709!, while the temperature rises with oy sise = 1.021001
and declines with o7 gegine = —0.357091, where R or T  t°. The
luminosity indices are determined from R or T, which give an
initial rise index of 4.10%)0¢, an intermediate decline index of
—1.3870% then a final decline index of —3.5275-%. The inferred
luminosities, radii, and temperatures do differ from D. A. Perley
et al. (2026) at early times, likely due to the simplified power-

law time evolution of those properties in our model, so inferred

920z Jequieldasg G| uo Jasn unjeq yeles Aq v£150/8/v01 | BeIS/L/0SS/0ne/seiuW/Woo dnooIWsped. WoJ) Ppapeojumoq



— UVW2 x 1000.0 — B x30 i x0.03

— UVM2 x 300.0 - 8 z x 0.01
UVW1 x 50.0 V x 0.3 y x 0.003
u x 10.0 r x 0.1 — H x 0.001

— —
o] [==]
=] o

H
S
3

Flux Density (m.Jy)

i J‘, EE 90% Credible Interval
1009 %

— | I Perley et al. (2026)

L |

o

RIS

£

2

= 100

—

Radius [10% cm]

w

Temperature [10* K]
Do

—

20 40 60 80 100 120
Observer-Frame Days Since Explosion

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.

parameters during the early and intermediate phases are likely
unreliable.

Fig. 2 shows the fits to the optical data with the more
physically-motivated models, with the posteriors listed in Ap-
pendix A. Several models, including the magnetar-powered SN
model, SN + envelope shock cooling model, and black hole-

AT2024wpp modelling 5

Wolf Rayet (BH-WR) merger model, can reproduce the rise and
decline time-scales, luminosity, and colour evolution of the light
curve well. A few other models, including the nickel-powered and
fallback-powered SN models as well as the cocoon + envelope
and SN + CSM shock cooling models, can somewhat reproduce
the data but underpredict the UV emission around peak. The
TDE models all fail to describe the data, with the fallback and
stream-stream collision models evolving much too slowly, and
the cooling envelope model cooling far too quickly.

The parameters for each of the SN, shock cooling, and BH-WR
merger models all contain a plateau temperature, Tfoor, Which has
a wide prior between 10 and 10° K. Models with this parameter
keep the photospheric temperature at a minimum value Tqoor
at late times, resulting in the photospheric radius receding as
the luminosity continues to decrease. This allows the models to
approximate a time when the photosphere recedes without the
need to continuously calculate the optical depth of the ejecta.
M. Nicholl, J. Guillochon & E. Berger (2017) mention that this
parameter may contain information about other processes keep-
ing the ejecta at a constant temperature, such as recombination
or ejecta fragmentation from a central engine. Using Thoor also
allows the model to make multiband predictions deep into the
nebular phase, when the photosphere no longer exists and the
emission can no longer have a blackbody spectrum. Emission at
this phase is driven mostly by line emission in supernovae, al-
though in LFBOTS, free—free emission and non-thermal emission
from the heating source may also be important. Because of this, a
blackbody approximation can not make accurate predictions past
the photospheric phase (see discussion in S. Schulze et al. 2024).

The values of Theor from the fits shown in Fig. 2 are be-
tween 20 000-40 000 K, similar to the values found for the LFBOT
AT2020xnd by C. M. B. Omand & N. Sarin (2024). This is much
higher than the ~5000K that has been estimated for other tran-
sients (M. Nicholl et al. 2017; F. Taddia et al. 2019). This implies
the photosphere begins to recede early, which is consistent with
the data. However, this also implies that the ejecta becomes opti-
cally thin within < 10d (see Appendix B), which is not consistent
with the spectroscopic data (D. A. Perley et al. 2026).

We re-fit the optical data with the same models, but with the
upper limit on the prior for T set to 10* K - these fits are
shown in Fig. 3 with the posteriors listed in Appendix A. Tqpor <
10* K was chosen because it is below the inferred late-time tem-
perature of the LFBOT (Fig. 1), so a model would have to self-
consistently calculate the photospheric radius and temperature
to explain the data. The TDE models do not use Tqoor, and thus
remain unchanged. Most models now cool to < 10* K on time-
scales comparable to the peak of the LFBOT or earlier, and fail
to reproduce the UV data. Only the magnetar-driven SN model
and BH-WR merger model can reproduce the light curve peak,
but cool down shortly after and fail to reproduce the observed
decline, again underpredicting the UV data.

4.2 Radio and X-ray

Fig. 4 shows the fits to the radio and X-ray data, which were
modelled separately to allow for the possibility that they could
arise from separate processes. The posteriors are listed in Ap-
pendix A. The radio data are better reproduced by the two after-
glow models and the power-law synchrotron blast wave model
compared to the thermal synchrotron blast wave model. Specif-
ically, the afterglows and power-law synchrotron show a more
pronounced 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.

faster decline, although none of the models can reproduce the
fast decline consistent with the 3 GHz upper limit. The jets
are both predicted to be strongly off-axis, with Oyps/Ocore ~ 5-10.
The power-law synchrotron is predicted to be in a medium with
p ~r29 The fits to the X-ray data show a different prefer-
ence; the synchrotron blast wave models reproduce the later data
well but underpredict the early data, while the jet and accretion
disc models fail to reproduce the data entirely, especially at late
times.

