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Abstract

We present X-ray (0.3–79 keV) and radio (0.25–203 GHz) observations of the most luminous fast blue optical
transient (LFBOT) AT 2024wpp at z = 0.0868, spanning 2–280 days after first light. AT 2024wpp shows
luminous (LX ≈ 1.5× 1043 erg s−1), variable X-ray emission with a Compton hump peaking at δt≈ 50 days. The
X-ray spectrum evolves from a soft (Fν ∝ ν−0.6) to an extremely hard state (Fν ∝ ν1.26) accompanied by a
rebrightening at δt≈ 50 days. The X-ray emission properties favor an embedded high-energy source shining
through asymmetric expanding ejecta. We detect radio emission peaking at L9 GHz ≈ 1.7× 1029 erg s−1 Hz−1 at
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δt≈ 73 days. The spectral evolution is unprecedented: the early millimeter fluxes rise nearly an order of
magnitude during δt≈ 17–32 days, followed by a decline in spectral peak fluxes. We model the radio emission as
synchrotron radiation from an expanding blast wave interacting with a dense environment (M M10 yr3 1 for
vw = 1000 km s−1). The inferred outflow velocities increase from Γβc≈ 0.07c to 0.42c during δt≈ 32–73 days,
indicating an accelerating blast wave. We interpret these observations as a shock propagating through a dense
shell of radius ≈1016 cm and then accelerating into a steep density profile ρCSM(r) ∝ r−3.1. All radio-bright
LFBOTs exhibit similar circumstellar medium (CSM) density profiles (ρCSM ∝ r−3), suggesting similar
progenitor processes. The X-ray and radio properties favor a progenitor involving super-Eddington accretion
onto a compact object launching mildly relativistic disk wind outflows.

Unified Astronomy Thesaurus concepts: Transient sources (1851); Time domain astronomy (2109); High energy
astrophysics (739)

1. Introduction

High-cadence, wide-field optical transient surveys have
been populating the phase space of transients with a variety of
new fast-timescale events. A noteworthy class is fast blue
optical transients (FBOTs), characterized by rapid rise to peak
brightness (≲10 days), persistent blue colors, and peak optical
luminosities reaching Lpk ≳ 1045 erg s−1. These properties are
difficult to reconcile in traditional supernova (SN) models
(M. R. Drout et al. 2014; I. Arcavi et al. 2016; M. Tanaka
et al. 2016; M. Pursiainen et al. 2018; A. Rest et al. 2018).
FBOTs are intrinsically rare, with a rate between 1% and 10%
of the core-collapse SN (CCSN) rate in the local Universe
(W. Li et al. 2011; M. R. Drout et al. 2014; M. Pursiainen
et al. 2018; Y. Tampo et al. 2020). Luminous FBOTs
(LFBOTs), a subclass of FBOTs with Lpk > 1043 erg s−1,
show bright X-ray and radio emission. LFBOTs are even rarer,
with an intrinsic rate of only ≲0.1% of that of CCSNe
(D. L. Coppejans et al. 2020; A. Y. Q. Ho et al. 2020, 2023c).

While tens of LFBOTs have been detected in optical
surveys, only a small fraction have been followed up in X-ray
and radio bands. To date, there are only seven LFBOTs with
detailed X-ray and radio observations: the prototypical LFBOT
AT 2018cow (A. Y. Q. Ho et al. 2019; R. Margutti et al. 2019),
AT 2018lug (A. Y. Q. Ho et al. 2020), the first LFBOT with
X-ray and radio detection CSS 161010 (D. L. Coppejans et al.
2020), AT 2020xnd (J. S. Bright et al. 2022; A. Y. Q. Ho et al.
2022), AT 2020mrf (Y. Yao et al. 2022), AT 2022tsd
(A. Y. Q. Ho et al. 2023b; D. Matthews et al. 2023), and
AT 2023fhn (A. A. Chrimes et al. 2024a, 2024b). These
studies resulted in various critical insights into the nature of
LFBOTs. Luminous and variable X-ray emission from
AT 2018cow was interpreted as evidence for a central engine
powering the transient (R. Margutti et al. 2019). AT 2020mrf
(Y. Yao et al. 2022) and AT 2022tsd (A. Y. Q. Ho et al. 2023b)
showed extremely luminous X-ray emission, exceeding that of
AT 2018cow by an order of magnitude and comparable to that
of cosmological gamma-ray bursts (GRBs). Meanwhile, radio
observations have revealed a range of outflow velocities:
mildly relativistic in the case of CSS 161010 (D. L. Coppejans
et al. 2020), AT 2020lug (A. Y. Q. Ho et al. 2020), and
AT 2023fhn (A. A. Chrimes et al. 2024a), and nonrelativistic
in the cases of AT 2018cow (A. Y. Q. Ho et al. 2019;
R. Margutti et al. 2019), AT 2020mrf (Y. Yao et al. 2022),
AT 2020xnd (J. S. Bright et al. 2022; A. Y. Q. Ho et al. 2022),
and AT 2022tsd (A. Y. Q. Ho et al. 2023b). Although these
studies on individual events have significantly advanced our
understanding of FBOTs, the overall sample remains small.
Hence, it is still unclear whether the presence of a central
engine, the origin of high-energy emission, and the observed

range in outflow velocities are generic features of FBOTs or
reflect heterogeneity in the population. This highlights the
need for detailed X-ray and radio observations of additional
FBOTs.
AT 2024wpp is the newest addition to the class of LFBOTs

with detailed multiwavelength observations. It was discovered
on 2024 September 25.44 UT (MJD 60578.4) in the ZTF
survey data (A. Y. Q. Ho et al. 2024) at a redshift of
z = 0.0868 (D. A. Perley et al. 2024). The transient brightened
by ≈3 mag in a day with blue colors g− r= −0.4 mag. X-ray
emission was detected in the subsequent Swift (G. Srinivasar-
agavan et al. 2024) and the Nuclear Spectroscopic Telescope
Array (NuSTAR; R. Margutti et al. 2024) follow-up observa-
tions. Radio emission was detected in the Very Large Array
(VLA) X-band (10 GHz) and Ku-band (15 GHz) observations
with a spectral luminosity of L10 GHz ≈ 5× 1028 erg s−1 Hz−1

at ≈29 days post-discovery (G. Schroeder et al. 2024).
E. O. Ofek et al. (2025) reported nondetection of any
minute-timescale optical flares in AT 2024wpp with a 2σ
upper limit of <0.02 on the flare’s duty cycle. Our detailed UV
−optical−near-IR (NIR) campaign of AT 2024wpp in the first
100 days is presented in our companion paper (LeBaron et al.
2025, hereafter Paper I), and we summarize the main
observational findings below. AT 2024wpp is the most
luminous FBOT to date, with peak luminosity
Lpk ≈ (2–4)× 1045 erg (in agreement with M. Pursiainen
et al. 2025) and a detailed UV light curve that samples the pre-
peak phase of an FBOT for the first time. The UV−optical
spectrum remains featureless and dominated by blue thermal
continuum emission for weeks. The blackbody temperature at
optical peak is T> 30,000 K and remains at T≳ 20,000 K for
weeks. At δt≈ 35 days, faint H and He spectral features are
detected with some similarities to the phenomenology of
AT 2018cow (R. Margutti et al. 2019; D. A. Perley et al.
2019). Finally, we find evidence for an NIR excess of
emission, which might be related to preexisting dust or free–
free emission in a high-density medium. Despite being at a
distance of 411Mpc, the exceptional luminosity of
AT 2024wpp allowed us to carry out unprecedented multi-
wavelength follow-up observations in the optical, UV, NIR,
X-ray, and radio bands. This extensive data set of AT 2024wpp
is superior to even the prototypical FBOT AT 2018cow and
provides us the unique opportunity to study this transient in
exquisite detail.
In this Letter, we present extensive X-ray (soft to hard) and

radio (sub-GHz to millimeter-band) follow-up observations of
AT 2024wpp spanning δt≈ 2–280 days after first light. We
refer to Paper I where applicable to place our results in a
broader context and build a comprehensive physical picture.
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The Letter is structured as follows: We present the X-ray and
radio observations in Sections 2 and 3, respectively. Section 4
presents inferences based on X-ray observations. The proper-
ties of the shock wave and the environment are presented in
Sections 5 and 6 based on radio observations. We discuss the
properties of AT 2024wpp in the context of other LFBOTs in
Section 7. Plausible physical scenarios are discussed in
Section 8, and conclusions are drawn in Section 9. We adopt
the cosmological parameters of Lambda cold dark matter
(ΛCDM) H0 = 67.4 km s−1 Mpc−1, Ωm = 0.315, ΩΛ = 0.685
(Planck Collaboration et al. 2020). For these parameters, the
redshift z = 0.0868 of AT 2024wpp (D. A. Perley et al. 2024)
corresponds to a luminosity distance of 411Mpc. Following
Paper I, we adopt MJD 60578.3 as our reference time t= 0
days. Times are in the observer frame unless noted otherwise.

2. Broadband X-Ray Observations

2.1. Swift-XRT (0.3–10 keV)

Prompt observations of AT 2024wpp with the X-Ray
Telescope (XRT; D. N. Burrows et al. 2005) on board the
Neil Gehrels Swift observatory (N. Gehrels et al. 2004) were
obtained starting on 2024 September 27, 09:45:24 UT
(δt= 2.1 days; PI: Coughlin; exposure time of ≈2.2 ks; target
ID 16843). We triggered an intense campaign under our Swift
Guest Observer program (PI: Margutti; total of 116 ks; target
IDs: 16848, 18973) covering the time interval
δt= 4.7–118.7 days. We processed the XRT data with
HEASoft v6.34 and corresponding calibration files. We
extracted a 0.3–10 keV count-rate light curve and rebinned
to have a minimum number of 5 counts per bin following
standard procedures (P. A. Evans et al. 2009; R. Margutti
et al. 2013).

We extracted several XRT spectra at salient phases of the
FBOT X-ray light curve (e.g., initial “plateau” at
δt= 2.1–6.6 days, decay phase at δt= 6.7–34.5 days, late-time
“flare” at δt= 39–59 days, and post-flare phase at δt> 60 days;
see Figure 1) and around the time of acquisition of NuSTAR
observations. We employed W-statistics to fit the spectra; we
set the metal abundances to solar values with aspl, and we
adopted the tbabs cross sections within Xspec. In all cases,
the spectra are well modeled with an absorbed power-law
model. We find no statistical evidence for intrinsic absorption
in any individual spectrum or in joint spectral analysis once the
fit solutions are verified with the steppar command: a
neutral absorption column NHint = 0 cm−2 is a statistically
acceptable solution in all cases. We thus proceed with
NHint = 0 cm−2 in our following spectral fits and correct for
the neutral hydrogen absorption component from the Galaxy
only, which is NHMW = 2.6× 1020 cm−2 (HI4PI Collaboration
et al. 2016).

We find clear evidence for spectral hardening of the source
with time that becomes extreme at the time of the flare,
followed by softening of the emission. These findings are
confirmed and strengthened by our deep CXO, XMM-Newton
(XMM), and coordinated NuSTAR observations. We end by
noting (i) the presence of the well-known spurious correlation
between the inferred NHint and photon index that is due to the
degeneracy between these two parameters in soft-X-ray only
fits. This degeneracy is lifted by modeling broadband
observations that span the soft and hard X-ray spectral range of
Section 4. (ii) We also note that, with the exception of the flare

peak time interval, the spectral fits that model the XRT data
only tend to return softer photon indices than those from XRT
+NuSTAR data (Table 1).

2.2. Chandra X-Ray Observatory (0.3–10 keV)

We obtained four epochs of Chandra X-Ray Observatory
(CXO) ACIS-S observations of AT 2024wpp under two
Director’s Discretionary Time (DDT) programs (25509013
and 25509020; PI: Margutti). Acquired in the time period
δt= 17.8–75.4 days, the CXO observations provide key
information during the late decay, flare, and post-flare phases
(Table 8). The CXOACIS-S data have been reduced following
standard practice with CIAO v4.16 and corresponding
calibration files. A bright X-ray source is detected with high
confidence at the location of AT 2024wpp with wavdetect.
For each epoch, we extracted a spectrum with specextract
using a source region with radius of 2″ and a source-free
background region with radius >35″. CXO observations are
not sensitive to the NHint parameter because of the limited
effective area below ≈1 keV. We modeled the spectra with an
absorbed power-law model as in Section 2.1. Remarkably,
CXO observations acquired at the time of the flare peak at
δt≈ 50 days indicate a rising Fν ∝ ν1.26 spectrum. Spectral
modeling is described in Section 4.

2.3. XMM-Newton (0.2–12 keV)

We acquired a sequence of three late-time, deep XMM
observations of AT 2024wpp at δt= 98.9–99.5 days,
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Figure 1. Top panel: evolution of the spectral photon index β with time
(where Fν ∝ ν− β), showing clear evidence for spectral hardening until the
time of the flare peak at ≳50 days, followed by softening of the emission.
Aside from the flare peak, the plotted β values apply to the broadband soft
+hard X-ray spectral range; at the time of the flare peak, when there is
evidence for a BPL spectrum, the plotted value represents the index below the
spectral break. The gray shaded area marks the region of the parameter space
associated with a rising Fν spectrum. Bottom panel: 0.3–10 keV unabsorbed
luminosity light curve (red filled circles, orange squares, and orange diamonds
for XRT, CXO, and XMM observations, respectively) and 0.3–30 keV light
curve (blue crosses) derived from a self-consistent time-dependent flux
calibration. Vertical gray dotted lines mark the time of broadband X-ray
spectrum acquisition. Dashed gold line: best-fitting power-law luminosity
decay in the time period 10–50 days.
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δt= 139.7–140.2 days, and δt= 279.1–279.7 days under a
Guest Investigator program (No. 090332; PI: Margutti;
Table 8). The data from the three European Photon Imaging
Camera (EPIC)-pn, MOS1, and MOS2 have been reduced with
the Scientific Analysis System (SAS) v.20.0.0 and corresp-
onding calibration files (CALDB 3.13). We filtered out time
intervals with enhanced background due to proton flaring,
which led to a significant reduction of the exposure time in the
second XMM observation, especially for the pn camera. To
assess the significance of the detection, for each observation
we ran the EPIC source detection tasks emosaic_prep and
emosaicproc for all three cameras simultaneously over the
full 0.3–12 keV (0.2–12 keV) energy band and in three
standard subenergy bands (i.e., 0.3–1.0 keV for the pn and
0.2–1 keV for the MOS, 1.0–7.5 keV, 7.5–12.0 keV).

