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Abstract

We present the discovery of EP250827b/SN 2025wkm, an X-ray flash (XRF) discovered by the Einstein Probe
(EP), accompanied by a broad-line Type Ic supernova (SN Ic-BL) at z = 0.1194. EP250827b possesses a prompt
X-ray luminosity of ~10* ergs™"', lasts over 1000 s, and has a peak energy E, < 1.5 keV at 90% confidence. SN
2025wkm possesses a double-peaked optical light curve (LC), though its bolometric luminosity plateaus after its
initial peak for ~20 days, consistent with a central engine injecting additional energy into the explosion. Its
spectrum transitions from a blue to red continuum with clear blueshifted broad absorption features consistent with
a SN Ic-BL classification. We do not detect any transient radio emission and rule out the existence of an on-axis,
energetic jet >10° erg assuming a typical LGRB circumburst constant density (n ~ 10 °~10"'cm ™) and
microphysical parameters (e, = 0.1 and eg = 0.01). In the model we invoke, the collapse gives rise to a long-lived
magnetar, potentially surrounded by an accretion disk. Magnetically driven winds from the magnetar and the disk
mix together and break out with a velocity ~0.35¢ and interact with an extended circumstellar medium with
radius ~10'* cm, generating X-ray breakout emission through nonthermal free—free processes. The disk outflows
and magnetar winds power blackbody photospheric emission as they cool adiabatically and thermalize, producing
the first SN peak. The spin-down luminosity of the magnetar and radioactive decay of *°Ni power the late-time
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emission. We end by discussing the landscape of XRF-SNe within the context of EP’s recent discoveries.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Core-collapse supernovae (304)

Materials only available in the online version of record: data behind figures, machine-readable table

1. Introduction

Unlike gamma-ray bursts (GRBs), whose populations are
relatively well characterized (S. E. Woosley 1993;
T. Piran 2004; E. Berger 2014), the origins of extragalactic
fast X-ray transients (EFXTs) are still a mystery. EFXTs are
short flashes of soft X-ray emission ranging from minutes to
hours, discovered in the energy range 0.3—10keV. The
majority of historical satellites (e.g., Swift, Fermi) were
primarily sensitive to the gamma-ray sky, resulting in the
underexploration of the EFXT discovery space (A. Polzin
et al. 2023). The few historical satellites sensitive to soft
X-rays (HETE-2, ~0.5-10 keV; BeppoSax, ~2-25 keV;
MAXI, ~ 0.5-30 keV) found a small number of EFXTs
(J. Heise et al. 2001; T. Sakamoto et al. 2005; H. Negoro et al.
2016), but studies determined their intrinsic rates are likely
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comparable to those of classical GRBs (J. Heise et al. 2001;
T. Sakamoto et al. 2005). Additional EFXTs were discovered
through searches of historical archives (J. Quirola-Vasquez
et al. 2022, 2025a), but the lack of real-time follow-up made
their characterizations difficult.

Many EFXTs have accompanying high-energy gamma-ray
emission; however, some have intrinsic peak energies (the
energy in units of eV where the vF, spectrum reaches its
maximum flux and turns over) <30 keV, which is lower than
those of classical GRBs (hundreds of keV) and higher than
those of supernovae (SNe; tens of eV). These EFXTs with low
peak energies are known as X-ray flashes (XRFs). Past soft
X-ray missions such as BeppoSAX and HETE-2 detected
XRFs at rates at least comparable to, if not greater than, those
of classical GRBs (L. Amati et al. 2002; T. Sakamoto et al.
2005), suggesting a possible different progenitor origin. Some
possibilities include high-z (J. Heise et al. 2001) or off-axis
(J. E. Rhoads 1997; P. Mészaros et al. 1998) GRBs, baryon-
loaded GRBs with low Lorentz factors known as “dirty
fireballs” (C. D. Dermer et al. 1999), SN shock breakout or
cooling (S. A. Colgate 1974; S. Balberg & A. Loeb 2011;
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E. Nakar & R. Sari 2012; E. Waxman & B. Katz 2017), tidal
disruption events (TDEs; J. Quirola-Vasquez et al. 2022), of
f-axis GRBs (N. Sarin et al. 2021), magnetars after binary
neutron star mergers (B. Zhang 2013; H. Sun et al. 2017;
Y. Q. Xue et al. 2019; D. Lin et al. 2022; J. Quirola-Vésquez
et al. 2024), or new, never-before-seen classes of transient
phenomena.

We note here that since the physical origins for XRFs are
still an open question, the cutoff of ~30keV is based primarily
on historical observational studies, rather than a more
physically driven definition regarding their progenitor systems.
L. Amati et al. (2002) define XRFs as events that triggered the
2-25keV detector on BeppoSax, and not the higher-energy
gamma-ray detector. T. Sakamoto et al. (2005) define XRFs
through the fluence ratios between Sy(2-30 keV)/S,(30-400
keV), and find that there is a correlation between the peak
energies of bursts and their fluence ratios. The border they find
between XRFs and “X-ray-rich” GRBs is at 30 keV, and this is
the cutoff we use for this work.

The Einstein Probe (EP; W. Yuan et al. 2022, 2025), or
Tianguan mission, is changing the landscape of EFXT and
XRF science, with its wide-field, soft X-ray capabilities. EP’s
all-sky monitor (ASM) Wide-field X-ray Telescope (WXT)
has an instantaneous field of view of 3850 deg® and operates
from 0.5 to 4keV. With over 10 times the field of view and
more than 1 order of magnitude greater sensitivity than MAXI
(M. Matsuoka et al. 2009), the only other currently operational
X-ray ASM, EP has revolutionized the study of the soft X-ray
time-domain sky. EP also possesses two conventional X-ray
focusing telescopes (Follow-up X-ray Telescope, FXT)
operating from 0.3-10keV that can provide arcsecond
localizations.

In its first 1.5 yr of operations, EP has already discovered
numerous EFXTs, as well as a smaller sample of XRF
candidates. EP240801a was a confirmed XRF with Ep, ~ 15
keV and was interpreted as either an off-axis or intrinsically
weak jet (S.-Q. Jiang et al. 2025). EP241021a had no
accompanying ~-ray emission (X. Shu et al. 2025), along
with a luminous optical and radio counterpart (M. Busmann
et al. 2025; G. Gianfagna et al. 2025; J. Quirola-Vésquez et al.
2026; X. Shu et al. 2025; G.-L. Wu et al. 2025; M. Yadav
et al. 2025). There are many proposed interpretations for
EP241021a, including afterglow emission from wobbling jets
(O. Gottlieb et al. 2022; O. Gottlieb 2025), refreshed GRB
shocks accompanying a low-luminosity GRB (LLGRB;
M. Busmann et al. 2025), a compact star merger producing a
compact object or binary compact object system ( H. Sun et al.
2025; G.-L. Wu et al. 2025), an intermediate-mass black-hole
TDE (X. Shu et al. 2025), a collapsar origin with extra energy
input from a central engine (J. Quirola-Vasquez et al. 2026), or
an off-axis jet (G. Gianfagna et al. 2025).

An even smaller subset of XRFs have detected associated SNe
(XRF-SNe). These events are very important probes of the
massive stellar deaths accompanying XRFs, giving a stronger
indication of their progenitor system characteristics. Prior to EP,
there were five such events—XRF 020903 (D. Bersier et al.
2006; A. M. Soderberg et al. 2005), XRF 030723 (J. P. U. Fynbo
et al. 2004; N. Tominaga et al. 2004), XRF060218/SN
2006aj (e.g., S. Campana et al. 2006; P. Ferrero et al. 2006;
P. A. Mazzali et al. 2006; M. Modjaz et al. 2006; E. Pian et al.
2006; A. M. Soderberg et al. 2006a; J. Sollerman et al. 2006;
N. Mirabal et al. 2006; K. Toma et al. 2007; C. M. Irwin &
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R. A. Chevalier 2016), XRF080109/SN 2008D (e.g.,
R. A. Chevalier & C. Fransson 2008, P. A. Mazzali et al.
2008; J. R. Maund et al. 2009; D. Malesani et al. 2009;
M. Modjaz et al. 2009; A. M. Soderberg et al. 2008), and
XRF 100316D/SN 2010bh (e.g., Z. Cano et al. 2011;
F. Bufano et al. 2012; R. Margutti et al. 2013; R. L. C. Starling
et al. 2011; R. Chornock et al. 2010).

Although GRB-SNe have relatively uniform properties
(Z. Cano et al. 2017; G. P. Srinivasaragavan et al. 2024a),
studies of these XRF-SNe indicated they were diverse, giving
more evidence that they may originate from different
progenitors than classical GRBs. In addition, though all
historical ~ spectroscopically confirmed GRB-SNe and
XRF-SNe were broad-lined Type Ic SNe (SNe Ic-BL;
T. J. Galama et al. 1998; J. Hjorth et al. 2003; Z. Cano
et al. 2017), the one exception was XRF 080109/SN 2008D,
which showed strong He features leading to a Type Ib SN
classification (R. A. Chevalier & C. Fransson 2008;
P. A. Mazzali et al. 2008; D. Malesani et al. 2009; M. Modjaz
et al. 2009). This diversity within the XRF-SN population may
be due to a variety of factors. Differing surrounding CSM
environments implying heterogeneous mass-loss histories
(e.g., A. M. Soderberg et al. 2008; G. P. Srinivasaragavan
et al. 2025), the existence of binary or tertiary systems
(J. C. Rastinejad et al. 2025), along with varying central-
engine-powering mechanisms (e.g., H. Sun et al. 2025;
J. Quirola-Vasquez et al. 2026) have all been theorized to be
the source of this diversity. However, no statistically robust
conclusions have been made to date due to the small sample
size of events.

EP has already found three spectroscopically confirmed XRF-
SNe, dramatically increasing the rate of XRF-SN discoveries.
EP250304a possessed no associated y-ray emission (M. E. Rav-
asio et al. 2025) and showed spectroscopic evidence that its
optical counterpart was a Type Ic SN (SN Ic-BL; L. Izzo et al.
2025). Two other EP XRF-SNe have been studied in detail in
the literature. EP240414a/SN 2024gsa (S. Srivastav et al. 2025;
J. N. D. van Dalen et al. 2025; H. Sun et al. 2025; J.-H. Zheng
et al. 2025; H. Hamidani et al. 2025b) has E,.,< 1.3 keV
(H. Sun et al. 2025), making it an XRF. Its optical counterpart
was a SN Ic-BL that possessed a mysterious early red peak. The
origin of this peak had several theories in the literature, some of
which included interaction of a GRB jet with a dense
circumstellar medium (CSM; J. N. D. van Dalen et al. 2025),
shock cooling emission following interaction with a dense CSM
(H. Sun et al. 2025), an afterglow from a mildly relativistic
cocoon (H. Hamidani et al. 2025b) or off-axis jet (J.-H. Zheng
et al. 2025), afterglow emission from wobbling jets (O. Gottlieb
et al. 2022; O. Gottlieb 2025), or refreshed shocks from a GRB
(S. Srivastav et al. 2025). In addition, J. N. D. van Dalen et al.
(2025) suggested that EP240414a had resemblances to luminous
fast blue optical transients (LFBOTS; M. R. Drout et al. 2014;
M. Pursiainen et al. 2018; S. J. Prentice et al. 2018; R. Margutti
et al. 2019; D. A. Perley et al. 2019; A. Y. Q. Ho et al. 2023)
due to its rise time, though its red colors indicate otherwise.

EP250108a/SN 2025 kg was also an XRF, with Ep, < 1.8
keV (W. X. Li et al. 2025), and its associated SN 2025 kg was
an SN Ic-BL (G. P. Srinivasaragavan et al. 2025; J. C. Rastin-
ejad et al. 2025) that possessed a blue peak prior to the SN
peaking. Similary to EP240414a/SN 2024gsa, there were
varying interpretations for the progenitor system of this event,
including cooling emission of black-hole disk outflows
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(O. Gottlieb 2025), a black-hole-driven jet that is stifled by its
progenitor star’s envelope, leading to a shocked cocoon
(R. A. J. Eyles-Ferris et al. 2025), a similar shocked cocoon
interacting with an extended CSM (G. P. Srinivasaragavan
et al. 2025), and a magnetar-powered explosion (W. X. Li
et al. 2025; L. M. Roman Aguilar & M. C. Bersten 2025;
J.-P. Zhu et al. 2025).

Recently, J. Quirola-Visquez et al. (2026) argue that the
late-time emission of EP241021a may be consistent with SNe
Ic-BL, though no SN features were found in the spectrum at
late times, and the emission peaks at an order of magnitude
higher than what is expected for SNe Ic-BL. We direct the
readers to J. Quirola-Vasquez et al. (2026) for a further
discussion of EP241021a as a possible XRF-SN, but do not
consider it as an XRF-SN for the rest of this work.

In this Letter, we present the discovery EP250827b/SN
2025wkm at z = 0.1194, the fourth XRF-SN discovered by EP,
and the third studied in detail in the literature. We note that
EP250827b/SN 2025wkm was discovered through a different
method than the previous three XRF-SNe, made possible by
the Zwicky Transient Facility’s (ZTF; E. C. Bellm et al. 2019;
F. J. Masci et al. 2019; M. J. Graham et al. 2019; R. Dekany
et al. 2020) shadowing of EP’s public observing schedule,
which resulted in an optical counterpart association to a
subthreshold EFXT (see Section 2.5.1 for more details). We
discovered both the EFXT EP250827b as well as its optical
counterpart SN 2025wkm, but note that G. Corcoran et al.
(2025) reported the first classification as a SN Ic-BL.

The Letter is structured as follows: in Section 2 we present
the observations of EP250827b/SN 2025wkm; in Section 3 we
present analysis of the X-ray prompt emission, associated SN,
and radio observations; in Section 4 we present analytical
arguments to describe the X-ray prompt emission, in Section 5
we present light-curve (LC) modeling used to characterize the
SN LC; in Section 6 we discuss the implications our results;
and in Section 7 we summarize our findings. Throughout this
Letter, we utilize a flat ACDM cosmology with Q,, = 0.315
and Hy = 67.4 km s ! Mpcfl (Planck Collaboration et al.
2020) to convert the redshift to a luminosity distance and
correct for the Milky Way extinction of E(B — V)pyw = 0.05
mag (E. F. Schlafly & D. P. Finkbeiner 2011), using the
J. A. Cardelli et al. (1989) extinction law with R, = 3.1.

2. Observations

In this section, we present the discovery and observations of
EP250827b/SN 2025wkm.

2.1. X-Ray Prompt Emission

EP250827b/SN 2025kg was detected by the WXT at
R.A. = 36 581°, decl. = 37.499° (J2000; G. Schroeder et al.
2025a), with a positional uncertainty of 2.4 arcminutes in
radius at 90% confidence level, incorporating both statistical
and systematic errors, and reported by the offline archive
search pipeline; see the WXT 0.5-4 keV image in left panel of
Figure 1. The detection has a significance of 6.8c, calculated
using the Li-Ma formula (T.-P. Li & Y.-Q. Ma 1983). The
source was not reported to the public NASA General
Coordinates Network (GCN), as was the case for every other
XRF-SN discovery. This is because the X-ray transient was
not an onboard trigger and was flagged as a subthreshold event
in the EP data stream. Its confirmation as a real EFXT was
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only done after ZTF discovered its optical counterpart (see
Section 2.5.1).

The WXT data were processed using the WXT Analysis
Software (WXTDAS; M. L. Liu et al. 2026, in preparation)
with the latest calibration database (WXTCALDB V2.35).
The CALDB was initially constructed from ground calibra-
tion experiments (H. Cheng et al. 2025) and subsequently
refined through a series of in-flight calibration campaigns
conducted after launch (H. C. Cheng et al. 2026, in
preparation). Photon positions were reprojected onto the
celestial coordinate system, and the pulse-invariant value—
representing energy in channel units—was computed for each
event based on the bias and gain parameters stored in the
CALDB. After flagging bad and flaring pixels and assigning
event grades, we selected events with grades 0-12 and no
anomalous flags to generate a cleaned event list and a
corresponding image in the 0.5-4keV band for subsequent
source detection. The LC and spectrum of the source and
background within a specified time interval were extracted
using a circular source region with a radius of 9 arcmin and an
annular background region with inner and outer radii of
18 arcmin and 36 arcmin, respectively.