MNRAS 550, 1-20 (2026)

An important consideration from the radio and X-ray fits is
what they predict for the opposite band, since a model that over-
predicts the other band would not be a viable candidate. Fig. 5
shows the fits presented in Fig. 4 extended into the opposite band.
The two jet models and power-law synchrotron model from the
X-ray data all have wide confidence intervals that roughly overlap
with the radio data, while the thermal synchtrotron model over-
predicts the radio data and the accretion disc and jet + accretion
disc models underpredict. The models that are consistent with
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Figure 3. Same as Fig. 2, but with the prior for Ty, restricted to < 10* K.

the radio data show very different behaviours in the X-ray, with
the Gaussian jet severely underpredicting the data; thermal syn-
chrotron being consistent with the late data but underpredicting
the early data; the top-hat jet being roughly consistent but show-
ing a rise on the time-scale of 25d, which is not observed; and
the power-law synchrotron model overpredicting the data by an
order of magnitude.

Putting these results together yields no obvious explanation for
the non-thermal emission. The radio could be explained by an

off-axis Gaussian jet, since the X-ray flux of that model does not
overpredict the data. The X-ray flux is only consistent with the
synchrotron models, but the thermal synchrotron overpredicts
the radio data. The power-law synchrotron models from the X-
ray fits are roughly consistent with the radio data, yet the models
from the radio fits overpredict the X-ray data by more than an
order of magnitude. If the X-rays are powered by a power-law
synchrotron blast wave, there may be emission from a second
component, 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.
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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.

radio emission, but that component would need to have a radio
flux not significantly larger than the blast wave and a negligible
X-ray flux.

The two possibilities to explain the non-thermal emission that
arise from our analysis, assuming that the data are not described
by a model we have not investigated, are that a power-law syn-
chrotron blast wave can explain both the radio and X-ray data, or
that a combined Gaussian jet and power-law synchrotron blast
wave are needed to explain the data. We show the combined
radio and X-ray fits for both of these scenarios in Fig. 6, with the
posteriors listed in Appendix A. The power-law synchrotron fit is
similar to the fits presented in Fig. 4: The model underpredicts X-
rays at early times but reproduces the data at late times, and does
not reproduce the peak or the decline in the radio data. The syn-
chrotron 4+ Gaussian jet model reproduces the peak and decline
in the radio data, but underpredicts the X-ray data. While neither
of these possibilities can explain the data, this might be due to
these models assuming a power-law density profile for the CSM.
A more complicated profile may be able to explain the differences
at late time for the radio (see discussion in Section 5.3), although
it seems likely that the X-ray emission was produced by a process
we have not considered here.

AT2024wpp modelling 9
5 DISCUSSION

5.1 Model analysis and late-time predictions

The optical models tested all failed to reproduce the optical emis-
sion unless the temperature was allowed to plateau at >20000 K.
This highlights the need for multiband fitting when examining
light-curve models, as opposed to bolometric fitting. After the
diffusion phase, a constant temperature implies L Rf)hot, which
may be a good approximation when the photosphere is receding.
The recession of the photosphere in an expanding medium begins
when the optical depth of the ejecta drops fast enough to counter-
act the effect of the ejecta expansion. This time-scale can be con-
nected to the nebular time-scale, when the entire ejecta becomes
optically thin. Appendix B shows that the ratio between these
two time-scales for a homologously expanding medium with any
non-increasing density profile is < /3. While the data show the
photospheric radius peaks on a time-scale of ~5d, spectra at ~
40d still show the emission being dominated by a blackbody-
like continuum (D. A. Perley et al. 2026). Since this is inconsis-
tent with the derived time-scales, this suggests that the ejecta
responsible for the thermal emission cannot be homologously
expanding, which rules out the SN, shock cooling, and BH-WR
merger models. This can also rule out some models we did not
test, such as the TDE-powered SN model from D. Tsuna & W. Lu
(2025) or the Helium core-black hole merger from J. Klencki &
B. D. Metzger (2025). This does not rule out the presence of
homologous components that may produce spectral lines or non-
thermal emission, but these components cannot be the primary
source of the optical emission. This photospheric behaviour also
does not rule out TDEs, although none of the TDE models were
able to explain the optical emission. However, TDE models are
known to be uncertain and the emission processes of supermas-
sive black hole (SMBH) TDEs, especially around peak are not well
understood (e.g. N. Sarin & B. D. Metzger 2024; C. R. Angus et al.
2026; J. L. Wise et al. 2026), so the possibility that this transient
could be an IMBH TDE cannot be completely discounted. The
lack of early rest-frame optical/near-UV spectral features may
point to AT2024wpp as a low-mass analogue to featureless TDEs
(E. Hammerstein et al. 2023). However, the presence of the dense
extended material inferred from radio emission is not predicted
by any current TDE models.

One way of testing models is using their early properties to pre-
dict emission at later times (e.g. C. J. Law et al. 2019; R. Margutti
et al. 2023; C. M. B. Omand & A. Jerkstrand 2023). The late-time
emission from tidal disruption events can be predicted in radio
(e.g. B. A. Zauderer et al. 2011; S. Velzen et al. 2016; I. Andreoni
et al. 2022; K. D. Alexander et al. 2026), infrared (e.g. L. Dou et al.
2016; 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.
2002; I. Grotova et al. 2025), and may also be in neutrinos (e.g. R.
Stein et al. 2021; N. Jiang et al. 2023; S. Ji et al. 2025; S. Toshikage
etal. 2025). One prediction from all TDE models is that the system
will settle into an accretion disc at late times, which will emit pri-
marily in optical/UV and X-rays (A. Mummery et al. 2025). Since
the TDE models for early optical emission did not reproduce the
data for AT2024wpp, we do not use the posteriors from those
models for predictions. We instead present F225W UV and 1 keV
predictions? for 10® and 10° M, black holes and 0.5 and 5.0 Mg,

2These predictions were made using the GR_DISC model from FITTED (A.
Mummery et al. 2025), which ignores relativistic photon deflection and

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¢ upper limits.

accretion discs in Fig. 7. These black hole masses were chosen
because the plateau emission from AT2018cow was estimated
to originate from a ~ 103 Mg black hole (A. Inkenhaag et al.
2023, 2025), with 10° M, acting as a conservative upper limit. The
observer-inclination angle and black hole spin are marginalized
over using their default priors (A. Mummery et al. 2025), while
the initial disc radius r, and viscous time-scale ;. are calculated

gravitational redshift. Marginalizing over a prior using a model incorpo-
rating these effects (GR_DISC_PLUS) would be computationally unfeasi-
ble. These effects are not expected to strongly affect optical/UV emission,
but may introduce uncertainty in the X-ray predictions.

