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Abstract

We present late-time (6¢ > 3000 days) optical (Keck), X-ray (Chandra and the Nuclear Spectroscopic Telescope
Array), and radio (the Very Large Area, the Atacama Large Millimeter/submillimeter Array, and the Upgraded
Giant Metrewave Radio Telescope) observations of the Type Ic-BL (SN Ic-BL) SN 2012ap. Previous studies of
this supernova (SN) have suggested that it stands out as a key example of a weak engine-driven explosion due to
the lack of gamma-ray burst (GRB) detection and mildly relativistic ejecta. Recently, radio sky surveys revealed
the rebrightening of the radio emission from this SN, highlighting the possibilities of a density enhancement at
large radii or the existence of an off-axis relativistic jet. While the late-time optical spectra do not exhibit the
broad emission lines seen in other interacting supernovae (SNe), our analysis of the broadband radio and X-ray
emission implies that both scenarios are plausible. If a density enhancement is responsible for the radio
rebrightening, it has to result from a change in the mass-loss rate and/or wind velocity, possibly due to the
transition of the progenitor from a red supergiant to a Wolf-Rayet star. If the late-time radio component is a result
of an off-axis relativistic jet, we find that an energetic narrow jet viewed at 6, > 80° is needed. In this scenario,
SN 2012ap is not a result of a weak engine-driven explosion, and instead, it is similar to other GRBs. However,
radio rebrightenings of SN Ic-BL are not enough on their own to determine the existence of off-axis jets, and our
planned Very Long Baseline Array observation will help reveal the true nature of this SN.

° NASA Hubble Fellow.
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1. Introduction

Core-collapse supernova (CCSN) explosions are the final fate
of massive stars and typically result in high-velocity ejecta
(S. J. Smartt 2009; A. Jerkstrand et al. 2026 and the references
therein). Relativistic supernovae (SNe) are a subset of these
explosions in which the supernova (SN) shock front reaches
mildly relativistic velocities (with forward shock (FS) velocities,
vsn = 0.5¢). A central engine is often introduced as the mechanism
that accelerates the ejecta to these velocities (A. I. MacFadyen
et al. 2001; E. Berger et al. 2003; A. Corsi & D. Lazzati 2021).
Observationally, some relativistic SNe are associated with
long-duration gamma-ray bursts (GRBs; T. J. Galama et al.
1998; K. Z. Stanek et al. 2003; T. Piran 2004; A. M. Soderberg
et al. 2006; S. E. Woosley & J. S. Bloom 2006), possibly powered
by shocks from relativistic jets propagating through the progenitor
Wolf-Rayet star (P. Kumar & B. Zhang 2015). The propagation
of the jet through the massive progenitor star can form a wide-
angle structure, resulting in a jet4-cocoon system (D. Lazzati &
M. C. Begelman 2005; E. Nakar & T. Piran 2017; A. Corsi &
D. Lazzati 2021; F. De Colle et al. 2022). Therefore, these
explosions provide key observational constraints on the physical
conditions that determine the jet formation and evolution.

Radio emission from SNe is typically associated with
synchrotron radiation generated in shock waves formed by the
interaction of fast-moving ejecta with the ambient medium
(R. A. Chevalier 1998; R. Sari et al. 1998). Therefore,
observing at radio wavelengths is sometimes the only probe of
the shock evolution, its environment, and the mass-loss
processes that formed this environment. Analysis of large
samples of radio observations of CCSNe (e.g., K. W. Weiler
et al. 2002; A. M. Soderberg et al. 2006; M. F. Bietenholz
et al. 2021; M. C. Stroh et al. 2021; K. Rose et al. 2024,
I. Sfaradi et al. 2025a) revealed a wide variety of rise and fall
times of the radio emission, radio luminosities, shock
velocities, density profiles, and mass-loss rates from their
progenitors. More specifically, the observed radio emission
from Type Ic-BL supernovae (SNe Ic-BL; some associated
with long-duration GRBs) reveals a fast rise time to peak,
tox ~ 10 days after the explosion, radio luminosities as high as
Ly ~ 10 ergs "Hz ', and sometimes, mildly relativistic
shock velocities (E. Berger et al. 2003; A. M. Soderberg et al.
2006, 2010; S. Chakraborti et al. 2015).

Some CCSNe exhibit late-time radio (re-)brightening on
timescales of months to years after optical discovery. These
are usually interpreted as either the interaction of the SN ejecta
with a complex circumstellar medium (CSM) structure, an off-
axis jet entering our line of sight, or a pulsar wind nebula
(PWN). For example, the interaction of the ejecta of SN 2014C
with the complex CSM structure around its progenitor
(D. Milisavljevic et al. 2015a; R. Margutti et al. 2017,
D. Brethauer et al. 2022) resulted in a double-peaked radio
light curve (G. E. Anderson et al. 2017). Very Long Baseline
Interferometry (VLBI) observations of this source confirmed
the nonrelativistic nature of the radio-emitting source
(M. F. Bietenholz et al. 2018). SNe Ic-BL are particularly
interesting in this context as they are sometimes associated
with long-duration GRBs, and therefore, make perfect

candidates for off-axis jets. For example, the double-peaked
radio light curve of PTFllqcj was interpreted as either
due to late-time CSM interaction or an off-axis jet (A. Corsi
et al. 2014; N. T. Palliyaguru et al. 2019). Then, direct
measurements of the size of the source with VLBI observa-
tions revealed an average shock velocity of ~0.036¢
(N. T. Palliyaguru et al. 2021), ruling out the existence of a
relativistic jet. Recently, G. Schroeder et al. (2025) suggested
that the late-time radio emission from the SN Ic-BL PTF10tqv
is consistent with an off-axis jet entering our line of sight;
however, the radio light curve alone cannot be used to rule out
CSM interaction at large radii.

1.1. The Relativistic SN 2012ap

Among relativistic SNe, SNe 2009bb (A. M. Soderberg
et al. 2010; G. Pignata et al. 2011) and 2012ap (R. Margutti
et al. 2014; S. Chakraborti et al. 2015; Z. Liu et al. 2015;
D. Milisavljevic et al. 2015b) stand out as the only two
relativistic SNe without a GRB detection. These events have
been interpreted as the weakest members of the engine-driven
explosion family, where a central engine launches a jet that
fails to fully break out of the progenitor envelope, implying a
continuum of explosions between the spherical nonrelativistic
SNe and the fully collimated relativistic GRBs.

In this paper, we focus on the late-time radio, optical, and
X-ray emission from SN 2012ap, which was first discovered on
2012 February 10 by the Lick Supernova Search (L. Jewett
et al. 2012). SN 2012ap is located in the galaxy NGC 1729, and
here we adopt the luminosity distance to the galaxy, d; =
40 Mpc (R. Margutti et al. 2014), as the distance of the SN.
Previous modeling of the optical emission from this SN
suggested that the explosion date is 2012 February 5 (MJD
55962; D. Milisavljevic et al. 2015b), and here we define 6f as
the time (in the frame of the observer) since this explosion date.

Early radio observations of SN2012ap (from &t = 12to
38 days) revealed a bright source with L, ~ 10®ergs ' Hz !
and a broken power-law spectral energy distribution (SED).
S. Chakraborti et al. (2015) associated this emission with a mildly
relativistic outflow traveling in a wind-like CSM. Recent radio
observations of SN2012ap (M. C. Stroh et al. 2021; K. Rose
et al. 2024) revealed rebrightening of the GHz emission at very
late times (up to 10 yr after the SN explosion), suggestive of
either (i) a density enhancement at large radii around the SN, or
(ii) a relativistic jet observed off-axis, or (iii) a newly formed
PWN. We present here new late-time, panchromatic observations
of the relativistic SN 2012ap that are essential to understand the
nature of this SN (X-ray in Section 2, optical in Section 3, and
broadband radio in Section 4). We analyze our observations in
Section 5 and discuss our results in Section 6. Section 7 presents
our conclusions.

2. X-Ray Observations

2.1. Chandra (0.3-10 keV)

SN 2012ap was observed with the Chandra X-ray Observa-
tory (CXO) at 6t ~ 24 days, and no source was detected down to
a luminosity of L, < 2.4 x 10°° erg s~ (R. Margutti et al. 2014,
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in the range of 0.3-10keV). We obtained three additional
epochs of deep X-ray CXO observations at 6t = 3596, 3999,
and 4082 days (observation IDs 25181, 25216, 25217; Pls:
Stroh and Chornock). We analyzed the ACIS-S data following
standard practice with CIAO v4.15 and corresponding calibra-
tion files. A source of X-ray emission is blindly detected with
wavdetect at the optical location of SN 2012ap in all epochs,
with significance and net count-rates reported in Table 1. For
each ID, we used specextract to extract a spectrum using a
source region with a radius of 1.5 and a source-free
background region. We fitted the spectra with an absorbed
power-law model. The neutral hydrogen absorption column in
the direction of the transient is NHyw = 4.9 x 10%°cm ™2
(HI4PI Collaboration et al. 2016). Our spectral analysis (see
below) revealed no evidence for intrinsic absorption, and we
therefore assumed NH;,, = 0Ocm~2 in our analysis. The best-
fitting parameters and inferred fluxes for a power-law spectral
model are reported in Table 1. Because of the limited count
statistics, we cannot differentiate between spectral models.
Relevant to the discussion above, we note that a joint fit of all
late-time Chandra data with a thermal bremsstrahlung model
leads to a temperature constraint of 10 < 7 < 20keV and
normalization norm = 2.670% x 107, In Xspec, the
normalization of the bremsstrahlung model is defined as

3.02 x 10-15
R f n.n;dV, where n, and n; are the electron

and ion number densities of the emitting region (in the units of
cubic centimeter), respectively, and d; is the distance to the
target (in the units of centimeter).