The temporal properties of the source, including the start
time (fp), total duration (T)qg), and the Ty duration, were
derived following a standard analysis procedure adapted for
EP fast X-ray transients (Wu et al. 2026, in preparation). The
start time of the transient was objectively determined by
applying the Bayesian block algorithm to the net LC, defined
as the beginning of the first time bin with a signal-to-noise
ratio (SNR) greater than 3. The redefined start time of the
event is 2025-08-27T06:23:02.5 (UTC), which we refer to
hereafter as fy. The Tyy duration was calculated as the time
interval containing 90% of the total net counts (from 5% to
95% of the cumulative counts). The uncertainty on Toy was
estimated using a Monte Carlo approach, wherein the net
counts in each LC bin were independently resampled based on
their Poisson statistics to generate multiple realizations of the
net LC. For each realization, T9y was recomputed from the
accumulated counts, and the final uncertainty was derived
from the distribution of the resulting 7oy values. The measured
Too for EP250827b is Ty = 1203.6748s. Furthermore,
inspection of the LC, as shown in the right panel of
Figure 1, indicates that the flare was still in progress at the
end of the observation. Consequently, the derived duration is
likely a lower limit, underestimating the true event duration.

2.2. X-ray Follow-up Observations
2.2.1. Swift X-ray Telescope

The Neil Gehrels Swift Observatory X-ray Telescope (XRT;
D. N. Burrows et al. 2005) observed SN 2025wkm on 2025
August 31 (PI: M. Coughlin), 2025 September 5, and 2025
September 9 (PI: X. Hall; Table 1), but did not detect any
source (X. J. Hall et al. 2025). We used the Living Swift-XRT
Point Source Catalogue (LSXPS; P. A. Evans et al. 2023)
upper limit server®” to derive 30 upper limits, shown in

66 In particular, the in-orbit effective area is found to be broadly consistent
with the ground calibration result, showing systematic uncertainty arounf 10%
(90% C.L). The energy response of the CMOS detector (i.e., the gain
coefficient and energy resolution) is also in line with ground measurement,
with a slight variation of (1-2)%. No significant degradation in these
parameters has been detected after nearly two years of on-orbit operations.

7 htps:/ /www.swift.ac.uk /LSXPS /ulserv.php
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Figure 1. Left: the EP-WXT 0.5-4 keV image of EP250827b. The green circle represents the 9 arcmin aperture used for extracting the spectrum and the LC of
EP250827b. The dashed annulus with inner and outer radius of 18’ and 36 arcmin indicates the background region. Right: the EP-WXT 0.5-4 keV background-
subrtracted LC of EP250827b. The vertical dotted and dashed lines indicate the start time and the 7o, of the flare, respectively, derived with the Bayesian block

method. The horizontal gray line shows the zero-count-rate level.

Table 1
Log of X-Ray Observations

ObsID Start Time Exposure  Flux (ergem s~ ")
(UTC) (s)

EP-WXT (0.5-4 keV)
11916650962  2025-08-27 06:10:21 2063 34799 x 1071
EP-FXT (0.5-10 keV)
06800000865  2025-09-01 02:35:49 2995 <1.1x 107"
06800000881  2025-09-06 02:29:39 5997 <1.1x 107"
06800000898  2025-09-11 18:21:49 6027 <39 x 107"
06800000912 2025-09-23 02:09:59 4141 <26 x 107"
Swift (0.3-10 keV)
03000057001  2025-08-31 21:09:31 4030 <11 x10"
03000057002 2025-09-05 02:34:00 1160 <33 x 107"
03000057003 2025-09-09 18:20:00 1525 <23 x 1071

Note. Fluxes are unabsorbed, assuming an absorbed power law (tbabs
* ztbabs " powerlaw, R. Willingale et al. 2013).

Table 1, in the energy range of 0.3-10 keV, assuming a photon
index I' = 2.

2.2.2. EP-FXT

Follow-up observations were conducted with the EP-FXT
instrument over a period spanning from 4.8 to 26.8 days after
the trigger. The FXT is one of the primary payloads on board
EP. It comprises two coaligned modules (FXT-A and FXT-B),
each equipped with 54 nested Wolter-I paraboloid—hyperbo-
loid mirror shells. The source and background regions in the
FXT data were processed using dedicated FXT data analysis
software (FXTDAS V1.2068). A summary of the EP observa-
tions is provided in Table 1. No X-ray sources were detected in
any of the four EP-FXT observations. We estimated the 90%
confidence upper flux limits in the energy range of 0.5-10 keV
assuming the same spectral model as used in the WXT
analysis, shown in Table 1.

68 https:/ /epfxt.ihep.ac.cn/analysis

2.3. Gamma-Ray Constraints

There was no Fermi Gamma-ray Burst Monitor (GBM;
C. Meegan et al. 2009) on board trigger around f,, and during
the duration of the event. While the location of the transient
was visible above Earth to Fermi-GBM for this full duration,
Fermi entered the South Atlantic Anomaly about 100 s after #,
and thus has no data after this time. The GBM targeted search
(A. Goldstein et al. 2019), developed to search for GRB-like
signals between 64 ms and 32.768 s in duration, was run in the
time interval [#(-50; 7,+100] s, finding no signal consistent
with the EP transients, neither temporally nor spatially. Using
the “soft” spectral template (Band function with £, = 70keV,
a = —19, 8 = —3.7), we derived a flux upper limit of
3.52 x 107% erg cm 2 s, in the energy band 10-1000 keV.

2.4. Radio Observations

We observed the field of EP250827b/SN 2025wkm with
the NSF’s Karl G. Jansky Very Large Array (VLA) on 2025
September 13 at a mid-time of 13:03:23 UT (~17.3 days post-
burst) at a mid frequency of 10 GHz (4 GHz bandwidth) under
program 25B-363 (PI Perley). We used J0251+44315 for
complex phase calibration and 3C48 for flux and gain
calibration. We reduced and imaged the data using the
Common Astronomy Software Applications (CASA;
J. P. McMullin et al. 2007) VLA Calibration Pipeline® and
VLA Imaging Pipeline.” At the location of SN 2025wkm, we
detect a ~60 source. We measure the flux density of the source
using the imtool tool from pwkit (P. K. G. Williams et al.
2017), and find F, = 28 + 5 uJy (beam size of 0.7 x 0.6).

We initiated an additional epoch at 10 GHz on 2025
September 25 at a mid-time of 04:24:50 UT (~28.9 days post-
burst), and measured the flux density of the source to be
F, =129 £ 5 ulJy (beam size of 1’1 x 0'6). Given the lack of
evolution of the radio source, we do not associate this source
with SN 2025wkm and rather assume the radio emission arises
from the host galaxy (see Section 3.5 for estimates on how
radio emission from the transient would result in temporal
evolution over the two epochs). If the radio emission can be

% hitps: //science.nrao.edu/facilities /vla/data-processing /pipeline
70 hitps:/ /science.nrao.edu/facilities /vla/data-processing /pipeline /vipl
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attributed solely to star formation, this would indicate a radio
star formation rate (SFR) of SFR, .40 &~ 3 M, yrfl, similar to
the optically derived SFR of 2.83 + 0.04M.yr '
(Section 3.4). Given that the beam sizes of the images are
similar to the apparent size of the host galaxy, we cannot
disentangle whether any excess radio emission is present at the
location of EP250827b/SN 2025wkm. Thus, we use our host-
galaxy detections as upper limits on the radio emission
associated with EP250827b/SN 2025wkm for subsequent
analysis (Section 3.5).

2.5. Photometric Observations

Here we present the photometric observations of
EP250827b/SN 2025wkm. A full log of photometric and
spectroscopic observations is presented in the Appendix, in
Tables 7 and 8. Photometric uncertainties reported include
both statistical errors and systematic errors from template
subtraction

2.5.1. ZTF Detection of Optical Counterpart

Starting in 2025 March, ZTF began using its wide field of
view (47 deg?) to shadow the regions observed by the EP’s
WXT (T. Ahumada et al. 2025). The EP observing schedule is
publicly available, and after requesting the corresponding
fields, the ZTF scheduler adds to its plan those areas that have
two or more EP observations.

The goal of this project is to codiscover sources detected by
EP by crossmatching them with ZTF alerts, which includes
sources reported publicly to GCNs, along with subthreshold
sources only available to the ZTF+EP collaboration team.
Using Kowalski (D. A. Duev et al. 2019) and Fritz, the
SkyPortal (S. van der Walt et al. 2019; M. W. Coughlin et al.
2023) instance of ZTF, the alerts are crossmatched within the
EP detection error circles and sent to human scanners, who
evaluate the temporal and spatial differences to assess whether
the crossmatches are plausible optical counterparts.

On 2025 August 27, (MJD 60914.4), during routine
scanning of the ZTF-EP crossmatches, ZTF25abmpngy/SN
2025wkm was discovered. The spatial and temporal offsets
from EP250827b were 027 and +0.23 days, respectively. It
was originally detected in the » band at r = 20.33 £ 0.1 mag
(G. Schroeder et al. 2025a), and subsequent detections showed
a persistent optical source. The last upper limit from ZTF at
the position of the transient was obtained on MJD 60913.42,
0.98 days before the first detection, with g > 21.37 mag. The
EP team reported that the associated EFXT was a subthreshold
detection, and they confirmed that it was a real transient after
the detection of the possible optical counterpart. This is why
there was a 5 day latency between the reported GCN (G. Sch-
roeder et al. 2025a) and the detection of the EFXT. The
relationship between the latency of EFXT detections and the
discovery of optical counterparts and spectroscopic redshift
measurements is explored in B. O’Connor et al. (2025).

We compute the probability of chance coincidence with the
following equation

P~ Rsn Ve At, (1)

where P is the probability of one SN given the SN rate (Rsn),
the effective volume (V.¢), and the time between the EP event
and the ZTF observation (Af). Given the positional error of
EP-WXT (2.4), the time delay (0.23d), the intrinsic brightness
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of SN 2025wkm (—19.5 AB mags), the average ZTF depth
(20.4 AB mags; F. J. Masci et al. 2019), and the volumetric
rate of Ic-BL SN (3.5 x 107 7yr~'Mpc—3h3; T. Pessi
et al. 2025), we find the chance of coincidence to be
log,,(P) ~ —7.1.

2.5.2. The Spectral Energy Distribution Machine

We performed observations with the Spectral Energy
Distribution Machine (SEDM; N. Blagorodnova et al. 2018;
M. Rigault et al. 2019), mounted on the 60 inch telescope at
Palomar Observatory. We took images in the g, r, and i bands
throughout the duration of our campaign. Standard reduction
techniques were applied to the data (Y. L. Kim et al. 2022). We
used the Pan-STARRSI1 catalog (PS1; K. C. Chambers et al.
2016; H. A. Flewelling et al. 2020) for photometric calibration.
We performed image subtraction with FPipe (C. Fremling et al.
2016), which uses templates from PS1 imaging (K. C. Chambers
et al. 2016; H. A. Flewelling et al. 2020).

2.5.3. Fraunhofer Telescope at Wendelstein Observatory

We performed observations with the Three Channel Imager
(BKK; F. Lang-Bardl et al. 2016) instrument mounted on the
Fraunhofer Telescope at Wendelstein Observatory (FTW;
U. Hopp et al. 2014) in the g/, ¥/, i/, 7/, and J bands. The optical
CCD and NIR CMOS data were reduced using a custom
pipeline developed at Wendelstein Observatory (C. A. Gossl &
A. Riffeser 2002; M. Busmann et al. 2025). For the astrometric
calibration of the images, we used the Gaia EDR3 catalog
(Gaia Collaboration 2020; Gaia Collaboration et al. 2021;
L. Lindegren et al. 2021). We used the Pan-STARRSI1 catalog
(PS1; K. C. Chambers et al. 2016; H. A. Flewelling et al. 2020)
for the optical photometric calibration and the Two Micron All
Sky Survey (2MASS) catalog (M. F. Skrutskie et al. 2006) for the
J band. Tools from the AstrOmatic software suite (E. Bertin &
S. Arnouts 1996; E. Bertin 2006; E. Bertin et al. 2002) were used
for the coaddition of each epoch’s individual exposures. We used
the Saccadic fast Fourier transform (SFFT; L. Hu et al. 2022)
algorithm for image subtraction. For subtraction templates, we
use PS1 imaging for the g, r, i, and z bands (K. C. Chambers
et al. 2016; H. A. Flewelling et al. 2020). For the J band,
we use a synthetic host subtraction using GALSYNTHSPEC (see
footnote 72) with host modeling performed using Prospector
(B. D. Johnson et al. 2021).

2.5.4. Thai Robotic Telescope

We performed observations with the 70 cm telescope of the
Thai Robotic Telescope (TRT) located at Sierra Remote
Observatories (SRO), California, United States. Images
observed were processed through standard procedures and
combined using the Image Reduction and Analysis Facility
(IRAF; D. Tody 1986). The result flux was calibrated with
nearby Pan-STARRSI field stars (K. C. Chambers et al. 2019),
with the correction from ref.”' The logs of photometric
observations and results are listed in Table 7 in the Appendix.

2.5.5. Altay

We performed observations with the 100cm A, B, and C
telescopes of the JinShan project, located at Altay, Xinjiang,

! https:/ /classic.sdss.org/dr4 /algorithms /sdssUBVRITransform.php
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China (ALT-100A, ALT-100B, and ALT-100C). The data
were processed using standard procedures with the IRAF
(D. Tody 1986). Aperture photometries were then conducted
on the stacked images, subtracting Pan-STARRSI field images
(K. C. Chambers et al. 2019), with zero-points measured using
the nearby Pan-STARRSI catalogs.

2.5.6. Nordic Optical Telescope

We performed observations using the Alhambra Faint
Object Spectrograph and Camera (ALFOSC’?) mounted on
the 2.56 m Nordic Optical Telescope (NOT) located at the
Roque de los Muchachos Observatory on La Palma (Spain).
The data were processed using standard procedures with the
IRAF (D. Tody 1986). Aperture photometries were then
conducted on the stacked images subtracting Pan-STARRSI1
field images (K. C. Chambers et al. 2019), with zero-points
measured using the nearby Pan-STARRSI1 catalogs.

2.5.7. Las Cumbres Observatory

Through the Global Supernova Project (D. A. Howell &
Global Supernova Project 2017), we obtained the BVgri-band
images with the network of 1.0m telescopes of the Las
Cumbres Observatory (LCO) (T. M. Brown et al. 2013). BV
and gri point-spread function (PSF) photometry was calibrated
to Vega and AB magnitudes, respectively. PSF photometry
was performed using AutoPhot (S. J. Brennan & M. Fraser
2022).

2.5.8. Liverpool Telescope

We performed observations with the Liverpool Telescope
(LT; I. A. Steele et al. 2004) I0:0 camera in Sloan Digital Sky
Survey (SDSS) ugriz filters. Raw data were processed by the
automatic LT I0:0 reduction pipeline. For images in griz
filters, image subtraction and PSF photometry were conducted
using a custom pipeline, using Pan-STARRS1 as reference and
for image calibration. u-band images were calibrated using the
SDSS Extended Northern+Equatorial u’g’r’i’z’ Standards "
taken on each night of the observations. The u-band
magnitudes were obtained via aperture photometry, and
corrected to AB magnitude system;* host subtraction was
not performed.