MNRAS 550, 1-20 (2026)
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Figure 8. The viable region for plateau emission given the late-time UV
and X-ray upper limits in an IMBH TDE. The darker regions indicate
a high posterior density. The dotted, dashed, and solid lines indicate
parameter regions excluded at 50 per cent, 90 per cent, and 99 per cent
confidence, respectively.

via
ro = 2R, (Mpy /2Maisc)"? 1)

and

tise = Vy/ 13/ GMpy. @)

We use the mass-radius relation R, = (M, /My,)*°R,, appropriate
for lower-mass main sequence stars (B. D. Metzger 2022b; N.
Sarin & B. D. Metzger 2024), and the parameter V encapsulates
the poorly understood MHD effects in the disc physics. We sample
V with a log-uniform prior between 10* and 10*. Shown also are
30 upper limits from D. A. Perley et al. (2026).

The F225W predictions have ~3 mag of uncertainty, with the
105 Mg, black holes having emission between 22-26th mag and
the 10° Mg, black holes having emission between 26-30th mag,
making it likely this emission could be detected if the black hole
mass is close to the IMBH-SMBH boundary, but more parameter
dependent if the black hole mass is lower. The X-ray predictions
have 2 an order of magnitude of uncertainty, especially during
the first year, but are predicted to be between ~ 107! — 107> mJy
over the next two years. More massive black holes and discs have
higher early uncertainty but higher luminosity at late times. The
HST UV upper limit disfavours black holes with masses > 103
Mg, but does not strongly constrain discs around lower mass
black holes. The Swift X-ray upper limit at ~ 1yr strongly dis-
favours these all of these plateau models, which suggests either a
lower mass disc or black hole, or that AT2024wpp is not an IMBH
TDE.

The late-time optical, UV, and X-ray upper limits can be used to
exclude some regions of the Mpy—M,isc parameter space through
modelling of the plateau emission in the case of an IMBH TDE
- this is shown in Fig. 8 for all upper limits at >200d, including
limits from the VLT, HST, and Swift. We sample a log-uniform
prior for both Mgy and My, with Mgy ranging from 1-10° Mg,
and Mgy, ranging from 0.05 — 10 Mg. The upper limit for the
Mgy prior is because any larger black hole would cause the initial
transient to be too slow, and the lower limit on disc mass prior was
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chosen so we could examine tidal disruptions of the lowest mass
stars. We calculate ry and &, using equations (1) and (2), and
all other parameters use their default priors. Disc masses 2 1 Mg,
are excluded with 99 per cent confidence for a black hole mass of
> 10 M. At 90 per cent confidence, disc masses > 0.3 M, are
excluded for a black hole mass of > 10> My. Black hole masses
of > 10*° and > 10* Mg, are excluded for all disc masses at 99
percent and 90 per cent confidence respectively. However, we
caution against drawing too strong a conclusion from a posterior
based only on a few upper limits.

5.2 Other scenarios

B. D. Metzger (2022a) outlined several progenitor scenarios for
LFBOTs, including engine-powered SNe (e.g. S. J. Prentice et al.
2018), pulsational pair instability SNe (PPISNe, e.g. S.-C. Leung,
J. Fuller & K. Nomoto 2021), prompt collapse from failed SNe or
PPISNe (e.g. R. Margutti et al. 2019), IMBH TDEs (e.g. R. Margutti
et al. 2019; D. A. Perley et al. 2019; E. Quataert et al. 2019), stellar
mass BH TDEs (e.g. H. B. Perets et al. 2016; K. Kremer et al.
2019, 2023; P. Beniamini, H. B. Perets & J. Granot 2025), failed
common envelope with a prompt merger (e.g. N. Soker 2019;
N. Soker, A. Grichener & A. Gilkis 2019; S. L. Schreder et al.
2020), and failed common envelope with a delayed merger (e.g. B.
D. Metzger 2022a). This work examined engine-driven SNe and
TDEs, while PPISNe and current failed common envelope models
are not supported by the photospheric radius time-scales derived
in Appendix B.

Failed SNe remain an intriguing possibility, though predicting
their optical signatures is extremely challenging (E. R. Beasor
etal. 2024), as theoretical models offer a wide range of predictions
for what a failed SN might look like. Different models of failed
SNe have predicted no observable signature (C. S. Kochanek et al.
2008), along-lived infrared transient with little to no optical emis-
sion (E. Lovegrove & S. E. Woosley 2013), a long-lived optical
transient (R. Perna et al. 2014), or even a short-lived relatively
bright transient (A. Antoni & E. Quataert 2023; A. Antoni, Y.-F.
Jiang & E. Quataert 2025), similar to an LFBOT. A. A. Chrimes
et al. (2026) examine the possibility of failed SNe from very mas-
sive stars (>30 M), similar to the progenitors of super-kilonovae
(D. M. Siegel et al. 2022), and find that the rates, host metallicities,
mass loss rates, and expected plateau emission roughly match
with the LFBOT population and previous observations. In this
case, LFBOTs may contribute significantly to r-process enrich-
ment in galaxies.