In general, irrespective of the spectral model, we find
evidence for a brightening of the source at 6t 2 9.8yr
compared to the initial month postexplosmn with an X-ray
luminosity of L, ~ 3 x 10*ergs ! that is consistent with
being constant during the time period of 6t = 9.8-11.2 yr.

norm =

2.2. Nuclear Spectroscopic Telescope Array (3-80 keV)

We obtained two epochs of hard X-ray observations with
the Nuclear Spectroscopic Telescope Array (NuSTAR) in
coordination with CXO observations at 6t = 3998 and 4081
days (ObsIDs: 80802504002 and 80802504004, PI: Chor-
nock). We analyzed the data with the NuSTAR Data Analysis
Software (v1.9.7) and calibration files. A first extraction with
nupipeline and standard filtering led to nondetections. To
obtain the best constraints on the source flux, we removed the
time intervals with high background, largely due to solar flares
using custom scripts. We report the count-rate limits in the
8-20keV energy band (which is around the peak of the
NuSTAR effective area), combining the signal from both
modules in Table 1. We assume a photon index I' = 2 for the
flux calibration as indicated by Chandra observations.

3. Optical Spectroscopy

We obtained three epochs of late-time optical spectroscopy
of SN 2012ap on 2022 October 31 (6t = 3921 days), 2023
November 11 (6t = 4298days), and 2025 February 4
(6t = 4748 days) using the Low-Resolution Imaging Spectro-
meter (LRIS; J. B. Oke et al. 1995) on the Keck I 10 m
telescope to cover the full optical spectral range from 3100 to
10300 A. All observations used the 1” slit, the D560 dichroic
beamsplitter, and the 400/8500 grism on the red side, resulting
in a spectral resolution of ~6.5 A. The 2022 spectrum was
taken with the 400/3400 grism on the blue side, with a
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resolution of ~6 A, while the other two epochs used the
600/4000 grism, with resolutions of ~4 A. A source is well
detected at the position of SN2012ap in all observations,
which is sufficiently offset from its host galaxy that back-
ground subtraction was straightforward. Spectral reduction and
extraction followed standard procedures, as outlined by
J. M. Silverman et al. (2012). All wavelengths are quoted in
vacuum. The spectral sequence is presented in Figure 1.

In addition, we present a previously unpublished late-time
LRIS optical spectrum of SN 2014C, a prototypical example of
an SN exhibiting delayed CSM interaction (D. Milisavljevic
et al. 2015¢; R. Margutti et al. 2017). This spectrum was
acquired on 2022 September 25 and reduced in a similar
manner to the SN 2012ap data. SN 2014C exhibited photo-
spheric spectra typical of SNe Ib, but by ~100 days after
explosion, interaction with H-rich CSM was evident from
intermediate-width (FWHM ~1200 kms™') Ha emission
produced in shocked CSM (D. Milisavljevic et al. 2015¢c).
As the object evolved, the Ha emission became less prominent
and strong broad (FWHM=a5000 km s~ 1) forbidden emission
lines from the SN ejecta became more prominent ([O 1], [O 1],
and [O 111] are marked on Figure 1; J. C. Mauerhan et al. 2018;
B. P. Thomas et al. 2022; S. Tinyanont et al. 2025). As the
input from radioactive decay has faded on these decade
timescales, the SN ejecta emission must be powered by
another source, believed to be reprocessing of X-rays from the
reverse shock (RS).

By contrast, no broad or intermediate-width emission lines,
either from the SN ejecta or hydrogen in the CSM, are securely
detected for SN 2012ap. Instead, a large number of narrow
emission lines from a range of ionization states are present.
The right panel of Figure 1 shows selected line profiles in
velocity space. While some low-ionization lines (e.g., [S II])
have profiles consistent with the instrumental resolution, some
of the lines associated with the SN have somewhat broader
profiles. For example, the [N 1] A5756 emission line has an
FWHM of 82+0.1 A, compared to the instrumental
resolution of ~6 A, which requires an additional source of
broadening equivalent to ~300kms~' FWHM. This is still
much lower than the velocity widths expected if the emitting
material has been shocked by the SN.

The ratios of the narrow lines indicate that the emission is
not dominated by an unrelated H I region and that the emitting
nebula is associated with CSM gas near the SN. Most notably,
auroral [N II] A5756 emission is stronger than [O II] A3728 or
[O 1] A5008. This would be unexpected from an H1I region
with solar abundance ratios whose central ionizing source is a
massive star. However, this temperature-sensitive line also
became strong at late times in other SNe experiencing CSM
interaction, such as SNe 2005ip and 2004dk (N. Smith et al.
2009; J. C. Mauerhan et al. 2018). In addition, the unusually
strong [NII] emission motivates consideration of enhanced
nitrogen abundances in future work, potentially from
CNO-processed material, as has been previously observed in
the CSM of interacting SNe (e.g., C. Fransson et al. 2005).

As an example of the complexity of the spectrum, the [S II]
line flux ratio of j\g718/j 6733 18 a classic density tracer for HII
regions. The observed value of 1.25 £ 0.07 is consistent with
an electron density of n, &~ 200(T/10* K)!/2 ¢cm >, typical of
HTI regions (e.g., D. E. Osterbrock & G. J. Ferland 2006).
However, at this low density, the [NII] A\5756 and [OIII]
M364 lines would be much weaker than observed for any
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Figure 1. Left: LRIS spectral sequence of SN 2012ap compared to the interacting SN 2014C at late times. The purple shaded regions mark the broad (FWHM
~5000 km s~ ') oxygen emission lines from ejecta illuminated by the CSM interaction region in SN 2014C. These are not present in SN 2012ap, while narrow [N 1]
AS5756 emission is unusually prominent. All spectra have been dereddened by assumed values of E(B — V)=0.75 mag (SN 2014C, D. Milisavljevic et al. 2015c¢) and
0.6 mag (SN 2012ap, D. Milisavljevic et al. 2015b). Right: line profiles in the &t =4298 day spectrum of SN 2012ap, demonstrating a lack of broad
(FWHM > 1000 km s~ ') emission from SN ejecta. The [S 1] A\6733 line is grayed out for clarity. The LRIS spectra are available as the data behind the figure.

(The data used to create this figure are available in the online article.)

value of the temperature. The density of the emitting gas
needs to be sufficiently high that collisional deexcitation of the
'D, levels is not negligible for these ions. The observed
(but dereddened) values of the [O1I] line ratio (jig960 +
j/\SOOS)/j/\4364 ~ 4.3 and the [N H] line ratio (j)\6550 +
Jxe585)/Jxs756 ~ 1.8 can only be accommodated if the emitting
gas has both a high temperature (7 2 15,000 K) and a high
electron density, n, =~ (0.4 — 1) x 10°cm™ (D. E. Osterbrock
& G. J. Ferland 2006). On the other hand, we do not detect
coronal lines such as [Fe VII] A6089 or [Fe X] A\6376 that are
diagnostic of 10° K gas and are sometimes seen in interacting
SNe (e.g., M. Turatto et al. 1993; N. Smith et al. 2009).

We defer further photoionization analysis of the optical
spectra to future work, particularly as the observed spectra
clearly represent the unresolved superposition of multiple
zones with different conditions. However, the optical emission
from the SN appears indicative of the presence of dense,
unshocked, and possibly CNO-enhanced CSM at large radii
from the explosion site.

4. Radio Observations

Broadband radio observations of SN 2012ap during the first
38 days after stellar explosion were first reported and analyzed
by S. Chakraborti et al. (2015). Late-time observations (at
o0t > 2000days) revealing the radio rebrightening of
SN 2012ap were obtained with the Very Large Array All
Sky Survey (VLASS; M. Lacy et al. 2020) and the Australian
Square Kilometre Array Pathfinder (S. Johnston et al. 2008)
Variable and Slow Transient survey (T. Murphy et al. 2013;
M. C. Stroh et al. 2021; K. Rose et al. 2024). We obtained
broadband radio observations at late times (6t > 3200 days)
using the Karl G. Jansky Very Large Array (VLA) and the
upgraded Giant Metrewave Radio Telescope (uGMRT). In

addition, we report an observation made by the Atacama Large
Millimeter/submillimeter Array (ALMA).

4.1. The VLA

Following the rebrightening observed in VLASS observa-
tions (M. C. Stroh et al. 2021), we obtained two broadband
(~1.5-10 GHz) observations with the VLA on 2021 January
30 (VLA 20B-279; PI. Stroh) and 2024 October 30
(VLA 24B-311; PI: Wiston). During the first observation,
the absolute flux density and bandpass calibrator was 3C138,
and ICRF J050112.8-015914 (J0501-0159 hereafter) was used
to calibrate the phases. For the second observation, 3C48
was used as an absolute flux and bandpass calibrator, and
JO501-0159 as the phase calibrator. We used the Common
Astronomy Software Applications (CASA; CASA Team et al.
2022) packages and the VLA calibration pipeline (v6.5.4.9) to
flag and calibrate the data.