2.5.9. Tsinghua—Nanshan Optical Telescope

We performed observations with the Tsinghua—Nanshan
Optical Telescope (TNOT), an equatorial-mount telescope
located at the Nanshan Station of the Xinjiang Astronomical
Observatory (XAQO), Chinese Academy of Sciences (CAS). The
system comprises an 80 cm ASA800 Ritchey—Chrétien optical
tube mounted on an ASA DDM500 premium equatorial mount.
The field of view is 26.5’ x 26.5. Multiband follow-up
observations of EP250827b/SN 2025wkm were obtained with
TNOT and reduced with IRAF (bias subtraction and flat-
fielding). Instrumental magnitudes were measured with AutoPhot
(S.J. Brennan & M. Fraser 2022) and calibrated against the Gaia
Synthetic Photometry catalog (Gaia Collaboration et al. 2023).

2 http: / /www.not.iac.es/instruments /alfosc
» https: / /www-star.fnal.gov
™ https:/ /www.sdssd.org /dr17 /algorithms /fluxcal
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2.5.10. Observatorio de Sierra Nevada

Additional observations were gathered at the 1.5m OSN
telescope at Observatorio de Sierra Nevada (Granada, Spain),
using BVRI filters. Magnitudes were derived using
DAOPHOT and calibrated Pan-STARSS secondary standards
(in the Sloan system) and using the transformation equations
from A. Kostov & T. Bonev (2018).

2.5.11. Swift-UVOT

We observed with the Ultra-Violet Optical Telescope
(UVOT; P. W. A. Roming et al. 2005), on board the Neil
Gehrels Swift Observatory. Observations were conducted in
three epochs, across all UV filters (U, UVWI1, UVM2,
UVW2). The data were reduced through uvotredux,”
using the standard HEASOft tools (NASA High Energy
Astrophysics Science Archive Research Center (Heasarc)
2014). We performed a synthetic host subtraction using
GALSYNTHSPEC,’® with host modeling performed using
Prospector (B. D. Johnson et al. 2021). The transient lies on
top of a small (red) host galaxy, with no significant offset to
the center of this host (072 ). As such, we follow the common
procedure for estimating host-galaxy contribution of nuclear
transients such as TDEs (see, e.g., E. Hammerstein et al. 2023
for details).

2.6. Spectroscopic Observations

Here we present the spectroscopic observations of
EP250827b/SN 2025wkm.

2.6.1. Gemini

We performed observations with the Gemini Multi-Object
Spectrographs (GMOS) at Gemini North under programs GN-
2025B-Q-130 (PI: A. Ho), GN-2025B-FT-104 (PI: B. O’Con-
nor), and GN-2025B-Q-125 (PI: G. Srinivasaragavan). Long-
slit spectroscopy of the optical transient was acquired on 2025
August 31, 2025 September 2, 2025 September 4, 2025
September 7, 2025 September 12, and 2025 October 3. We
made use of both the B480 and R400 gratings. The data were
reduced and analyzed using the DRAGONS software (K. Labrie
et al. 2019).

2.6.2. Next Generation Palomar Spectrograph

We performed observations with the Next Generation
Palomar Spectrograph (NGPS; H. Jiang et al. 2018;
M. M. Kasliwal et al. 2024) located on the Palomar
Observatory 200inch telescope. Spectra were obtained on
2025 September 2, 2025 September 17, 2025 September 24,
and 2025 October 8 (PI: M. Kasliwal and K. Das). On UT
2025 September 02, 2025 September 17, and 2025 October 08,
spectra were obtained with a 1.5 wide slit and 2 x 3
spatial x spectral binning. On UT 2025 September 24, the
spectrum was obtained with a 1.0 wide slit and 2x2
spatial x spectral binning. While NGPS will eventually have
four arms and obtain data from 310 nm—1040 nm, at the time
of these observations, only the R and I channels (555 nm-
1040 nm) were available. The data were reduced using
standard methods with a custom pipeline developed for NGPS.

™ hitps: //github.com /robertdstein /uvotredux
7 htps: //github.com /robertdstein/galsynthspec
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2.6.3. NOT

We performed observations using the ALFOSC (see
footnote 74) mounted on the 2.56 m NOT located at the
Roque de los Muchachos Observatory on La Palma (Spain),
one under the program P71-812 (PI: J.P.U.Fynbo) and two
under the program NOIRLab-20255B-353868 (PI: T. Ahum-
ada). The first spectrum under program P71-812 was obtained
with a 1.3 wide slit, and the latter two spectra under program
NOIRLab-20255B-353868 were obtained with a 1.0 wide slit,
all using grism #4. The observations were taken on 2025
September 03, 2025 September 17, and 2025 September 27,
respectively. The first spectrum was reduced using a standard
procedure with the TRAF (D. Tody 1986), and the latter two
spectra were reduced in a standard manner using a custom fork
of PypeIt (J. X. Prochaska et al. 2020a, 2020b, 2020c).

2.6.4. The Low Resolution Imaging Spectrometer

We performed observations using the Low Resolution
Imaging Spectrometer (LRIS; J. B. Oke et al. 1995), mounted
in the Keck I telescope, to acquire spectroscopy on 2025
October 22 (PLI: Y.J. Qin). We utilized the 400/8500 red
grating and the long 170 slit, with blue grism 400/3400. We
then processed these data using 1pipe (D. A. Perley 2019).

2.6.5. Gran Telescopio Canarias

We obtained long-slit spectroscopy using the enhanced
Optical System for Imaging and low-Intermediate-Resolution
Integrated Spectroscopy (OSIRIS+) spectrograph on the
10.4 m Gran Telescopio Canarias (GTC). Observations were
conducted at two epochs to monitor the spectral evolution of
the source (PI: Castro-Tirado). The first epoch was obtained on
2025 September 05 (i.e., 9.0 days post-burst) using the
R1000B grism with a 1.23” slit and 1000s exposure time. The
second epoch was secured on 2025 September 14 (At = 18.0
days; 9.0 days after our first observation), again with R1000B
(1000 s), supplemented by a higher-resolution R2500I
spectrum to cover the redder part up to 10,000 A.

Data reduction followed standard procedures using a custom
OSIRIS+ pipeline based on IRAF tasks, including bias
subtraction, flat-fielding, wavelength calibration, optimal
extraction, and flux calibration. The last step was performed
using observations of the spectrophotometric standard star
G191-B2B obtained with a 2.52 slit on the same night.

3. Analysis

In this section, we present an analysis of EP250827b’s
X-ray emission, SN 2025wkm’s LC, and the radio observa-
tions of the source.

3.1. X-Ray Analysis

The WXT spectrum was analyzed with XSPEC (v12.14.0;
K. A. Arnaud 1996) using an absorbed power-law (tbabs *
ztbabs " powerlaw), and applying W-statistics (K. Wachter
et al. 1979). In this model, the tbabs component accounts for
the fixed Galactic absorption (5.4 x10°° cm ?) estimated using
the method from R. Willingale et al. (2013), and ztbabs
represents intrinsic absorption (Ng,s) at the redshift of
z = 0.1194. The powerlaw represents a power-law spectrum
of the form NME) = K x (E/1keV)®, where K is the
normalization and « is the photon index. This fit yielded a
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Figure 2. The EP-WXT observed spectrum and the predicted best-fit absorbed
power-law model. Data are presented as the count rate spectrum with lo
uncertainties based on Poisson statistics for visualization purposes.

photon index of a = —3.379, and the intrinsic absorption
cannot be well constrained (Ng,s < 7.1 X 10*'em™%; 90%
confidence) with an acceptable fit statistic of CSTAT /degrees
of freedom (d.o.f.) = 27.8/24 (W. Cash 1979). The corresp-
onding average unabsorbed flux in the 0.5-4.0keV band is
34799 % 107" ergem *s ™!, while the peak flux’’ reaches
251570 x 10719 ergem 25~ ', The best-fit results are shown in
Figure 2.

For comparison, an absorbed blackbody model (tbabs
ztbabs * bbody) was also tested. The Akaike information
criterion (AIC) for this model is 32.3 (AIC = 2k + CSTAT,
where k is the number of free parameters), which yields a
AAIC = 0.5 relative to the power law. This indicates that the
two models are statistically indistinguishable. It similarly gave
poorly constrained intrinsic absorption, with a 90% upper
limit of Ny, < 2.1 X 10'em 2 and a temperature of
0.22 4+ 0.03 keV.

The soft spectrum, as characterized by the single power-law
model, suggests a spectral peak energy (Epeac) near or below
the WXT’s lower energy bound of 0.5 keV. To quantify this,
we used an absorbed broken power-law model (tbabs *
ztbabs * bknpower), fixing the first power-law index (ax)
to the typical GRB value of —1, motivated by the possible
connection between EP X-ray transients and GRBs (A. Aryan
et al. 2025). The second index (Ox) was fitted to be —3.3fH,
consistent with the single power-law model. While the Epe
itself could not be well constrained, we obtained a 90%
confidence upper limit of E,. < 1.5 keV.”®. This model
provided a comparable fit statistic to the single power law
(CSTAT/(d.o.f.) = 27.7/23), despite the additional free
parameter. The AIC values for all three models differ by less

*

7 To properly determine the peak flux while accounting for statistical
fluctuations, the LC was adaptively binned. Consecutive temporal bins were
grouped until a minimum SNR of 5 was achieved per bin, and the SNR was
calculated using the Li-Ma formula. The peak flux was then extracted from
this dynamically binned LC.

8 We attempted to fit the spectrum using the absorbed broken power-law
model, fixing the ax to values between —0.8 and —1.2. Under these
assumptions, the derived 90% confidence upper limits on E,c.x fall within the
range of —1.4 keV to —1.7 keV.
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Table 2
Spectral Fitting Results for the Prompt X-Ray Emission of EP250827b/SN 2025wkm
Model ax ﬂx Epeak TBB NH,im Funabs 0.5-4 keV CSTAT/(dOf)
(keV) (keV) (10*' cm™?) 10 "ergem s
Power law -3.3719 <71 3.4+%9 27.8/24
Blackbody o 0227093 <2.1 1.9793 28.3/24
Broken Power-law —1 (Fixed) —33%1 <15 <7.0 34138 27.8/23

Note. As observed by EP-WXT during the interval 2025 August 27 T06:10:21 to 2025 August 27 T06:44:44 UTC. Errors represent the 1o uncertainties. The upper

limits are at the 90% confidence level.

than 2 (AAIC < 2 ), indicating that they are statistically
indistinguishable. All fitting results are summarized in Table 2,
and the uncertainties for each parameter are calculated using
the XSPECerror command.

In Figure 3, we show the X-ray LC of EP250827b compared
to other XRF-SNe, along with SN 2020bvc (A. Y. Q. Ho et al.
2020b; L. Izzo et al. 2020), which was a similar double-peaked
SN Ic-BL that was discovered optically, without the use of a
high-energy trigger. We also show the X-ray afterglow
emission from a few nearby (z < 0.4) LGRBs taken from
the Swift-XRT archive (P. A. Evans et al. 2009) as reference.
We see that EP250827b’s prompt emission is fainter than
those of XRF 060218 and XRF 100316D, and on the lower end
of EP250108a’s error bars. The upper limits following the
prompt emission are consistent with XRF 060218’s X-ray
afterglow LC, as well as detections corresponding to SN
2020bvc.

3.2. Ultraviolet, Optical, and Near-infrared LC Analysis

We show the LC of EP250827b/SN 2025wkm in Figure 4,
in the UVM2, UVW1, and grizJ bands. We constructed the LC
by combining all available photometry from all facilities,
retaining each instrument’s native passband. We removed
outliers by discarding measurements more than 20 from the
data distribution by comparing the observed data point to the
nearest two points. When a single facility obtained multiple
measurements within the same night, we consolidated them
into one nightly point per band using an inverse variance
weighted average. This occurred most frequently for ZTF,
where chip-gap coverage often produces repeated visits within
a night. In the following analysis, we account for the Milky
Way extinction of Ay = 0.155 mag. We describe constraints
on the host-galaxy extinction in Section 3.4, but do not account
for it in our analysis, as we only derive an upper limit.

The LC possesses a clear initial peak in the gri bands at ~ 2
days after #,, assumed to be the time of explosion for the rest of
this work. The LC then declines in every band, and peaks
again at progressively later times in the grizJ bands, though
sparser coverage in the z and J bands does not make it clear
where the exact time of the peak is. The first optical detections
in r and g band are 3.2 hours after #, in the observer frame,
allowing for constraints on the rise of the initial first peak,
unlike the LC for EP250108a/SN 2025 kg (G. P. Srinivasarag-
avan et al. 2023; R. A. J. Eyles-Ferris et al. 2025; W. X. Li
et al. 2025), whose first optical photometry point was during
the decline phase.

After the second photometry point in the r and g bands at
to + 2 days, the LC is already declining, and the decline
continues until ~#;, + 3 days. Therefore, the LC most likely
peaks prior to 7y 4 2 days. This corresponds to a lower limit on
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Figure 3. Comparison of 0.3-10 keV (observer frame) X-ray upper limits of
EP250827b/SN 2025 kg (black points) to the X-ray LCs of nearby LGRBs
detected by Swift-XRT (P. A. Evans et al. 2009), XRF 060218a/SN 2006aj
(S. Campana et al. 2006), XRF 100316D/SN 2020bh (R. L. C. Starling
et al. 2011), EP250108a/SN 2025 kg (G. P. Srinivasaragavan et al. 2025),
EP240414a/SN 2024gsa (H. Sun et al. 2025), and double-peaked SN Ic-BL
SN 2020bvc (A. Y. Q. Ho et al. 2020b), with times in the rest frame. The
WXT detections for the three EP events are also shown, though we show the
luminosity in the 0.5-4 keV range, where the time of detection is estimated as
the end-time of the X-ray detection.

the absolute magnitude of the first peak of M, = —19.31 &+
0.06 and M, = —18.93 &£ 0.03. The first peak has clear blue
colors, where g — r ~ —0.4 mag. The luminosity and colors of
the first peak are very similar to those of EP250108a/
SN 2025kg (R. A. J. Eyles-Ferris et al. 2025; G. P. Srinivasar-
agavan et al. 2025), though the first peak declines on a much
quicker timescale than for EP250108a/SN 2025 kg (~ 5 days
in r band and ~ 8 days in the g band).

We spectroscopically confirm a SN Ic-BL classification
during the second phase of the optical LC (more details in
Section 3.4). SN 2025wkm rises to maximum light during its
second peak on a timescale of ~14 days at an absolute
magnitude of M, ~ —19.2 mag, which again is similar to the
r-band peak properties of SN 2025 kg (W. X. Li et al. 2025;
J. C. Rastinejad et al. 2025; G. P. Srinivasaragavan et al.
2025). However, the second peak in the g band is not as
pronounced, and the g-band LC plateaus until around ~12
days at M, ~ —19 mag before it starts declining. This is
unlike SN 2025 kg, whose g-band LC had a clear peak 18
days after explosion, with M, = —18.95 £ 0.06. In Figure 5,
we show the g- and B-band LCs of double-peaked SNe Ic-BL
in the literature. SN 2025wkm clearly has a broader second
peak than every other event that has been observed, with a
pronounced plateau rather than a decline into a second rise.
The peak magnitude in » band corresponding to the second
peak is within the median range reported for SNe Ic-BL in
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Figure 4. LC of EP250827b/SN 2025wkm in UVM2, UVW1, and grizJ bands, corrected for Milky Way extinction, in the observer frame. We note that we also
have an additional epoch of BVRI data, but do not show it in the LC for visual purposes. We show the time of explosion 7, with a vertical dotted line. The photometry
is compiled using multiple different telescopes, and the process used to compile the LC is described in Section 3.2. A full table of the photometric observations,
along with the different telescopes used for every epoch, is presented in Table 7 in the Appendix. The LC data displayed in this figure are available in machine-

readable format in the online journal.
(The data used to create this figure are available in the online article.)
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Figure 5. Rest-frame g-band LC of SN 2025wkm, in comparison to other
double-peaked SN Ic-BL, including the g-band LCs of EP250108a/SN
2025 kg (G. P. Srinivasaragavan et al. 2025), SN 2020bvc (A. Y. Q. Ho
et al. 2020b), and the B-band LC of XRF 060218/SN 2006aj (M. Modjaz
et al. 2000).

sample papers (M, = —18.5 £ 0.9; F. Taddia et al. 2019;
G. P. Srinivasaragavan et al. 2024b), and is consistent with
the average seen in the GRB-SN population (Z. Cano
et al. 2017).