Although there are no reliable models for the optical flare from
a prompt collapse failed SN, the system should settle into an ac-
cretion disc at later times, similar to TDEs. The expected plateau
emission for failed SNe involving high and low mass stars are
shown in Fig. 9. The priors are similar to the IMBH TDE plateaus,
except the initial disc radius r, is calculated by assuming the
progenitor star is maximally rotating and the angular momentum
of the black hole Jgy is much less than the angular momentum
of the disc Jyis.. These assumptions give a radius

ro = * s
’ M, disc M, BH

with M, = Mgisc + Mpn. It is worth noting that this calculation
ignores the self-gravity of the disc, which can be important when
Maisc 2, Mpy. The F225W emission has ~3 mag of uncertainty

and is fainter than the IMBH TDE plateau, and the observed
upper limit is not constraining. The X-ray emission is predicted to
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Figure 9. Same as Fig. 7, but for discs resulting from failed SNe.

be fainter than 10~2 mJy but have lots of uncertainty, except for
the Mgise = Mgy = 50 Mg, case. The X-ray upper limit disfavours
discs 250 M, but does not constrain black hole mass. Sampling
the prior to find the excluded area in the failed SN scenario, as
done with TDEs in Fig. 8, does not give meaningful constraints
on either the black hole or disc mass.

Another scenario of interest is a reprocessing outflow, where
an accretion disc powers an outflow that reprocesses the disc
emission, powering an optical transient (A. L. Piro & W. Lu 2020;
K. Uno & K. Maeda 2020a). Models of these outflows have suc-
cessfully reproduced previous TDEs (K. Uno & K. Maeda 2020b;
T. Matsumoto & T. Piran 2021) and LFBOTSs (K. Uno & K. Maeda
2020a, 2023). The continuous mass injection of the model means
that even though the outflow is expanding, the properties of the
photospheric radius cannot be described by the relations in Ap-
pendix B. The photospheric radius will expand outward initially
with the outflow until it reaches the radius where the outer region
of the outflow is too diffuse to absorb light, and its recession
is governed by the time-dependence of the mass outflow rate,
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with the outflow becoming optically thin only when the outflow
rate becomes sufficiently small. This should lead to an early pho-
tospheric peak and a late nebular phase, which is observed in
AT2024wpp. Both A. L. Piro & W. Lu (2020) and K. Uno & K.
Maeda (2023) predict an increase in photospheric temperature
within the first 10d post-explosion when the mass outflow rate
and central luminosity are coupled, contrary to what is observed,
but A. L. Piro & W. Lu (2020) show that the optical emission
from AT2018cow can be reproduced if the central luminosity
decreases faster than the mass outflow rate; they speculate that
this could arise from either the X-rays being produced by a wind
interacting with an equatorial torus which erodes over time, or
from a viscously spreading disc causing the outflow velocity to
decrease over time. A calculation of the X-ray opacity within this
model would be useful to predict when the emission from the
accretion disc will escape unattenuated.

5.3 Summary of previous interpretations

Our analysis of AT2024wpp and our interpretation of the event
is mostly in broad agreement with previous studies. N. LeBaron
et al. (2026) and D. A. Perley et al. (2026) both concluded that
a homologously expanding medium can not explain the optical
transient, and preferred a reprocessing outflow model similar to
that discussed above, although no attempts were made to com-
pare a model light curve to the data. O. Aspegren & D. Kasen
(2026) reach a similar conclusion through simulations of line
formation and suppression in LFBOT- and TDE-like transients.
N. LeBaron et al. (2026) also discuss a dense CSM interaction
model (D. K. Khatami & D. N. Kasen 2024) as well as BH-WR
merger and TDE-powered SN models (B. D. Metzger 2022a; D.
Tsuna & W. Lu 2025), ruling out the former but not the latter two.

The density profile and density from our modelling of the radio

emission with a power-law synchrotron blast wave were ncsy R
r~2% and ncgy &~ 107 cm~3 at 10'° cm respectively, which match
well with the shock modelling from A. J. Nayana et al. (2025) and
D. A. Perley et al. (2026). Those works find that the shock radius
recedes after ~ 100 days, something which is not accounted for
in any of our models and can explain the discrepancy at late
times. They also both point out that these CSM properties seem
to be typical of LFBOTs as well as some interacting SNe, such
as the Type Ibn SN 2006jc (K. Maeda & T. J. Moriya 2022). This
may imply similar progenitors for the two systems, as previously
suggested by B. D. Metzger (2022a) and J. Klencki & B. D. Metzger
(2025).

N. LeBaron et al. (2026) observe an excess of IR emission after
~ 20-30d, which was not well described by D. A. Perley et al.
(2026) due to a lack of late-time IR observations. This excess is
similar to the one observed in AT2018cow (R. Margutti et al. 2019;
D. A. Perley et al. 2019), although it emerges at a later time-scale.
Two models that can explain the IR excess are free-free opacity
effects, which require several solar masses of outflow (C. Chen &
R.-F. Shen 2022), and a dust echo (B. D. Metzger & D. A. Perley
2023), which reproduces the emission with densities similar to
those inferred from the radio emission. As noted by N. LeBaron
et al. (2026), this means the radio and IR emission can form in
the same medium by completely separate processes.

A. J. Nayana et al. (2025) found that the X-ray rebrightening
and spectral steepening can be explained by a Compton bump,
and posit that the time-scale may be due to a drop in the X-ray
opacity due to ionization breakout (B. D. Metzger & A. L. Piro
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2014; B. D. Metzger et al. 2014) at ~40d. This also roughly cor-
responds to the time-scale at which the broad features disappear
from the optical spectrum (D. A. Perley et al. 2026). The appearing
and disappearing features are expected in a reprocessing outflow
model, as the early medium should be hot and ionized until
enough material has been expelled, then should remain partially
ionized at the photosphere until the photosphere recedes into
the ionized region (analogous to a Stromgren sphere) caused by
the inner X-ray source. A. J. Nayana et al. (2025) favour a model
with super-Eddington accretion onto a compact object which pro-
duces aspherical disc-wind outflows. The polarization measure-
ments by M. Pursiainen et al. (2025) seem to prohibit large scale
asymmetries in the outflow, although small-scale clumping can
produce 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.
Mummery et al. 2024) to get a black hole mass constraint from
the late-time non-detections of a plateau. They find a black hole
mass limit of 3 x 10*M, similar to what we infer at 99 per cent
confidence from Fig. 8.