To complement these observations, we used data taken with
the VLA Low Band Ionospheric and Transient Experiment
(VLITE; T. Clarke et al. 2016) in lower bands (~0.35 GHz) at
the same time as our broadband observations. The VLITE data
were calibrated using the standard VLITE calibration pipeline
(E. Polisensky et al. 2016). Baselines shorter than 3 and 6 kX
were removed from the 2021 and 2024 datasets, respectively,
due to radio frequency interference. The data were then self-
calibrated in phase and imaged with a robust weighting factor
of 0 using the Obit task MFImage (W. D. Cotton 2008).

We used the CASA tasks TCLEAN to produce clean images
of the field, IMSTAT to calculate the image rms, and IMFIT
to fit the point source at the position of the SN. We then
estimate the error of the flux density to be a quadratic sum of
the error produced by the CASA task IMFIT and a 10%
calibration error (K. W. Weiler et al. 1986). We report the flux
density measurements in Table 2.
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4.2. The uGMRT

We observed SN 2012ap with the uGMRT on 2022 August
14.10, 16.12, and 17.10 in the frequency bands 250—500 MHz
(band-3), 550—850 MHz (band-4), and 1050—1450 MHz
(band-5), respectively (under project code 42_096 (PI: Nayana
A. J.). The data were recorded in full polarization mode with
an integration interval of 10seconds. We use 200 MHz
bandwidth centered around 0.33 and 0.65 GHz (band-3 and
4, respectively), and 400 MHz centered around 1.37 GHz
(band-5) split into 2048 channels. 3C286 was used as the flux
density calibrator. We used source J0447-220 to calibrate the
phase corrections. We used Astronomical Image Processing
Software (AIPS) to analyze the data. Standard flagging and
calibration procedures were followed using AIPS tasks. The
calibrated target source data were imaged using the IMAGR
task, and we used the AIPS task JMFIT to fit the point source.
We then estimate the flux density error to be a quadratic sum
of the error produced by the AIPS task JMFIT and a
calibration error of 10%. We report the flux density
measurements in Table 2.

4.3. ALMA

ALMA observed the field of SN 2012ap on 2022 January 1,
as part of the ALMA Carbon Monoxide Supernova survey:
testing the single-star and binary models of Type Ic super-
novae (ALMA program ID 2021.1.00099.S; PI: Michatowski;
M. Solar et al. 2024). We used the standard National Radio
Astronomy Observatory (NRAO) calibrated images, fitted the
point source with the CASA task IMFIT, and used the CASA
task IMSTAT to obtain the image rms. We provide the flux
density measurements in Table 2.

5. The Origin of the Late-time Broadband Emission from
SN 2012ap

Both the radio and the X-ray emission from SN 2012ap
exhibit two distinct phases. Initially, there was no X-ray
emission detected from this SN (R. Margutti et al. 2014).
Then, our late-time Chandra observations revealed a bright
source (L, ~ 3 X 10*° erg sfl) that remains constant in time
at 6t 2 9.8yr (see Section 2.1). In comparison, the early
radio emission component, observed at 6r= 12-38 days
(first reported and analyzed by S. Chakraborti et al. 2015;
see also Figure 2 and the top left panel of Figure 3), revealed
broken gower-law SEDs with a declining peak flux density,
Fo~1t 4 peak frequency, v, ~ %7 and an observed peak
luminosity density of L, ~ 10*®ergs™' Hz'. A second radio
component, brighter by a factor of ~2 than the early
component, is observed at 6r = 3282-4651 days (first reported
in the study of a VLASS sample by M. C. Stroh et al. 2021; see
the top right panel of Figure 3). This late-time emission is
mostly optically thin in the GHz bands with a peak at v, ~ 0.4
GHz. Interestingly, this emission component does not seem to
evolve significantly over a timescale of more than 3 yr
(see Figure 2 for the temporal evolution of the radio
spectral peaks).

Extrapolating the late-time radio SED from the GHz bands
to the X-ray band results in a perfect match of the X-ray flux
density (see the bottom panel of Figure 3). Furthermore, the
similarity between the radio and X-ray emission extends to
their lack of temporal evolution. These radio-to-X-ray proper-
ties might suggest that the X-ray emission is just the tail of the
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Figure 2. The evolution of the flux density at the radio spectral peak with time.
We color-code this plot by the position of peak frequency. These values are
inferred from fitting Equation (4) to the broadband radio SEDs (see
Section 5.1.1 for a detailed discussion and Table 3 for the fitted parameters).

synchrotron SED seen in the radio. However, an ALMA
observation with a central frequency of 211 GHz at
0t = 3624 days analyzed together with all the late-time
broadband radio SEDs at 6t > 3282 days point to the presence
of a spectral break at frequency v < 211 GHz, and the
extrapolation of the optically thin emission from the centimeter
bands to the ALMA band overproduces the observed emission
by ~30 of the uncertainty of the measurement (see the bottom
panel of Figure 3). Therefore, the X-ray emission can be a
result of a different emission mechanism (e.g., bremsstrahlung
emission from either the RS or FS), and the matching of the
synchrotron tail to the X-ray emission may be a coincidence.
In the following analysis of the broadband emission (radio and
X-ray), we assume that the spectral break observed in the
millimeter bands is due to a break frequency at v < 211 GHz,
and associate the X-ray emission with thermal emission. We
justify this choice by showing that requiring the cooling break
frequency to be above the X-ray band implies highly
nonphysical parameters (see Appendix A).

Radio emission from SNe is typically associated with
synchrotron emission that originates from the interaction between
the SN ejecta and the ambient medium. This interaction drives a
shock wave, and at the shock front, magnetic fields are
compressed and generated. In addition, electrons are accelerated
to relativistic velocities and gain a power-law distribution of
Lorentz factors, N (y) dy o< v P dvy; v = ~,,, where vy, is the
Lorentz factor of the lowest energy electrons (R. A. Chevalier
1998; R. Sari et al. 1998). The spectral shape of the broadband
SED:s is dictated by the order of the minimum Lorentz factor, vy,
the Lorentz factor above which the electrons are cooled and lose
significant energy to radiation, 7., and <, below which the
emission from the electrons is self-absorbed (J. Granot &
R. Sari 2002). In the slow-cooling regime (v, < 7.), and for
Um < Vs, (here we defined v; as the frequency that corresponds to
~;), the optically thick emission is F,, ~ 2 (where F,, is the flux
density). The optically thin emission goes as F, ~ v P2 for
Ve < Vg On the other hand, if v, < v, another break in the SED
is observed, and F, ~ v~?=V/2 for v < v, and F, ~ v "/* for
V> .
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Figure 3. The near-simultaneous SEDs of SN 2012ap in the time interval of 6t ~ 12-4561 days. The top left panel shows the early observations by S. Chakraborti
et al. (2015) from 6t ~ 12-38 days, while the top right panel shows the late-time radio emission reported here. We fit the SEDs with the broken power-law function
described in Equation (4). The bottom panel presents the broadband radio-to-X-ray SED. Here, we fit the radio-to-millimeter emission with a double broken power-
law function (VLA+ALMA; solid lines). In addition, we show the extrapolation of the middle segment power-law to the X-ray bands (dotted-dashed line). This
extrapolation naturally accounts for the observed X-ray emission (which was not fitted). However, it overestimates the emission in the millimeter band, which is
easily explained by a break frequency introduced at v, = 140 + 20 GHz. See the detailed discussion in Section 5.1.

A typical assumption in this SN-CSM interaction model is
that a fraction, €, of the postshock energy density,
Ups X pcsmvjl (where pggm 1s the density of the CSM, and vy,
is the shock velocity), is deposited in the relativistic electrons.
Another fraction, eg, is transferred to the energy density of the
magnetic field, ug o< B% meaning that B o 6%3/ 2 pif{ivsh. The
synchrotron self-absorbed emission evolves as F,, ~ R°B~'/?
in the optically thick regime, and F, ~ R3B?+9/2 in the
optically thin regime (R. A. Chevalier 1998). These power
laws imply that a monotonic evolution of the radio emission is

expected unless there is a change in the density structure and
/or in the hydrodynamic evolution of the shock wave.

In this simple SN-CSM interaction scenario, the early radio
emission from SN 2012ap is easily explained with a mildly
relativistic outflow interacting with a single power-law density
profile (S. Chakraborti et al. 2015). However, the observed
late-time rebrightening of the radio emission does not match
the extrapolation of the early radio component and therefore it
might signal a density increase at large radii. This would imply
that the progenitor massive star experienced different phases of
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mass-loss during the last stages of its evolution. On the other
hand, the early emission and the late-time radio rebrightening
can be a result of an off-axis jet4-cocoon system, in which the
early emission would be due to a mildly relativistic outflow
with a broad angular structure (the cocoon), and the late-time
component would be a result of the relativistic narrow jet
entering our line of sight. If confirmed, this scenario would
imply that the lack of a long GRB detection associated with
SN 2012ap and the low energy inferred for the fastest outflow
at early times is due to geometry effects and not an
intrinsically weak engine-driven explosion. In the following
subsections, we explore these two scenarios.

5.1. A Density Enhancement at R > 10" cm

We first explore the scenario in which the observed radio
and X-ray rebrightening is due to a density increase at large
radii. We present the analysis of the radio emission in
Section 5.1.1 and of the X-ray emission in Section 5.1.2.
However, we emphasize that this analysis was done in parallel,
and the set of microphysical parameters in Section 5.1.1 was
chosen to best match the analysis in Section 5.1.2.