An empirical correlation between the first peak and second
peak in double-peaked stripped-envelope SNe exists—M,
0.8 x M, — 4.7, where M, and M, are the absolute magnitudes

10

1044 p
—_
L 043
o 10 =
- C
v [
N
~ [
3 [
~ 5
—— SN 20063]
1042 p— sN2010bh
E @ SN 2025wkm
F ¢ sN2025kg :
10° 10!

Time since explosion (days)

Figure 6. Bolometric luminosity LC of SN 2025wkm in the rest frame,
computed through fitting blackbodies to SEDs binned every 0.75 days. We
also show the bolometric luminosity LCs of SN 2025 kg (G. P. Srinivasaraga-
van et al. 2025), SN 2006aj (M. Modjaz et al. 2006; E. Pian et al. 2006), and
SN 2010bh (E. F. Olivares et al. 2012).

of the first and second peak, respectively, in the r band
(K. K. Das et al. 2024). Substituting M, into the expression,
the second peak should have a brightness M, ~ —19.3 mag.
This is consistent with the observed second peak brightness. In
the sample of 54 stripped-envelope SNe, this relation was
tested on, only two were SNe Ic-BL (K. K. Das et al. 2024).
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Figure 7. Temperature and radius evolution as a function of time in the
observer frame, from fitting blackbodies to SEDs binned every 0.5 days.

The mechanism used to describe the first peak in these SNe
was shock cooling emission from SN ejecta interacting with an
extended CSM (A. L. Piro et al. 2021). EP250108a/SN
2025 kg did not follow this correlation, though it still followed
the overall trend, where the first peak is more luminous than
the second peak (G. P. Srinivasaragavan et al. 2025).

3.3. Bolometric Luminosity LC

Due to exquisite gri-band photometric coverage across the
LC, along with the supplementation of one UV epoch, and
multiple epochs in the z and J bands, we are able to construct a
bolometric luminosity LC through fitting a blackbody model
across different epochs. We bin the data every 0.5 days, and fit
a blackbody to bins with at least three photometric band
measurements. We do not compute bolometric luminosities for
epochs where there are less than three photometric band
measurements. We utilize the blackbody fitting tool in
Redback (N. Sarin et al. 2024) to perform this analysis,
and show the bolometric luminosity LC in Figure 6, along with
the derived temperatures and radii in Figure 7.

We also show comparisons to the bolometric LCs of
EP250108a/SN 2025 kg, XRF 060218 /SN 2006aj (M. Modjaz
et al. 2006; F. B. Bianco et al. 2014; P. J. Brown et al. 2014),
and XRF 100316D/SN 3020bh (E. F. Olivares et al. 2012).
We note that the bolometric LC of EP250108a/SN 2025 kg
was computed using a different method, as there was only
sparse i-band coverage, and no coverage in any other bands.
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Figure 8. Spectra series of EP250827b/SN 2025wkm, with host-galaxy
emission lines clipped, along with the phase of the spectrum and the
instrument it was taken on. The spectra start as a blue, mostly featureless
continuum, and then evolve to redder SN spectra, with clear, broad absorption
features. The lack of H and He and broad features lead to a classification of SN
Ic-BL. We also show selected spectra of EP250108a/SN 2025 kg at certain
phases from G. P. Srinivasaragavan et al. (2025), as well as the best-matching
SN Ic-BL SN 1998bw (F. Patat et al. 2001). Some spectra have been smoothed
for viewing purposes. The GMOS and ALFOSC spectra are not corrected for
telluric features. The spectral data displayed in this figure are available in
machine-readable format in the online journal.

(The data used to create this figure are available in the online article.)
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G. P. Srinivasaragavan et al. (2025) utilized bolometric
correction coefficients from J. D. Lyman et al. (2014) to
compute the bolometric luminosity LC, which were measured
by fitting the spectral energy distributions (SEDs) of a large
sample of stripped-envelope SNe with broadband coverage.
The bolometric luminosity LC of XRF 060218 /SN 2006aj and
XRF 100315D/SN 2010bh was computed using a similar
method that we used, utilizing blackbody fits to photometry.

We find that the shape of SN 2025wkm’s bolometric
luminosity LC differs from those of the others. SN 2010bh
does not display a double-peaked bolometric luminosity LC.
This is likely due to observations not being at early enough to
detect the initial shock cooling peak, as its shock cooling phase
evolved more rapidly than the other events (see Section 6.1 for
more). Both SN 2006aj and SN 2025 kg display a decline at
the beginning of the LC, which transitions into a clear rise that
peaks at around 10 days after explosion and ends with a second
decline. SN 2025wkm follows the trend of a decline at the
beginning of the LC; however, there is no clear second rise and
decline like the other two events. Instead, the bolometric
luminosity LC plateaus until ~20 days, and then declines at a
similar rate to the other two events. This difference in shape,
especially at earlier epochs prior to 10 days, may be due to
brightness differences between the first two peaks in the LC
when compared to other events. However, the sustained
plateau may originate from an additional energy source such as
a central engine, which we investigate later in Section 5.1.2.
We note that we only have an r- and g-band point 2 hours after
to, which does not allow us to compute a bolometric luminosity
point at the beginning of the LC to capture the rise. Therefore,
the peak bolometric luminosity we derive during the first peak
is a lower limit, which is Lyop peak = 5.4 &= 1.7 x 107 ergs™".
This is comparable to the peak luminosity of SN 2025 kg, but
higher than SN 2006aj by a factor of ~5.

In Figure 7, we find that the blackbody temperature plateaus
over the first ~3 days and peaks at ~20,000 K, declines until
~20 days, and plateaus around 5000 K for the remaining
epochs. The blackbody radius decreases over the first ~3 days,
increases around ~20 days, and then plateaus around 4 x 10'?
cm. The decline in temperature until ~6 days after peak light
is very similar to the behavior exhibited by samples of SNe Ic-
BL presented in F. Taddia et al. (2019) and G. P. Srinivasara-
gavan et al. (2024b). However, the radii of the SNe in these
samples exhibited a decline after ~10 days after peak light,
while the radius plateaus in SN 2025wkm. We note that small-
scale variability in the temperature and radius is spurious and
is an artifact of the fitting procedure.

In addition, the early-time behavior within the three days is
unlike what is seen for most SNe Ic-BL. The plateau in
temperature and decline in radius may be an artifact of the
fitting procedure due to degeneracies between the blackbody
temperature and radius. However, it is physically possible if a
central engine is heating up the inner parts of the ejecta, while
the outer parts are already optically thin. In this scenario, we
expect the temperature to increase while the radius recedes.
This scenario is consistent with progenitor scenarios we test in
Section 5. The blackbody radius we derive at ~2 days is
around 7.9 x 10'* cm, which corresponds to an average
velocity over the first 2 days of ~0.15¢. This is comparable to
the average velocity of EP250108a/SN 2025 kg of ~0.1c over
the first 3.9 days.
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3.4. Spectral Analysis

We obtained ten spectra of EP250827b/SN 2025wkm up to
to + 37.3 days and present them in Figure 8, with host
emission lines clipped. The early-time spectra up to #, + 8.2
days display a clear hot, blue continuum. A close-up of the first
spectrum is shown in Figure 9, along with a comparison to
spectra of XRF 060218/SN 2006aj (M. Modjaz et al. 2006)
and EP250108a/SN 2025kg (G. P. Srinivasaragavan et al.
2025) at a similar rest-frame phase. We fit a blackbody to each
of the spectra, and find that SN 2025wkm possesses a much
higher temperature than the other two events, with Tgg =
(2.2 4+ 0.6) x 10 K, which is consistent with the temperature
found from fitting the SED at a similar phase in Section 3.3.
Therefore, we find that SN 2025wkm stays blue for a longer
time period than SN 2025 kg. Figure 8 shows a spectrum of SN
2025 kg 9.1 days after explosion if it exploded at z = 0.1194,
and the spectrum shows a much redder continuum than SN
2025wkm does at 7, + 8.2 days.

By the fourth spectrum at #, + 11.1 days, we find that the
continuum reddens significantly, and broad absorption features
in the spectra clearly develop, corresponding to blueshifted Fe
IT and Si II. We show a closer look at the SN spectra in
Figure 9, and show the broad Fe II and Si II absorption
features in bold. These features, along with a lack of H and He
features, indicate that SN 2025wkm is an SN Ic-BL. We run
the spectrum obtained at #, + 11.1 days through the
SuperNova Identification Code (S. Blondin & J. L. Tonry
2007), and find that the best-match spectrum is SN Ic-BL
1998bw, allowing us to confirm its classification as a
SN Ic-BL. .

We then measure the velocity of the 5169 AFe II line for every
spectrum using the open-source code SESNspectraLib’’
(M. Modjaz et al. 2016; Y.-Q. Liu et al. 2016). The Fe II
line is a good proxy for the photospheric expansion velocity
Voh (M. Modjaz et al. 2016). We smooth each of the spectra
using SESNspectraPCA.* SESNspectraLib then calculates the
blueshift of the Fe II line at 5169 Arelative to a standardized
SN Ic spectroscopic template at a similar phase. The
uncertainty is estimated through adding the uncertainty on
the velocity of the mean SN Ic template in quadrature with the
uncertainty on the relative blueshift. The uncertainty is
dominated by the strength of the blueshifted Fe II absorption
feature relative to the continuum.

We derive velocity measurements for 6 out of the 10
spectra, and they are presented in Table 3. In addition, we
show the velocity evolution over time in Figure 10, compared
to SN 2006aj (M. Modjaz et al. 2006), SN 2010bh (R. Chornock
et al. 2010), SN 2025 kg (G. P. Srinivasaragavan et al. 2025), as
well as SN 2020bvc (A. Y. Q. Ho et al. 2020b; L. Izzo et al.
2020). We see that SN 2025wkm possesses higher velocities at
early times than SN 1998bw, SN 2006aj, and SN 2020bvc, and
comparable velocities to SN 2025 kg and SN 2010bh. At later
times, the velocity evolution flattens out and reaches broadly
consistent values with the rest of the events, with the exception
of SN 2010bh, which continues to display a velocity
~25,000km s~ even at later phases.

G. P. Srinivasaragavan et al. (2025) recognized a possible
blueshifted Fe II feature in their spectrum of EP250108a/SN
2025 kg taken at 3.9 rest-frame days after explosion (shown in

™ hitps: //github.com/metal-sn/SESNspectraLib
80 hittps://github.com/metal-sn/SESNspectraPCA
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Figure 9. Close-up spectra of EP250827b/SN 2025wkm at 3.8 days and 18.8 days +f; (rest frame). Comparison spectra of XRF 060218/SN 2006aj (M. Modjaz
et al. 2006) and EP250108a/SN 2025 kg (G. P. Srinivasaragavan et al. 2025) are also shown, at similar phases. We show these two events for comparison because
their X-ray prompt emission characteristics are similar to those of EP250827b/SN 2025wkm, along with the double-peaked nature of their SNe Ic-BL LCs. Some
host-galaxy emission lines are clipped for viewing purposes. In the top panel, we also fit a blackbody spectrum to each of the spectra, and show the derived rest-
frame blackbody temperature (Tgg). EP250827b/SN 2025wkm displays an extremely blue continuum in its first spectrum, along with a broad absorption feature
~4500 Acorresponding to blueshifted Fe II at ~40, 000 km s~ '. The blackbody temperature derived is Tgp ~ 20, 200 K, which is significantly hotter than Tgp for
the compared events. In the bottom spectra, we see clear broad absorption features corresponding to blueshifted Fe II and Si II, and the lack of clear H and He
absorption leads to an SN Ic-BL classification. We also show the Fe II and Si II absorption features, bolded in the comparison spectra as reference.

Table 3
Photospheric Velocity Measurements of SN 2025wkm

Time (days) Vpn (km s7h

42 40,200 £ 14,000
6.3 32,700 £ 4800
8.2 27,800 £ 4800
9.0 20,200 £ 4800
11.1 19,600 + 4800
18.0 17,100 £ 3900
20.9 15,900 £ 2800
30.9 11,900 £ 2700
572 8300 £ 2000

Figure 9), corresponding to a velocity of ~30,000 km s~ .
However, they stressed that this line identification was not
robust, in part due to low signal-to-noise in their spectra. In
addition, they discussed that at the blackbody temperature,
they derived ~13,700 K, and Fe has mostly transitioned from
Fe II to Fe I11. In addition, the optical LC during the time of the
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Figure 10. Photospheric velocity evolution for SN 2025wkm, compared to
other prominent XRF and GRB—SNe (SN 1998bw, K. Iwamoto et al. 1998; SN
2006aj, P. A. Mazzali et al. 2006; SN 2010bh, R. Chornock et al. 2010; SN
2025 kg, G. P. Srinivasaragavan et al. 2025) and double-peaked SN Ic-BL
2020bve, A. Y. Q. Ho et al. 2020b), with times in the rest frame.
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Figure 11. Late-time Keck LRIS spectrum on 2025-10-22 (corresponding to
56.2 days). We identify numerous narrow emission lines produced by star
formation within the host galaxy. These lines yield a redshift of z = 0.1194.
We note that the narrow galaxy lines are clipped in Figure 8.

spectral epoch had significant contributions from a component
not dominated by radioactive decay (R. A. J. Eyles-Ferris et al.
2025; W. X. Li et al. 2025; G. P. Srinivasaragavan et al. 2025),
which would make it surprising that a photospheric Fe II line was
present in the spectrum.

However, our identification of a blueshifted Fe II feature in
the spectrum of EP250827b/SN 2025wkm at 7o + 4.2 days (a
close-up shown in Figure 9) is more robust. Though the
temperature that we derive is still extremely high ~20,200 K,
the signal-to-noise is much higher than that of the spectrum of
EP250108a/SN 2025 kg taken at a similar epoch, and the
broad absorption feature at the beginning of the spectrum is
seen much more clearly. A similar broad absorption feature at
slightly redder wavelengths is also seen in XRF 060218/SN
2006aj’s early-time spectrum, shown in the same Figure.
Figure 8 shows that this absorption feature clearly shifts to
redder wavelengths over time. In addition, though SN
2025wkm also displays an initial first peak in its LC not due
to radioactive decay, the first peak declines much more rapidly
than in SN 2025 kg (see Figure 6), and it is therefore plausible
that a photospheric line may be present at this stage in the LC’s
evolution.

We then try to estimate the host-galaxy extinction by
measuring the equivalent width (EW) of the Na I absorption
doublet (5890, 5896 A), using the NGPS spectrum at 7, + 28.1
days. This feature is a proxy for the amount of host-galaxy
extinction, with various relatiops presented in the literature
(M. D. Stritzinger et al. 2018; O. Rodriguez et al. 2023). The
relation from M. D. Stritzinger et al. (2018) is Al [mag] =
0.78(£0.15) x EW[Alna1, while the relation from O. Rodri-
guez et al. (2023) is Al*'[mag] = 0.02 + 0.73 x EW[Alna1 + 0.29.
However, D. Poznanski et al. (2011) showed that a large scatter
exists in these correlations when using low-resolution spectra,
and quantitative relations must be viewed conservatively. There-
fore, rather than overestimating the extinction using the empirical
relations, we use the value derived through this method
as a conservative upper limit for the host-galaxy extinction
(G. P. Srinivasaragavan et al. 2024b, 2025).
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The larger value derived between the M. D. Stritzinger et al.
(2018) and O. Rodriguez et al. (2024) relations is A" < 0.73
mag. This value is consistent with the extinction inferred from
the Balmer decrement assuming Case B recombination
(D. E. Osterbrock 1989) of A$°St ~ 0.3 mag. If the host
extinction is close to this upper limit and is significant, then the
analysis performed in 3.2 would be impacted, as the overall
brightness of the LC would increase. For example, if
Ay host ~ 0.5 mag, M, would decrease by ~0.6 mag and M,
would decrease by ~0.4 mag, making EP250827b/SN
2025wkm brighter than EP250108a/SN 2025 kg (G. P. Sriniv-
asaragavan et al. 2025; J. C. Rastinejad et al. 2025). However,
given the lack of additional constraints, we do not try to further
quantify the impact that host-galaxy extinction may have on
our analysis.