A source is significantly detected at the location of
AT 2024wpp in the full band in the first two observations,
with a resulting detection maximum likelihood of DET_ML=71
and 12 (≳3σ, Gaussian equivalent) for the first and second
observations, respectively. The total net counts in each
observation from the combined detector images are 155 ± 18
and 81 ± 18, respectively (0.2–12 keV energy band). No
source is detected in the third observation, and we infer a 3σ
limit of <0.001 counts s−1 in the 0.3–10 keV band from the
EPIC-pn exposure. For the first observation, we extracted three
source spectra (i.e., one each for the EPIC-pn, MOS1, and
MOS2) using a 30″-radius region, and we estimated the
background from a source-free region on the same chip. The
limited statistics of the second observation do not allow
spectral modeling, and we thus inferred the observed flux from
the count rate, assuming a photon index Γ = 1.6, as the limited
number statistics did not allow us to constrain the spectrum.
The same model is assumed for the count-to-flux conversion of
the upper limit of the third and fourth epochs.

2.4. NuSTAR (3–79 keV)

We acquired a total of five epochs of hard X-ray
observations of AT 2024wpp with NuSTAR. The first three
epochs were acquired starting on 2024 September 30,
19:21:09 UT (δt= 6.0 days) under a DDT program (PI:

Margutti), with the remaining two observations acquired under
a joint XMM–Newton–NuSTAR Guest Observer program
(No. 090332; PI: Margutti). A complete log of NuSTAR
observations is reported in Table 8.
We used nupipeline and nuproducts to extract

spectra and response files using the NuSTAR Data Analysis
Software (v2.1.2) and calibration files (ver. 20240104). The
source extraction region has a radius of 50″, and we estimated
the local background with a nearby source-free region. We
checked for the presence of solar flares and significant
radiation belt backgrounds using standard background plots
and custom Python scripts. When present, we removed the
intervals of time affected by the enhanced background by
redefining the good time intervals (GTIs) of extraction of our
products. A source is blindly detected at the location of the
transient until δt≈ 20 days, which represents the latest
NuSTAR detection of an FBOT to date. AT 2024wpp is
weakly detected at <10 keV in the NuSTAR A-module at
≈50 days, and it is not significantly detected at ≈75 days.
These hard X-ray detections, weak detections, and nondetec-
tions are critical to anchor the broadband spectral fits of
Section 4.

3. Broadband Radio Observations

3.1. ALMA

We observed AT 2024wpp with the Atacama Large
Millimeter/submillimeter Array (ALMA) in Cycle 11 as part
of DDT programs 2024.A.00003.T and 2024.A.00009.T (PI:
Nayana). The observations were acquired on 2024 October 14
(δt≈ 19 days) and October 31 (δt≈ 36 days) in bands 3
(97.5 GHz) and 5 (203 GHz). ALMA was in its C3 configura-
tion, with 45−48 working antennae providing baselines
ranging from 14 to 499 m. J0334−4008 was used as the flux
density and bandpass calibrator at both bands on the 2024
October 14 observations, and J0006−0623 was used on the
2024 October 31 observations. J0246−1236 and J0241−0815
were used as the phase calibrators in bands 3 and 5,
respectively, at both epochs. The on-source integration time
was ≈9 minutes in band 3 and ≈20 minutes in band 5. We

Table 1
X-Ray Spectral Parameters and Inferred Fluxes

δta Model Γ1 Γ2 Ebreak
b Fx

d Fx
d Fx

c,d Instrument
(days) (keV) (10−13 cgs) (10−13 cgs) (10−13 cgs)

[0.3–10 keV] [0.3–30 keV] [20–200 keV]

2.1–5.0 SPL +1.79 0.16
0.15 ⋯ ⋯ +7.9 1.0

1.0 +11.8 2.0
3.0 +10.8 5.5

9.2 XRT
5.0–9.0 SPL +1.37 0.04

0.06 ⋯ ⋯ +7.2 0.3
0.5 +15.2 0.5

0.5 +40.5 6.4
4.3 XRT+NuSTAR

9.0–15.0 SPL +1.10 0.06
0.08 ⋯ ⋯ +2.9 0.2

0.2 +7.9 0.4
0.5 +39.1 8.2

6.9 XRT+NuSTAR
17.4–18.6 SPL +0.86 0.08

0.11 ⋯ ⋯ +0.93 0.07
0.08 +3.3 0.4

0.3 +26.9 8.1
8.3 CXO+NuSTAR

21.3–34.5 SPL +0.89 0.39
0.37 ⋯ ⋯ +0.34 0.01

0.01 +1.2 0.6
0.7 +8.9 7.4

13.5 CXO+XRT
49.5–52.8 BPL +0.26 0.09

0.53 +1.98 0.42
4.57 +7.8 0.33

3.49 +0.67 0.01
0.01 +1.7 0.7

0.4 +2.1 2.0
1.9 CXO+NuSTAR

75.0–76.6 SPL +1.60 0.10
0.17 ⋯ ⋯ +0.81 0.05

0.07 +1.4 0.2
0.2 +2.2 0.9

1.2 CXO+NuSTAR
98.9–99.5 SPL +1.53 0.22

0.33 ⋯ ⋯ +0.12 0.03
0.03 +0.22 0.09

0.13 +0.39 0.31
0.65 XMM

139.7–140.2 SPL 1.53 ⋯ ⋯ +0.14 0.04
0.04 +0.30 0.07

0.07 +0.47 0.13
0.13 XMM

Notes. The SPL model is parameterized as F 1, where β1 = Γ1 − 1 and Γ1 is the photon index. The BPL model is F 1 for ν < νbreak and F 2 for
ν > νbreak, β2 = Γ2 − 1, and Γ2 is the photon index above the spectral break.
a Observer frame, with respect to time of first light.
b Ebreak ≡ hνbreak.
c Based on the extrapolation of the SPL or BPL spectral model at higher energies not sampled by observations (i.e., it assumes no additional spectral break).
d Fluxes are unabsorbed and in units of erg s−1cm−2.
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downloaded the pipeline-generated images from the ALMA
archive and estimated the flux density of the source using
Common Astronomy Software Applications (CASA; CASA
Team et al. 2022). The ALMA flux densities are reported in
Table 3.

3.2. ATCA

The Australian Telescope Compact Array (ATCA) observed
AT 2024wpp at seven epochs from 2024 October 10
(δt≈ 15 days) to 2025 March 19 (δt≈ 175 days) in the 15
mm, 7 mm, and 4 cm bands under the Non A-Priori Assignable
(NAPA) project C3419 (PI: Nayana). At each frequency band,
the data were recorded in two intermediate frequencies (IFs)
each split into 2048 channels. PKS B1934−638 and PKS
B0237−233 were used as the flux density and phase
calibrators, respectively, in all three bands. The flux calibrator
was also used to calibrate the bandpass in the 15 mm and 4 cm
bands, whereas PKS B1921−293 was used as the bandpass
calibrator in the 7 mm band. The total exposure was ≈3 hr in
the 7 and 15 mm bands and 2.5 hr in the 4 cm band, resulting in
≈1.5−2 hr on source after overheads, respectively, for each
band. The data were reduced using CASA following the
standard flagging and calibration procedure, treating each IF
and epoch separately. Calibrated data were imaged using two
Taylor terms, adopting Briggs weighting. ATCA flux density
measurements are presented in Table 4.

3.3. ATA

We observed the field of AT 2024wpp with the Allen
Telescope Array (ATA; W. Farah et al. 2025, in preparation;
A. W. Pollak et al. 2025, in preparation) on 2024 October 9
(δt≈ 14 days) and November 1 (δt≈ 37 days). The ATA is a
radio interferometer that comprises 42 dishes, each with a
diameter of 6.1 m, and can utilize up to four independent
frequency tunings in the range of 1–10 GHz, each with
≈700MHz bandwidth (J. S. Bright et al. 2023). Our
observations were centered at 3 and 8 GHz. We used 3C
147 to calibrate the absolute flux scale and the bandpass
response and J0241−082 to calibrate the time-dependent
complex gains. We used a customized pipeline41 utilizing
CASA to reduce the data. Imaging was done using CASA task
TCLEAN (A. R. Offringa & O. Smirnov 2017), adopting
Briggs weighting. The source was not detected in our ATA
observations (I. Sfaradi et al. 2024). We report 3σ image rms
as flux density upper limits in Table 5.

3.4. MeerKAT

We observed AT 2024wpp with MeerKAT at three epochs:
2024 October 31 (δt≈ 36 days), November 15 (δt≈ 51 days),
and December 11 (δt≈ 77 days) at L band under project code
SCI-20230907-NA-01 (PI: Nayana). J0408−6545 was used as
the flux density and bandpass calibrator, and J0240−2309 was
used as the phase calibrator. The data were recorded using a
correlator bandwidth of 856 MHz split into 4000 channels with
an integration time of 8 s. We used the calibrated images
produced by the SARAO Science Data Processor (SDP)
pipeline.42 The source was not detected in any of the

MeerKAT images, and 3σ flux density limits are reported in
Table 6.

3.5. GMRT

Giant Metrewave Radio Telescope (GMRT) observations of
AT 2024wpp were acquired from 2024 October 10 to 2025
January 26 (δt≈ 37–123 days) in bands 3 (0.25–0.50 GHz), 4
(0.55–0.85 GHz), and 5 (1.00–1.46 GHz). We observed 3C 48
to calibrate the absolute flux densities and bandpass and J0240
−231 to calibrate the atmospheric phase fluctuations. The data
were recorded using a correlator bandwidth of 200 MHz in
bands 3 and 4 and 400 MHz in band 5, split into 2048
channels. The observations were done in standard continuum
full polar mode with an integration time of 10 s. The GMRT
data were reduced using Astronomical Image Processing
Software (AIPS; E. W. Greisen 2003) following standard
procedures. The data were initially inspected for nonworking
antennas and radio-frequency-interference-prone channels and
flagged using AIPS task UVFLAG. Single-channel calibration
was done using a central channel, and the solutions were
applied to the entire band. The fully calibrated target data were
imaged using IMAGR. A few rounds of phase-only self-
calibration were performed to improve the image quality.
Radio emission associated with AT 2024wpp was not detected
in any of the GMRT maps. We quote the details of GMRT
observations and the 3σ flux density limit at the source
position in Table 7.

4. X-Ray Modeling and Inferences

4.1. Joint Soft and Hard X-Ray Spectral Modeling and X-Ray
Flux Calibration

We jointly fit the epochs with soft (Swift-XRT, XMM, or
CXO) and hard (NuSTAR) X-ray data to constrain the
broadband spectral properties of AT 2024wpp and their
evolution. There is no evidence for thermal X-ray emission
at any time, which is consistent with all the other FBOTs to
date. We use an absorbed simple power-law (SPL) and a
broken power-law (BPL) model within Xspec. We adopt
solar abundances and tbabs cross sections with Galactic
neutral hydrogen column density NHMW = 2.6× 1020 cm−2

(HI4PI Collaboration et al. 2016). For each epoch and source
spectral model, we take two approaches to properly account
for the low number statistics of source counts in NuSTAR.43 In
the first method, we perform full background and source
spectral modeling adopting Cash statistics (W. Cash 1979)
after ensuring that each bin in each spectrum contains at least
one count. The source and background files are simultaneously
fit with a background model for the background spectrum and
a combination of source plus background model for the source
file, with the background model parameters tied to the same
values. This is the ideal approach to avoid statistically biased
parameter inference, but it assumes that it is possible to
approximate the background with an analytical function. As a
second approach, we use the W-statistics after having ensured
that every bin in the background spectrum contains enough
counts. We find that the two methods lead to statistically
consistent results; in the following, we report and show the
results from the W-stat approach.

41 https://github.com/joesbright/ATARI/
42 https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/338723406/ 43 See, e.g., https://giacomov.github.io/Bias-in-profile-poisson-likelihood/.

5

The Astrophysical Journal Letters, 993:L6 (25pp), 2025 November 1 Nayana et al.

https://github.com/joesbright/ATARI/
https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/338723406/
https://giacomov.github.io/Bias-in-profile-poisson-likelihood/


We find that an SPL spectrum is a statistically acceptable
description at all times, with the exception of the broadband
X-ray spectrum acquired at the flare peak at δt≈ 50 days,
when instead a BPL model is preferred. We list the best-fitting
parameters, their uncertainties, and inferred fluxes in Table 1.
We use the Goodman–Weare Markov Chain Monte Carlo
(MCMC) implemented in Xspec with noninformative priors.
For each fit, the chain length, number of walkers, and burn-in
length were chosen to ensure convergence. Uncertainties are
self-consistently derived with MCMC simulations. The
spectral parameters of the favored model from this broadband
analysis are then used to anchor the time-dependent flux
calibration of the intermediate epochs with soft X-ray data
only. For soft X-ray data acquired before the first NuSTAR
epoch, the flux calibration is based on the best-fitting
parameters from a Swift-XRT spectrum extracted at
δt= 2–5 days in Table 1. The resulting unabsorbed
0.3–10 keV X-ray light curve of AT 2024wpp is shown in
Figure 1.