5.1.1. Radio Emission from the FS in the CSM

We adopt the synchrotron self-absorption (SSA) analysis
presented in R. A. Chevalier (1998) to estimate the density
profile around SN 2012ap. This analysis assumes that the
observed peak in the broadband SED is at vy, and that
Vm < Vss < V. (we check for self-consistency of these
frequencies within the GHz bands in this analysis). The radius
of the emitting shell is

1/@p+13) _
R= Gcg EpOd (ﬁ) 1 (1)
aof (p — 2)71'1’+505”+6'E1”_2 2¢)

and the magnetic field strength is

B = 36mcs B 7 T
a2f2 (P _ 2)2663E12([7*2)Fysad12 2¢, ’

where F, is the peak flux density at the intersection between
the optically thick and thin regimes of the synchrotron self-
absorbed SED; d; is the luminosity distance to the SN; fis the
emission volume filling factor; o = €./eg; ¢y, ¢s, and cq are
the constants provided in A. G. Pacholczyk (1970); and E; is
the electron’s rest-mass energy. Under the assumption of a
strong shock, the CSM density is given by

1 _ _
Pesm = _EBlevshz' (3)
o

Here, we assumed that the postshock energy density is
9/8pcsmv§1 (L. DeMarchi et al. 2022; 1. Sfaradi et al. 2025b).
Note that this description implicitly assumes that the
minimum Lorentz factor of the relativistic electrons is
Ym = 1, and that the shock is in the deep-Newtonian (DN)
regime (see S. M. Rahaman et al. 2026 for a more detailed
discussion in the DN regime in subrelativistic outflows). The
DN assumption holds as our inferred velocities are
subrelativistic at late times. However, at early times we infer
Vsn ~ 0.5¢ and the shock might not be fully in the DN
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regime, which will result in a higher ~,, (we present a self-
consistent modeling in Section 5.2).

To obtain F,, v, and p, we adopt the broken power-law
function (see Equation (1) in J. Granot & R. Sari 2002)

v 753 v s(p—1)/2 —1/s
E, = E/S,‘\ - + — ’ (4)
Vsa Vsa

where s = 1.25-0.18p is the smoothing parameter (which is
described in J. Granot & R. Sari 2002). We implement Markov
Chain Monte Carlo (MCMC) using emcee (D. Foreman-Mackey
et al. 2013) to determine the best-fit parameters and infer their
posterior distributions using flat priors. We use 200 walkers with
20,000 steps for each chain and discard the first 1000 steps for
burn-in. We test for convergence by running the chains for at least
507, where 7 is the autocorrelation time. GMRT and VLASS
observations at &t = 3844 and 4039 days, respectively, are
combined to achieve a broadband SED. We fit for the power-law
index of the electrons, p, at ét = 18, 3282, 3844-4039, and 4651
days, and apply the power-law index inferred at 6t = 18 days to
the broadband SEDs at 6t = 12, 27, and 38 days. We report the
results of this analysis in Table 3 and plot the best-fitting models
in Figure 3. To obtain the cooling break frequency, 1., we
combine the broadband VLA SED at 6t = 3282 days with the
ALMA observation at &t = 3624 days. We fit this VLA+ALMA
SED with the broken power-law model in Equation (4), and
introduce a sharp break at 1. above which F, ~ v P2
(and use emcee with the same priors and parameters described
above). This analysis results in v, = 140 4 20 GHz (see the
bottom panel of Figure 3).

We derive the physical parameters of the shock and its
environment in light of the SN-CSM interaction model using these
spectral peaks.”® First, we assume a spherical outflow with an
emission filling factor of f = 0.5. For the energy partition
parameters, assuming that the break frequency in the ALMA
band is due to synchrotron cooling, we find that the results are
consistent with deviation from equipartition (e./eg ~ 0. 1°" for
Ot > 3282 days and we use this ratio for the analysis of the late-
time emission. For the early time emission (0f < 38 days), we
start by assuming equipartition and that e, = eg = 0.1. We note
that while this assumption is common in the SN literature, it is
not justified because we cannot break the degeneracy between
the microphysical parameters at these early times. Therefore,
we also derive the results using €./eg ~ 0.1 (similar to the
analysis of the late-time SEDs).

We start by estimating the radius of the outflow at different
times since it depends only on the ratio of microphysical
parameters (o = ¢€./eg) and not the actual values
(see Equation (1)). We report these values in Table 4 and
plot them in the upper left panel of Figure 4. The temporal

305, Chakraborti et al. (2015) performed this analysis for the early emission
but used the observed peak flux density and not the flux at the intersection
between the optically thin and thick regimes. For self-consistency, we rederive
the physical parameters for these early epochs.

3! We note that usually, when deviations from equipartition are inferred for
shocks of CCSNe, an opposite ratio is inferred, i.e., €, > €g (e.g., SN 2013df,
A. Kamble et al. 2016; SN 20200i, A. Horesh et al. 2020; SN 20190ys,
I. Sfaradi et al. 2024a). However, these studies are analyzing the early time
emission, and there are no clear analogs in the literature for the case of
SN 2012ap.
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evolution of the radius implies a decelerating, mildly
relativistic, shock wave with R ~ 1*7 and T'8 ~ 0.4-0.7 up
to 6t = 38 days, where we estimate the mean velocity, 3 =

R/ct, and T =1/{1 — 3%. The radius at late times
(6t > 3282 days) is consistent with R ~ 5—-6 X 10" cm,
subrelativistic velocities (I'3 ~ 0.05-0.06), and no significant
temporal evolution.

In order to estimate the energy of the outflow and the density of
the CSM, we need to assume the values of ¢, and eg. We can
break the degeneracy in these parameters for the radio SEDs
obtained at late times by estimating the dens1ty at
R~ 6 x 10" cm, assummg that the X-ray emission is due to
bremsstrahlung emission from either the shocked material behind
the FS or the RS (see the detailed discussion in Section 5.1.2).
From this analysis, we find ¢, ~ 1072 and €g =~ 1072 for
Ot > 3282 days (see the bottom right panel of Figure 4). We next
use these values of €, and ep to estimate the kinetic energy of the
shock and the CSM density, assuming a spherical shock wave with
an emitting filling factor, f = 0.5 (see Figure 4 and Table 4 in
Appendix B). Note that we report the physical parameters of the
shock at early times by assuming both equipartition (¢, = eg =
0.1) and €. ~ 1072 and eg ~ 10 2 (similar to the analysis of the
late-time observations).

The structure of the CSM density changes around
5 x 10'°-5 x 1017 cm (see the bottom left panel of Figure 4).
Initially, pegm ~ 72, consistent with a constant mass-loss rate in
steady winds. However, the observed density at R ~ 6 x 10" ¢cm
is higher by 2 or 3 orders of magnitude (depending on the choice
of €. and g at early times) than the extrapolation of this profile.
Assuming that the CSM was deposited in mass-loss by winds of
1000 km s~ ", for €. = eg = 0.1, we infer a mass-loss rate of
M ~ 107> M., yr~! during the last ~15yr of stellar evolution.
This assumes that the wind is freely expanding; however, since it
is expanding to a dense medium, some deceleration is warranted
(we do not account for it, as we do not know the exact density
profile of the CSM). At earlier stages of the stellar evolution, at
least ~15yr before the stellar explosion, the mass-loss was
significantly higher, with M ~ 1072 M_ yr~!, for a constant
wind velocity. It is likely that the change in density arises from a
change in the wind velocity, from ~10 to ~1000km s~ in the
last stages of stellar evolution, possibly due to a transition from
the red supergiant to the Wolf—Rayet phase

In this scenario, the total mass in the CSM is large.
Assuming that the change occurs around Ry, ~ 5 X 10" cm,
the total mass in the CSM up to 6 x 10'” cm is ~1 M. This
can explain the sharp deceleration of the shock wave from
~0.5¢ to ~0.05¢, however, it requires the deposition of a large
fraction of the mass of an H-stripped progenitor star timed
with its core collapse. In addition, the energy required for this
subrelativistic outflow is E; ~ 3-4 x 10°"erg, about 15% of
the kinetic energy inferred at early times, and more energetic
than any radio-emitting subrelativistic outflow observed so far.
However, it is important to note that most radio-emitting
subrelativistic outflows are detected at early times when most
of the energy is carried out by the slow-moving ejecta, and the
radio emission is due to the fastest ejecta.

5.1.2. X-Rays from Thermal Emission of the FS or RS of the SN

The extrapolation of the synchrotron spectrum  of
Section 5.1.1 that fits the radio emission to v > 10'” Hz (with
the assumption of a cooling break at ~140 GHz) significantly
underpredicts the X-ray observations. Furthermore, we show
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in Appendix A that if we consider the X-rays to be an
extension of the synchrotron FS emission seen in the radio, we
infer nonphysical, microphysical parameters (e./eB 2 108)
Therefore, we exclude synchrotron FS emission as the origin
of the X-rays. However, in SN shocks expanding in high-
density media, it is often the case that the X-ray band can be
dominated by thermal bremsstrahlung emission from shocked
material behind the FS or the RS (see, e.g., SNe 2014C,
2013ef, or SN 1970G; S. Immler & K. D. Kuntz 2005;
A. Kamble et al. 2016; D. Brethauer et al. 2022).