6 SUMMARY AND CONCLUSIONS

In this work, we examined the optical, radio, and X-ray emis-
sion from the LFBOT AT2024wpp. The data were compared to
a number of models to try and determine which physical sce-
nario can best explain the transient. A few optical models, in-
cluding the magnetar-powered SN model, SN + envelope and
SN + CSM shock cooling models, and BH-WR merger model,
can reproduce the optical data if the temperature of the model
plateaus above 20000 K. This is not unphysical but does im-
ply that the ejecta should become optically thin on a much
faster time-scale than what is suggested by the spectroscopic
data (D. A. Perley et al. 2026). While GRB afterglow mod-
els and synchrotron blast wave models can explain the radio
and X-ray emission separately, a combination of these models
fails to adequately explain the non-thermal emission from the
system.

Analysis of the behaviour of the photospheric radius disfavours
models featuring a homologously expanding ejecta. Although
the TDE models were not able to reproduce the data, we do
not rule out this scenario due to the uncertainty of the emis-
sion mechanism in the stellar-mass/IMBH regime. The late-time
optical emission from an accretion disc would likely be unde-
tectable unless the black hole mass is almost supermassive, but
X-rays may be detectable for the first several years. If the system
is a TDE, current constraints favour the disruption of a low-
mass star from a black hole with either intermediate or stellar
mass.

AT2024wpp could be a failed SN with prompt black hole for-
mation, but there are no reliable models for the optical flare in
order to test the scenario. A failed SN would have an accretion
disc that would also be detectable in X-rays and display different
behaviour than accretion discs from IMBH TDEs, allowing the
scenarios to be differentiated. A reprocessing wind may be able to
explain the optical emission, and opacity calculations from that
model would be useful for predicting late X-ray emission from
the disc.
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APPENDIX A: PRIORS AND SUMMARY
STATISTICS

Tables A1-A20 show the priors and posterior summary statistics
for the fits shown in Figs 2, 3, 4, and 6.
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Table Al. Priors and summary statistics for the >*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 1o uncertainties. Posterior values denoted with L are given in log-space.

Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3

Ejecta mass My Mo L[1074,10%] 8.83 +0.07 4.87 £ 0.00
Ejecta velocity Vej kms™! L[10%,10°] L(5 %+ 0.00) L(4.99 + 0.00)
Nickel fraction i L[1073,1] 1.00 £ 0.00 1.00 £ 0.00
Opacity K cm? g1 U[0.05, 2] 0.05 + 0.00 0.05 + 0.00
Non-thermal opacity Ky cm? g1 L[1074,10%] 0.01 + 0.00 0.02 + 0.00
Plateau temperature Thoor K L[103, 10°] (Fig. 2) 15110 4 40

L[10%, 10*] (Fig. 3) 9998.9 4 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 M Mo L[1071,10?] 0.40 1000 0.26 % 0.00
Explosion energy Esn erg U[5 x 10°°, 2 x 10°1] L(50.727003 L(50.70 % 0.00)
Nickel fraction i L[1074,1] L(—0.62 +0.03) L(—1.26 & 0.02)
Opacity K« cm? g1 U[0.05, 0.2] 0.05 + 0.00 0.05 #+ 0.00
Non-thermal opacity Ky cm? g1 L[1074, 10%] 0.012 £0.00 0.001 = 0.000
Initial magnetar luminosity Lo ergs™! L[10%, 10%0] L(46.7410:02 L(45.73 4 0.01)
Spin-down time-scale tsp s L[102, 10%] L(4.74 £ 0.03) L(5.71 £ 0.02)
Braking Index n U[1.5, 10] 4.06 799 9.80 1013
Plateau temperature Thoor K L[103, 10°] (Fig. 2) 47900 + 200

L[10%, 10*] (Fig. 3) 9999 + 1

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

Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3

Ejecta mass M Mg L[107%, 10%] 0.0001 = 0.0000 1.47 +0.00
Explosion energy Esn erg L[10%, 10%] L(50.46 + 0.00) L(52.00 % 0.00)
Nickel fraction i L[1073, 1] L(-1.501104 0.9910:02
Opacity K cm? g1 U[0.05, 2] 1.99 + 0.00 0.05 £ 0.00
Non-thermal opacity Ky cm? g7t L[1074, 10%] L(—0.011372 0.01 £ 0.00
CSM mass Mcsm Mo L[1074, 10%] 0.46 & 0.00 1.28 £ 0.00
CSM density profile index n ulo, 2] 0.97 +0.01 2.00 £ 0.00
CSM density o cm™3 L[1071%,10712] L(—14.64+£0.01) L(—12.76 & 0.00)
CSM shell radius To AU U[50, 700] 50.0 £0.1 63.0 £ 0.1
Plateau temperature Thoor K L[10%, 10°] (Fig. 2) 99972121