AT 2024wpp shows luminous, roughly constant emission at
the level of Lx ≈ 1.5× 1043 erg s−1 in the first ≈7 days,
followed by a phase of rapid decay with Lx ∝ t−2.5±0.25 until
δt≈ 30 days. Initially displaying a spectrum Fν ∝ ν− β with

= +0.80 0.16
0.15, the source spectrum later hardens with time and

transitions into a rising Fν ∝ ν− β with β < 0 at ≈15 days
(Figure 1, top panel). The source displays an episode of major

rebrightening of X-rays starting at δt≈ 35 days and peaking at
δt≈ 50 days, accompanied by extreme spectral hardening (soft
X-ray spectrum Fν ∝ ν1.25). At this time, the broadband X-ray
spectrum is bell shaped, and it is best fit by a BPL model with
break energy ≈8 keV and Fν ∝ ν−1 above Ebreak (Figure 2).
Remarkably, at ≈75 days, the soft X-ray spectrum is back to
its initial, much softer state of = +0.60 0.10

0.17 and remains
consistent with this softer value until we can constrain the
spectrum with XMM. This phenomenology is unprecedented
among FBOTs but has clear physical connections with the
Compton hump of AT 2018cow (R. Margutti et al. 2019) and
possibly AT 2020mrf (Y. Yao et al. 2022), as we detail in
Section 4.2.
Although an SPL model provides a statistically acceptable

fit, a closer inspection of the best-fit parameters of the BPL
model at δt< 20 days reveals that the soft X-rays are
preferentially best fit by softer spectral indices than the hard
X-rays (that is, β2 < β1 in Figure 3, where F 1 for
ν < νbreak and F 2 above the break frequency νbreak).
This observation opens the possibility that two emission
components are contributing to the overall shape of the
broadband X-ray spectrum, with the relative strength of
the hard component increasing with time until the flare peak.
We explore possible physical scenarios consistent with this
possibility in Section 4.2.
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Figure 2. Probability density distributions of the spectral photon indices (left panel) and spectral break energy (middle panel), for the BPL model that best fits the
broadband X-ray SED at the time of the flare peak (right panel, unfolded spectrum). The CXO data (red) indicate a rising spectrum with extreme properties:
Fν ∝ ν1.25. The lack of bright hard X-ray emission at the same time, as constrained by NuSTAR, demands the presence of a spectral break and significantly softer
emission above Ebreak, with the spectrum bending to Fν ∝ ν−1.
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Figure 3. Probability density distributions of the spectral photon indices derived from the broadband X-ray spectral fitting of Section 4 with a BPL model. At the
time of the flare peak at ≈50 days, we find evidence for a BPL spectrum with a rising spectrum Fν ∝ ν1.25 at hν ≲ 8 keV. There is a hint for a harder spectral index at
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increasing with time until the time of the flare peak (see Section 4.2).
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4.2. A Transient Compton Hump of Emission and Ionization
Breakout

AT 2024wpp is the second LFBOT after AT 2018cow with
clear evidence for a transient hump of emission. Compared
with AT 2018cow (R. Margutti et al. 2019), the hump of X-ray
emission in AT 2024wpp appears at a later time (δt≈ 50 days
vs. ≈8 days) and with a lower peak energy (Ebreak ≈ 8 keV vs.
≈50 keV).44 In both cases, after the hump disappears, the soft
<10 keV X-ray spectrum reverts back to a spectral index value
similar to the “pre-hump” phase β ≈ 0.5–0.7. Motivated by the
findings of Section 4.1, we explore an alternative set of fits for
which we hypothesize that the observed X-ray spectrum is the
superposition of an SPL (Fν ∝ ν− β) and a hump component
(here modeled with a BPL with slopes frozen to the values
inferred for the δt≈ 50-day spectrum). For spectra at 5 days
<δt< 50 days where hardening is apparent in the 0.3–10 keV
band, we assume an SPL index β = 0.6. We fit for the
normalization of each component (SPL, BPL) and for the free
break energy. This approach allows us to explore the evolving
contribution of a putative hump throughout this initial phase.
Although this model is purely phenomenological and simpli-
fied, it is expected to capture the main properties of the
evolution of the two components (displayed in Figure 4 in the
fixed observer-frame 0.3–10 keV band). Figure 4 shows that
the in-band contribution of the hump component grows with
time, as is expected for a hump of emission with decreasing
peak energy with time.

Physically, broadband X-ray spectra with similar properties
and evolution are observed and expected in the case of
transmission of radiation from a high-energy source through
ejecta with time-variable optical depth to Compton scattering
and photoelectric absorption, as was suggested for
AT 2018cow (R. Margutti et al. 2019). In this scenario, the
SPL represents the fraction of flux that is transmitted and
reaches the observer unmodified, while the BPL mimics the
combined results of Compton (down)scattering at the high
photon-energy end and photoelectric absorption at lower
energies. The BPL component dominates the 0.3–10 keV
energy range as Thompson optical depth (τT) decreases
(Figure 5). For τT ≪ 1 this model predicts that the
0.3–10 keV spectrum will eventually go back to its initial
slope, as observed in both FBOTs.

For AT 2018cow, at optical peak τT ∼ (c/vej)(κes/κ) ≈
20−40, where κes is the electron scattering opacity, vej is the
(optically emitting) ejecta velocity, and κes ≈ 4κ was assumed
(R. Margutti et al. 2019). In the absence of any other effect
(e.g., continuous deposition of ejecta, or a change in the
ionization state of the ejecta), the expansion of the ejecta leads
to τT ∝ t−2, implying τT ≈ 3 at the time of the prominent
Compton hump at ≈8 days with an expected Fν peak at
≈50 keV (Figure 5), consistent with observations (Figure 6 in
R. Margutti et al. 2019). However, as discussed next, this
reasoning does not apply to AT 2024wpp in this simple form,
fundamentally because the observed LX/(LX + LUV OIR)
ratio remains constant and LX/(LX + LUV OIR) ≈ LX/
LUV OIR ≈ 10−2 during the first ≲20 days, as opposed to
steadily increasing with time as was observed in AT 2018cow
(Paper I, Figure 9).
To quantitatively explore the implications of the observed

evolution of the LX/(LX + LUV OIR) ratio, we adopt the
parameterization of B. D. Metzger (2022). In this framework,
the detected UV–optical–IR (UVOIR) luminosity is the result
of reprocessing of a centrally located source of energy with
luminosity Lengine by a two-component medium composed of
slow-moving ejecta (v≈ 6500 km s−1 inferred in Paper I)
covering a fraction f0 of solid angle and fast-moving ejecta
(v≈ 0.2c) subtending a solid angle Ωfast = 4π(1 − f0). If the
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Figure 4. Evolution of the SPL (orange) and hump (lime green) component luminosities (left) and their ratio (middle) with time in the fixed observer-frame energy
band 0.3–10 keV as constrained by our analysis of Section 4.2. The Compton hump contribution increases with time as the optical depth of the reprocessing layer
decreases, causing the peak of the hump of emission (initially at >10 keV) to cascade to lower energies and enter the spectral window of interest (Figure 5). The
hump dominates the 0.3–10 keV emission at δt ≈ 50 days. Right: cartoon of the SPL+hump model showing how the progressive “emergence” of the hump of
emission in the 0.3–10 keV band at δt � 50 days leads to hardening with time.

Figure 5. Selection of X-ray transmission spectra from a central source with
intrinsic spectrum Fν ∝ ν−0.5 (black dashed line) from the simulations
presented in R. Margutti et al. (2019) for a range of Thomson optical depth
values τT showing the increasing dominance of the Compton hump flux in the
0.3–10 keV band as τT decreases. These simulations do not account for time-
dependent ionization effects in the transmission layer. See main text and
R. Margutti et al. (2019) for more details on these simulations.

44 We note that a blueshifted Fe Kα feature such as the one detected in
AT 2018cow would not be detectable against the continuum here because of
the more limited statistics.
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slow-moving ejecta is completely opaque to X-rays, we expect
( )=L L e1X engine 0

X, where we estimate Lengine ≈ (LX +
LUV OIR) and τX is the effective X-ray optical depth that we
expect to roughly trace τT in an electron-scattering-dominated
medium (as the probability of thermalization rapidly increases
with the number of scatterings). From this reasoning,

( ) ( )/ +L L L e1X X UV OIR 0
X, or ( )/L L e1X UV OIR 0

X

for LX ≪ LUV OIR. The small and constant LX/LUV OIR ratio of
AT 2024wpp thus implies large τX sustained for a long time
(significantly longer than in AT 2018cow), as opposed to the
expected ∝t−2 behavior. We quantify this statement in
Figure 6 for an arbitrary choice of f0 = 0.5. Interestingly,
τX ≈ 0.1 at δt∼ 50 days, for which Figure 5 predicts an Fν
peak energy of ≈8 keV as observed in AT 2024wpp
(Figure 4).

Two considerations follow: (i) The delayed appearance of a
Compton hump in AT 2024wpp is in line with (and should be
expected based on) the large τX maintained until late times. We
also note that the lower peak energy of the hump of emission in
AT 2024wpp compared with AT 2018cow presumably origi-
nates from transmission through a medium with lower τT
(Figures 5 and 6), which happens at a later epoch. (ii) τX clearly
deviates from the ∝t−2 evolution. (i)+(ii) can result from a
variety of effects, including a time-variable level of ionization
of the ejecta, which changes the opacity to X-rays (see below);
continuous deposition of mass (as opposed to a one-time mass
ejection); or a time-varying covering fraction f0 of the slow-
versus fast-moving ejecta (e.g., as a consequence of different
physical conditions of a super-Eddington accretion disk
providing the source of ejecta mass).45

In the rest of this section we explore the possibility that the
sudden drop of τX(t) at ≈40 days is due to an “ionization

breakout,” i.e., a reduction of the photoelectric absorption
cross section resulting from the ionization of the ejecta by the
inner source of energy. B. D. Metzger et al. (2014) and
B. D. Metzger & A. L. Piro (2014) developed the theoretical
framework in the context of magnetars formed by either stellar
explosions or binary neutron star (NS) mergers, ionizing the
surrounding ejecta with luminosity Lion, while D. Tsuna &
W. Lu (2025) invoked an ionization breakout scenario in the
context of FBOTs powered by accretion on newly formed NSs
and black holes (BHs). Here we remain agnostic about the
astrophysical nature of the ionizing luminosity Lion, and we
consider a central engine ionizing the ejecta of mass Mej

expanding with velocity vej on a timescale t. Following
B. D. Metzger et al. (2014), their Equations (A7) and (A11),
we expect the radiation to ionize its way through the ejecta on
a timescale
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where M2 ≡Mej/(2 M⊙), T5 ≡ T/105 K is the temperature of
electrons in the recombination layer, XZ is the mass fraction of
elements with atomic number Z= 8Z8 in the ejecta, and
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is the ratio of absorptive to scattering opacity in the ejecta. We
have renormalized Equations (1) and (2) using parameter
values that are relevant to the fast ejecta component of
AT 2024wpp as constrained by optical and X-ray observations.
For oxygen-dominated ejecta,46 we find tion ≈ 30–50 days,
which compares well with when the ejecta becomes transpar-
ent to the X-rays (and the hump dominates in the 0.3–10 keV
energy range). While our analytical arguments require
confirmation by detailed simulations in future work, based
on the calculations above, we consider it plausible that the
τX(t) drop is at least partially driven by ionization effects.
To conclude, in close analogy with AT 2018cow (R. Margutti

et al. 2019), our broadband X-ray analysis favors the presence
of a highly variable, centrally located high-energy source
shining through expanding aspherical ejecta material with time-
dependent ionization (and potentially covering fraction). We
address the astrophysical nature of the high-energy source in the
next section.

101
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Figure 6. Effective optical depth to X-rays derived following the reprocessing
model of B. D. Metzger (2022) and the observed X-ray and UVOIR emission
for AT 2024wpp (filled circles) and AT 2018cow (stars). AT 2024wpp
maintains higher τX for a significantly longer time, a behavior that is
consistent with the delayed appearance of the Compton hump (Section 4.2).
The gray dashed line shows τX ∝ t−2 scaling expected for radiation shining
through a medium expanding with constant velocity. We assume an arbitrary
slow-moving ejecta covering fraction f0 = 0.5.

45 We note that at face value the smaller LX/(LX + LUV OIR) ratio of
AT 2024wpp compared with AT 2018cow can be interpreted as a larger
covering fraction f0, leading to a larger fraction of engine luminosity being
reprocessed in UVOIR emission.

46 We note that lighter elements would be ionized significantly earlier,
consistent with the lack of spectral features at early times; instead, the slower-
moving ejecta would be opaque to X-ray radiation for much longer. We also
note that Equation (1) does not account for the possible ongoing deposition of
mass, which would delay the emergence of the ionization front compared to
the estimate presented above.
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4.3. The Soft X-Ray Spectral Index and the Origin of the X-Ray
Emission

AT 2018cow–like FBOTs display similar values of the soft
X-ray spectral index of the persistent component (i.e., the
component not associated with the Compton hump) Fν ∝ ν− β

with β ≈ 0.6. As was noted for AT 2018cow (R. Margutti
et al. 2019), this hard spectrum maintained over tens of days is
not compatible with fast cooling of the radiating electrons for
any reasonable values of the electron energy distribution index
p≳ 2 (where N(E) ∝ E− p). Together with the initial X-ray
light-curve plateau followed by a steep temporal decay,
prominent X-ray variability with increasing variance with
time, and the Compton hump spectrum, this hard spectral
index might be a defining trait of this class of transients. From
an observational perspective, we note that the Fν ∝ ν1.26
emission component is harder than the typical power-law
component of X-ray binaries (XRBs) and active galactic nuclei
(AGNs), which is often attributed to Comptonization of soft
disk photons (e.g., L. Titarchuk & E. Seifina 2021, and
references therein). Additionally, similar to AT 2018cow, the
X-ray emission and radio emission are not part of the same
synchrotron spectrum at any time (the X-rays being always
brighter than the extrapolated radio spectrum). Following the
same line of reasoning as in R. Margutti et al. (2019, their
Section 3) for AT 2018cow that we do not repeat here, we find
that these observations imply the presence of an inner, highly
variable source capable of continuously “heating” the radiating
electrons to maintain the slow-cooling spectrum.

Magnetic reconnection (e.g., in a magnetar nebula or
accreting BH corona) or the dissipation of outflow kinetic
energy (e.g., via internal shocks between multiple episodes of
accretion disk wind or bulk Comptonization) could in principle
satisfy these requirements.