The density of the X-ray emitting region px can be derived
from the constraints on the normalization of the bremsstrah-
lung model (norm = Mdl?ﬁfngn,dV, where n, = px/t.m,
and n; = px/wm,) and depends on (i) the chemical
composition (., and p;) and (ii) the emitting volume V. The
inferred CSM density p.sy further depends on (iii) the FS
versus RS nature of the emitting region, and on (iv) the
ultrarelativistic or nonrelativistic nature of the shock. We will
consider solar (©®) and SNe Ibc ejecta-like (x) compositions,
and nonrelativistic shocks (relativistic shocks are explored in
Section 5.2). We parameterize the emitting volume as some
fraction fX of a shell between R;, and R, such that R;, = aR
and V= ?Rom(l — a®)fy, from which it follows that the
filling factor of the radio model is f = (1 — a)fx. It follows
that

mp(:ueul)l/z
o a3)1/2f)1(/2

1/2 mp(ue:ul)l/z .
Vl/2 R3/2(1

out

)

Px X norm

where px is an average density of the emitting region

- NDZR .
(0x = ((P2))/2). Since \/d_’ll* ~ 0.37, the assumption of

solar- versus ejecta-like composition leads to gy |, ~ 0.37/|.,
everything else being equal.

FS-emitting region. In this case, for a strong shock and gas
with adiabatic index =5/3, p., = %X. The X-ray emitting
region is the same as the radio-emitting region for which
f=(1 — a’)fx = 0.5 (from Section 5.1.1). For solar composition,
we infer g, (Rou) = 9 x 10~ 21(m) 3/2g cm 3, imply-
ing agreement with the radio inferences of Section 5.1.1
(see Figure 4) for eg < 1072 and e. < 107> (where the ratio
€e./es = 0.1 has been chosen to satisfy the v, constraint implied
by the ALMA observations). For these values, the internal energy
is ~3 x 10" erg.

RS-emitting region. Several years after the explosion, it is
plausible that the X-ray emission from the SN RS can escape and
reach the observer even if a cold dense shell had formed between
the RS and the FS (e.g., R. A. Chevalier & C. Fransson 2017). In
this case, the radio and the X-ray radiation originate from
different emitting volumes. During the self-similar phase,
requiring the continuity of the pressure at the contact
discontinuity and pressure balance, the density ratio of forward-

shocked to reverse-shocked material is ;RS ~ (" -3 )2( Res )2 (e.g.
FS

R. A. Chevalier 1982). In our scenario ppg = fy, pcsm R PEs /4
and we assume ejecta-like composition for the emitting region,
as appropriate for reverse-shocked material. We infer

(Rou) = 4 x 102" —)=3/2 g cm 3, where we have

adopted a = 0.98, fy = 1, and 2= Res ~ 0.8, as appropriate for s in
the range ~1-2, and n ~ 10. An 1mp0rtant caveat of this analysis
is that at these late times, the RS is likely to have reached the
inner flatter portion of the ejecta profile, and the self-similar

pcsm



THE ASTROPHYSICAL JOURNAL LETTERS, 1005:L19 (19pp), 2026 July 1

E Archival observations @ This work
1018 Tw T T T T \,)/vw /,v \/) T \'\71
r y , , s
L // e ’ // 7]
r S oy
I S e
r \N ’ / ," i 7
— S S
—_ Q- // /, s
E \;//" ~ s “
I 4 4 4 h
O 5% S
[ty Vi o e 4 /
wn 17 /' qu,/ ,/ i
E 10 . ,/ \;//// /, // E
L 9 4 - ’ ]
-r% = / Q‘\/, N S i
o L ,/ /’ /Q;/ /' i
I < I N 1
| . RN |
-1 S
7/ P ’
| l' , // \)/// 4
P\
o e ,/ //
1016'1 P AN | L1
10! 102 103
Days since explosion
Years before the explosion [v, = 1000kms™}]
19 10 100
10719 e —— — 5
E N, AN 3
k ‘\\ N .
:\\ \\ \\ ]
N \‘\ AN
107200 N8N <
—_— N \\ AN ‘\ ]
™ L \\ . S AN i
i N . X
E - ‘\\ . \\\ o .
(&) 21 N \\ AN h N
2ot ** o E
, N ~ AN o 3
< N, ]
~ S k4
\\ \\ \\ \\\
AN N N, N,
1 —22 N N -
0 E \{0\5 \\] ¢ \\/0\(} \\:
C N N ~ h
N
10-23 L i NS Y
107 107 107
Radius [cm]

Sfaradi et al.

B =107 =102 M c=c=01

1052 NON RELATIVISTIC <= RELATIVISTIC]

T T

1051

T T
|

Energy [erg]
S
T T HH\Wo

|

104 M =
1048 E
E | I |
0.1 1.0
rp
€e
106 105 10-% 1073 102
10-Y7 T A o 18 o et e 24 =
B Radio non-thermal FS 3
= S U RTTI X-ray thermal FS E
‘e 10718 -=-- X-ray thermal RS 3
S i ]
=10-10L ]
g E 3
[ ] - ]
. C ]
P K O sl U =
— E 3
% Frmmmm e e e - R 3
- C ]
TR e
&~ u E
%10_22 = 3
< g
23l vl il il
107705 107 103 102 10T
€B

Figure 4. Physical parameters inferred from the fits of the individual SEDs and the SSA analysis (see Section 5.1.1). The top left panel shows the temporal evolution
of the radius, and the top right panel presents the energy-velocity profile. The bottom left panel is for the density profile; also plotted for reference are lines of equal
mass-loss rate assuming a wind velocity of 1000 km s~ '. In the bottom right panel, we present the density of the CSM at R = 6 x 10'7 cm derived from the late-time
radio SEDs for different values of ez while keeping a constant ratio of €./eg = 0.1 (blue stripe). We also plot the density at R = 6 x 10'7 cm derived from the
analysis of the X-ray emission using an FS model (dotted line) and an RS model (dashed line). This is discussed in detail in Section 5.1.2. The analysis presented in
the bottom right panel was used to determine e =~ 1072 and €, =~ 10> in our SSA analysis (the results of this are shown in the other three panels).

solutions might not apply. Treating the results above as an order
of magnitude estimate, and similar to our previous conclusions,
we find agreement with the radio CSM densities for eg < 1072
for e./eg = 0.1, implying large internal energy coupled with the
FS region (E; ~ 3 X 10° erg). We note, however, that in
principle the RS does not have to share the same shock
microphysics as the FS.

This analysis shows that the SN RS and FS might be
contributing comparable amounts of X-ray emission at this
epoch and can explain the observations.

5.2. A Jet+cocoon Structure Observed Off-axis

When viewed off-axis, relativistic jets are invoked as a
mechanism to explain the emergence of late-time nonthermal
emission across different types of transients (e.g., the SNe Ic-
BL SN PTF 10tqv, G. Schroeder et al. 2025; the TDE 2018hyz,
T. Matsumoto & T. Piran 2023; I. Sfaradi et al. 2024b;
GW170817, R. Margutti & R. Chornock 2021, and references
therein). In this scenario, the relativistic jet is launched away

from our line of sight, and the emission is beamed
relativistically, with a beaming angle of I'"!, resulting in a
lack of nonthermal emission early on. Then, as the jet
decelerates, the bulk Lorentz factor decreases, the beaming
effect is reduced, and the emission enters our line of sight,
resulting in the late-time brightening. The emission is expected
to peak roughly when the beaming cone is wide enough to
enter our line of sight; this translates to I' ~ 0. (e.g.,
J. Granot et al. 2002; R. Margutti et al. 2017c¢). J. Granot &
R. Sari (2002), J. Granot & A. Loeb (2003) showed that a
relativistic shock wave traveling through the interstellar

NI/
medium (ISM) will evolve as I'(¢) = 6.68(M) / 1738
1o

days °
where Ep;s.52 is the isotropic equivalent energy is units of
102 erg, ng is the number density of the ISM in units per cubic
centimeters, and 4.y, is the time in days since explosion in
days (see also the discussion in R. Margutti et al. 2017c).
Therefore, at the time of the peak, #,, the viewing angle is

O N—1/8
Bl = 0.15(F22) s
0

pl.days: Overall, the late-time radio
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emission from SN 2012ap is flat, and it is possible that it is
around peak at ~3000-4000days after stellar explosion.
Assuming an ISM density of 1y ~ lcm™> and that the

collimated corrected energy is E; ~ O.SQéEk,iSO we get

I W L R e . .
0o ~ 5.3° x | 3% 0T | This motivates us to

search for relativistic jets viewed extremely off-axis
(~60°-90°) since opening angles smaller than a few degrees
are not expected, and a jet energy larger than a few x 10 erg is
not expected as the energy of the SN ejecta inferred from early
observations was ~2 x 10°%erg (D. Milisavljevic et al. 2015b).

Motivated by this analysis, and following the outflow
structure observed in GRBs (S. E. Woosley & J. S. Bloom
2006), we explore here a two-component outflow structure of a
collimated relativistic jet surrounded by a wide-angle, mildly
relativistic, outflow (i.e., cocoon). While the late-time emis-
sion is dominated solely by the off-axis jet component, we
have chosen to model the cocoon component as well since this
allows us to fully account for the jet evolution at radii smaller
than ~10'® cm (which is represented by a wind-like density
profile). To model the emission, we use VegasAfterglow
(Y. Wang et al. 2026), a framework that self-consistently
solves forward and RS dynamics and calculates synchrotron
emission. For simplicity, we assume a nonspreading top-hat jet
structure for each component, and a CSM-like density
structure, p ~ r~ ¥, that transitions to an ISM density structure
(i.e., constant density profile). We note here that we explored
models of spreading jets using VegasAfterglow; however,
these models failed to describe the slow evolution of the light
curve at late times.