We also show the Keck LRIS spectrum obtained at #, 4+ 56.2
days, without host-galaxy emission lines clipped, in Figure 11.
The host galaxy has an abundance of nebular and recombination
features characteristic of a star-forming galaxy: the [O II] doublet
at A\3726, 3729; Balmer lines from Hr through Ha (Hn 3835,
H( 3889, He 3970, H6 4102, Hy 4340, HB 4861, Ha 6563); He 1
at AA3889, 5876, 6678, 7065; high-excitation [Nelll] at
AA3869, 3967; [O 11] including the auroral line near \4363 and
the strong nebular lines at A\4959, 5007; [N 1I] A6583 adjacent to
Hy; the [S 11] doublet at AN6716, 6731; and [Ar III] A\7136. These
emission lines allowed us to make a redshift measurement of
z = 0.1194 £ 0.0002. Additional narrow lines are shown in
Figure 11. We estimate the SFR using the EW of the observed
Ha line (R. C. Kennicutt 1998), and find an SFRy, = 2.83 +
0.04 M, yr'. This is consistent with the SFR derived from radio
observations in Section 2.4.

3.5. Radio Analysis

The detection of EP250827b in conjunction with the
discovery of the SN 2025wkm is reminiscent of nearby GRBs
with associated SNe Ic-BL (A. M. Soderberg et al. 2006b;
S. Campana et al. 2006; S. E. Woosley & J. S. Bloom 2006;
M. Modjaz et al. 2016; Z. Cano et al. 2017), and could imply
that EP250827b was a GRB, either on-axis or moderately of
f-axis. With this context as a backdrop, we explore what
constraints our radio observations can place on the progenitor
of EP250827b.

The lack of detected radio emission associated with
EP250827b/SN 2025wkm results in luminosity limits of
~10"ergs ' Hz~' (Figure 12), ~3 orders of magnitude lower
than typical on-axis GRBs (P. Chandra & D. A. Frail 2012),
indicating that EP250827b was not produced by a typical o
n-axis GRB. However, many of the nearby (z < 0.3) GRB-
SNe have belonged to the class of LLGRBs and XRFs.
LLGRBs have isotropic equivalent luminosities <10* ergs ™'
(E. Liang et al. 2007), and may have similar origins to XRFs,
though some may have higher peak energies. LLGRBs such as
the prototypical GRB-SN LLGRB 980425/SN 1998bw
(T. J. Galama et al. 1998) and XRFs often have much lower
radio luminosities than typical GRBs. Our luminosity limits
are ~3-5 x lower than the radio emission associated with
LLGRB 980425/SN 1998bw at a similar frequency and epoch
(S. R. Kulkarni et al. 1998; E. Waxman et al. 1998). We are
also able to rule out emission similar to XRF 020903, LLGRB
031203 /SN 20031w, and XRF 030723 (A. M. Soderberg et al.
2004a, 2004b; P. Chandra & D. A. Frail 2012) as well as
EP240414A /SN 2024gsa (J. S. Bright et al. 2025), as our



THE ASTROPHYSICAL JOURNAL LETTERS, 1006:L36 (30pp), 2026 August 1

—— E=2e50erg,n=0.1cm™3,0,s=0°,30°

——=- E=2e5lerg,n=0.01cm3,0pps=0°,30"°

—-= E=2e52erg,n=0.001cm3,0,s=0°,30°
E=2e49erg,n=0.1cm3, 0pps=0°

* EP250827b XRF 020903

30 L
10 F EP240414a/
F SN 2024gsa
LLGRB 031203/
SN 2003w XRF 030723

1020 |-
E LLGRB 980425/
SN 1998bw

4nDZF,/(1 + 2) (erg/s/Hz)

[ EP250108a/
SN 2025kg Pt
10% | e
E '/ P
[ XRF 060218/ XRF 100316D/
[ SN 2006aj /£, SN 2010bh
ol 7
d g
-~ '
27 o - K
10 : T
F 4+’ SN 2020bvc
(.1 M. AR B SN S |
100 10! 102

Rest frame Time Since Explosion [d]

Figure 12. The 10 GHz radio LC of EP250827b (blue stars), where we use the
detection of the host galaxy as upper limits on the radio emission. Also shown
are the radio LCs of LLGRB 980425/SN 1998bw (S. R. Kulkarni et al. 1998;
E. Waxman et al. 1998), XRF 020903 (A. M. Soderberg et al. 2004a), XRF
030723 (P. Chandra & D. A. Frail 2012), LLGRB 031203/SN 20031w
(A. M. Soderberg et al. 2004b), XRF 060218/SN 2006aj (A. M. Soderberg
et al. 2006a), XRF 080109/SN 2008d (A. M. Soderberg et al. 2008), XRF
100316D/SN 2010bh (R. Margutti et al. 2013), the SNe Ic-BL 2020bvc
(A. Y. Q. Ho et al. 2020b), and EP events EP240414A/SN 2024gsa
(. S. Bright et al. 2025) and EP250108a/SN 2025 kg (G. P. Srinivasaragavan
et al. 2025). Lines represent predicted radio emission for an on-axis (64, = 0°,
gray) or off-axis (A, = 30°, black) afterglow generated with the FIREFLY
code (R. G. Dastidar & P. C. Duffell 2024), for various pairs of jet energy £
and circumburst density 7.

limits are ~2 orders of magnitude lower. However, we are
unable to rule out low-luminosity (~10*" ergs~' Hz '), fast-
fading radio emission, such as that associated with
XRF060218/SN 2006aj, XRF 080109/SN 2008d, XRF
100316D/SN 2010bh (A. M. Soderberg et al. 2006a, 2008;
R. Margutti et al. 2013), and the double-peaked SN Ic-BL
2020bve (A. Y. Q. Ho et al. 2020b), at a similar frequency and
epoch. Similar luminosity limits and, as a result, constraints,
were achieved for the recent EP250108a/SN 2025 kg
(G. P. Srinivasaragavan et al. 2025).

If EP250827b was the result of an off-axis GRB, we may
expect to see late-rising radio emission as the GRB jet
decelerates and spreads. Several studies searching for late-
rising radio emission following SNe Ic-BL have been
performed, with some promising candidates (E. Berger et al.
2003; A. M. Soderberg et al. 2006b; A. Corsi et al. 2016, 2023;
G. Schroeder et al. 2025b). We compare our limits to GRB
afterglow models generated by the FIREFLY code
(R. G. Dastidar & P. C. Duffell 2024), where we assume a
jet opening angle of 6; ~ 7°, electron power-law index
p = 2.133, and fractions of energy imparted on the electrons
and magnetic field of ¢, = 0.1 and eg = 0.01, respectively,
similar to values derived from afterglow modeling of LGRBs
(A. Panaitescu & P. Kumar 2002; S. A. Yost et al. 2003;
S. B. Cenko et al. 2010, 2011; G. Ryan et al. 2015; T. Kangas
& A. S. Fruchter 2021; G. Schroeder et al. 2022). We vary the
values of the total jet energy E and circumburst density n to
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determine what combinations are compatible with our radio
limits.

Based on these generated models, we find that our limits are
consistent with a GRB observed 0., ~ 30° off-axis with
typical GRB energies of E ~ 10°°-10°%erg (e.g., D. A. Frail
et al. 2001; J. S. Bloom et al. 2003; J. Granot & A. J. van der
Horst 2014), assuming the circumburst density is
n ~ 10°-10""cm 7, with higher energies requiring lower
densities to be consistent with our limits. Additionally, a low
energy on-axis (6ops = 0°) GRB (E ~ 10%erg) is still
consistent with our limits, even within a moderately high
density environment (n = 0.1cm ™), as such emission is
expected to fade beyond detection prior to our first observa-
tion. We note that these estimates are based on only one set of
parameters for p, 9j €., and eg, and assume a uniform
circumburst medium. Higher values of p would not only
produce brighter emission, but also would result in faster
fading emission post-peak. Higher values of eg would
similarly produce brighter emission, whereas lower values of
eg would produce dimmer emission (e.g., G. Schroeder et al.
2025b). As a result, our limits on E and n would be even more
constraining for an off-axis GRB with p > 2.133 and/or
€B > 0.1.

The jet structure also affects the radio emission behavior,
where wider 6; (as typically seen in LLGRBs; E. Liang et al.
2007) would result in a later peak (R. Sari et al. 1999), and a
shallower rise, resulting in brighter emission at earlier times.
Therefore, our limits would be even more constraining for a jet
with #; > 7°. Additionally, a wind-like circumburst density
would produce brighter emission at earlier times (X.-H. Zhao
& K.-F. Cheng 2022), and as a result, our limits on £ would be
more constraining for a wind-like environment. If future radio
observations resulted in a detection, it would be possible to
constrain at least some of these various assumed parameters
(e.g., G. Schroeder et al. 2025b). Given the radio brightness of
the host galaxy, in order to confidently detect a late-rising
radio afterglow, the emission must rise above ~45 ulJy
(~2 x 10%ergs 'Hz™"), which we predict will occur
>1 yrpost burst for energies E > 10°" erg.

Overall, EP250827b is not consistent with a tsypical on-axis
GRB with a radio afterglow luminosity of ~10°" erg s~ 'Hz ™"
and energy of 10°°-10°7 erg. However, a lower energy on-axis
jet (~10" erg) or a higher-energy (~10°°-10°%erg) off-axis
(Ops ~ 30°) GRB is still consistent with our nondetections.
Deep, late-time (=1 yr) radio follow-up of EP250827b may
reveal a rising radio component, which would support the of
f-axis GRB scenario.

In addition, we note here that a magnetar central engine is
favored by the optical LC analysis (see Section 5.1.2). Radio
emission from an embedded magnetar wind nebula is expected
to arise in these systems (e.g., B. D. Metzger et al. 2014;
C. M. B. Omand et al. 2018; K. Murase et al. 2016). However,
the emission is expected to be strongly absorbed by the SN
ejecta at ~weeks (B. D. Metzger et al. 2014; T. Eftekhari et al.
2021), and thus our 10GHz limits primarily constrain
external-shock scenarios from jets or cocoons, while mean-
ingful wind magnetar nebula constraints require higher
frequency or later epoch observations.

4. Estimating the X-Ray Prompt Emission

In this section, we test two different models to see if they
can reproduce the X-ray prompt emission described in
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Section 2.1. In particular, we check if the parameters needed to
reproduce a luminosity of ~10* ergs™', timescale of >1000
s, and peak energy < 1.5 keV are reasonable for the system.

4.1. Cocoon Shock Breakout

We consider whether a mildly relativistic (3 > 0.4) cocoon
shock breakout (from a stellar surface or from an extended
CSM) can explain an X-ray transient with characteristic
photon energy ~1keV, luminosity Ly ~ 10¥ergs ', and
duration Ar > 10%s. We show that neither the cocoon of a
successful jet nor a choked-jet cocoon can satisfy all
observables simultaneously.

In relativistic, radiation-mediated shocks, the photon
spectrum is pair-regulated; copious ™ pairs set the comoving
temperature at 7 2 50keV, almost independently of the
breakout conditions (R. Budnik et al. 2010; E. Nakar &
R. Sari 2012), as long as the shock is not in thermal
equilibrium, meaning that the electrons and ions are
decoupled. T. A. Weaver (1976) and B. Katz et al. (2010)
showed that for mildly relativistic shocks (3 > 0.6), there is
not enough time for the plasma to generate blackbody photons
in the downstream portion of the shock, meaning that the
cocoon must be out of thermal equilibrium.

The observed temperature is then Doppler-boosted by a
factor of order of the shock Lorentz factor, giving
Tobs =, 50T keV. A mildly relativistic shock, as expected for
a cocoon (O. Gottlieb et al. 2018), is therefore pair-regulated
and would produce shock breakout emission with
Tobs = 100keV, about ~2 orders of magnitude higher than
the observed emission. Off-axis viewing or deboosting cannot
rescue this picture, as the Doppler factor that would lower the
apparent temperature also suppresses the luminosity by orders
of magnitude, yielding values far below the measured
Ly ~ 10¥ ergs™'. For a shock velocity of 8 ~ 0.35 in the
relevant density range, the downstream temperature may reach
the observed value of ~1keV (e.g., H. Ito et al. 2020;
A. Levinson & E. Nakar 2020; C. M. Irwin & K. Hotokez-
aka 2025). We calculate the shock breakout emission from the
subrelativistic ejecta in Section 4.2.

We emphasize that a choked-jet cocoon, although it may be
subrelativistic by the time of breakout, is unlikely to be the
source of the observed subrelativistic X-ray emission.
Observations of SNe Ic-BL indicate that the subrelativistic
ejecta component cannot originate from the jet cocoon system
itself and instead requires an additional component that
dominates the energy budget, regardless of whether the jet
successfully escapes or becomes choked (M. Eisenberg et al.
2022). O. Gottlieb (2025) demonstrated that this component is
naturally produced by the remnant accretion disk that
accompanies jet launching and provides the bulk of the energy
at subrelativistic velocities, although a subrelativistic magnetar
wind could yield a similar outcome. In systems where the jet is
choked, this conclusion becomes even stronger; the weaker jet
generates a weaker cocoon, while the accretion disk or
magnetar continues to power a massive, wide-angle outflow.
The disk or magnetar-driven wind, therefore, inevitably
dominates both the subrelativistic ejecta and the associated
breakout-like X-ray emission.

4.2. SN Ejecta Shock Breakout with an Extended CSM

Here we use the same treatment presented in A. Haynie &
A. L. Piro (2021) to calculate subrelativistic shock breakout
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emission of ejecta in an extended CSM environment. We
assume that diffusion is the dominant rate-limiting process.
The rise time of the breakout emission is

R?
bl
Rav

@)

t, =

where R, is the radius of the extended CSM and v, is the
characteristic velocity of the shock. Ry is

D
Ry ==, 3)
c
where k is the opacity, and D is the mass loading factor,
D = M . “)
47TV[

After integrating this expression with respect to the mass,
using M, ~ 4wR.D we substitute this into the expression for R,
and get

M,
Ry = 20 e (5)
¢ 47R.
Then substituting this expression into ¢,, we find
4nR?}
f= e, 6)
KMV

In the diffusion-dominated regime, the luminosity of the
shock breakout is

E
SBO 47rDv,3,

(N

Lsgo =
where Egpo is the energy of the shock breakout.

The rise time of the shock breakout should be similar to the
rest-frame timescale of the observed prompt emission, if the
prompt emission is generated through this mechanism. There-
fore, we solve Equations (5) and (6) in parallel, for R, and M.,
taking a characteristic value of x = 02cm”g ', and
v, ~ 0.35¢c, below the threshold where pair production begins
to affect the emission. This velocity is consistent with the high
ejecta velocity inferred from the optical spectra at early times
(~0.15¢ at ty + 3.8 days). It further supports, on one hand, the
absence of a relativistic jet (consistent with the lack of a bright
X-ray afterglow or radio detection), and, on the other hand, the
presence of a central engine, such as a magnetar or an
accretion disk. Solving Equations (6) and (9), we derive
Re~ 1 x 10" cmand M, ~ 6 x 10 °M....