GMRHD simulations of super-Eddington accreting disks
(A. Sadowski & R. Narayan 2015, 2016) reveal the generation
of powerful outflows reaching transrelativistic velocities along
the polar direction and carrying a total (i.e., radiative and
kinetic) luminosity L M c•

2 with η ∼ 0.03 for a nonrotating
(a = 0) stellar-mass BH (for a = 0.7, η ∼ 0.08). Simulations
by A. Sadowski & R. Narayan (2016) extended to accretion
rates up to a few hundred MEdd, which is ≈103 times smaller
than what is needed to power FBOTs at peak, finding that at
high M most of the outflow luminosity is in the kinetic form.47

Building on the results from these simulations and extrapolat-
ing to significantly higher accretion rates, B. D. Metzger
(2022) and D. Tsuna & W. Lu (2025) demonstrated how
stellar-mass BHs accreting at highly super-Eddington rates
produce outflows that can carry enough kinetic energy
Ek > 1051 erg to match the (extreme) energetic requirements
and timescales of FBOTs like AT 2024wpp (see their
Equations (18) and (37), respectively). It is important to note
that the astrophysical context of the two models is different: a
tidal disruption and hyperaccretion of a Wolf–Rayet (W-R)
star by a BH or NS binary companion are invoked by
B. D. Metzger (2022), versus the collision of a newly formed
NS or BH from a CCSN explosion with its main-sequence
companion by D. Tsuna & W. Lu (2025). However, both
models share the common ingredient of super-Eddington
accretion on a compact object and directly connect the FBOT

phenomenology to the dissipation of energy carried by the
resulting outflows.
To conclude, we thus consider the likely possible origins for

the central X-ray source: (i) a pulsar-wind-nebula-like system,
i.e., a magnetized nebula energized by a compact object (e.g.,
I. Vurm & B. D. Metzger 2021); and (ii) emission related to
super-Eddington accretion disks around compact objects. Both
systems can power collimated jets (for which we have no
direct observational evidence in FBOTs) as proposed by
O. Gottlieb et al. (2022). More generally, irrespective of the
details of the astrophysical origin of the X-ray source, the
X-ray emission in FBOTs likely escapes from a lower-density
polar region, which in all likelihood implies geometrical
beaming. This fact has two observational consequences: first,
the “true” X-ray luminosity from the system is lower than what
is estimated assuming isotropic emission (Ltrue = Liso×
ΔΩ/4π).48 Second, geometrical beaming implies a viewing
angle dependency of the observed Lx (with observing angles
aligned with the polar direction being associated with the
brighter displays at early times), which might be at the core of
the range of X-ray luminosity behaviors observed in LFBOTs
(discussed in detail in Section 7.2), as well as the appearance
and prominence of the Compton hump.

5. Radio Modeling and Inferences

5.1. General Considerations

Radio emission from FBOTs is understood to originate from
the shock interaction with the surrounding medium
(A. Y. Q. Ho et al. 2019, 2022; R. Margutti et al. 2019;
D. L. Coppejans et al. 2020; J. S. Bright et al. 2022; Y. Yao
et al. 2022; A. A. Chrimes et al. 2024a). The resulting radio
spectral energy distributions (SEDs) are bell shaped, where the
peak is due to synchrotron self-absorption (SSA) of relativistic
electrons accelerated at the shock front to a power-law
distribution of the form N(E) ∝ E− p down to a minimum
Lorentz factor γm (R. A. Chevalier 1998). In a standard SSA
scenario, the optically thick spectral index is α2 = 5/2 (with
F 2) and the optically thin spectral index is
α1 = −(p− 1)/2 (with F 1). If synchrotron-emitting
electrons are efficiently cooled via synchrotron or inverse
Compton (IC) emission, the optically thin spectral index above
the cooling frequency νc becomes α1 = −p/2. As the shock
propagates in the surrounding medium of the density profile
ρ ∝ r− k, the SSA spectral peak shifts to lower frequencies. For
a wind-like circumstellar medium (CSM) density profile (i.e.,
k = 2), νpk ∝ t−1 while Fpk remains constant.
Figure 7 shows the radio SEDs of AT 2024wpp at

δtrest ≈ 13–161 days. Although the shapes of the SEDs are
similar to the one expected from SSA emission, the evolution
of the SEDs is nonstandard. The peak flux density of the SEDs
brightens by approximately a factor of 10 between δtrest ≈ 17
and 32 days. Subsequently, at δtrest ≈ 46–73 days, the peak flux
remains roughly constant, with the peak frequency moving to
lower frequencies, followed by a decrease in νpk and Fpk at
δtrest ≈ 118 days. The optically thick phase of the spectrum is
best sampled at δtrest ≈ 32 days, and the spectral index is
α2 ≈ 0.7. The slope is slightly steeper at δtrest ≈ 46 days,
α2 ≈ 1.5. In either case, the optically thick spectral indices are
flatter than that expected from SSA (α2 = 2.5). This deviation

47 Recent results from a wider range of non-MHD simulations by S. Yoshioka
et al. (2024) confirm these findings.

48 Similar arguments have been used to explain the super-Eddington X-ray
luminosity of ultraluminous X-ray sources (see, e.g., A. King et al. 2023).
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is commonly observed in LFBOTs (A. Y. Q. Ho et al.
2019, 2022, 2023b; R. Margutti et al. 2019; J. S. Bright et al.
2022; A. J. Nayana & P. Chandra 2021) and is often attributed
to inhomogeneities in the emitting region (K. W. Weiler et al.
2002; C. I. Björnsson & S. T. Keshavarzi 2017; C. I. Björnsson
2024). The optically thin slope is α1 ≈ −1 at δt≈ 73 days,
implying p≈ 3. We thus adopt p≈ 3 for synchrotron spectral
modeling and parameter estimation.

The spectral behavior at δtrest > 118 days is particularly
striking. The spectral peak is νpk ≈ 6 GHz, with a 5–9 GHz
spectral slope of α1 = −0.90 ± 0.78. In later observations, we
find evidence for a spectral inversion at these frequencies
(5–9 GHz), with α1 = 0.59 ± 0.31 and 0.24 ± 0.50 at 133 and
161 days, respectively (A. J. Nayana et al. 2025). This kind of
spectral inversion is unprecedented in FBOTs and may signal
the emergence of a new emission component.

5.2. Spectral Modeling and Shock Parameters

We model the single-epoch SEDs of AT 2024wpp as a BPL
of the form

( )
/ /

= +F F , 3
s s s

pk
pk pk

1 2

where α1 and α2 denote the optically thin and thick spectral
slopes, respectively, and s defines the smoothness of the BPLs.
We fix α1 = −1.5 and s= −1 while keeping Fpk and νpk as free

parameters. We choose α1 = −1.5 based on the optically thin
spectral index at δtrest ≈ 73 days and the position of cooling
frequencies, which are self-consistently calculated later in this
section. At δtrest ≈ 17 and 32 days the cooling frequencies are
below the SED peak, while at δtrest ≈ 46 days it is closer to the
peak. This would result in a steepening in the optically thin
spectral slope by Δα = 0.5, and the optically thin slope at
δtrest ≈ 73 days is ≈−1. In addition, we keep α2 as a free
parameter at δtrest ≈ 32 and 46 days. At other epochs, we fix α2

to the best-fit values obtained in the nearest-epoch SED.
Following R. A. Chevalier (1998), we calculate the shock

radius (R) and magnetic field (B) for p = 3 using the following
equations:
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Figure 7. Radio spectra of AT 2024wpp in the time range δtrest ≈ 13–161 days acquired with MeerKAT, GMRT, ATCA, ATA, and ALMA. The purple diamonds
denote the VLA flux measurements from G. Schroeder et al. (2024). Inverted triangles mark the 3σ flux density upper limits. Solid lines represent best-fit BPL
models with smoothing parameter s = −1 and optically thin spectral index α1 = −1.5. AT 2024wpp shows a complex evolution with two unprecedented elements:
(i) an extremely rapid and delayed rise of the millimeter emission captured by ALMA, and (ii) radio spectrum inversion in the last two ATCA epochs (emphasized
with circles).
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The shock internal energy (U) is given by

( )=U fR
B1 4

3 8
. 7

B

3
2

Here feB
e

B
, where εe and εB are the fractions of post-

shock energy in the relativistic electrons and magnetic fields,
respectively. We assume equipartition of energy, i.e., feB = 1
(for εe = εB = 0.3). Parameter f is the volume filling factor of
the synchrotron-emitting region and is taken to be f = 0.5
(R. A. Chevalier 1998).

The R. A. Chevalier (1998) model assumes that the cooling
frequency (νc) is above the SSA frequency (νa) and that the
synchrotron characteristic frequency emitted by minimum
energy electrons (νm) is below νa (i.e., νm < νa < νc). This
order of characteristic frequencies may not be valid at all
times. For example, in AT 2018cow, νa > νc at early times,
due to the presence of a dense medium in the immediate
environment, and shock energy was dissipated in a small
volume (A. Y. Q. Ho et al. 2019).

We calculate νm and cooling frequencies (both synchrotron
cooling frequency, νc,sync, and IC cooling frequency, νc,IC) at
different epochs to check the validity of this model. The
minimum Lorentz factor (γm) of a distribution of accelerated
electrons of energy power-law index p is given by

=m
p

p

m

m e
2

1
2p

e
, where β is the shock velocity in units of

c. The corresponding minimum characteristic synchrotron
frequency is =m m g

2 , where =g
qB

m c2 e
is the gyrofre-

quency. Here q and me are the charge and mass of the electron,
respectively. We find νm ≪ νpk ≡ νa during the observed
epochs. The synchrotron and IC cooling frequencies are

=c g,sync sync
2 and =c g,IC IC

2 , respectively, where elec-
trons with γ > γsync or γIC cool at time t. Parameters γsync and
γIC are given by (G. B. Rybicki & A. P. Lightman 1979)

( )=
mc

cB t

6
8sync

2

T
2

( )=
mc R

L t

3
. 9IC

2 2
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Here σT is the Thomson scattering cross section and Lbol is
the bolometric luminosity at time t. We calculate νc,sync and νc,
IC using R and B from Table 2. We use Lbol ≈ (8, 0.9,
0.3, 0.07, 0.01)× 1043 erg s−1 at δtrest = 17.5, 32.4, 46.1, 72.7,

and 117.6 days, respectively (Paper I). The cooling frequencies
are lower than νpk at δtrest = 17.5 and 32.4 days, which implies
that R. A. Chevalier (1998) is not self-consistent at these
epochs. A. Y. Q. Ho et al. (2022) present formulae to estimate
source properties in the regime νa > νc (see their Appendix C).
For p = 3, the expressions for R and B are as follows:
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We estimate shock parameters at δtrest ≈ 17 and 32 days
using these equations and report the self-consistent estimates
of R, v, B, U, and n at all epochs in Table 2. We note that the
parameters at δtrest ≈ 17.5 days are not physical, as the SED at
δtrest ≈ 17 days is free–free absorbed owing to the surrounding
medium up to radius R≈ 1016 cm. The SED evolution between
δtrest ≈ 17 and 32 days is best explained in a scenario where the
shock is propagating through a dense shell (see Section 6.3).

5.3. Synchrotron Emission from Thermal Electrons

Collisionless strong shocks are commonly believed to
accelerate electrons into a nonthermal power-law distribution
via diffusive shock acceleration (A. R. Bell 1978; R. D. Blan-
dford & J. P. Ostriker 1978; R. Blandford & D. Eichler 1987;
A. Spitkovsky 2008; L. Sironi & A. Spitkovsky 2009, 2011;
D. Caprioli 2015). Numerical models of collisionless shocks
suggest that the electron distribution consists of both thermal
and nonthermal populations. B. Margalit & E. Quataert (2021)
discuss the contribution of thermal electrons to the emergent
synchrotron flux in transrelativistic shocks and find a
significant contribution from thermal electrons toward the
peak emission for shocks of velocity v≳ 0.2c. The key
observational signatures of synchrotron emission from thermal

Table 2
Shock Parameters of AT 2024wpp Estimated from Single-epoch Radio Spectral Modeling

Timea α2 νpkb Fpk
b R (Γβ)cc B n U

(days) (GHz) (mJy) (×1016 cm) (c) (Gauss) (cm−3) (×1048 erg)

17.5d 1.05 310+
98
123 0.224+

0.045
0.058 +0.06 0.01

0.02 +0.013 0.002
0.004 +36.9 16.6

24.4 ×+6.42 100.5
1.9 8 +0.07 0.03

0.04

32.4 +1.05 0.05
0.05 +90 5

5 +2.697 0.069
0.077 +0.56 0.03

0.03 +0.067 0.004
0.004 +4.1 0.4

0.4 ×+0.31 100.07
0.09 6 0.76+

0.01
0.01

46.1 +1.45 0.16
0.18 +21 2

3 +1.524 0.052
0.062 +2.91 0.36

0.36 +0.244 0.03
0.03 +1.30.2

0.2 ×+2.5 100.9
1.8 3 11.44+

1.33
1.33

72.7 1.45 +8 0.5
0.5 +1.673 0.068

0.074 +7.88 0.56
0.65 +0.418 0.030

0.035 +0.5 0.03
0.03 ×+1.23 100.31

0.38 2 33.12+
3.10
3.77

117.6 1.45 6+
2
4 0.624+

0.112
0.159 +6.04 2.23

2.87 +0.198 0.073
0.094 +0.4 0.1

0.3 ×+4.2 100.3
4.6 2 11.68+

3.9
7.6

Notes.
a With respect to date of first light in rest frame δtrest = δtobs/(1 + z).
b νpk and Fpk are the intersection of the optically thick and thin power laws of synchrotron spectrum. The parameters are estimated assuming equipartition

(εe = εB = 0.33).
c Mean shock velocity (Γβ)c = Rc/t.
d The parameters at δtrest ≈ 17.5 days are not physical, as the SED is free–free absorbed owing to the surrounding medium up to radius R ≈ 1016 cm (see
Section 6.3).
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electrons are a steep optically thin spectral index and an
Fν ∝ ν2 spectral slope in the optically thick regime.

A. Y. Q. Ho et al. (2022) reported a steep optically thin
spectral index α1 ≈ −2 in the case of AT 2020xnd and
modeled the SEDs as synchrotron emission from a thermal
population of electrons. The observed optically thin spectral
index for AT 2024wpp is α1 = −1.29 ± 0.17, with an optically
thick spectral slope of α2 = 0.66 ± 0.02 (δtrest ≈ 32 days) and
α2 = 1.45 ± 0.18 (δtrest ≈ 46 days). The shock velocities from
single-epoch spectral modeling are v> 0.2c at δtrest ≈ 46 and
73 days (see Table 2). Even though the spectral slope is not as
steep as that expected from a thermal population, motivated by
the large shock velocities, we fit individual SEDs at δtrest ≈
32, 46, and 73 days with the “thermal + nonthermal”
synchrotron emission model of B. Margalit & E. Quataert
(2021) and explore the parameter space using MCMC. We
keep the number density, shock radius, and electron therma-
lization efficiency (εT) as free parameters and run the fit,
keeping the ratio of energy in nonthermal electrons to thermal
electrons (δ = εe/εT) and εB fixed. We use εB = 0.1 and run the
model for a range of δ values (δ = 0.001, 0.01, 0.1, and 1). The
model failed to reproduce the SEDs at δtrest ≈ 32 and 46 days
but resulted in reasonable fits for δtrest ≈ 73 days. The model
resulted in optically thick spectral slopes that were too steep
and could not match the observed values at δtrest ≈ 32 days. At
δtrest ≈ 46 days, the peak and decay were not reproduced by the
models. The best-fit values of parameters at δtrest ≈ 73 days
are = ×+R 7.13 100.67

0.91 16 cm, = +n 129 cm27
32 3, and =T

+0.56 0.21
0.28 for εB = 0.1 and δ = 0.1 (i.e., εe = 0.005). The shock

radius and density derived from this model are very similar to
the ones estimated from single-epoch spectral modeling as
expected (see Figure 2 of B. Margalit & E. Quataert 2021,
Section 4) and also seen in the case of AT 2020xnd
(A. Y. Q. Ho et al. 2022). Although there may be some
contribution to the synchrotron flux of thermal electrons at
δtrest ≈ 73 days, we conclude that it is not necessary to invoke
this model to interpret the observed SEDs.