This model has 16 parameters, and there are naturally many
degeneracies. For example, the cocoon emission is consistent
with both spherical and collimated outflows. Therefore, we
cannot constrain its opening angle and fix it to 6y, = 60°. We
note that this is somewhat arbitrary and that a wider opening
angle will result in lower energetics for the cocoon. In
addition, the energy partition parameters of the cocoon are not
constrained, and we set them to €, . = €g . = 0.1. Finally, we
also fix the density of the ISM to be nigy = 1 cm >, We use
emcee (D.Foreman-Mackey et al. 2013) to fit our model with
12 free parameters, and use flat priors. We summarize our
model parameters, their definitions, their priors, and the best-
fitting values in Table 5 in Appendix B.

We find that the entire radio emission, spanning
12-4651 days after explosion, can be explained with our jet
+cocoon model. Figure 5 shows the broadband SEDs with our
best-fitting model. The collimated corrected energy of the
relativistic jet is consistent with Ey e 2 102 erg (note that it
is bound by the upper limit of our prior, which is motivated by
the energetics argument). The initial Lorentz factor is
unbound, and we find I'y;>5. The jet opening angle is
o, =~ 7°5, and a large observing angle, 6, > 80°, is needed.
The jet opening angle and the viewing angle are degenerate,
and a smaller viewing angle requires a smaller opening angle
(e.g., for f,ps = 70° the opening angle is 6y; ~ 3°). We note
that some of the assumptions and approximations implemented
in VegasAfterglow may not fully capture the evolution of
the jet at the very late times we observe SN2012ap . As a
result, the inferred physical parameters of the off-axis jet
should be interpreted with appropriate caution. For the cocoon,
we find a moderate energy of Ejjo. ~ 10°° erg with
Iy ~ 1.14, equivalent to 8 ~ 0.5. The density profile of the
surrounding inner CSM is pegm, ~ r~ % shallower than a 2
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profile (possibly due to a nonsteady wind), and the transition to
the ISM occurs at ~10'® cm, meaning that by the time we first
observe the relativistic jet, it is already traveling in the ISM.
We provide corner plots of the posterior distributions in
Figure 8 in Appendix C.

While the jet4+cocoon model presented above is in
agreement with the observed radio data, it cannot account
for the late-time X-ray emission (as a cooling break is
predicted below the X-ray frequencies). Therefore, if the late-
time radio emission is due to an off-axis relativistic jet, we
need to introduce a different emission component to explain
the X-rays. This component could be the thermal emission
from either the RS or the FS introduced in Section 5.1.2.
However, here, the late-time radio emission is a result of the
relativistic jet, and by invoking the RS or FS to explain the
X-rays, we risk overproducing the radio (as seen in
Section 5.1.1). On the other hand, if we choose a lower value
for eg, we can suppress the radio emission from the
synchrotron FS emission. For example, choosing eg = 107>
(instead of eg = 102) results in FE, ~ 1.4mly at vg, ~ 0.13
GHz (for the same set of parameters used in Section 5.1.1).
Thus, the radio emission from the FS in the CSM would be a
factor of ~50 lower than the observed emission (and therefore
negligible within the observation uncertainties). In conclusion,
in the scenario where the radio emission is from a structure of
a relativistic jet-+cocoon observed off-axis, we can still explain
the X-ray emission with thermal emission from either the RS
or FS without overproducing the radio emission.

6. Discussion

The nature of the early radio emission from SN 2012ap
(up to 38 days after explosion) is well understood as a result of
a mildly relativistic outflow. However, the late-time radio
emission (6 > S5yr) is peculiar. The low-GHz SEDs
(<10 GHz) feature rebrightening of the synchrotron emission
that has barely evolved during ~4 yr. In addition to the radio
peculiarities, the X-ray emission also exhibits late-time
brightening, which is a remarkable match to the tail of the
synchrotron SED observed in the low-GHz bands (see
Figure 3). On the other hand, this is in conflict with an
observed cooling break at v ~ 140 GHz. Even without the
observed cooling break below ALMA observation, we show
that having the cooling break around the X-ray band requires
nonphysical microphysical parameters (see the detailed
derivation in Appendix A). Finally, both the late-time optical
spectra and the analysis of the X-rays as thermal emission
point to large densities around the progenitor. However, the
optical spectra lack the broad emission lines seen in other
strongly interacting SNe at late times.

In the following sections, we discuss the possible astro-
physical scenarios and try to track down the origin of the late-
time panchromatic emission.

6.1. The Origin of the Late-time Radio Emission

Our modeling of the radio emission at late times reveals
either a subrelativistic outflow interacting with two distinct
density structures (requiring a density enhancement at large
radii, Ry, ~ few X 10" cm), or a structure of a relativistic
collimated jet and a wider outflow (the cocoon) observed at a
large viewing angle. The CSM enhancement scenario provides
a physical framework that naturally accounts for both the radio
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Figure 5. Best-fitting results for the jet+cocoon model using VegasAfterglow code. The top left panel is for the late-time radio emission observed with the
VLA, GMRT, and ALMA, modeled with the jet component. The bottom left panel is for the early time radio emission observed with the VLA and modeled with the
wide-angle outflow (i.e., the cocoon). The lines are drawn from the posterior distributions shown in Figure 8 in Appendix C. The right panel presents the density
profile inferred from this modeling (shaded gray region) together with the results from the analysis in Section 5.1.1 (see Figure 4). The colored regions within the
gray region are for the radii for which we have radio observations. We summarize the parameters of this model in Table 5.

and X-ray emission with only one outflow. In addition, the
optical emission suggests the presence of an unshocked dense
CSM, enriched in CNO material and lacking hydrogen, at
large radii. However, it has two main drawbacks. The first is
that the physical parameters we infer in the nonrelativistic
scenario require high energy in the shock and high mass in the
CSM, presumably formed by the progenitor in the last stages
of its evolution. The second drawback is that other SNe that
show late-time interaction also exhibit broad or intermediate-
width emission lines in their optical spectra; these are not
present in the late-time optical spectra of SN 2012ap (see
Section 3).

On the other hand, while the relativistic jet+cocoon
scenario requires two different outflows to explain the radio
and X-ray emission, and while we cannot account for lateral
spreading of the jet in our modeling, it provides a complete
physical framework for both the early and late-time radio
emission, without the need to invoke a sharp density change
and high kinetic energy for a nonrelativistic outflow. Finally,
the existence of a relativistic off-axis jet provides a natural
explanation for the unique properties of SN 2012ap at early
times and places it as part of the GRB population instead of as
a weak engine-driven explosion (we discuss this in detail in
Section 6.2).

Differentiating between these two scenarios requires addi-
tional measurements. For example, using polarization mea-
surements is argued to be one way to distinguish between
subrelativistic outflows and relativistic jets (G. Birenbaum
et al. 2024, 2026). This is because the emission is expected to
be more polarized around the time of the peak of a jetted
outflow (J. Granot et al. 2002; R. Gill & J. Granot 2018).
Another decisive way to differentiate between a nonrelativistic
outflow and a relativistic jet is by direct measurements of the
position and size of the emitting region. VLBI observations
can be used to test exactly that (J. Granot & A. Loeb 2003). If
the late-time rebrightening is due to a nonrelativistic spherical
outflow at 6 X 1017cm, VLBI observations will result in a
circular source with a size of ~0.9 mas, which will be slightly
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resolved with the Very Long Baseline Array (VLBA) at 8.4
GHz. On the other hand, while we only model the emission as
arising from a nonspreading jet, any relativistic jet is likely to
spread by the time we observe the radio emission. Therefore,
the lack of a spreading jet solution might be due to the failure
of the existing analytical frameworks to describe the jet
spreading. If the late-time rebrightening is a result of a
spreading relativistic jet, the size of the radio-emitting region
will be ~2 x 10" cm, which will result in an angular size of
~40mas. Even if the jet significantly decelerated and the
abovementioned size is overestimated, VLBA observations
will clearly distinguish between the two scenarios (relativistic
jet versus nonrelativistic spherical outflow) and help determine
the physical origin of this outflow. We note that measuring the
temporal evolution of the outflow size or the motion of the flux
centroid would have been possible if an early VLBI
observation of this source existed. Combining early and late
VLBA observations could provide a direct measurement of the
velocity of the outflow and therefore its nature.

As an alternative to the CSM enhancement and jet+cocoon
scenarios, emission from PWN is sometimes invoked as a
mechanism for slowly evolving radio emission associated with
SN remnants (S. P. Reynolds & R. A. Chevalier 1984;
B. M. Gaensler & P. O. Slane 2006; D. Z. Dong & G. Halli-
nan 2023). While some models predict a steep spectral index
and luminosity ratio between the radio and X-ray emission of
28 x 1073 (K. Murase et al. 2021), observations of Galactic
PWNe suggest otherwise. For example, typically, the radio
emissionA is somewhat flat, with a spectral index of
—0.3 < § < 0. In addition, when observations of radio and
X-ray emission are available at the same time, the ratio of
X-ray luminosity to radio luminosity is <10~* (S. P. Reynolds
& R. A. Chevalier 1984). Unlike PWN emission, we find that
the broadband late-time radio emission from SN 2012ap is
steeper, 3 ~ —0.85, and that the X-ray to radio luminosity
ratio is ~1. In addition, the radii we infer from the SSA
analysis, R =~ 6 X 10" cm, require high velocities for a newly
formed PWN.
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Furthermore, the emission from the PWN outflow should
illuminate the metal-rich SN ejecta, resulting in broad oxygen
emission lines in the optical spectra that are not detected here.
This is seen, for example, in SN 2012au (E. Wiston et al. 2026,
in preparation) and PWN VT 1137-0377 (D. Milisavljevic
et al. 2018; D. Z. Dong & G. Hallinan 2023, see, however, the
modeling in C. M. B. Omand & A. Jerkstrand 2023). The
optical spectra we obtained for SN 2012ap lack broad emission
lines. Therefore, we conclude that the late-time radio and
X-ray brightening is more likely to be from either CSM
density enhancement or an off-axis jet, and not from a PWN
outflow.