This is a very low-density CSM at R, ~ 103 cm, of
~3 x 107'? g cm . Qualitatively, this is consistent with the
upper limit on the peak energy of the X-ray prompt emission,
as it would take a very low-density CSM to push the prompt
emission peak energy less than 1.5keV, given such a high
initial shock velocity of 0.35¢. J. H. Shiode & E. Quataert
(2014) determined that in compact Wolf—Rayet stars (the
progenitors of SNe Ic-BL), wave excitation and damping
during the Si burning phase in the months—decades before
collapse can inflate 10 °—1 M, of material to ~100’s of R..
The extended radius we derive is consistent with their
predictions, though EP250827b/SN 2025wkm’s mass-loss
rate is significantly lower than predicted by the models
presented in J. H. Shiode & E. Quataert (2014).

We now compute the expected peak energy from this
breakout emission to check if it is consistent with the observed
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peak energy upper limit. If the radiation is thermalized, we
expect the shock breakout spectrum to resemble a blackbody,
where

®)

where ogpo is the Stefan—Boltzmann constant. Substituting our
known values into this expression, we find Tgg ~ 3.5 X 10°K,
or a peak energy of 0.03 keV. However, this temperature only
holds if the radiation is thermalized and in true thermal
equilibrium. To see if this is the case, we compute the thermal
coupling coefficient in an expanding gas from E. Nakar &
R. Sari (2010),

_7-10s p 2( KTy )7/2
T mints w10 0g/em® ) (T00ev)

where k is the Boltzmann constant, and min{z, z;} is the
minimum time between the time we are computing the
coefficient and the diffusion time. We compute this coefficient
at the end of the prompt emission timescale of ¢ ~ 1000 s. If
n < 1, then the system can be approximated as being in
thermal equilibrium, and the observed temperature 7 = Tgg.
But, if » > 1, then free—free emission will dominate the
emission, and the spectrum will transition to an optically thin
regime that is also modified by Comptonization of photons by
neighboring electrons (E. Nakar & R. Sari 2010). Substituting
our known values, taking into account that the density is
increased by a factor of 7 due to compression of the shock
(E. Waxman & B. Katz 2017), we derive 1) = 234. Therefore,
free—free emission dominates, and a Wien spectrum can be
used to represent this system at high energies, where the true
temperature becomes determined by

Tg(T)z = Teq 7]2’

)

where £(T) is the Comptonization correction factor, given by

&(T) ~ max {1, %ln[ymax](lb + In[y,,..]) }, (10)

where y,,.. is the Compton parameter,

kT _, P 1/2( T )9/4 an
hVpin 107° g/CIIfB 100eV ’

Therefore, we solve Equation (9) for 7, substituting our known
values find T ~ 0.7 keV. This is consistent with the peak
energy upper limit derived in Section 4, making the SN ejecta
shock breakout in an extended CSM scenario self-consistent
over all observables. We note that if we had obtained
spectroscopy of the transient at <4 days after ¢y, we could
have searched for signatures of CSM interaction in the spectra
(e.g., broad Ha, flash ionization features) to confirm the
scenario we hypothesize here. This highlights the need to
obtain very early-time spectroscopy of XRF-SNe in order to
characterize their progenitor systems with accuracy.

Ymax

5. Modeling the Optical Emission

Here we utilize numerical techniques to test different
models that can reproduce the optical LCs of EP250827b/
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SN 2025wkm. As described in Section 3.2, the LC displays a
prominent first peak whose origin is not known, and a second
peak/plateau that is due to the late-time SN emission.

5.1. Modeling the Late-time SN Emission

In order to model the late-time SN emission, we fit two
different models to the LC after ~7 days, when different
emission mechanisms that contribute to the first peak are
mostly negligible when compared to the SN emission. This is
the approach that has been historically used when modeling
double-peaked stripped-envelope SNe (e.g., K. K. Das et al.
2024), and also the approach used when modeling the similar
double-peaked SN 2025kg in association with EP250108a
(J. C. Rastinejad et al. 2025). However, we note that it is often
hard to quantify exactly when the first peak ends and the
second peak begins to dominate. This is especially true in the
case of EP250827b’s g-band LC, as we note a plateau after the
initial decay in Section 3.2. Therefore, the statistical
uncertainties that we report associated with parameters derived
from fitting the second peak are likely an underestimate of the
true uncertainties, which arise from systematic biases from
fitting the second peak separately.

The two models are a radioactive decay model from
W. D. Arnett (1982), commonly used to model SNe Ic-BL
(F. Taddia et al. 2019; G. P. Srinivasaragavan et al. 2024b),
and a magnetar model, where the spin-down of a magnetar
powers the SN (C. M. B. Omand & N. Sarin 2024). We
perform the fits for these models through their implementa-
tions in REDBACK (N. Sarin et al. 2024), which is an open-
source electromagnetic transient Bayesian inference software.
We utilize bilby (G. Ashton et al. 2019) and Dynesty
(J. S. Speagle 2020) to perform the sampling and derive
posteriors. We also fit the models assuming a Gaussian
likelihood with a systematic error added in quadrature to the
statistical errors on the photometry, oy, to capture systematic
uncertainties from combining photometry from multiple
telescopes. We also allow the host-galaxy extinction Ay, post
to vary as a free parameter, with a prior between 0 and 0.72
mag (the upper limit found in Section 3.4). We assume a
blackbody spectral template for each of the models, as we find
this to be a reasonable approximation of the SED even to late
times through our fitting procedure in Section 3.3.

5.1.1. Radioactive Decay Model

We begin by fitting the second peak of the LC to the
W. D. Arnett (1982) radioactive decay model. This model
assumes that the peak bolometric luminosity of the SN is equal
to the instantaneous heating rate from the decay of *°Ni and
%Co, assuming spherical symmetry and further radioactive
inputs (S. Valenti et al. 2008). We account for gamma-ray
leakage in the late-time LC (A. Clocchiatti & J. C. Whee-
ler 1997), and therefore do not assume full gamma-ray
trapping. The main parameters in this model that describe
the bolometric LC are the nickel mass (My;) and characteristic
photon diffusion timescale (7,,). My; sets the peak luminosity,
while 7, relates to the rise and decline time of the SN. The
kinetic energy (Exg) and ejecta mass (M) of the SN are
related through

_ T%n ﬁcvsc

12)
2K’0pt

M,
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Table 4
Explosion Properties of SN 2025wkm from the W. D. Arnett (1982) Model
Parameter Median
My (M) 0.65%017
Exg (10°" erg) 2.12594
M (M) 1047505
and
3vEM,
Exp = ——2, (13)
10

where 0 = 13.8 (S. Valenti et al. 2008), c is the speed of light,
Kopt 18 @ constant, average optical opacity, and v is the
photospheric velocity v,y at peak light.

The free parameters in our fit are M,;, the fraction of Nickel
in the ejecta fy;, the ejecta velocity ve;, the optical opacity Kop,
the gamma-ray opacity k., and the temperature where the
photosphere begins to recede Tj,.,- These parameters all have
broad uniform priors in the fitting procedure. We report the
main explosion properties in Table 4. The full corner plots are
presented in the Appendix. We derive an extremely high
/ni ~ 0.6 from our modeling, which is not physically well
motivated—it is expected that events powered purely by
radioactive decay possess fn; < 0.5 (D. Kasen & L. Bildsten
2010). Though we noted earlier that the true uncertainties are
likely higher than the reported statistical errors, our result of a
large fn; is consistent with the prolonged plateau in the
bolometric luminosity LC reported in Section 3.3, as events
powered purely by radioactive decay are not expected to
possess this plateau (W. D. Arnett 1982).

Events that have a higher fy; must be powered by an
additional mechanism. In Figure 13, we show the maximum
likelihood fit and 90% confidence interval along with the
observed photometry when setting the Nickel fraction to a
reasonable value fy; = 0.3.

Some caution should be used in using the inferred explosion
properties from simplified models using the Arnett model
(designed for thermonuclear SNe) on type Ib/c SNe
(W. D. Arnett et al. 2017). D. K. Khatami & D. N. Kasen
(2019) showed that the time-dependent diffusion limits are
not accurately taken into account in Arnett-like models.
Therefore, systems with longer diffusion times or more
centralized heating cannot be as accurately modeled through
the W. D. Arnett (1982) model. A. E. Niblett et al. (2025) ran a
series of radiation-transport models studying SNe Ic-BL. The
models assumed a velocity distribution for the ejecta based on a
single model from a one-dimensional hydrodynamic explosion
(C. L. Fryer et al. 2018). The LC calculations mapped this one-
dimensional hydrodynamics explosion into calculations assum-
ing ballistic (i.e., homologous) outflow conditions. A prescrip-
tion to incorporate shock heating from the forward shock that
converts kinetic energy to thermal energy was added to these
basic homologous transport calculations.

The series of models in A. E. Niblett et al. (2025) did not
form a broad grid varying all the explosion conditions. Models
studied the amount of *°Ni and its level of mixing. A smaller
set of models studied the role of ejecta mass and total energy.
A small number of shock heating models were also included.
But this suite of models did not include many other initial
condition properties. For example, these models use a single
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Figure 13. Fitting of the radioactive decay model of W. D. Arnett (1982) to
the photometry of SN 2025wkm after 7 days, with the Nickel fraction set to a
physically reasonable value fy; = 0.3. We show the maximum likelihood fit
and the 90% credible interval.

explosion profile describing the velocity distribution with
ejecta mass. As has been seen in kilonova explosions, this
velocity profile can have a dramatic effect on the observed
LCs (C. L. Fryer et al. 2024). In addition, the sparsity of the
suite of models from A. E. Niblett et al. (2025) was not
sufficient to identify direct fits to our broadband LC. But we
did find reasonable fits with total ejecta mass of 2—4.5 M, and
a total *°Ni yield of 0.2M,, e.g., models ni0.2f1m0.5,
ni0.2f0.25m0.5, ni0.2flm1, ni0.2f0.25m1, ni0.2f1m1sig0.93;
see A. E. Niblett et al. (2025) for the detailed description of
these models. For larger “°Ni masses, these radiation-transport
models predict a too-bright late-time LC. With a modest
amount of shock heating, the required SNi mass could be
below <0.2 M,

5.1.2. Magnetar-powered Model

Some SNe Ic-BL possess explosion energies ~10 times
higher than normal SNe, or a Nickel fraction with respect to the
M, of fxi > 0.5 (F. Taddia et al. 2019; G. P. Srinivasaragavan
et al. 2024b). These SNe Ic-BL cannot be modeled purely by the
radioactive decay of “°Ni. A popular model that has been
invoked is the magnetar model, where the spin-down of a
magnetar remnant left behind after core-collapse powers part of
the SN LC (e.g., D. Kasen & L. Bildsten 2010; S. E. Woosley
2010; C. Inserra et al. 2013; K.-J. Chen et al. 2016; Y.-W. Yu
et al. 2017; L. Dessart 2019; B. Hsu et al. 2021). We direct the
readers to D. Kasen & L. Bildsten (2010) and S. E. Woosley
(2010) for more details on the model, but describe the basic
picture here, following the description presented in
C. M. B. Omand & N. Sarin (2024). The spin-down energy
gets emitted as a particle wind that is highly magnetized. This
wind expands relativistically and creates a shock when it
collides with the inner ejecta, and the reverse shock bounces
back and shocks the expanding wind itself. This reverse shock
accelerates the particles in the wind to extremely high,
ultrarelativistic velocities. These particles then emit nonthermal
radiation, mostly synchrotron and inverse Compton scattering
(B. M. Gaensler & P. O. Slane 2006), and are known as a pulsar
wind nebula. The pulsar wind nebula then accelerates the SN
ejecta, and the winds get mixed with the SN ejecta. This leads to
the winds thermalizing, increasing the temperature and therefore
the bolometric luminosity (D. Kasen & L. Bildsten 2010).

This magnetar model has historically been invoked to
describe superluminous SNe (SLSNe; M. Nicholl et al. 2017).
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Figure 14. Fitting of the magnetar model from C. M. B. Omand & N. Sarin
(2024) to the photometry of SN 2025wkm after 7 days. We show the
maximum likelihood fit and the 90% credible interval.

C. M. B. Omand & N. Sarin (2024) relax the assumptions
made in previous parameter estimation codes using this model
and present a semianalytic magnetar model based on previous
magnetar-driven kilonova models (e.g., Y.-W. Yu et al. 2013;
B. D. Metzger 2019; N. Sarin et al. 2022), with an aim of
uniting SNe Ic-BL and SLSNe under one theoretical frame-
work. We use the implementation of this model in Redback
to fit the main SN LC after 7 days. We direct the reader to
C. M. B. Omand & N. Sarin (2024) for the full set of equations
describing this model. The main free parameters are L, the
initial spin-down luminosity of the magnetar, and fsp, the spin-
down time. Using these parameters, we can derive the initial
magnetic field of the magnetar B, along with the spin period P
through the relations

Lo=2.0 x 10YPy*3B}, ergs™!, (14)
M,

tsp = 1.3 x 103P? B3| —5 |, 15

SD 0.—3B14 A (15)

where Py_3 = Po/10" in seconds and B4 = B/10'* in Gauss
(C. M. B. Omand & N. Sarin 2024). Mys is the mass of the
neutron star, which we assume is 1.4 M.. We also assume a
moment of inertia of 1.3 x 10* gcm? (see C. M. B. Omand &
N. Sarin 2024 for a more detailed description of these
assumptions). We show the maximum likelihood fit and 90%
confidence interval along with the observed photometry in
Figure 14, and report the main explosion properties in Table 5.
The full corner plots are presented in the Appendix. We note
that this model also takes into account extra contributions from
the radioactive decay of Nickel in combination with the spin-
down of the magnetar powering the LC, and we also report fy;
and M. We derive a magnetar spin period of ~1.9 ms,
and a magnetic field strength of ~5 x 10'* Gauss, along with a
new, much more reasonable fn; ~ 0.2. The ejecta mass we
derive of Mg = 1.73%31§ is within the median range of
SNe Ic-Bl presented in F. Taddia et al. (2019) (1-7 M) and
G. P. Srinivasaragavan et al. (2024a) (2—3 M,,). The magnetar
parameters that we derive are in the range of parameters derived
in different works invoking a magnetar to explain the LC of
EP250108a/SN 2025kg (W. X. Li et al. 2025; L. M. Roman
Aguilar & M. C. Bersten 2025; J.-P. Zhu et al. 2025).
Therefore, we prefer the magnetar model over the radio-
active decay model to explain the second peak of EP250827b/
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Table 5
Explosion Properties of SN 2025wkm from the Magnetar Model
(C. M. B. Omand & N. Sarin 2024)

Parameter Median
Lo (107 ergs™) 3.544124
tsp (10* 5) 2591550
i 0~29f8f8§
M (M) 173553

SN 2025wkm. We note that late-time optical observations of
the tail of the LC at ~1—-2 yr after explosion can confirm
whether SN 2025wkm has an additional powering source to
radioactive decay, as magnetar-powered LCs are expected
to decay as power laws (S. Q. Wang et al. 2015),
while radioactive decay-powered LCs decay exponentially
(W. D. Arnett 1982).

We note here that there are alternative models that can
explain a central engine pumping energy into the system, such
as fallback accretion onto a black hole (e.g., T. J. Moriya et al.
2019; O. Rodriguez et al. 2024). We do not test this model in
detail in this work, as for the typical accretion scenario, it is
difficult to power an engine longer than 10* s (O. Rodriguez
et al. 2024), which is too short a timescale to power the late-
time SN LC. )

In addition, the models presented in O. Rodriguez et al.
(2024) assume a progenitor star radius of ~10"> c¢m and that
most of the ejecta mass is roughly at that radius prior to
explosion. However, the progenitors of SNe Ic-BL are likely
Wolf-Rayet stars with much smaller radii (S. E. Woosley &
J. S. Bloom 2006). The derived CSM radius for SN 2025wkm
is ~10"* cm, making it clear that the progenitor radius must be
much smaller, and that the models presented in O. Rodriguez
et al. (2024) are not directly applicable to this work. However,
there is a wide range of accretion parameters and more
complex fallback accretion models that can be tested, which is
outside of the current scope of this work. Therefore, we do not
say for certain that a magnetar central engine powers this
system—we simply prefer it in our analysis.