6. The Origin and Evolution of the Radio-emitting Outflow

The spectral evolution of AT 2024wpp is characterized by
distinct phases in the time evolution of both the peak flux
density and peak frequency. The peak flux density increases as
Fpk ∝ t4.04±0.42 during δtrest ≈ 17–32 days. This is followed by
a slight decline between 32 and 73 days (Fpk ∝ t−0.67±0.06) and
a steeper decay as Fpk ∝ t−2.05±0.54 at δtrest > 73 days. The
corresponding evolution of the peak frequency is
νpk ∝ t−2.01±0.65 at δtrest ≈ 17–32 days, νpk ∝ t−2.99±0.10 at
δtrest ≈ 32–73 days, and νpk ∝ t−0.60±1.05 at δtrest ≈ 73–
118 days. The rapid brightening of SEDs between δtrest ≈ 17
and 32 days may be attributed to suppression of the intrinsic
synchrotron emission due to radiative cooling processes (IC
and/or synchrotron cooling). In particular, depending on the
position of the cooling frequency, the cooling process can
reduce the observable flux at early epochs. We investigate the
relative importance of different cooling processes to explain
the observed SED evolution in Section 6.1.

The physical parameters inferred from single-epoch spectral
analysis imply a rapidly growing radio-emitting region, with a
temporal evolution of R∝ t3.12±0.12, consistent with an
accelerating outflow. The outflow velocity increases from
Γβc≈ 0.07c to 0.42c during δtrest = 32–73 days, with an
increasing amount of internal energy coupled to this outflow

(see Table 2). The increase in the blast wave energy with time
and its acceleration can be (i) intrinsic or (ii) apparent. If
intrinsic, more energy is being deposited into the shock with
time (e.g., via continuous winds from an accretion disk). The
shock then breaks out from this dense region and accelerates in
a very steep density profile, a process similar to that of shocks
expanding in the outer layers of exploding massive stars.
Alternatively, if the effect is apparent, such evolution can arise
as a result of geometric effects. In off-axis jet models,
the observer sees more energy progressively coming into their
line of sight as a consequence of the deceleration of the outflow.
We explore both scenarios in detail in Sections 6.2 and 6.3.

6.1. Energy Losses of Synchrotron-emitting Electrons

Synchrotron-emitting electrons can lose energy via various
cooling processes: synchrotron cooling and/or IC cooling. In
synchrotron cooling, relativistic electrons lose energy by
emitting radiation in the presence of magnetic fields, with
the cooling efficiency increasing at higher magnetic field
strengths and electron energies. In the presence of a strong
radiation field, relativistic electrons can upscatter low-energy
optical photons to higher energies and IC cooling can be
important. The millimeter emission from AT 2024wpp at
δtrest ≈ 17 days is an order of magnitude lower than the
millimeter emission at δtrest ≈ 32 days. We explore the
possibility of flux suppression via electron cooling to account
for this. In the case of an IC cooling scenario, the radio outflow
needs to always be in front of the optical photosphere. We plot
the optical and radio photosphere radii of AT 2024wpp at
multiple epochs (δtrest ≈ 32–118 days) in the right panel of
Figure 8 and find that this is indeed the case.
We extrapolate the radio SED from δtrest ≈ 46.1 days to

δtrest ≈ 17.5 days assuming a density profile ρCSM ∝ r−3 and a
constant shock velocity of Γβc= 0.24c. The expected flux
densities at 100 and 200 GHz on this SED are ≈ 3.1 and 1.6
mJy, respectively. At this epoch, the Lorentz factor of
electrons cooling via IC cooling is γIC = 12, and that via
synchrotron cooling is γsync = 14 (for εe = εB = 0.3), indicat-
ing that IC cooling is marginally dominant. The Lorentz
factors of electrons emitting at 100 and 200 GHz are ≈ 117
and 166, respectively, at δtrest ≈ 17.5 days. Thus, cooling can
suppress the flux at 100 GHz by a factor of ≈10 and at
200 GHz by a factor of ≈14. This will result in observed flux
densities of F100 GHz ≈ 0.3 mJy and F200 GHz ≈ 0.1 mJy. The
observed ALMA flux densities at δtrest ≈ 17.5 days are
F100 GHz = 0.08 mJy and F200 GHz = 0.10 mJy, which are ≈4
times lower at 100 GHz and similar at 200 GHz. Hence, the
ALMA flux densities are suppressed beyond what can be
accounted for by electron cooling alone at 100 GHz, whereas
at 200 GHz the flux density is consistent with that expected
from IC suppression.
If we carry out a similar exercise by extrapolating the

synchrotron SED from δtrest ≈ 46.1 days to δtrest ≈ 32.4 days,
the Lorentz factor of electrons experiencing IC cooling is
≈203 and that for synchrotron cooling is ≈49, indicating that
synchrotron cooling is the dominant cooling process. The
effect of cooling should suppress the flux to F100 GHz ≈ 0.15
mJy and F200 GHz ≈ 0.04 mJy. However, the observed flux
densities at δtrest ≈ 32.4 days are F = 1.3 mJy at 100 GHz and
F = 0.6 mJy at 200 GHz, which are 9–15 times higher.
We caution that the above estimates based on cooling

timescales depend strongly on the CSM density profile and
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shock velocities, as the IC cooling timescale is a strong
function of R and the synchrotron cooling timescale is a strong
function of B. It is clear that (not trying to match the absolute
numbers) the fluxes at 100 and 200 GHz will decrease from
δt≈ 17 to 32 days in a scenario where fluxes are suppressed
owing to cooling, whereas the observed ALMA fluxes are
increasing by approximately an order of magnitude. Thus,
cooling effects cannot account for the observed sharp rise in
millimeter fluxes.

6.2. Off-axis Models

Alternatively, the steep rise of the radio emission can be due
to emission from an off-axis relativistic jet, where the emission
is initially beamed away from the observer’s line of sight. In
this scenario, the outflow needs to be a relativistic jet with an
initial off-axis viewing angle. The radio emission at early
times will be suppressed by relativistic beaming and then
increase rapidly as the jet decelerates and relativistic beaming
becomes less severe. The millimeter flux density of
AT 2024wpp rises approximately an order of magnitude
between 17 and 32 days, with a temporal slope of
F97.5 GHz ∝ t4.44±0.39. The temporal indices of synchrotron flux
from a nonspreading jet viewed off-axis can be as steep as
F∝ t10 for a flat CSM density profile (P. Beniamini et al. 2023,
see their Table A1). Thus, the observed fast rise in flux
densities can be accommodated by off-axis jet models (I. Sfa-
radi et al. 2025). The millimeter-band flux densities drop to
F97.5 GHz ≈ 150 μJy and F203 GHz ≈ 50 μJy at δtrest ≈ 46 days,
indicating that the time of peak of the millimeter-band light
curve is at δtrest ≈ 32 days. Note that the abovementioned flux
densities at δtrest ≈ 46 days are from the best-fit SED. After the
peak time, the observer should see most of the outflow, and the
inferred kinetic energy can be considered to be representative
of the actual kinetic energy of the relativistic outflow, implying
Ek,iso ≈ 3.3× 1049 erg (from the SED analysis at
δtrest ≈ 73 days). We note that this estimate of Ek,iso is a lower
limit owing to the equipartition assumption.

Consider a top-hat jet in which dEk/dΩ = Ek,iso/4π is
constant up to a certain opening angle θ0 with initial Lorentz
factor Γ0 (where 0 0

1) propagating in a medium of the
density profile ρ = Ar−k. The jet decelerates as it propagates
through the medium, and the deceleration radius is given by

(P. Beniamini et al. 2023)

( )( )=R cm. 12
k E

Acdecl.
3

4
k k, iso

2
0
2

1
3

The corresponding deceleration timescale is =tdecl.

( ) /+ z R c1 2decl. 0
2 for an on-axis observer. After tdecl., the

jet bulk Lorentz factor evolves as ( ) ( )t t
k
k

3
2 4 . For an

observer located at an angle θobs from the initial direction of
the jet, the peak of the light curve would be at

( )=t tpk decl. obs 0
k
k

8 2
3 . For Ek,iso ≈ 3.3× 1049 erg and

n= 0.3× 106 cm−3 from equipartition analysis (see Table 2),
the deceleration radius is Rdecl. ≈ 1.2× 1014 cm for Γ0 = 100
and θobs = 30�. This translates to tpk ≈ 2.3 hr (for k = 0) and
tpk ≈ 0.07 hr (for k = 2), which is significantly smaller than
the time of peak of the millimeter emission. This argues
against the off-axis jet model for the observed increase in the
millimeter emission at δtrest ≈ 17–32 days. Furthermore, the
temporal decay of the millimeter component from
δtrest ≈ 32 days appears to be F97.5 GHz ∝ t−5.9 and
F203 GHz ∝ t−6.8 based on the extrapolation to the best-fit
SED model at δtrest ≈ 46 days, which is difficult to explain in
an off-axis model. The maximum temporal decay index after
jet break is expected to be Fν ∝ t− p (R. Sari et al. 1999). We
also note the extremely fast decay of AT 2018cow at
≈230 GHz with a decay index of F∝ t−4.7 at δtrest > 44 days
(see Figure 9), possibly indicating a similar physical origin.
We further explore the off-axis model following the

generalized equipartition analysis presented in T. Matsumoto
& T. Piran (2023). It is assumed that the observed emission is
dominated from a small region of the order π/Γ, where Γ is the
bulk Lorentz factor. A critical parameter in this setup is the
apparent velocity in Newtonian limits (βeq,N) defined by
(T. Matsumoto & T. Piran 2023)

( )
( )=

+ z R

ct

1
. 13eq,N

eq,N

Here Req,N is the Newtonian equipartition radius (listed in
Table 2 for AT 2024wpp). βeq,N = 0.23 is the critical value
above which the relativistic off-axis solution transitions into
the Newtonian on-axis branch (T. Matsumoto & T. Piran
2023). Although βeq,N = 0.23 was estimated for a maximum
viewing angle of π, P. Beniamini et al. (2023) suggest that the
critical value is βeq,N = 0.44 for a more realistic maximum
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Figure 8. Evolution of the radius of the optical photosphere and radio photosphere of AT 2018cow (left panel; R. Margutti et al. 2019) and AT 2024wpp (right panel;
Paper I). The size of the optical photosphere is derived by fitting a blackbody function to the bolometric luminosities. The size of the radio photosphere (rest frame) is
estimated by modeling single-epoch radio SEDs adopting the SSA formalism (R. A. Chevalier 1998).
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viewing angle of π/2. The apparent velocity for AT 2024wpp
appears to increase to βeq,N ≈ 0.4 by δtrest ≈ 73 days (see
Table 2), approaching this critical value, and then drops to
βeq,N ≈ 0.2 by δtrest ≈ 118 days. The shock energy also increases
from U≈ 0.8× 1048 erg to ≈33× 1048 erg during
δtrest ≈ 32–73 days. We calculate the radius that minimizes the
energy at each epoch for p = 3 assuming equipartition
(εe = εB = 0.33). We consider four different observer viewing
angles θobs = 30�, 45�, 60�, 90�. At δtrest ≈ 118 days, for an off-
axis angle θ = 90�, the model requires Γ ≈ 6 and the
corresponding energy is U≈ 5× 1049 erg. For other viewing
angles (θobs = 30�, 45�, 60�), the inferred velocities at these late
times are even higher (Γ > 7). These high Γ values represent
strongly collimated outflows and will not result in emission that
peaks at δtrest ≈ 32 days for off-axis observers. Thus, this model
does not provide a natural explanation for the observations.