L[103, 10*] (Fig. 3) 1000079

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

Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3

Ejecta mass M, Mo L[1074,10] L(—-2.7%2 L(-3.2737
Ejecta velocity Vej kms™! L[103,10°] L(4.62 £ 0.00) L(4.78 £ 0.00)
Nickel fraction i L[1073,1] L(-1.921297 L(-2.2370%
Opacity K« cm? g1 U[0.05, 2] 1.03 +0.64 1.03 +£0.65
Non-thermal opacity Ky cm? gt L[1074,10%] 0.971 943 0.691 3257
Fallback luminosity L ergs™! L[10°!,10] L(56.0370:0° L(53.53 £ 0.00)
Fallback transition time e d L[1074,10] 2.367904 2.16 +£0.03
Plateau temperature Thoor K L[103, 10%] (Fig. 2) 99700299

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

Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3
Ejecta mass My Mo L[107%,10%] 12.5+04 91.3752
Shock velocity Vsh kms™! L[103, 5 x 10%] L(4.59 + 0.00) L(4.61 + 0.00)
Nickel fraction i L[1073,1] 1.00 £ 0.00 0.001 % 0.000
Opacity K cm? g1 Ul0.01, 1] 0.01 £0.00 0.01 £0.00
Non-thermal opacity Ky cm? g1 L[1074, 10%] L(—2.88 & 0.03) L(—2.78 4 0.01)
Envelope mass Meny Mg L[1073, 5] 1.45+0.03 0.38 +0.00
Envelope structure coefficient £ ulo.5, 3] 2.887999 1621001
Stellar radius R, 1053 cm L[1073, 10] 5.62+0.18 3.88 £ 0.01
Plateau temperature Thoor K L[10%, 10°] (Fig. 2) 31500 + 300
L[103, 10*] (Fig. 3) 9988+2
Table A6. Same as Table Al, but for the SN + CSM shock cooling model.
Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3
Ejecta mass M, Mg L[107%,10%] 9.1175:59 1.431003
Ejecta velocity Vej kms~! L[103,10°] L(4.92 + 0.00) L(4.66 =+ 0.00)
Nickel fraction i L[1073,1] 1.00 £ 0.00 0.97 £ 0.01
Opacity K cm? g1 U[0.05, 2] 0.05 £ 0.00 0.32£0.00
Non-thermal opacity Ky cm? g1 L[107%, 10%] 0.01 £ 0.00 0.04 £ 0.00
CSM mass Mcsm Mo L[1072,10%] L(0.10 % 0.00) L(—0.06 £ 0.01)
CSM radius Resm 103 cm L[1073,10] 8.86 + 0.01 10.00 =+ 0.00
CSM energy Ecsm erg L[10%, 102] L(51.98 % 0.00) L(51.96 % 0.00)
Inner density index 8 U[1, 1.5] 1.240.00 1.12+06
Outer density index n U[8,12] 10.86 £ 0.01 8.78 £ 0.01
Plateau temperature Thoor K L[10%, 10°] (Fig. 2) 1849272
L[103, 10*] (Fig. 3) 99887
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 M, Mg L[1071, 10%] 9.721%9 2.3110:02
Ejecta velocity Vej kms~! L[10%, 10°] L(5.00 & 0.00) L(4.37 £ 0.00)
Nickel fraction fi L[1073,1] 1.00 % 0.00 1.00 + 0.00
Opacity K cm? g7t U[0.05, 2] 0.05 £+ 0.00 0.05 £ 0.00
Non-thermal opacity Ky cm? g1 L[1074, 10%] 0.01 £ 0.00 0.0038 =+ 0.0001
Cocoon mass Moc Mg Ul0.1, 2] 1.60 £+ 0.04 1.52 £0.02
Cocoon velocity Veoe c U[0.01, 0.3] 0.1540.00 0.16 & 0.00
Cocoon density index n U[1, 5] 4.97 £0.01 4.96 +0.03
Shock breakout time fsBo s U[0.1, 100] 98.5798 99.9 £ 0.01
Shocked fraction of cocoon fsn Ul0.01, 1] 0.65 £ 0.02 0.90 + 0.01
Cocoon opening angle c0S(Ococ) U[0.866, 1] 0.87 +0.00 0.866 % 0.000
Plateau temperature Thoor K L[103, 10%] (Fig. 2) 19980139,
L[10%, 10*] (Fig. 3) 8930 £ 10
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Table A8. Same as Table Al, but for the cocoon + CSM shock cooling model.
Parameter Symbol Units Prior Posterior
Fig. 2 Fig. 3

Ejecta mass My Mo L[1071, 10%] 14.3 £0.2 1.1679-90
Ejecta velocity Vej kms™! L[103,10°] 99100 + 400 4120 + 20
Nickel fraction fxi L[1073,1] 1.00 & 0.00 0.91 £ 0.00
Opacity K« cm? g1 U[0.05, 2] 0.050 & 0.000 0.050 4 0.000
Non-thermal opacity Ky cm? g7t L[1074, 10%] 0.004619-0002 0.0005 = 0.0000
Engine energy Eeng erg L[10*, 103] L(51.62 & 0.01) L(51.84 & 0.00)
Engine time-scale feng s L[1, 10%] 120120 41039
Cocoon opening angle BOcoc rad U[0.01, 0.1] 0.011 £ 0.001 0.070 £ 0.001
CSM mass Mcsm Mo L[1072, 10] 0.94 £ 0.01 1.413 + 0.001
CSM radius Rcsm 103 cm L[1072,10%] 10.34+0.2 12.0 +0.0
Plateau temperature Thoor K L[10%, 10°] (Fig. 2) 19960170