5.2. Modeling the First Peak

A handful of SNe Ic-BL possess double-peaked LCs, or
LCs that peak too early to be described purely by radioactive
decay (M. Modjaz et al. 2006; L. Whitesides et al. 2017;
A.Y. Q. Ho et al. 2019, 2020b; J. C. Rastinejad et al. 2025;
G. P. Srinivasaragavan et al. 2025). A detailed calculation of
the fraction of SNe Ic-BL in ZTF’s magnitude-limited Bright
Transient Survey (BTS) that possess a double peak will be
included in an upcoming paper (J. V. Vail et al. 2026, in
preparation) A. Y. Q. Ho et al. (2020b) showed that out of 6
SNe Ic-BL detected in the BTS to that point, one showed a
clear double peak (SN 2020bvc), a double peak could not be
ruled out for another (SN 2019moc), and there was no
evidence for a double peak for the other four events.
Therefore, double-peaked SNe Ic-BL seem to be a minority
of the overall population.

Shock cooling emission (E. K. Grasberg & D. K. Nadezhin
1976; S. W. Falk & W. D. Arnett 1977; R. A. Chevalier 1992;
E. Nakar & R. Sari 2010; A. L. Piro et al. 2010; I. Rabinak &
E. Waxman 2011; J. Morag et al. 2023; K. K. Das et al. 2024)
from SN ejecta interacting with an extended CSM is the usual
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explanation for the first peak in most stripped-envelope SNe
that display double peaks. In this picture, the radius of the star
does not set the photosphere. Instead, it is set by an extended
shell with mass M. and radius R. (A. L. Piro et al. 2010;
M. C. Bersten et al. 2012; E. Nakar & A. L. Piro 2014;
J. Morag et al. 2023). The shock needs to travel through the
outer low-mass shell, and the emission from the breakout itself
is described in Section 4. Afterward, the material expands and
cools over the timescales of ~days, which can produce a
luminous, blue peak, due to the ejecta being extremely hot.
The origin of the extended CSM in these systems is still an
open question, but a likely explanation is material ejected in
mass-loss episodes, perhaps due to binary interactions
(R. A. Chevalier 2012), or stellar winds (E. Quataert &
J. Shiode 2012).

The large kinetic energies and high velocities of the ejecta in
SNe Ic-BL suggest that, unlike ordinary core-collapse SNe,
their ejecta require sustained central-engine activity (e.g., O.
Rodriguez et al. 2024). Indeed, in EP250827b, the inferred
velocity at ~4.2 days is § & 0.13 (see Section 4.2), indicating
faster ejecta than what neutrino-driven shocks can produce
(H.-T. Janka 2017). R. A. J. Eyles-Ferris et al. (2025) and
G. P. Srinivasaragavan et al. (2025) find that cooling from a
jet-driven shocked cocoon (E. Nakar & T. Piran 2017;
H. Hamidani et al. 2025a), either interacting with its stellar
envelope or an extended CSM, might be able to explain the
first optical peak for EP250108a/SN 2025 kg (see however
O. Gottlieb 2025). However, we showed in Section 4 that a
shocked cocoon model cannot recreate the prompt emission;
therefore, we do not test the cooling emission from a shocked
cocoon model in our work. The first peak may also be due to
the presence of a bright optical afterglow; however, in
Section 3.5, we showed that an energetic, on-axis jet is not
consistent with the radio upper limits, and we therefore do not
test any on-axis optical afterglow models. Though we could
not rule out a very off-axis jet from the radio upper limits, the
optical emission from such a system would be too faint, and
occur at too late a time to be relevant for the emission seen in
the LC, so we also do not test an off-axis optical afterglow
either.

The first peak can also be from purely shock cooling
emission of the SN shock without central-engine contributions
(A. L. Piro et al. 2021), but we find that the CSM parameters
we derive in Section 4 needed to describe the prompt emission
cannot recreate the luminosity of the first peak. We therefore
remain with two engine-powered outflows that are likely to
play a role in collapsars, whose cooling emission can
reproduce the first peak in the LC:

(i) Accretion-disk outflows. A defining feature of collapsars
is their high angular momentum, which facilitates the
formation of an accretion disk. In the presence of dynamically
important magnetic fields, as expected around compact objects
that launch jets, these disks power their own magnetically
driven, subrelativistic outflows (J. Bopp & O. Gottlieb 2025;
D. Issa et al. 2025). Such disks may power ejecta with
isotropic equivalent energies of Ej, ~ 10°%erg, dominating
over other subrelativistic outflows at velocities 5 < 0.3
(O. Gottlieb 2025), and consistent with the energies inferred
for Type Ic-BL SNe (S. Fujibayashi et al. 2023, 2024; C. Dean
& R. Ferndndez 2024a, 2024b; J. Bopp & O. Gottlieb 2025).

(i) Magnetar outflows. A proto-neutron star inevitably
forms during core collapse prior to black-hole formation. If the
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proto-neutron star possesses sufficient angular momentum,
an a—{) dynamo can amplify its magnetic field, giving rise
to a protomagnetar (R. C. Duncan & C. Thompson 1992;
C. Thompson & R. C. Duncan 1993) that launches magnetically
driven winds. The properties and impact of protomagnetar
outflows in this regime remain poorly constrained, partly
due to the scarcity of global simulations that capture both the
proto-neutron star’s interior and the extended stellar envelope.
Nevertheless, existing magnetorotational core-collapse simula-
tions have shown that, during the first few seconds after
core bounce, the protomagnetar drives strong, magnetically
dominated winds (e.g., P.’Mésta et al. 2014, 2015, 2018;
T. Kuroda et al. 2020; M. A. Aloy & M. Obergaulinger 2021;
M. Obergaulinger & M. A. Aloy 2022). These early outflows,
however, experience intense hydrodynamic mixing and interact
with the infalling stellar mantle, resulting in weak collimation and
subrelativistic velocities. Protomagnetars are expected to inject
>10"%erg into the collapsing star (S. E. Woosley 2010;
B. D. Metzger et al. 2015; A. Suzuki & K. Maeda 2017; S. Sha-
nkar et al. 2021; O. Gottlieb et al. 2024; C. M. B. Omand &
N. Sarin 2024), suggesting that their wind energy and
characteristic velocities are comparable to those of disk-driven
outflows.

The characteristics (velocity and energy) of protomagnetar-
driven and disk-driven outflows may be similar to each other,
and their morphology is shaped primarily by turbulent mixing,
which is largely independent of the detailed nature of the
energy source. Therefore, due to the challenge of distinguish-
ing between the contributions of the two sources, we fit the
early cooling emission by considering a general outflow,
modeled by an energy distribution with a broken power law,
E(Buin < B < Bmax)> Where B, is the minimum velocity of
the cooling phase, estimated to be 3, ~ 0.13, and the shock
breakout velocity Bmax ~ 0.35 (see Section 4.2). The outflow
escapes from an environment of R, ~ 10" cm, derived in
Section 4.2, and expands adiabatically to power cooling
emission.

At each observed time, the trapping radius of the ejecta is a
shell moving with dimensionless velocity (3, mass m, and
thermal energy Ey,, assumed to be in equipartition with the
kinetic component E = m(ﬂc)z/2 upon breakout. The shell
radiates its emission at an observed time (O. Gottlieb et al.
2023; J. Bopp & O. Gottlieb 2025)

0 1 - 3
f= [Ronmd =57 (16)
47 Bc?
The total power emitted by this shell is thus
1/3
R.
L(t) ~ Ey| — . 17
) th( &;4) a7

For each shell, we determine the photospheric radius and
assume a blackbody temperature to compute the spectral
luminosity. We fit the spectral luminosities as well as the
observed temperature T ~ 2 x 10*K at ~4.2days (from
Section 3.4).

Figure 15 depicts our fit to the optical data at ¢ < 3.5 days.
Our best-fit parameters implg a total (kinetic and thermal)
ejecta energy of E ~ 2 x 10> erg, typical for SNe Ic-BL and
Kopt = 0.5 cm® g~ '. We find that the energy distribution is flat
at # 2 0.23, and rises linearly with (3 at lower velocities. This
profile indicates the presence of two mixed components with
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Figure 15. Semianalytic fit of a subrelativistic energy distribution to the early-
time data up to t ~ 3.5 days.

comparable energies of ~5 x 10°'erg each. Since such
energies exceed those expected from choked-jet cocoons or
neutrino-driven explosions, the two components may corre-
spond to magnetar and accretion-disk outflows. The opacity
that we derive is slightly higher than values usually assumed
for SNe Ic-BL (kopt ~ 0.1cm’> g '; F. Taddia et al. 2019;
G. P. Srinivasaragavan et al. 2024b), though slightly higher
opacities are plausible if heavier elements are mixed into the
outer ejecta.

We show an artistic depiction of the model we invoke in
Figure 16. We note that we do not perform a joint fit of the first
peak and late-time SN emission, due to the difference in
modeling procedures used—numerical techniques were used
in modeling the late-time emission, while we used a
semianalytic model to describe the first peak, with only a
narrow range of free parameters that should be expanded in
future works. This semianalytic model (described in more
detail in O. Gottlieb 2025) will be incorporated into Redback
in the future, where the joint fits can be accurately represented
through evolving a comoving photosphere with a shared
temperature floor.

6. Discussion

Here we discuss some implications of the modeling done in
Sections 4 and 5 and present a discussion on the current
landscape of XRF-SNe.

6.1. Circumstellar Interaction

In Section 4, we showed that all three observables
corresponding to the X-ray prompt emission—the observed
timescale of 21000 s, the average 0.5—4keV luminosity of
~10* erg s, and peak energy <1.5 keV—were reproducible
in a model where the X-ray emission originates from SN ejecta
breaking out of an extended CSM environment. However, is
the invocation of an extended CSM necessary to describe the
observables in this system? E. Waxman & B. Katz (2017)
describe the energy of the shock breakout from a stellar
envelope as

Espo ~ 10%voRE ko 4y (18)
Assuming a Wolf-Rayet progenitor with R ~ 10'% cm,
vy~ 0.35¢,and k = 0.2 cm? gfl, we find Eggo ~ 2 X 10% erg,
which is 3 orders of magnitude less than the observed prompt
emission energy of ~10*®erg. Therefore, it is clear that a
shock breakout from the stellar surface of a Wolf-Rayet star
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cannot reproduce the X-ray prompt emission, and it is natural
to invoke the presence of an extended CSM. This is consistent
with stellar evolution models that show that Wolf-Rayet stars
eject significant material from their envelopes prior to
collapse, from binary interactions (R. A. Chevalier 2012) or
stellar winds (E. Quataert & J. Shiode 2012).

Recent semianalytic models presented by C. L. Fryer et al.
(2026) describe the thermal, free—free emission from shock
breakout emission under a variety of different initial conditions
arising from shock heating as the SN exits the stellar
photosphere. This model was invoked to describe the prompt
emission from EP250108a/SN 2025 kg in R. A. J. Eyles-Ferris
et al. (2025). When investigating the models in C. L. Fryer et al.
(2026) obtained through internal communication, we find that
for a range of parameters corresponding to the power-law decay
index of the energy distribution with respect to velocity
E(B) = 67 and maximum Lorentz factor I}, that sustained
emission on the order of ~1000 s at a luminosity of
~10% ergs™! that peaks at <1 keV is not possible. Each of
these models drops off to luminosities lower than ~10* erg s~
by ~250 s. However, when invoking the presence of an
extended CSM environment, where additional energy is injected
into the CSM from expansion during the time of shock heating,
models are able to sustain 10* erg's' luminosities on the order
of thousands of seconds.

We can estimate the mass-loss rate of SN 2025wkm’s
progenitor star utilizing our derived CSM parameters. We

begin with
R
M. = 4r f
R

in

™ p(ryr? dr, (19)
where we are integrating over the inner and outer radii of the
CSM, and p(r) is the density profile of the CSM. Assuming
that the CSM is a constant density shell, and a Wolf-Rayet
progenitor whose wind velocity is v,, ~ 4000 km s ' (T. Nugis
& H. J. G. L. M. Lamers 2000), we can estimate the mass-loss
rate M as

M.

_ M,
47R2R, '

M =~ 47R? Yy =
R.

(20)

Therefore, substituting our derived values for R, and M., we
find M ~ 10~ M., yr~'. This is consistent with expected
mass-loss rates from Wolf—Rayet stars (T. Nugis &
H. J. G. L. M. Lamers 2000).

The radius derived for the extended CSM in Section 4 is
R. ~ 103 cm, which is similar to the radius derived for
EP250108a/SN 2025 kg of 3.7 x 10"* cm (G. P. Srinivasarag-
avan et al. 2025), and XRF 060218 /SN 2006aj of 4 x 10" cm
(C. M. Irwin & K. Hotokezaka 2025). G. P. Srinivasaragavan
et al. (2025) hypothesize that the X-ray emission and first
optical peak in EP250108a were due to the breakout and
cooling emission of a shocked cocoon formed from a collapsar
jet (E. Nakar & T. Piran 2017; H. Hamidani et al. 2025b),
while XRF 060218/SN 2006aj has also been modeled as a
failed jet within an extended CSM (E. Nakar 2015). In
addition, H. Sun et al. (2025) hypothesize that the first optical
peak of EP240414a/SN 2024gsa was due to shock cooling
emission with a very dense CSM of R, ~ 2 x 10'* c¢m, though
the X-ray emission is due to synchrotron radiation from a
weak, but successful relativistic jet. J. Rho et al. (2021) also
find that the first optical peak for SN 2020bvc is likely from
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Figure 16. Artistic depiction of the magnetar-driven disk cooling model presented in Section 5.2.
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Table 6
Peak Energy and CSM Parameters for EP XRF-SNe
Event E, M, (M) R. (10" cm) Reference
EP240414a/SN 2024gsa <1.8 keV ~0.33 ~24 H. Sun et al. (2025)
EP250108a/SN 2025 kg <1.3 keV ~0.1 ~3.7 G. P. Srinivasaragavan et al. (2025)
EP250827b/SN 2025wkm <1.5 keV 6 x 107° 1 This work

shock cooling emission at a CSM radius R. ~ 10'* cm. Its
radio properties were well described from synchrotron
emission from a mildly relativistic jet, though its X-ray
properties show excess flux that is not consistent with the radio
synchrotron spectrum (A. Y. Q. Ho et al. 2020a).

There are also additional SNe Ic-BL (iPTFl16asu, SN
2018gep) in the literature that do not have clear double-
peaked optical LCs, but display an early, luminous peak,
which is likely due to the combination of radioactive decay
and shock cooling within an extended CSM environment
(L. Whitesides et al. 2017; A. Y. Q. Ho et al. 2019). Both of
these events do not have reported X-ray emission. In addition,
E. Nakar & R. Sari (2012) reported that the X-ray prompt
emission of XRF 100316D/SN 2010bh was from a relativistic
shock breakout at R. ~ 5 x 10'* cm. This event possessed
similar X-ray properties to XRF 060218/SN 2006aj with a
slightly higher peak energy of E, ~ 30 keV (R. L. C. Starling
et al. 2011), though the associated SN Ic-BL did not possess a
double-peaked LC (R. Chornock et al. 2010). Indeed, the
radius derived for the envelope of the shock cooling radius
from optical/NIR observations was ~10'> cm (around the
radius expected for a Wolf—Rayet star), which means that any
interaction signatures in the optical LC will likely have faded
on quick timescales. The discrepancy between the envelope
radius derived using the X-ray emission and optical emission
points to two different emission components for this system,
one with an extended CSM, and one without.