6.3. Radio-emitting Outflow Propagating through a
Dense CSM

The SED evolution of AT 2024wpp can be interpreted in a
scenario in which the shock interacts with a dense and compact
CSM shell at early times (δtrest ≈ 17–32 days). In this case, the
radio emission can be initially suppressed by free–free
absorption (FFA), and as the shock propagates and emerges
out from the dense shell, there is an increase in flux density as a
result of the lower optical depth. If the millimeter flux rise is due
to the different optical depths, then /F F e 0.061 2 FFA ,
where F1 and F2 are the 97.5 GHz flux densities at 17 and
32 days, respectively. We derive τFFA ≈ 3 with FFA

ˆ ( )n R RFFA 2 1 . Here κFFA is the free–free opacity and n̂ is

the average density between an inner R1 and outer R2 radius of
the dense CSM. The radial extent of this dense medium is also
limited, as we observe a steep temporal decay of light curves
and an SSA evolution of the SED at δtrest > 32 days. Assuming
the shock emergence to be happening at the edge of the dense
shell (D. K. Khatami & D. N. Kasen 2024), we approximate
R2 ≈ 0.56× 1016 cm with the equipartition radius at
δtrest ≈ 32 days. We assume the radio-emitting region to be
above the optical photosphere (estimated in Paper I) at 17 days,
and we use R1 ≳ 0.06× 1016 cm. The equipartition shock radius
at δtrest ≈ 17 days (≈0.05× 1016 cm) is not physical, as it does
not account for FFA. Free–free opacity (κFFA) is defined as
(G. B. Rybicki & A. P. Lightman 1979)

ˆ ( )/= × T Z n g0.018 . 14eFFA
3 2 2 2

ff

We infer ˆ ( )/ / ×n T0.5 10 K 10 cm5 3 4 8 3 assuming con-
stant density between R1 and R2. The corresponding CSM
mass would be ( )/ /M T M0.07 10 KCSM

5 3 4 . A similar
physical scenario was invoked to explain the early bright
millimeter emission from AT 2018cow: the size of the CSM
shell was inferred to be ≈1.7× 1016 cm with a mass ≈0.002
M⊙ (A. Y. Q. Ho et al. 2019).
The CSM density profile derived from later (δtrest ≈ 46–118

days) radio SEDs is ρCSM ∝ r−3.10±0.16 at R≳ 3× 1016 cm
(Figure 10). The shock is expected to accelerate at the outer
edge of the dense shell, above which the density profile is
steeper than s> 3, where ρ(r) ∝ r− s (C. D. Matzner &
C. F. McKee 1999; E. Waxman & D. Shvarts 1993). The
shock velocities derived from the equipartition analysis increase
from Γβc= 0.07 to 0.42 from δtrest ≈ 32 to 73 days, indicating
an accelerating shock wave. The shock internal energy increases

Figure 9. Left panel: radio luminosity light curve of AT 2024wpp at ≈ 10 GHz in the context of other transients. FBOTs stand out for their luminosities that are
intermediate between ultrarelativistic GRBs and SNe, while also showing a characteristic bell-shaped light curve peaking at ≈80 days followed by a very steep
decay. This shared radio behavior is at the core of the “universal density profile” that we discuss in Section 8.1. Right panel: the (sparsely populated) millimeter-band
(80–200 GHz) phase space of light curves of different extragalactic transients GRBs (T. Eftekhari et al. 2022, and references therein), tidal disruption events
(E. Berger et al. 2012; Q. Yuan et al. 2016; Y. Cendes et al. 2021; I. Andreoni et al. 2022; D. A. Perley et al. 2022), CCSNe (K. W. Weiler et al. 2007; A. Horesh
et al. 2013), and FBOTs (A. Y. Q. Ho et al. 2019, 2022, 2023a, 2023b). In stark contrast with the well-behaved 10 GHz emission, the millimeter emission from even
this small sample of FBOTs displays remarkable diversity, likely mirroring the diverse properties of the innermost material the shock emission is emerging from.
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from U≈ 0.8× 1048 erg to U≈ 33× 1048 erg between these
epochs. A high-density medium can efficiently convert the
kinetic energy to thermal energy, leading to large radio
luminosities (D. K. Khatami & D. N. Kasen 2024). The actual
scaling of luminosity would be with the thermal energy per unit
radius (U/R). From Equations (7), (4), and (11), one can write

/ /U R Lpk
8 13. Thus, the high millimeter luminosities and SED

evolution of AT 2024wpp at early times are consistent with a
scenario where the shock is propagating through a dense shell at
small radii (≲1016 cm).

In Paper I, we estimate a density profile of ρCSM(r) ∝ r−1.3

for the medium above the optical photosphere to account for
the NIR excess observed at δtrest ≈ 30 days, under the
assumption that the NIR excess is due to free–free optical
depth effects in a scattering-dominated medium (see Section
6.2 in Paper I). The optical photosphere is RBB(30 days) ≈ 4×
1014 cm. In this scenario, the observed NIR luminosity implies
a density n≈ 4× 108 cm−3 at R≈ 1016 cm. While there are
caveats to the NIR excess interpretation, the combined
inferences on CSM densities from NIR analysis and radio
modeling that we show in Figure 10 paint a picture of a dense
shell at R≲ 1016 cm, with ρCSM ∝ r−3 at larger radii.

7. Comparison with Other LFBOTs

7.1. LFBOTs at Radio and Millimeter Wavelengths

Other than AT 2024wpp, there are seven LFBOTs with
long-term X-ray and radio observations: AT 2018cow

(A. Y. Q. Ho et al. 2019; R. Margutti et al. 2019), CSS
161010 (D. L. Coppejans et al. 2020), AT 2018lug
(A. Y. Q. Ho et al. 2020), AT 2020mrf (Y. Yao et al. 2022),
AT 2020xnd (J. S. Bright et al. 2022; A. Y. Q. Ho et al. 2022)
AT 2022tsd (A. Y. Q. Ho et al. 2023b), and AT 2023fhn
(A. A. Chrimes et al. 2024a). Out of these seven, only three are
detected in the millimeter bands: AT 2018cow (A. Y. Q. Ho
et al. 2019), AT 2020xnd (J. S. Bright et al. 2022; A. Y. Q. Ho
et al. 2022), and AT 2022tsd (A. Y. Q. Ho et al. 2023b;
D. Matthews et al. 2023). In Figure 9, we show the 8–10 GHz
light curves of all detected LFBOTs, along with other
transients, and a compilation of light curves of all millimeter
transients with the four millimeter-bright LFBOTs.
One of the most striking features is the similarity in rise

timescales and the rapid flux decay across all radio-bright
FBOTs in the radio bands, as highlighted in the left panel of
Figure 9. This is also reflected in Figure 11, where FBOTs
occupy a distinct and compact region of the parameter space.
Instead, the millimeter emission from even a very small sample
of LFBOTs shows an impressive range of behaviors and
luminosities (e.g., there is a factor >100 difference between the
millimeter luminosity of AT 2022tsd and that of AT 2024wpp
at ≈20 days). This phenomenology likely primarily reflects the
diversity of the innermost medium around LFBOTs versus
the more “universal” CSM at >1016 cm, in addition to possible
differences in their central engines.
Broadly speaking, the properties of the radio emission from

AT 2024wpp are in line with those of other LFBOTs.
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Figure 10. Density profile of the medium around LFBOTs AT 2024wpp (this work), AT 2018cow (A. Y. Q. Ho et al. 2019; R. Margutti et al. 2019), CSS 161010
(D. L. Coppejans et al. 2020), AT2020xnd (J. S. Bright et al. 2022; A. Y. Q. Ho et al. 2022), AT 2020mrf (Y. Yao et al. 2022), AT 2022tsd (A. Y. Q. Ho
et al. 2023b), and AT 2023fhn (A. A. Chrimes et al. 2024a). Dashed black lines denote number density profiles corresponding to constant mass-loss rates for an
arbitrary wind velocity of vw ≈ 1000 km s−1. The vertical blue and green lines denote the position of the optical photosphere at optical peak (δt ≈ 4 days) and at
δt ≈ 17.5 days, respectively (Paper I). The solid red line denotes the CSM density profile ρCSM(r) ∝ r−1.3 inferred from interpreting the NIR excess as related to
effects of free–free emission (see Section 6.2 in Paper I). The inferred CSM density profiles of different events at >1016 cm are remarkably similar, which suggests a
simple physical mechanism or a self-regulating process (Section 8.1).

15

The Astrophysical Journal Letters, 993:L6 (25pp), 2025 November 1 Nayana et al.



Specifically, AT 2024wpp shows the steep rise and very steep
decay that are hallmark observational features of LFBOTs
compared to other transients at centimeter wavelengths
(Figure 9, left panel). The peak radio spectral luminosity of
AT 2024wpp is L9GHz ≈ 1.7× 1029 erg s−1 Hz−1 at δt≈ 73 days,
similar to that of other LFBOTs (see Figure 9, left panel) with a
steep post-peak temporal decay index of F9 GHz ∝ t−2.05±0.54.

However, the SED evolution of AT 2024wpp is unique and
distinct compared to that of other LFBOTs (i) at early times
δtrest < 32 days and (ii) at δtrest ≈ 133 days, when we observe a
spectral radio inversion. The evolution of millimeter-band flux
densities during δtrest ≈ 17 − 32 days is unprecedented, with
νpk ∝ t−2.01±0.65 and Fpk ∝ t4.04±0.42. The closest analog is
AT 2018cow, though the millimeter rise is not as extreme
(Figure 9, right panel). In both events, the rapid millimeter
brightening can be attributed to the shock propagating through
a dense and radially confined medium and efficiently
converting the ejecta kinetic energy into thermal energy
(A. Y. Q. Ho et al. 2019; D. K. Khatami & D. N. Kasen 2024).

The average blast wave velocity of AT 2024wpp increases
from Γβc≈ 0.07c to 0.42c between δtrest ≈ 32 and 73 days and
then decreases to 0.2c by δtrest ≈ 118 days. This acceleration is
consistent with the shock breaking out of the dense CSM shell
and entering a lower-density medium. While not as evident as
in AT 2024wpp, AT 2018cow also shows indication of an
accelerating blast wave with velocities going from v≈ 0.1c at
early times (δt≈ 22 days; A. Y. Q. Ho et al. 2019) to v≈ 0.2c
at later times (see Figure 13 of R. Margutti et al. 2019;
A. J. Nayana & P. Chandra 2021). Radio spectral information

on AT 2018lug is limited; CSS 161010 shows evidence for a
decelerating outflow between δt≈ 69 and 357 days and does
not have observations at early times.
For AT 2024wpp, the SEDs evolve as νpk ∝ t−2.99±0.10 and

Fpk ∝ t−0.67±0.06 during δtrest ≈ 32–73 days. At later times
(δtrest > 118 days), the SED evolution is characterized by
νpk ∝ t−0.60±1.05 and Fpk ∝ t−2.05±0.54. In the case of
AT 2018cow, the SED evolution at δt> 80 days followed
νpk ∝ t−2.2±0.1 and Fpk ∝ t−1.7±0.1 (A. Y. Q. Ho et al. 2019;
R. Margutti et al. 2019). CSS 161010 showed an evolution of
νpk ∝ t−1.26±0.07 and Fpk ∝ t−1.79±0.09 at δt> 99 days
(D. L. Coppejans et al. 2020). In terms of νpk(t) and Fpk(t),
the SED evolution of AT 2024wpp at δt≳ 32 days closely
resembles that of other radio-bright FBOTs. The spectral peak
frequency (νpk) cascading to lower values over time is broadly
consistent with expectations of an expanding shock wave.
However, the νpk(t) and Fpk(t) of LFBOTs are significantly
different from those seen in typical CCSNe interacting with a
wind-like CSM (where we expect νpk ∝ t−1 and Fpk ∼
constant). The relatively faster evolution of νpk and Fpk seen
in LFBOTs is indicative of a steeper CSM density profile than
that of a canonical wind-like profile (ρCSM(r) ∝ r−2).
LFBOTs are also clearly distinct from ordinary CCSNe in

terms of shock velocity. We plot AT 2024wpp, along with
other LFBOTs and SNe, in the velocity-energy phase space in
Figure 12. AT 2024wpp has an inferred outflow velocity of
Γβc≈ 0.4c at δt≈ 73 days and belongs to the class of LFBOTs
that show mildly relativistic outflows similar to CSS 161010
(D. L. Coppejans et al. 2020), AT 2018lug (A. Y. Q. Ho et al.
2020), and AT 2023fhn (A. A. Chrimes et al. 2024a). The
outflow velocity of AT 2018lug is Γβc� 0.3c at δt≈ 100 days,
and that of CSS 161010 is Γβc� 0.55c at a similar epoch.
These outflow velocities are higher compared to the non-
relativistic velocities seen in AT 2018cow (v∼ 0.1c;
A. Y. Q. Ho et al. 2019; R. Margutti et al. 2019). At
δt≈ 73 days, the kinetic energy coupled to the fast-moving
radio-emitting shock of velocity Γβ ≈ 0.4c is Ek ≈ 3.3×
1049 erg. For a standard spherical hydrodynamical collapse of
a star, this would imply Ek > 1055 erg coupled with the slow-
moving material at v≈ 10,000 km s−1, where Ek ∝ (Γβ)−5.2

for a polytropic index of 3 (J. C. Tan et al. 2001). This energy

Figure 11. Radio spectral luminosities of different astrophysical transients. Lp
denotes the peak spectral luminosity in the 8–10 GHz band. νp and tp represent
the peak frequency and peak time of the radio SED, respectively. The dashed
lines denote the mean shock velocity in an SSA scenario (R. A. Cheval-
ier 1998). References: R. Margutti et al. (2019), A. Y. Q. Ho et al. (2019),
D. L. Coppejans et al. (2020), J. S. Bright et al. (2022), A. Y. Q. Ho et al.
(2022), Y. Yao et al. (2022), A. A. Chrimes et al. (2024a).
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Figure 12. Blast wave energy vs. shock velocity of FBOTs AT 2024wpp
(δt ≈ 32–118 days), AT 2018cow (δt ≈ 22 days), CSS 161010 (δt ≈ 99 days),
AT 2020xnd (δt ≈ 38 days), AT2022mrf (δt ≈ 261 days), and AT 2023fhn
(δt ≈ 138 days). References: R. Margutti et al. (2019), A. Y. Q. Ho et al.
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et al. (2022), Y. Yao et al. (2022), A. A. Chrimes et al. (2024a).
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largely exceeds the limit (Ek ≈ 1051 erg) of typical neutrino-
driven stellar explosions (challenging most stellar explosion
models) and argues against a spherical stellar collapse as the
astrophysical origin of AT 2024wpp.

Finally, a unique radio aspect of AT 2024wpp is the
evidence for radio spectral inversion at δtrest ≈ 133 and
161 days (see Figure 7). The spectral behavior indicates that
νpk ≳ 9 GHz, implying R< 6× 1016 cm at these epochs, which
is smaller than the shock radius at δtrest ≈ 118 days. This could
be indicative of another outflow, possibly associated with slow
disk winds and/or due to a complex CSM density profile.

To summarize, even though the sample is limited, LFBOTs
present a combination of radio properties that make them
clearly distinct from other transients (like the rapid rise and
decay of their radio light curves), while at the same time
showing significant diversity in terms of spectral evolution and
outflow velocities. The properties of AT 2024wpp are
particularly striking owing to the accelerating outflow with
increasing shock internal energy. We present a detailed
comparison of the inferred CSM densities of LFBOTs and
their astrophysical implication in Section 8.1.