L[103, 10%] (Fig. 3) 9930 + 10
Table A9. Same as Table A1, but for the fallback TDE model.
Parameter Symbol Units Prior Posterior
Black hole mass Mgy 10°M, L[107¢,1] 1.00 £ 0.00
Stellar mass M, Mg L[0.05, 10] 9.9910:01
Viscous time-scale tuisc d L[1073, 10%] 4.23 4+ 0.07
Scaled impact parameter b uJo, 2] 0.32 £ 0.00
Efficiency n L[1074,0.4] L(—3.00 = 0.00)
Photosphere power-law constant Rph,o cm L[107%, 10%] 53.440.9
Photosphere power-law exponent l Ulo, 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 Mgy 10°Mg L[107¢,1] 0.1010:3¢
Stellar mass M, Mo U[0.05, 10] 5.96195¢
Gaussian peak time tpeak d U[0, 60] 45.86755%
Gaussian sharpness o; d ulo, 60] 0.44fg:;§
Table A11. Same as Table A1, but for the cooling envelope TDE model.
Parameter Symbol Units Prior Posterior
Black hole mass Mgy Mo L[1, 109] 2961}
Stellar mass M, Mo L[0.05, 10] 10.00 £ 0.00
Impact parameter B U[1, 100] 86 + 4
Viscosity parameter o L[0.1,1] O.SOfgzgg
Feedback efficiency n L[1074,0.1] L(—1.857049
Gaussian peak time tpeak d U5, 60] 1.57 + 0.00
Gaussian sharpness ot d Ul5, 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, Mo U[5, 50] 4673 50.0190
Black hole mass Mgy Mo U[5, 50] 6.17572 50.0150
CSM mass Mcsm Mo Ul0.1, 5] 1401033 0.40 £ 0.04
Fast component mass Mgt Mg 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 kms™! L[103, 10%] 6300 & 600 4000 % 300
Viscosity parameter o L[0.1,1] 0.11 £ 0.01 0.210 £ 0.001
Feedback efficiency n L[1074,0.1] 0.069 + 0.09 0.10 + 0.00
Plateau temperature Thoor K L[103, 10°] (Fig. 2) 28100129

L[10%, 10*] (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 1o uncertainties. Posterior values denoted with L are given in log-space.

Parameter Symbol Units Prior Posterior

Radio X-ray
Observer angle BOob rad Sine[0, /2] 0.18719:000 0.287907
Jet opening angle 0, rad U[0.01, 0.1] 0.028 + 0.001 0.07579017
Isotropic equivalent jet energy Ejet erg L[10*, 10%] L(53.0%03) L(52.47¢
ISM density ho cm™3 L[1073,10%] L(-23707) L(11%9;
Electron spectral index p U[2, 3] 2.13+£0.03 232105
Particle equipartition parameter €e L[1073,1] L(—0.33 £ 0.20) L(—0.69 )¢5
Magnetic field equipartition parameter €B L[1075,1] L(-1.5+1.0) L(-1.97}))
Initial Lorentz factor Ty U[100,2000] 160720 1000J_rggg
Accelerated electron fraction EN ulo,1] 0.797912 0.51 4 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 Bob rad Sine[0, 7 /2] 0.88 + 0.00 0.3579:0¢
Jet core angle O rad U[0.01,0.1] 0.010 = 0.000 0.05670024
Jet edge angle 0; rad Ul0.1,0.2] 0.10 & 0.00 0.1475%
Isotropic equivalent jet energy Ejet erg L[10%,10%] 1(52.97 £ 0.01) L(52.3707%
ISM density 1o cm™3 L[107%,10%] L(2.00 % 0.00) L(1.4102
Electron spectral index P U[2, 3] 238700} 2357045
Particle equipartition parameter € L[1075,1] L(—0.961002) L(—0.45707%)
Magnetic field equipartition parameter €B L[1075,1] L(—0.75 £ 0.02) L(-1.97}3
Initial Lorentz factor T U[100,2000] 14007500 1100* 500
Accelerated electron fraction N ufo,1] 100407 0547033
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 kms™! U[103, 3 x 104] 29700+2%9 180008000
CSM density at 101° cm A cm™3 L[1073,10%9] L(9.63 + 0.06) L(9.1 4+ 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 24753
Particle equipartition parameter € L[107°,1] L(—0.07100> L(-2.5+17)
Magnetic field equipartition parameter €B L[1073,1] L(—4.94%00% L(—2.611]
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Table A16. Same as Table A13, but for the radio and X-ray thermal synchrotron blast wave models.

AT2024wpp modelling

Parameter Symbol Units Prior Posterior

Radio X-ray
Shock velocity ;28 Ul0.1, 10] 0.13+0.01 1.5+0.7
ISM density nism cm™? Ulo, 10] 35437 44133
Mass loss parameter Mvyina Mg skm™! L[1071,1] L(—5.8703) L(-5.775%)

-1
yr

Electron spectral index p U[2, 3] 2.02 £0.01 2941008
Particle equipartition parameter € L[107%,1] L(-1.7133 L(-3.01}%
Magnetic field equipartition parameter €B L[107%,1] L(—4.4+04) L(-2.6")¢
Accelerated electron fraction N ulo,1] 0.641020 0.541028
Table A17. Same as Table A13, but for the X-ray accretion disc model.
Parameter Symbol Units Prior Posterior
Black hole mass Mgy Mo L[1,10"] L(5.6%57
Black hole spin a U[-1,1] —0.48"03
Disc mass Maisc Mg L[107%,10] L(-2.02 55}
Initial radius of disc Ro Rgrav U[10, 100] 79172
Viscous time-scale Lvisc day L[1,10°] 4273
Time of ring formation tform day U[-100, 365] 12807
Observer angle Bobs rad Sine[0, /2] 0.887031
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 Mg Mo L[1,10"] L(5.3%9%
Black hole spin a U[-1,1] —0.43109
Disc mass Maisc Mg L[107%,10] 0.004%056
Initial radius of disc Ry Rgray U[10, 100] 435
Viscous time-scale Lyisc d L[1,10%] 4.975¢
Time of ring formation tform d U[-100, 365] 1114375
Observer angle Bob rad Sine[0, /2] 125403
Isotropic equivalent jet energy Ejet erg L[10%, 10%] L(50.3%35
ISM density no cm™? L1073, 10%] L(-1.17}%
Particle equipartition parameter € L{107%,1] L(-2.27}%
Magnetic field equipartition parameter €B L[107°,1] L(-28+13)
Jet opening angle ¢ rad 0.1
Electron spectral index p 2.5
Initial Lorentz factor To 100
Accelerated electron fraction éN 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 1o uncertainties. Posterior values denoted with L are given in log-space.