Therefore, it is clear that interaction with an extended CSM
plays a significant role in powering at least a subset of SNe Ic-
BL. More significantly, every confirmed Ic-BL XRF-SN (XRF
060218 /SN 2006aj, XRF 10316D/SN 2010bh, EP240414a/
SN 2024gsa, EP250108a/SN 2025 kg, and EP250827b/SN
2025wkm) shows evidence of this extended CSM interaction,
whether that interaction produces the prompt X-ray emission
or the first peak in the optical LC. Qualitatively, this
gives evidence that XRF-SNe may have a more extended
CSM surrounding their progenitors than normal SNe Ic-BL.
Interestingly, R. A. Chevalier & C. Fransson (2008) also
hypothesize that the late-time optical emission of
XRF 080109/SN 2008D, a Type Ib SN, is powered by CSM
interaction. The fact that the late-time emission in this system
is dominated by CSM interaction. This is in contrast to the
early-time emission being dominated by CSM interaction in
SNe Ic-BL XRF-SNe, which is likely due to the presence of
the progenitor’s He envelope, delaying the timescale of CSM
interaction.

In Table 6, we present the peak energies and CSM
properties for the three EP XRF-SN studied in detail thus
far. All three events have similar peak energy constraints;
however, their CSM parameters vary to a wide degree, giving
evidence that the CSM environments surrounding XRF-SN
likely are not homogeneous. The extremely low M. for
EP250827b/SN 2025wkm stands out with respect to the other
two events, giving evidence that its progenitor’s mass-loss
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history may be less extreme than when compared to the other
two events.

R. Margutti et al. (2015) report an association between
LGRBs with long durations (> 1000s), large intrinsic absorp-
tions (Npine > 6 X 102! cm_2), and very soft photon indices
(aex > 3). They report that the chance association between
these three properties is extremely statistically unlikely, and
they theorize that these properties arise from a very turbulent
mass-loss history of the progenitor star prior to collapse,
enriching the surrounding CSM. EP250827b possesses a long
duration and soft photon index, and the constraint on its
intrinsic absorption does not rule out Ny jpe > 6 X 10 cm .
As the sample of XRF-SNe grows, it will be interesting to note
if they also share these associations, which would provide
more evidence that the CSM environments around XRFs play
a significant role in affecting their observed emission.

The densities of these extended CSM environments
for the majority of Ic-BL XRF-SNe are ~10~''gem ™
(G. P. Srinivasaragavan et al. 2025), while we derive a
density for EP250827b/SN  2025wkm of ~3 X
10712 gcmf‘g, around an order of magnitude smaller. As
mentioned in Section 4, this low-density environment is
necessary to explain the high speeds and temperature of the
ejecta at early times in combination with the low peak energy
of the X-ray prompt emission.

Detailed spectral analysis of EP250108a/SN 2025 kg done
in J. C. Rastinejad et al. (2025) finds evidence of a He feature
in a near-infrared spectrum taken near peak light, along with a
broad Ha feature in an optical spectrum 42.5 days after
explosion. These features are consistent with the presence of
an extended CSM, due to detached He and H shells at radii
~10"—10"® cm. These features in the spectra indicate the
presence of a binary system, and even possibly a tertiary
system when other properties are considered (J. C. Rastinejad
et al. 2025).

We do not have any near-infrared spectra of EP250827b /SN
2025wkm, so we cannot confirm or rule out the presence of a
similar He feature. We do not find any evidence for this broad
Ho feature in our spectra of EP250827b/SN 2025wkm.
However, this feature quickly disappeared in EP250108a/SN
2025kg’s spectra taken at 47.7 days (J. C. Rastinejad et al.
2025), so we cannot rule out that a similar situation may have
occurred for EP250827b. Future theoretical studies looking at
the impact that binary and tertiary companions have on the
surrounding CSM environments of Wolf-Rayet stars will be
key to understanding the CSM structure in more detail
surrounding the progenitors of XRF-SNe.

6.2. The Progenitor System Landscape for XRF-SNe

This is now the third XRF-SNe discovered by EP that has
been studied in detail, and the fourth overall discovered by the
mission. In Figure 17, we show the LCs for the three EP XRF-
SNe presented in the literature, along with XRF 060218/SN
2006aj, the most similar XRF-SN to these EP events. The LCs
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Figure 17. r-band rest-frame LCs of EP XRF-SNe, shown in the rest frame
(G. P. Srinivasaragavan et al. 2025; J. N. D. van Dalen et al. 2025), along with
XRF 060218 (M. Modjaz et al. 2006). The LCs show clear diversity in shape
and brightness, ranging 4 orders of magnitude.

show clear diversity, ranging 4 orders of magnitude with
respect to their optical luminosities. In addition, though each
of these LCs displays at least two peaks, the rise and fall times
of these peaks vary. In addition, EP240414a displays three
possible peaks, where the initial peak has been attributed to a
GRB-like afterglow (O. Gottlieb 2025; S. Srivastav et al. 2025;
H. Sun et al. 2025; J. N. D. van Dalen et al. 2025).

In Figure 18, we show the L. Amati et al. (2002) relation
between the peak energies and isotropic equivalent energies of
GRBs, using the sample of events from P. Y. Minaev &
A. S. Pozanenko (2020). Most LGRBs and SGRBs in the figure
follow the correlation well; however, the EP XRF-SNe seem to
deviate from this relation. From a physical perspective, the reason
for the deviation from the L. Amati et al. (2002) relation is likely
due to the prompt emission of EP XRF-SNe originating from a
different powering source than the prompt emission of GRBs.
This may be due to a variety of factors—differing CSM
environments, central-engine-powering sources, and geometric
viewing effects may all play a role.

Though not an SN Ic-BL, XRF 080109/SN 2008D represents
the extreme end of this different powering source. Its X-ray
prompt luminosity was orders of magnitude smaller than what
has been observed for Ic-BL XRF-SNe, of ~10% erg g1
(P. A. Mazzali et al. 2008; A. M. Soderberg et al. 2008). The
presence of He in the SN spectra (D. Malesani et al. 2009;
M. Modjaz et al. 2009) indicates that the progenitor star retained
its He envelope, meaning that even if a collapsar formed and
launched a relativistic jet (as hypothesized by P. A. Mazzali et al.
2008 for this system), it must have been fully choked and stifled
before reaching the stellar envelope. On the other hand,
EP240414a/SN 2024gsa’s prompt emission had properties that
skewed more similar to classical LGRBs, with a duration of
~150 s and a luminosity of ~10*” erg s™' (H. Sun et al. 2025). In
addition, its optical LC showed an afterglow-like component at
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Figure 18. The L. Amati et al. (2002) relation, or peak energies (E, ;) of GRBs
and XRFs plotted against their rest-frame isotropic equivalent energy (Ei).
GRBs are categorized into LGRBs (red), GRB-SNe (red with open circles),
short GRBs (blue), short GRBs with extended emission (blue with open
circles), and EP XRF-SNe (maroon) and XRF 060218. The sample is created
from P. Y. Minaev & A. S. Pozanenko (2020). The relation is explicitly shown
for LGRBs with the black solid line. The three EP XRF-SNe have lower peak
energies than expected from the relation, as the values plotted in the Figure are
upper limits.

early times that displayed red colors and decayed rapidly
(S. Srivastav et al. 2025; H. Sun et al. 2025; J. N. D. van Dalen
et al. 2025), giving evidence that a jet was successfully launched
and likely formed a cocoon, which played some role in creating
the prompt emission.

These two events seem to represent the current extremes of the
XRF-SN landscape—and there likely is not a standard, common
progenitor system that can describe the multiwavelength emission
of XRFs. This contrasts with the story for LGRBs, where a
collapsar forming an accretion disk launching a successful,
relativistic jet can describe the vast majority of observed events.
Indeed, it is not even clear whether a collapsar is necessary for
XRF-SNe, since XRF080109/SN 2008D was a Type Ib SNe.
However, for Ic-BL XRF-SNe, the formation of a collapsar must
be a common feature—the high velocities observed in the early
optical spectra of SNe Ic-BL are not possible in a system
described solely by a neutrino-driven shock (O. Rodriguez
et al. 2024).

From the three EP XRF-SNe studied in detail thus far, it is
clear that the degree of success for a jet launched from
collapsars is not consistent—EP2404 14a likely had a success-
ful jet (H. Sun et al. 2025), EP250108a likely had a failed jet
that transformed into a cocoon (R. A. J. Eyles-Ferris et al.
2025; G. P. Srinivasaragavan et al. 2025), while EP250827b
either did not launch a jet at all, or had a jet that was stifled
deep in the layers of the explosion, where any cocoon formed
was not energetic enough to impact the observed emission.

In addition, the central-engine-powering mechanism in these
systems is also not homogeneous—EP250108a/SN 2025 kg has
also been shown to possibly be powered by a magnetar (H. Sun
et al. 2025; J.-P. Zhu et al. 2025), though other works hypothesize
it is powered by a black hole (R. A. J. Eyles-Ferris et al. 2025;
G. P. Srinivasaragavan et al. 2025). Works have shown
EP240414a is also likely powered by a black hole (J. N. D. van
Dalen et al. 2025; S. Srivastav et al. 2025). This heterogeneity of
XRF-SNe is an important distinction that must be considered in
future sample studies. XRF-SNe are important events that can
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shed light on the central-engine populations in collapsing massive
stars, motivating the need for detailed, multiwavelength follow-
up studies on every new discovery.

7. Conclusion

In this Letter, we present X-ray, ultraviolet, optical, near-
infrared, and radio observations of EP250827b/SN 2025wkm, an
EP XRF with a SN Ic-BL counterpart. Our major findings are:

1. EP250827b’s X-ray prompt emission lasted at least ~
1000s and has an average 0.5-4keV luminosity of
~10% ergs™". In addition, we derive an upper limit on
its peak energy of < 1.5 keV, allowing for an XRF
classification. There is no subsequent X-ray emission
detected after the prompt emission. The X-ray properties
for this event are similar to those of XRF 060218/SN
2006aj (P. A. Mazzali et al. 2006) and EP250108a/SN
2025 kg (W. X. Li et al. 2025).

2. EP250827b’s optical counterpart is SN 2025wkm, which
was found through the ZTF-EP experiment (T. Ahumada
et al. 2025). SN 2025wkm possesses a clear double-peaked
optical LC, with its first peak possessing an absolute
magnitude of at least M, ~ —19.3 mag, and blue colors
(g — r ~ 04). Its second peak has a peak absolute
magnitude of M, ~ —19.2 mag. However, its bolometric
luminosity LC does not display a clear second peak, and
instead plateaus until #, + 20 days before declining. This
makes EP250827b/SN 2025wkm the first EP XRF-SN
with a plateau in its bolometric luminosity LC, providing
evidence for an extra central-engine-powering source.

3. SN 2025wkm’s spectrum evolves from an extremely hot
(T ~ 20,000 K) and blue continuum at early times, to a red
continuum by 7, + 11.1 days, with clear broad Fe 1T and Si
II absorption features, along with a lack of H and He
features. This allowed for classification of SN 2025wkm as
an SN Ic-BL. We derive extremely high ejecta velocities
~40,000 km s at £y + 4.2 days. The host-galaxy spectrum
shows an abundance of star formation lines.

4. We do not detect variable radio emission from the source
location of EP250827b; therefore, we determine the
radio observations are from the host galaxy, produced by
an SFR of ~3 M, yr'. The radio upper limits rule out a
classical, on-axis jet being successfully launched in this
system, but do not rule out an extremely low-energetic
jet of E ~ 2 x 10* erg, or extremely off-axis jets with
Bobs = 30°. The radio upper limits we derive are similar
to those derived for EP250108a (G. P. Srinivasaragavan
et al. 2025), and radio emission similar to XRF 060218
(A. M. Soderberg et al. 2006a) cannot be ruled out.

5. We determine that a failed jet transforming into a
shocked cocoon cannot describe the X-ray prompt
emission characteristics of EP250827b, due to the low
peak energy constraint in combination with the high
velocities and temperatures at early times. We determine
that the X-ray prompt emission is likely due to disk- or
magnetar-driven fast ejecta breaking out and interacting
with an extended CSM environment, at a radius
R. ~ 10" cm. We also derive a very low CSM density of
~3 x 10 "gem 3. This gives evidence that
EP250827b/SN 2025wkm’s progenitor star had a less
extreme mass-loss history in comparison to other XRF-
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SNe that show evidence of interacting with an
extended CSM.

6. The W. D. Arnett (1982) radioactive decay of 5Ni model
that is usually used to describe the emission of stripped-
envelope SNe cannot describe the late-time SN LC, as the
necessary Nickel fraction with respect to the total ejecta mass
is unphysical (fn; > 0.5). Comparisons with radiation-
transport models suggest that the required *°Ni fraction may
be more reasonable (fy; ~ 0.1). Shock heating can also
contribute to this late-time LC. We also determine that a
central engine is likely pumping additional energy into the
system. We test a model where the spin-down of a
millisecond magnetar powers the LC in combination with
the radioactive decay of °Ni (C. M. B. Omand &
N. Sarin 2024), and find that it provides a reasonable fit to
the data. We derive a magnetar magnetic field strength of
By ~ 5 x 10" Gauss and spin period of ~1.9 ms.

7. In order to describe the first peak of the SN LC, we test a
semianalytic model from O. Gottlieb (2025) that is
consistent with the picture of fast ejecta breaking out of
an extended CSM for the X-ray prompt emission, and a
magnetar powering the late-time SN LC. This model
invokes magnetar winds and/or disk outflows, with
maximum velocities ~0.35¢. The mixing of these disk
outflows, magnetar winds, and neutrino-driven shock
ejecta breaking out of the extended CSM produces the
X-ray prompt emission, while the cooling emission of
the disk outflows and magnetar winds produces the first
peak in the SN LC. At later times, the spin-down of the
magnetar remnant in combination with the radioactive
decay of *°Ni powers the late-time SN LC.

In Section 6, we provide a detailed discussion on the
implications of our major findings and discuss the landscape of
the XRF-SN field. EP is dramatically increasing the discovery
rate of XRF-SNe. Every new event has provided the community
with unprecedented opportunities to understand the amount of
diversity regarding SNe explosion mechanisms, relativistic jet
formation, central-engine activity, and CSM properties surround-
ing massive stars. We are just now beginning to uncover this rich
landscape. Future time-domain missions such as ULTRASAT
(Y. Shvartzvald et al. 2024), LSST (Z. Ivezié et al. 2019), the La
Silla Southern Sky Survey (A. A. Miller et al. 2025), and UVEX
(S. R. Kulkarni et al. 2021) will continue to probe this landscape
even more, unveiling major open questions surrounding the
physics of some of nature’s most powerful and mysterious
explosions.
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Appendix

Here we provide a log of the photometric and spectroscopic
observations, along with corner plots.

Appendix A
Photometry and Spectroscopy Logs

Here, we present logs of the photometry and spectroscopy in
Tables 7 and 8.
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article.) Figure 19. Corner plot of fitting a W. D. Arnett (1982) radioactive decay
model to the late-time SN LC at 7, + 7 days.
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Time Tel.+Instr. Wavelength Range 2041127}
(days) (A) s 1%
42 Gemini+GMOS-North 4900-8200 } & _—
6.3 Gemini+GMOS-North 4000-8200 : -
7.9 NOT+ALFOSC 3900-9300 < y
8.2 Gemini+GMOS-North 4000-8200 )
11.1 Gemini+GMOS-North 4800-7600
16.2 Gemini+GMOS-North 4000-7200 <7 S oAl £
20.9 NOT+ALFOSC 3900-9300 ol ‘ il 122033
21.2 P200+NGPS 5700-9900 _ ) \
28.1 P200+NGPS 5700-9700 3
30.9 NOT+ALFOSC 3900-9800 s1a0p
37.3 Gemini+GMOS-North 5000-8800 B s
56.2 Keck I+LRIS 3400-10,300 : 2
Note. Epochs are given in observer times since f. z ’ Cf:ﬂ‘

f MolMo) logioEsulerg]  temperature-floor

Appendix B
Corner Plots Figure 20. Corner plot of fitting a combination of a W. D. Arnett (1982)
. . radioactive decay model and spin-down of a millisecond magnetar (N. Sarin
Here, we present corner plots of our optical modeling of the et al. 2022; C. M. B. Omand & N. Sarin 2024), the late-time SN LC at
SN in Figures 19 and 20. fo + 7 days.
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