7.2. LFBOTs in the X-Rays

Only LFBOTs have been detected in the X-rays (Figure 13),
showing very luminous displays Lx > 1043 erg s−1 in line with
those of long GRBs: the FBOT AT 2022tsd (A. Y. Q. Ho et al.
2023b; D. Matthews et al. 2023) even rivals GRB 221009A,
the brightest GRB detected so far. We note that our
independent spectral extraction and reanalysis of the FBOT

AT 2023fhn do not confirm the claim of subluminous X-ray
emission by A. A. Chrimes et al. (2024b) and point instead to a
harder spectrum (and hence more luminous emission) than
what was assumed by those authors, in line with other FBOTs.
While LFBOTs share with GRBs49 rapid X-ray variability
timescales (Δt/t< 1) and the nonthermal nature of their X-ray
emission, their spectral properties are markedly different: GRB
X-ray afterglow emission is typically consistent with an
Fν ∝ ν−1 spectrum (e.g., R. Margutti et al. 2013), while
LFBOTs have harder spectra even before the emergence of the
Compton hump for years after the FBOT (G. Migliori
et al. 2024).
Among FBOTs, only AT 2024wpp and AT 2018cow have

shown clear evidence for a Compton hump of emission.
However, it is interesting to note that the hard 0.3–10 keV
spectrum Fν ∝ ν0 of the very X-ray-luminous AT 2020mrf at
≈330 days, compared to its significantly softer spectrum
Fν ∝ ν−0.8 at early times ≈36 days (Y. Yao et al. 2022), is
suggestive of similar phenomenology and evolution to those in
AT 2024wpp and AT 2018cow, albeit on a significantly longer
timescale. At the time of writing there are only seven other
LFBOTs with published X-ray light curves: at δt≈ 20 days,
when most of the sample has observations, the sample covers a
≈102 dynamic range of luminosities with two groups of
LFBOTs: “18cow-like” FBOTs with a plateau+steep decay
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Figure 13. Left panel: soft X-ray luminosity evolution of AT 2024wpp in the context of explosive transients capable of launching relativistic ejecta (long GRBs,
tidal disruption events, H-poor SNe). FBOTs span the entire dynamical range of X-ray luminosity observed for long GRBs to date. Right panel: zoom-in of the
region of luminous FBOTs with X-ray emission (stars) and fast transients (open gray circles). AT 2024wpp is only the second FBOT for which we were able to
sample the X-ray emission at δt < 10 days. While the initial Lx ≈ a few × 1043 erg s−1 is not dissimilar from AT 2018cow, AT 2020xnd, and AT 2023fhn,
AT 2024wpp stands out at later times δt ≳ 30 days for its longer-lived and spectrally harder X-ray emission. Similar to AT 2018cow is the remarkably fast late-time
decay. We add to this panel other fast transients observed in the X-rays: of these, the very luminous and fast-evolving optical emission from “Dougie” bears close
similarities to luminous FBOTs. References: R. Margutti et al. (2013, 2019), D. L. Coppejans et al. (2020), J. S. Bright et al. (2022), Y. Yao et al. (2022),
D. Matthews et al. (2023), A. Y. Q. Ho et al. (2023b), A. A. Chrimes et al. (2024b), G. Migliori et al. (2024) and references therein.

49 Tidal disruption events are also known to show rapid X-ray variability,
while no known SN displayed rapid soft X-ray variability weeks after
explosion (see, e.g., V. V. Dwarkadas 2025, for a recent review). Rapid X-ray
variability is a hallmark feature of engine-driven transients.

17

The Astrophysical Journal Letters, 993:L6 (25pp), 2025 November 1 Nayana et al.



light-curve morphology, and “22tsd-like” FBOTs displaying
the most luminous X-ray emission. Given the likely geome-
trically beamed nature of the emission (Section 4.3), we
consider it possible that the observed diversity is in part due to
viewing angle effects, with pole-on views being associated
with more luminous displays.

8. Plausible Physical Models

Various progenitor models have been proposed to explain
the observed properties of FBOTs. Here we explore different
physical models that could explain the X-ray and radio
properties of AT 2024wpp. Based on the observations
presented in this work, the progenitor system of AT 2024wpp
should be able to produce (1) luminous and variable X-ray
emission with a nonthermal spectrum and a transient Compton
hump appearing at δt≈ 50 days, (2) a shock carrying
Ek ≈ 3.3× 1049 erg with velocities as fast as v≈ 0.4c at
δtrest ≈ 73 days, (3) a dense CSM of n≈ 0.3× 106 cm−3 at a
distance of R≈ 0.6× 1016 cm from the explosion center and
significantly larger densities inward, and (4) a radial density
profile of ρCSM ∝ r−3.1 extending up to R≈ 1017 cm.

Progenitor models that exclusively rely on CSM interaction
(O. D. Fox & N. Smith 2019; S.-C. Leung et al. 2021;
C. Pellegrino et al. 2022) cannot explain the presence of
variable, nonthermal X-ray emission and do not provide a
natural explanation for the mildly relativistic outflows that
characterize LFBOTs; hence, CSM-interaction-only models
can be ruled out. The relativistic outflows imply the presence
of compact objects. Indeed, a class of viable LFBOT models
involves the presence of a central engine: a failed SN that
produces an accreting BH and small ejecta mass ejected via
accretion disk winds (E. Quataert et al. 2019; A. Antoni &
E. Quataert 2022), a successful CCSN from a rotating massive
star that gives birth to a BH or NS (R. Margutti et al. 2019;
D. A. Perley et al. 2019; O. Gottlieb et al. 2022), pulsational
pair instability SNe (S.-C. Leung et al. 2020), tidal disruption
of a star by an intermediate-mass BH or stellar-mass BH
(N. P. M. Kuin et al. 2019; D. A. Perley et al. 2019; K. Kremer
et al. 2021; C. P. Gutiérrez et al. 2024), merger-induced tidal
disruption and hyperaccretion of a W-R star by an NS or BH
(B. D. Metzger 2022), and collision of a newly born NS or BH
from a core-collapse explosion with a companion star, leading
to tidal disruption and hyperaccretion (D. Tsuna &
W. Lu 2025). Although these models can drive nonrelativistic
to mildly relativistic outflows, since they invoke an accretion
disk around a BH/NS in some regime of hyperaccretion
(A. Sadowski & R. Narayan 2015, 2016), reproducing the
quasi-universal density profile of Figure 10 is more challen-
ging. We expand on this aspect in the next section.

8.1. A Universal CSM Density Profile in LFBOTs

The density profile of the environment of AT 2024wpp is
ρCSM(r) ∝ r−3.10±0.16, shown in Figure 10 at R≳ 6× 1015 cm,
along with that of other LFBOTs. The environmental densities of
LFBOTs are strikingly similar, with n≈ 106 cm−3 at R≈ 1016 cm
and an approximate profile ρCSM ∝ r−3 at distances ≈ a few
times 1015–1017 cm. The innermost density profile at
<3× 1015 cm has only been sampled with radio observations
for AT 2018cow (A. Y. Q. Ho et al. 2019; R. Margutti et al.
2019) and AT 2024wpp. In both cases, there is some evidence for
a flatter inner density profile (see the first four points in orange in

Figure 10 for AT 2018cow). For AT 2024wpp the evidence
comes from two angles: first, the rapid millimeter-band rise of
Section 6.3; second, the NIR excess observed at δt≈ 30 days
being consistent with free–free opacity effects occurring in an
extended medium of a shallow density profile of ρ ∝ r−1.3 above
the optical photosphere at RBB ≈ 4× 1014 cm (see Section 6.2 of
Paper I).
Based on these observations, we find that the LFBOT

environment likely consists of a high-density component with
a flat profile up to distances of a few times 1015–1016 cm and a
steep density profile ρCSM ∝ r−3 outward. These broadly
similar LFBOT CSM density profiles are likely manifestations
of similar stellar evolution processes. We discuss the
astrophysical implications below.
While clearly not consistent with wind-like density profiles

ρ ∝ r−2 (which are the result of constant mass-loss-to-wind-
velocity ratio), the environmental densities of LFBOTs
correspond to effective mass-loss rates up to
M M10 yr3 1 for an arbitrary wind velocity of
vw = 1000 km s−1 (Figure 10). These effective M are sig-
nificantly higher than those of H-stripped CCSNe (e.g.,
R. A. Chevalier et al. 2006) and long GRBs (e.g., B. P. Gom-
pertz et al. 2018).50 Such dense environments can be formed
during the brief evolutionary phases of intense mass loss from
some massive stars (N. Smith 2014). However, the presence of
dense material at such close distances from the LFBOTs
requires some form of timing between the mass ejection event
(s) and the onset of the LFBOT emission. Some LFBOT
models struggle to provide a natural explanation for this timing
(and hence explain the quasi-universal CSM density profile of
LFBOTs at ≳1016 cm). Among these is the pulsation pair
instability (PPI) SN model (S. E. Woosley 2017), for which the
CSM density is set by previous PPI events (M. Renzo et al.
2020; S.-C. Leung et al. 2021). Even for (single-star) models
that involve the presence of a BH/NS and can in principle
create large densities at R≲ 1016 cm (like the failed explosion
of a single massive star ejecting a small amount of ejecta via
disk winds, or the successful core collapse of a massive star-
forming NS or BH), some fine-tuning is required between the
mass loss and progenitor’s evolutionary phase to reproduce
observations.
More natural explanations of the universal CSM density

profile observed in LFBOTs are offered by models like (i) a
merger-initiated tidal disruption and hyperaccretion of a W-R
star onto an NS or BH binary companion (B. D. Metzger 2022)
and (ii) the collision of a newly born NS or BH from a core-
collapse explosion with a companion star (D. Tsuna &
W. Lu 2025). The appeal of these models is that they can
reproduce other key observational LFBOT properties like the
asymmetric ejecta, variable nonthermal X-ray emission
(potentially with a Compton hump), and mildly relativistic
outflow velocities (this is fundamentally because both models
involve super-Eddington accretion on a compact object).
In the first model (i) by B. D. Metzger (2022), dense and

confined CSM is established by the premerger W-R star mass
loss (O. Pejcha et al. 2016b, 2016a, 2017; M. MacLeod et al.
2017; M. MacLeod & A. Loeb 2020) on radial scales
≈1014–1015 cm (T. Matsumoto & B. D. Metzger 2022), which
will be similar in all W-R star/BH–NS mergers. The extended
CSM (R≳ 1015 cm) results from circumbinary disk outflows

50 We limit our comparison to H-poor stellar explosions, as the LFBOT ejecta
is H depleted (see Paper I).
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(D. Hollenbach et al. 1994; E. Keto 2007) and the
circumbinary relic disk from the common envelope phase
(A. Kashi & N. Soker 2011). The properties of this extended
CSM can depend on the binary parameters and mass transfer.
Probing the extended CSM of LFBOTs at radial scales
R≫ 1018 cm in the future might help reveal their diversity in
this regard. In the model proposed by D. Tsuna & W. Lu
(2025), the observational characteristics of FBOTs are best
reproduced in a scenario where the accreting NS/BH is
formed from the explosion of a low-mass (≲3 M⊙) helium
star. Mass transfer at a rate of ≈10−4M⊙ yr−1 onto the
companion can occur from the helium star at 0.1−1 kyr before
the core collapse (T. M. Tauris et al. 2015; S. C. Wu &
J. Fuller 2022; A. Ercolino et al. 2025). For typical equatorial
mass-loss speeds (10–100 km s−1) from the binary, this
translates to distances R≳ 1015–1017 cm. In the decades before
the explosion, extreme mass-loss rates ≳10−2M⊙ yr−1 can
occur as a result of the rapid expansion of the outer layer of the
helium star (S. C. Wu & J. Fuller 2022). This will lead to dense
CSM at radius R≲ 1015 cm.

To conclude this section, at the time of writing, the most
promising LFBOTs models are those that involve binary

systems, where outflows launched by a hyperaccreting
compact object interact with an environment that was shaped
by the previous evolution of the binary.

8.2. The Geometry of AT 2024wpp and Various Emission
Components

Figure 14 represents a schematic illustration (not to scale) of
the geometry of AT 2024wpp and various emission compo-
nents in the context of a progenitor model involving a central
engine. This physical picture is motivated by the models
presented in B. D. Metzger (2022) and D. Tsuna & W. Lu
(2025). While these models are different in their astrophysical
context, both of them invoke super-Eddington accretion onto a
compact object (NS or BH). The disk wind outflows powered
by the release of gravitational energy (R. Narayan &
I. Yi 1995; R. D. Blandford & M. C. Begelman 1999; T. Kitaki
et al. 2021) generate the 56Ni-poor aspherical ejecta in a
velocity range observed in FBOTs. The outflow speed of disk
winds from the outer radii of the accretion disk is low, with
mean velocities ≈3000–4000 km s−1 (B. Margalit &
B. D. Metzger 2016; B. D. Metzger 2022), which can explain

Figure 14. A cartoon diagram (not to scale) showing the geometry of AT 2024wpp and various emission components in the context of an engine-driven progenitor
model. The physical picture is motivated by the models presented in D. Tsuna &W. Lu (2025) and B. D. Metzger (2022). Both these models invoke super-Eddington
accretion onto a compact object (NS or BH) in different astrophysical contexts. The disk wind outflows from the accretion disk generate 56Ni-poor asymmetric ejecta
with a range of velocities—fast outflow (v ≈ 0.4c) from the interior of the accretion disk and slow winds from the outer radii of the disk. In this framework, the X-ray
emission originates from the central engine, while the optical emission arises from reprocessing of X-rays. Here we are agnostic about the reprocessing layer,
whereas D. Tsuna & W. Lu (2025) assume it to be an SN ejecta and B. D. Metzger (2022) assumes it to be the fast disk wind ejecta. The low-velocity emission lines
are from the slow disk winds from the outer radii of the accretion disk. Radio emission arises owing to the interaction between fastest disk wind and CSM at
R ≳ 1016 cm.
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the low-velocity emission lines seen in AT 2024wpp (Paper
I). The disk wind outflow velocities from the interior part of
the accretion disk are much higher; results from
GRMHD simulations of super-Eddington accretion disks
indicate transrelativistic outflow velocities (A. Sadowski &
R. Narayan 2015, 2016).