6.2. The Central Engine Context

So far, based on the low energy and velocity measured in its
early radio emission, and the lack of GRB detection,
SN 2012ap represented an intermediate element of a class
between subrelativistic SNe and fully relativistic GRBs. In
addition, the energy-velocity profile at early times is flatter
than expected in the purely hydrodynamical scenario and more
consistent with a short-lived engine driving the SN explosion
(R. Margutti et al. 2014). Therefore, it was argued to be one of
the weakest observed engine-driven explosions (the other one
being SN 2009bb; A. M. Soderberg et al. 2010), where the jet
fails to breakout (R. Margutti et al. 2014). Our analysis of the
new data obtained in the decade since the stellar explosion
suggests that a powerful relativistic jet might have been
launched from SN 2012ap, and that the observational peculia-
rities can be explained with a large viewing angle. In Figure 6,
we present the phase space of E; and 'S (adapted from
R. Margutti et al. 2014). This plot demonstrates that if the late-
time radio emission is due to a relativistic jet, SN 2012ap is
similar to relativistic GRBs in terms of energy and velocity,
and can no longer be considered as an intermediate class.

The implications of our analysis of SN 2012ap extend beyond
its re-classification (if indeed it generated an energetic off-axis
jet) and become important in the era of the Einstein Probe. If
SN 2012ap launched a powerful relativistic jet viewed off-axis,
then events traditionally identified as engine-driven explosions
with jets that fail to break out may instead represent a large
population of relativistic SNe whose jets are simply misaligned
with our line of sight. The wide-field, high-cadence soft X-ray
monitoring enabled by the Einstein Probe is expected to uncover
faint, rapidly evolving X-ray transients, with key examples
being EP240414a (J. S. Bright et al. 2025; S. Srivastav
et al. 2025; J.-H. Zheng et al. 2025) and EP250108a
(R. A. J. Eyles-Ferris et al. 2025; G. P. Srinivasaragavan
et al. 2025). These X-ray transients are typically associated with
shock breakout, cocoon emission, or the early interaction of off-
axis jets with their environments, and their signals would have
been missed by previous GRB-triggered searches (W. Yuan
et al. 2015).

However, as demonstrated by this study, X-ray detections
alone will not allow us to determine the nature of these events.
Combining these detections with late-time radio observations
and VLBI observations on different timescales remains
essential for constraining the kinetic energy and geometry of
the ejecta, and for distinguishing between spherical mildly
relativistic explosions and relativistic jets observed off-axis.
Our results therefore suggest that systematic radio follow-up of
Einstein Probe transients will be critical for building an
unbiased census of jet production in CCSNe and for
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Figure 6. Kinetic energy of the ejecta of ordinary SNe Ic-BL (red) and
energetic SNe, a class of explosions that includes GRBs (blue), subenergetic
GRBs (light blue), and relativistic SNe (orange). This plot is the same as
Figure 2 in R. Margutti et al. (2014) but with updated values for SN 2012ap
(orange stars) based on the results of this work. Squares and circles are for the
slow-moving and the fast-moving ejecta, respectively. As demonstrated in this
plot, the energy of the jet component of SN 2012ap is similar to that of other
GRBs, suggesting that the main difference between SN 2012ap and other
engine-driven explosions is due to a viewing angle effect.

establishing whether events like SN 2012ap represent the
low-luminosity tail of the GRB population or a previously
hidden majority of off-axis relativistic explosions.

7. Conclusions

In this work, we present new radio, optical, and X-ray
observations of the 14yr old relativistic SN2012ap and
provide a detailed analysis of this broadband emission. Our
new observations, starting ~9 yr after stellar explosion and
spanning over 4 yr, reveal (i) optical spectra consisting of
narrow lines, (ii) late-time brightening of the X-ray emission,
and (iii) broadband radio rebrightening (the rebrightening in a
single radio frequency was first reported by M. C. Stroh
et al. 2021).

By modeling the radio emission we conclude that the origin
of this late-time rebrightening can be explained either by (1)
the interaction of the mildly relativistic SN outflow observed at
early times with a density enhancement in the CSM around
few x 10'7 cm, possibly due to a change in the mass-loss
processes during the transition of the progenitor from a RSG to
a Wolf-Rayet star, or (2) a relativistic narrow jet, with a
collimated energy of E; < 3 x 10°%erg and an opening angle
of ~7.5, observed off-axis, with a viewing angle of
Bops ~ 80°-90°. Our analysis of the X-ray emission points to
thermal emission from either the RS or the FS in the CSM.
Therefore, the SN ejecta interacting with the CSM naturally
explains the overall radio-to-X-ray emission. On the other
hand, while the jet+cocoon model naturally explains the radio
emission, we still need to invoke either the RS or the FS to
explain the X-ray emission. In addition, lateral expansion of
the jet is expected but requires faster evolution of the radio
emission than the observed evolution. We conclude that direct
measurements of the size of the emitting region with our
planned VLBA observations of this SN will distinguish
between the different physical models presented here.
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We emphasize that if the late-time radio emission is due to
an off-axis relativistic jet SN 2012ap can no longer be
considered as a “missing-link” SN. In this context, the only
difference between fully relativistic GRBs (represented in blue
in Figure 6) and SN 2012ap is a viewing angle effect, and if we
were to observe it on-axis it would have looked similar to other
GRBs. This raises the question: Are other relativistic SNe
(namely, SN 2009bb represented in orange in Figure 6) and
subenergetic GRBs (seen in light blue in Figure 6) similar to
regular GRBs but observed off-axis? As seen from our
analysis of SN 2012ap, late-time follow-up observations of
these events can hold the key to answering this question.
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Appendix A
The Position of the Cooling Spectral Break

Our analysis of the late-time radio emission is made under
the assumption of v, ~ 140 GHz (based on the observation
with ALMA), which implies a deviation from equipartition
(e./ep ~ 0.1 in our analysis). However, the bottom panel of
Figure 3 reveals that the X-ray emission matches the tail of the
low-GHz emission (up to ~10 GHz). This can suggest that the
cooling frequency is actually at higher frequencies than we
observe with ALMA. If the cooling frequency is around the
X-ray band, the deviation from equipartition will increase
significantly. The synchrotron cooling frequency is

&mmcq,
03T B2
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Ve =
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where m. and ¢. are the mass and charge of the electron,
respectively, ot is the Thomson cross section, B is the magnetic
field strength, and 7., is the cooling time of the electrons. In the
nonrelativistic regime discussed in Section 5.1.1, the magnetic
field strength is fixed for a set of fixed F,,, vs,, and p, and varies
for different energy partition ratios o = €./eg (see Equation (2);
note that we assume I" ~ 1). Therefore, varying « and/or 7., is
the only way to achieve a cooling break frequency at, or above,
the X-ray band.

So far, we assumed that the cooling time is the dynamical
time, Z4y,. This assumption implies that the electrons are cooled
on timescales similar to the time since explosion. In Figure 7,
we present the ratio of energy partition, v, versus the position of
the cooling break frequency, v, for different cooling timescales,
t.0ol- This analysis indicates nonphysical ratios for the long
cooling timescales, « 2> 10" and 10* for 7., ~ 9 and 1 yr,
respectively, in order to get a cooling break above the X-ray
band. Alternatively, more reasonable ratios of a < 10° are
allowing for v, 2> 10" Hz if we assume 7., ~ few months.
However, this means that the vast majority of the electrons are
not emitting in a synchrotron. Therefore, we conclude that while
the X-ray emission seems to be a natural extension of the
synchrotron emission, the inferred physical parameters (espe-
cially the energy partition ratio) are extreme, and it is more
likely that the emission in X-rays arises from a different
mechanism (as discussed in detail in Section 5.1.2).


https://doi.org/10.25574/cdc.604

THE ASTROPHYSICAL JOURNAL LETTERS, 1005:L19 (19pp), 2026 July 1 Sfaradi et al.

1012 ‘ . : ‘ ‘ I ‘
: m—tcool = tayn = 9 ye€ars :
10101 i s teo0l = tgyn/10 = 11 months i
1 tcool = tayn/100 = Imonth
| |
108 : !
! |
! 1
o 106 L : :
3 : :
w H !
I} B : I
s 10°- ! |
i
2 1
[ 1
10 |
i
i
100+ |
i
1

1072 L | | | 1 |
1010 1012 1014 1016 1018
Veool [HZ]

Figure 7. The ratio of the energy in the relativistic electrons, €., over the energy in the magnetic fields, eg, vs. the position of the cooling break frequency, v, for
different cooling times, 7.0 For reference, we plot in dashed vertical lines the position of the cooling break inferred in the millimeter bands, and the position of the
X-ray band. This analysis implies that extreme ¢,/ ep ratios are needed in order to reconcile the position of the cooling frequency with the naive extrapolation of the
radio SEDs to the X-ray band (as can be seen in Figure 3).