Parameter Symbol Units Prior Posterior
Shock velocity Vshock kms™! U[103, 3 x 10%] 2999613
CSM density at 10'° cm A cm~3 L[1073, 10%] L(10.0215:%)
CSM density index s Ul0,4] 2.67 £ 0.01
Electron spectral index p U[2,3] 2.851002
Particle equipartition parameter € L[1075,1] L(—0.001070-3097)
Magnetic field equipartition parameter €p L[1073,1] L(—4.99 + 0.00)

MNRAS 550, 1-20 (2026)

19

920z Jequieldasg G| uo Jasn unjeq yeles Aq v£150/8/v01 | BeIS/L/0SS/0ne/seiuW/Woo dnooIWsped. WoJ) Ppapeojumoq



20 C.M. B. Omand et al.

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 Bobs rad Sine[0, 7/2] 0.61073:04
Isotropic equivalent jet energy Ejet erg L[10%, 1053] L(50.7875:93
ISM density no cm™3 L[1075,10?] L(—0.62107%)
Particle equipartition parameter (afterglow) €e.GRB L[1073,1] L(—0.028703%
Magnetic field equipartition parameter (afterglow) €B,GRB L[107>,1] L(—0.22 £ 0.11)
Shock velocity Vshock km st U[103, 3 x 10%] 2500043050
CSM density at 10'° cm A cm3 L[1075, 10%5] L(8.675%)
CSM density index s U[0,4] 2.34 + 0.00
Particle equipartition parameter (blast wave) €c,ef L[107>,1] L(71.19f8:8(7)
Magnetic field equipartition parameter (blast wave) €B,¢j L[1073,1] L(72.5f(1):3
Jet core angle O rad 0.1
Jet edge angle 0; rad 0.2
Electron spectral index (afterglow) DPGRB 2.5
Initial Lorentz factor | 100
Accelerated electron fraction EN 1
Electron spectral index (blast wave) Dej 2.5

31333

APPENDIX B: THE PHOTOSPHERE OF A Rphot:Vout[_M- (B5)

HOMOLOGOUS EXPANDING MEDIUM

One argument against interpretations involving SNe, jets, or
other expanding media is the behaviour of the photosphere of
AT2024wpp. The photosphere peaks at ~ 5d, but the spectra sug-
gest that ejecta remains optically thick until >40d (D. A. Perley et
al. 2026). The time-scale between when the photospheric radius
peaks and when the ejecta becomes optically thin can be derived
using a few simple assumptions and compared to the observed
data.

Assume that the ejecta is expanding homologously with a
power law density profile p o« v, where « > 0. The total mass
of the ejecta is M, and the inner and outer edges of the ejecta are
traveling at vi, and v,y respectively. The opacity « is assumed to
be constant and the ejecta is assumed to be spherical. The initial
size of the object is initially assumed to be small, although we
show the effect of relaxing that assumption after.

The photospheric radius Rpho can be derived by finding the
location where the integrated optical depth from the edge of the
ejecta becomes ~ 2/3 (W. D. Arnett 1980; W. D. Arnett & A. Fu
1989), i.e.

2/3 = fR e Odr (B1)

phot

Instead of continuing the derivation for arbitrary «, we instead
focus on the two extreme cases, « = 0 and o — 0.
For o = 0, the density is

3M,;
P = . (Bz)
4r (vgut - visn )t3
Substituting this into equation (B1) gives
— [Youtt _ Mgk
2/3 - ‘[Rphm 47T(U(3Jm7vi3n)[3 dr’ (B3)
3Mijk
= g, vy Woutl = Rphot). (B4)

SO

9MejK
The time-scale for the photosphere to reach a peak is

3M, ejK Vout
3 3’
8 (i, — v,

out

tphot,peak = (B6)

and the time-scale when the entire ejecta becomes optically thin
(Rphot = Vint) and enters the nebular phase is

9MejK(vout — Vin)

theb = B7
neb 8 (Vf,ut — vi3n ( )
The ratio between these two is

tneb _ 3(V0ut - vin) < \/g (BS)

tphot,peak Vout

For o — oo, the ejecta expands in a thin shell. Rypoe Will in-
creases linearly until the ejecta becomes optically thin, so the ra-
ti0 tneb /Ephot,peak — 1 for this case. Intermediate values of o should
ShOW fneb / Ephot,peak between 1 and /3, so the highest this ratio can
go within the assumptions we have made is +/3. Values higher
than this indicate that the ejecta is likely highly non-spherical
or not expanding homologously, either decelerating strongly, re-
maining stationary, or having mass continuously injected into the
ejecta.

However, if the ejecta has an initial radius of Ry, then time ¢
in equation (B5) gets replaced with t + Ro/Vout, and both tynot, peak
and t,e, become smaller by Ry /voy, thus, the ratio between them
becomes

Ineb _ tneb(RU:O) - RO/vout tneb(RU:O)

(B9)

tphot,peak tphot,peak(RO:O) - RO/Vout tphot,peak(RO:O)

Thus, an extended progenitor on the order of Ry, =
Voutlphot, peak(Ro=0) Can have a high enough ratio to be consistent
with observations. However, for AT 2024wpp, this radius is
> 10% c¢m, which rules out any known type of progenitor star.

This paper has been typeset from a TgX/ITgX file prepared by the author.
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