X-ray emission is from the central engine. Depending on the
viewing angle and X-ray covering fraction, some X-rays can
escape early on and be detected. X-ray emission from
AT 2024wpp is detected from δt≈ 2 days. The transient
Compton hump seen in the X-rays naturally fits in this
scenario, as the X-ray source is embedded in an expanding
ejecta with time-variable optical depth to Compton scattering.
Optical emission is powered by the reprocessing of X-ray
emission, where the origin and nature of the reprocessing layer
are different in these two models. In the D. Tsuna & W. Lu
(2025) model, the collision between a newly born NS/BH and
the companion star leads to tidal disruption and super-
Eddington accretion. The fast disk winds collide with the SN
ejecta, effectively converting wind kinetic energy to radiation,
resulting in a luminous optical transient with peak luminosity
Lpk ≈ 1044 erg s−1. In the B. D. Metzger (2022) model, a W-R
star in a binary system is tidally disrupted and accreted onto
the NS/BH. The optical emission is due to a combination of
reprocessing of X-rays from the inner accretion disk/jets by
fast disk wind ejecta and shock interaction between the disk
wind outflow and premerger CSM of the W-R star. Based on
our multiwavelength observations and analysis of
AT 2024wpp (Paper I; this work), we remain agnostic about
the origin and nature of the reprocessing layer and hypothesize
that the optical radiation is reprocessed X-rays from the central
engine. From the NIR analysis, the mass of the reprocessing
layer is M≈ 2 M⊙ (Paper I) and is likely to be preexisting
material. However, we emphasize that the preexisting material
need not be the only medium that reprocesses the X-rays, as
the fast disk winds could also contribute to the process
(B. D. Metzger 2022). In any case, it is less likely that the
reprocessing layer is SN ejecta, as SN Ib/c ejecta would
develop some CNO lines in the optical spectra at later times,
which we do not see in the case of AT 2024wpp, unless the
nondetection is due to the low CNO mass fraction in low-mass
helium stars (L. Dessart et al. 2020, 2021). Radio emission
arises as a result of shock interaction between the fastest disk
wind outflow and the CSM at r≈ 1016–1018 cm. The blast
wave velocities inferred from radio SED modeling of
AT 2024wpp go up to Γβc≈ 0.42c, in line with the prediction
of mildly relativistic disk wind outflows from super-Eddington
disks from simulations (A. Sadowski & R. Nara-
yan 2015, 2016). This physical picture is consistent with the
results presented in M. Pursiainen et al. (2025), as at early
times the optical photosphere is inside the fast-moving
outflow.

The high disk wind velocities can be used to put rough
constraints on the mass and size of the central compact source.
For the typical mass (M≈ 1.1 M⊙) and size (R≈ 12 km) of an
NS, the escape velocity will be vesc ≈ 0.5c. Thus, the observed
outflow velocities can be barely achieved in the disk winds
from an NS, whereas they can be easily achieved from a BH
(A. Sadowski & R. Narayan 2015, 2016). Radiation hydro-
dynamic simulations of supercritical accretion onto an NS
predicts outflow velocities v≈ 0.2c–0.3c (K. Ohsuga 2007),
while GRMHD simulations predict velocities v≈ 0.4c

(H. R. Takahashi & K. Ohsuga 2017). The large energy
budget of AT 2024wpp (Erad = 1051 erg from Paper I) also
favors a BH over an NS (see Section 2.4 of D. Tsuna &
W. Lu 2025).

9. Summary and Conclusions

We present extensive X-ray (0.3–79 keV) and radio
(0.25–203 GHz) observations of the FBOT AT 2024wpp
spanning δt≈ 2–280 days after first light. Major findings from
the combined X-ray and radio analysis are the following:

1. AT 2024wpp shows luminous and variable X-ray emis-
sion, being only the third FBOT with a hard X-ray
detection. The X-ray luminosity (Lx ≈ 1.5× 1043 erg s−1)
remains roughly constant in the first 7 days and then
decays with an index of Lx ∝ t−2.5±0.25, followed by a
rebrightening (flaring) that starts at δt≈ 35 days and peaks
at δt≈ 50 days (see Figure 1).

2. The X-ray spectra are initially soft (Fν ∝ ν−0.8) and
gradually transition to a harder state over time with an
extremely hard spectrum (Fν ∝ ν1.25) at the peak of the
rebrightening (δt≈ 50 days). The spectrum becomes soft
(Fν ∝ ν−0.6) again at δt≈ 75 days after the flare peak
(Figures 1, 3, and 4).

3. The X-ray emission from AT 2024wpp shows clear
evidence for a transient Compton hump at δt≳ 50 days,
similar to that of AT 2018cow, in which the Compton
hump was present at much earlier times (δt≈ 8 days).
Compton humps are unprecedented in the field of stellar
explosions but are commonly observed in accretion-
powered systems like AGNs and XRBs.

4. The spectral and temporal evolution of X-ray emission
from AT 2024wpp favors the presence of a high-energy
source embedded inside expanding aspherical ejecta,
similar to the picture invoked to explain AT 2018cow
(R. Margutti et al. 2019). The delayed appearance of the
Compton hump in AT 2024wpp relative to AT 2018cow
can be attributed to a variety of effects, including time-
dependent ionization of the ejecta and larger ejecta mass.

5. AT 2024wpp displays luminous radio emission
with a peak spectral luminosity of L9GHz ≈ 1.7×
1029 erg s−1 Hz−1 at δtrest ≈ 73 days, significantly
larger than SNe and comparable to other LFBOTs (see
Figure 9). Radio emission is also detected in the
millimeter bands (97.5 and 203 GHz) at δtrest ≈
17 and 32 days, marking AT 2024wpp as the fourth
millimeter-bright FBOT.

6. The radio spectral evolution is unprecedented, with an
extremely rapid rise in the millimeter flux densities at
early times δtrest ≈ 17–32 days. Subsequently, the spec-
tral peak flux slowly declines with peak frequency
cascading to lower bands as expected in a shock-driven
synchrotron emission model. At a later time
(δtrest > 118 days), we find first evidence for a spectral
inversion, possibly indicating the emergence of a new
emission component (see Figure 7).

7. The shock velocities from radio SED modeling indicate
an accelerating outflow with velocities evolving from
Γβc≈ 0.07c to 0.42c during δtrest ≈ 32–73 days with an
increasing amount of energy (U≈ 0.8–33× 1048 erg)
coupled to this outflow (see Table 2).
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8. We interpret the radio emission from AT 2024wpp in a
scenario in which the radio-emitting shock is propagating
through a dense CSM shell of outer radius ≈1016 cm.
The shock then accelerates at the edge of this shell
through a medium of the density profile ρCSM(r) ∝ r−3

(M M10 yr3 1 for vw = 1000 km s−1).
9. We compile the CSM densities of all radio-bright FBOTs

from the literature and note that the environmental
densities are strikingly similar, with n≈ 106 cm−3 at
R≈ 1016 cm and an approximate profile of ρCSM(r) ∝ r−3

over R≈ 1016–1018 cm (Figure 10). This indicates that
similar evolutionary processes and mass-loss mechan-
isms of the progenitor system are setting up these
environments.

10. Our extensive X-ray and radio monitoring of
AT 2024wpp and combined inferences from these
observations favor a progenitor model that involves
super-Eddington accretion onto a compact object capable
of producing disk wind outflows with velocities up
to ∼0.4c.

LFBOTs remain one of the least understood classes of
transients, with detailed multiwavelength data available only
for a handful of events. Future wide-field time-domain surveys
and rapid-response follow-up capabilities will be key to
expanding this sample. Upcoming missions such as UVEX
(S. R. Kulkarni et al. 2021) and ULTRASAT (Y. Shvartzvald
et al. 2024) will enable the prompt discovery and early
characterization of many more FBOTs. Coupled with coordi-
nated multiwavelength campaigns, this will allow us to
systematically probe the diversity of FBOT progenitors, their
environments, and central engines.
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Appendix

Tables 3, 4, 5, 6, and 7 show radio observation logs and flux
measurements of AT 2024wpp with ALMA, ATCA, ATA,
MeerKAT, and GMRT, respectively. Table 8 shows the details
of X-ray observations of AT 2024wpp with XMM, CXO, and
NuSTAR.
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Table 3
ALMA Observations of AT 2024wpp

Start Date Project ID Centroid MJD Phasea Frequency Flux Densityb

(dd/mm/yyyy) (days) (GHz) (mJy)

14/10/2024 2024.A.00003.T 60597.22 18.92 97.5 0.076 ± 0.019
14/10/2024 2024.A.00003.T 60597.19 18.89 203.0 0.100 ± 0.024
31/10/2024 2024.A.00009.T 60614.06 35.76 97.5 1.282 ± 0.015
31/10/2024 2024.A.00009.T 60614.09 35.79 203.0 0.588 ± 0.031

Notes.
a With respect to first light.
b The uncertainties on flux measurements are 1σ.

Table 4
ATCA Observations of AT 2024wpp

Start Date Project ID Centroid MJD Phasea Frequency Bandwidth Flux Densityb

(dd/mm/yyyy) (days) (GHz) (GHz) (μJy)

10/10/2024 C3419 60593.00 14.70 16.7 2.0 <108
10/10/2024 C3419 60593.00 14.70 21.2 2.0 <108
10/10/2024 C3419 60593.00 14.70 43.0 2.0 <216
10/10/2024 C3419 60593.00 14.70 45.0 2.0 <216
14/10/2024 C3419 60597.48 19.18 16.7 2.0 <132
14/10/2024 C3419 60597.48 19.18 21.2 2.0 <132
30/10/2024 C3419 60613.47 35.17 5.5 2.0 178 ± 28
30/10/2024 C3419 60613.47 35.17 9.0 2.0 314 ± 20
30/10/2024 C3419 60613.47 35.17 16.7 2.0 442 ± 28
30/10/2024 C3419 60613.47 35.17 21.2 2.0 538 ± 53
14/11/2024 C3419 60628.37 50.07 5.5 2.0 224 ± 20
14/11/2024 C3419 60628.37 50.07 9.0 2.0 477 ± 18
14/11/2024 C3419 60628.37 50.07 16.7 2.0 734 ± 23
14/11/2024 C3419 60628.37 50.07 21.2 2.0 767 ± 76
14/11/2024 C3419 60628.37 50.07 34.0 2.0 611 ± 87
13/12/2024 C3419 60657.27 78.97 5.5 2.0 599 ± 82
13/12/2024 C3419 60657.27 78.97 9.0 2.0 847 ± 30
13/12/2024 C3419 60657.27 78.97 16.7 2.0 382 ± 42
13/12/2024 C3419 60657.27 78.97 21.2 2.0 274 ± 88
13/12/2024 C3419 60657.27 78.97 33.0 2.0 <300
13/12/2024 C3419 60657.27 78.97 35.0 2.0 <360
31/01/2025 C3419 60706.13 127.83 5.5 2.0 314 ± 35
31/01/2025 C3419 60706.13 127.83 9.0 2.0 202 ± 25
17/02/2025 C3419 60723.13 144.83 5.5 2.0 252 ± 25
17/02/2025 C3419 60723.13 144.83 9.0 2.0 337 ± 38
19/03/2025 C3419 60753.04 174.74 5.5 2.0 127 ± 19
19/03/2025 C3419 60753.04 174.74 9.0 2.0 143 ± 28

Notes.
a With respect to first light in observer frame.
b The uncertainties on flux measurements include map rms values (1σ) and a 5% systematic uncertainty on the flux density added in quadrature. The flux density
upper limits are 3σ.

Table 5
ATA Observations of AT 2024wpp

Start Date Project ID Centroid MJD Phasea Frequency Bandwidth Flux Densityb

(dd/mm/yyyy) (days) (GHz) (GHz) (μJy)

09/10/2024 P053 60592.27 13.97 3.0 0.67 <570
09/10/2024 P053 60592.27 13.97 8.0 0.67 <1100
01/11/2024 P053 60615.21 36.91 3.0 0.67 <810
01/11/2024 P053 60615.21 36.91 8.0 0.67 <1440

Notes.
a With respect to first light.
b The flux density upper limits are 3σ.
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Table 6
MeerKAT Observations of AT 2024wpp

Start Date Project ID Centroid MJD Phasea Frequency Bandwidth Flux Densityb

(dd/mm/yyyy) (days) (GHz) (GHz) (μJy)

31/10/2024 SCI-20230907-NA-01 60614.72 36.42 1.28 0.86 <66
15/11/2024 SCI-20230907-NA-01 60629.68 51.38 1.28 0.86 <60
11/12/2024 SCI-20230907-NA-01 60655.69 77.39 1.28 0.86 <75

Notes.
a With respect to first light.
b The flux density upper limits are 3σ.

Table 7
GMRT Observations of AT 2024wpp

Start Date Project ID Centroid MJD Phasea Frequency Bandwidth Flux Densityb

(dd/mm/yyyy) (days) (GHz) (GHz) (μJy)

01/11/2024 47_059 60615.00 36.70 1.25 0.40 <90
02/11/2024 47_059 60616.00 37.70 0.65 0.20 <86
02/11/2024 47_059 60616.00 37.70 0.44 0.20 <210
15/11/2024 47_059 60629.00 50.70 0.65 0.20 <81
02/12/2024 47_059 60646.00 67.70 0.44 0.20 <240
04/12/2024 47_059 60648.00 69.70 0.65 0.20 <75
26/01/2025 DDTC414 60701.55 123.25 1.25 0.40 <84

Notes.
a With respect to first light.
b The flux density upper limits are 3σ.

Table 8
X-Ray Observations of AT 2024wpp with NuSTAR, CXO, and XMM (PI: Margutti)

Instrument Start Date Mid-timea Obs ID Exposure Timeb

(yyyy/mm/dd) (days) (ks)

NuSTAR 2024-09-30 6.0 91001341002 41.5/41.0
NuSTAR 2024-10-06 11.0 91001341004 42.7/42.3
NuSTAR 2024-10-12 18.0 91001341006 57.1/56.6
NuSTAR 2024-11-16 52.3 80802406002 43.0/42.6
NuSTAR 2024-12-09 76.1 80802406004 35.7/37.1
CXO/ACIS-S 2024-10-13 19.9 30566 19.8
CXO/ACIS-S 2024-10-21 25.9 30567 19.8
CXO/ACIS-S 2024-11-14 49.7 30568 36.1
CXO/ACIS-S 2024-12-09 75.2 30642 36.2
XMM/EPIC-pn 2025-01-02 99.2 0903320501 33.1
XMM/EPIC-MOS1 2025-01-02 99.2 0903320501 44.8
XMM/EPIC-MOS2 2025-01-02 99.2 0903320501 44.8
XMM/EPIC-pn 2025-02-11 140.0 0903320601 13.3
XMM/EPIC-MOS1 2025-02-11 140.0 0903320601 40.4
XMM/EPIC-MOS2 2025-02-11 140.0 0903320601 40.4
XMM/EPIC-pn 2025-07-01 279.4 0903320701 42.7
XMM/EPIC-MOS1 2025-07-01 279.4 0903320701 44.8
XMM/EPIC-MOS2 2025-07-01 279.4 0903320701 44.8
XMM/EPIC-pn 2025-08-16 325.2 0903320801 26.8
XMM/EPIC-MOS1 2025-08-16 325.2 0903320801 40.1
XMM/EPIC-MOS2 2025-08-16 325.2 0903320801 40.1

Notes.
a With respect to first light.
b For NuSTAR we report the exposures for the A and B modules, respectively, after removing the interval of times severely affected by solar flares.
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