Appendix B
Data Tables

In this appendix, we attach the tables (Tables 1, 2, 3, 4, and 5)
containing data and best-fitting parameters.

Table 1
CXO and NuSTAR X-Ray Observations of SN 2012ap and Inferred Spectral Parameters
ObsID ot Count Rate® Signiﬁcanceb Photon Index Log Unabsorbed Flux® Spacecraft
(days) 1074 (cs™h o (erg sTlem™?)
13785 24 <8 2¢ <—14.1 CX0
25181 3596 6.0 + 0.2 5.0 189743 —13.9%04 CX0
25216 3999 5.6+ 2.0 3.9 22102 —13.74%3 CX0
25217 4082 84 +24 6.3
80802504002 3998 <2.8 24 <—13.8 NuSTAR
80802504004 4081 <2.6 e 24 <—13.8 NuSTAR
Notes.
? 30 limit; Background-subtracted; 0.5-8 keV for CXO, 8-20 keV for NuSTAR, both modules.
P 0.5-8keV.
€ CXO0: 0.3-10 keV and NH;, = 0 cm ™2 NuSTAR: 8-20 keV.
4 Assumed.
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Table 2

Summary of the Radio Flux Measurements
Observation
Date At v F, Telescope (Project Code)
(YYYY-
MM-DD) (days) (GHz) (mly)
2017-09-30 2064 3.0 39+ 04 VLA (VLASS)
2020-08-16 3115 3.0 42+ 0.5 VLA (VLASS)
2021-01-30 3282 0.341 7.7+ 1.5 VLA (VLITE)
2021-01-30 3282 1.26 87 +£0.5 VLA:A (20B-279)
2021-01-30 3282 1.78 6.9 + 04 VLA:A (20B-279)
2021-01-30 3282 2.50 53+03 VLA:A (20B-279)
2021-01-30 3282 3.67 4.1+02 VLA:A (20B-279)
2021-01-30 3282 4,78 3.1 +£02 VLA:A (20B-279)
2021-01-30 3282 5.76 2.7 +0.1 VLA:A (20B-279)
2021-01-30 3282 6.69 23 +0.1 VLA:A (20B-279)
2021-01-30 3282 7.71 2.0+ 0.1 VLA:A (20B-279)
2022-06-09 3624 211 0.086 + 0.009 ALMA (2021.1.00099.S)
2022-08-15 3844 0.33 104 £ 1.2 GMRT
2022-08-15 3844 0.65 13.6 + 1.4 GMRT
2022-08-15 3844 1.37 7.5 +£0.8 GMRT
2023-02-26 4039 3.0 42+ 0.5 VLA:A (VLASS)
2024-10-30 4651 0.341 104 £ 1.9 VLA:A (VLITE)
2024-10-30 4651 1.5 79 + 0.8 VLA:A (24B-311)
2024-10-30 4651 3.0 36 £04 VLA:A (24B-311)
2024-10-30 4651 6.0 24 +0.3 VLA:A (24B-311)
2024-10-30 4651 10.0 1.5+ 02 VLA:A (24B-311)

Note. Summary of the late-time radio flux density measurements for SN 2012ap. 6t is the time since explosion, v is the observed central frequency, F,, is the flux
density (and 1o uncertainty). In the “Telescope” column, we specify the array configuration after the colon and the project (in parentheses).

Table 3

Broken Power-law Fits to Individual SEDs
o Fq, Vsa P
(days) (mlJY) (GHz)
12 9.9 + 0.8 10.2 £ 0.6 3.15%
18 9.1 £0.7 7.85 + 0.50 3.15 £ 0.30
27 74+ 04 5.35 £ 0.20 3.15°
38 6.5+ 0.3 39 +02 3.15%
3282 20 + 1 0.47 + 0.03 2.62 £+ 0.06
3844-4039 22 +£2 0.39 + 0.04 27 +02
4651 22+3 0.42 + 0.05 2.7 +0.2

Notes. Best-fitting parameters of the radio SEDs using Equation (4).
# Observations for which the power-law index of the electron distribution is fixed (see the discussion in Section 5.1). The reported times and peak frequencies are in
the frame of the observer.
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Table 4
Physical Parameters from a Nonrelativistic SSA Analysis of Individual SED Fits

St R B e Pesm Ups Vm Ve

ps

(days) (10'° cm) (©)] (1072 gcm ™) (108 erg) (GHz) (GHz)
€ = e = 0.1 12 17402 0.93791% 0.6675043 1213 3.911¢ 12403 19007455°
18 2.2%93 0.7 0.1 0.5550% 9+2 5212 0.4350:49 18001 440°
27 3.0 + 0.3 0.51:3% 0.479% 5.6504 5.8123 0.16 £ 0.03  2400*43
38 3.8 + 04 0.37+591 0.4215% 3.6793 6.9°%3 0.089%2 300041350

3282 45 + 3 0.030 & 0.002  0.053 + 0.004 13794 75130 <1072 7007130

3844-4039 5543 0.025 + 0.003 0.055+5:90 0.8 +0.3 94 + 18 <1072 940370

4651 53¢ 0.027 =+ 0.003 0.044709% 15797 110 + 20 <1072 520430

€e=1073, eg = 1072 12 19402 15793 0.80913 240439 150739 <1072 4507339
18 25403 12402 0.64731% 190+39 19079 <1072 430134

27 3.3404 0.8 + 0.1 0.54+0%8 120 + 20 220+80 <1072 570130

38 43703 0.617532 0.4973%7 75713 26059 <1072 710435
3282 5144 0.051 + 0.003  0.061 + 0.004 2818 3000 + 40 <1072 160 + 30

3844-4039 62°¢ 0.042 + 0.004 0.0630:008 1747 3800 + 800 <1072 20075

4651 6147 0.045 + 0.005 0.050+0:50¢ 3143 4200 + 900 <1073 12039

Note. The physical parameters of the outflows and their environment based on the broken power-law fits to the individual radio SEDs (Section 5.1). The radius and
L The CSM density is

1 —;’)’2.

magnetic field strength are calculated using Equations (1) and (2), respectively. The proper velocity, '3, is defined by R/6t = ¢, and T’ =

2
calculated using Equation (3). The postshock energy and it is calculated assuming Up,s = i:—ﬂv, where V = f %R3 is the volume of the emitting region. These
reported values assume €, = eg = 0.1 for 6t = 12-38 days, and €. = 0.01 and eg = 0.1 for ér = 3282-4651 days (see the details in Section 5.1).

Table 5
A Summary of the Off-axis Jet+cocoon Model Parameters

Parameter Units Definition Priors Best-fitting Value
Jet component Nonspreading jet
log (Ex irue.) log,, (erg) Collimated corrected energy of the jet, log scale [48 — log,, (3 x 10%2)] 52 — log;, 3 x 10%2)
0o, rad Opening angle of the jet [0.017 — 1.05] 0.1375:9¢
Lo, Initial Lorentz factor of the jet [2 — 30] >5
log, (€e) Fraction of energy in the relativistic electrons, log scale [-5 — (=0.5)] —2.8703
log,, (eB,j) Fraction of energy in the magnetic fields, log scale [-5 — (—0.5)] —l.Ofgjf
Dj Power-law index of the relativistic electrons [2.01 — 4] 2.70 £+ 0.03
Cocoon component Nonspreading jet
log; (Eyiso,c) log,, (erg) Isotropic equivalent energy of the cocoon, log scale [48 — 52] 50.2 £ 0.1
0o, deg Opening angle of the cocoon fixed 60°
To. Initial Lorentz factor of the cocoon [1—2] 1.14 £+ 0.02
€erc Fraction of energy in the relativistic electrons fixed 0.1
€Bc Fraction of energy in the magnetic fields fixed 0.1
De Power-law index of the relativistic electrons [2.01 — 4] 2354043
Environment p= A%+ migm mp
A, 5 x 10" gcm™? Normalization factor of the CSM density [0.01 — 100] 2.019¢
k Power-law index of the CSM density profile [0 —2.9] 1.55 £ 0.12
ism cm3 Number density of the ISM fixed 1
Observer
Oobs rad Viewing angle [1.05 — 1.57] 1.38-1.57

Note. The physical parameters of the off-axis jet+cocoon VegasAfterglow model (Y. Wang et al. 2026) we use to fit both the early and late-time radio data. We
use flat priors, 200 walkers, and 10000 steps with a burn-in of 1000 in our implementation of MCMC. VegasAfterglow uses the isotropic equivalent energy,
E} is0» however, for the jet component, we constrain the collimated corrected energy to be up to Ej e < 3 X 107 erg, as higher values are unlikely. To do so, we
assume in our fitting code that Ej ;e ~ 0.5 9(2)' ; Ekisoj- See the detailed discussion in Section 5.2.
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Appendix C
Corner Plots

In this appendix, we present Figure 8, which is the corner
plot of the MCMC analysis presented in Section 5.2.
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Figure 8. Corner plots of the posterior distributions for the jet4+-cocoon model using VegasAfterglow code. As seen from these plots, the collimated corrected
energy of the jet is reaching the highest value we impose as an upper limit for our prior, 3 x 10 erg, the initial Lorentz factor of the jet is unconstrained and
therefore serves as a lower limit. In addition, the observing angle is also reaching the highest value of the prior, 04, = 90°. In Figure 5, we present the radio SEDs
with lines drawn from these posterior distributions.
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