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Abstract

We present the results from our 7 yr long broadband X-ray observing campaign of SN 2014C with Chandra and
NuSTAR. These coordinated observations represent the first look at the evolution of a young extragalactic SN in
the 0.3-80 keV energy range in the years after core collapse. We find that the spectroscopic metamorphosis of
SN 2014C from an ordinary type Ib SN 1nto an interacting SN with copious hydrogen emission is accompanied by
lummous X-rays reaching L, ~ 5.6 x 10*° erg s~ (0.3-100 keV) at ~1000 days post-explosion and declining as
L, oc 1" afterwards. The broadband X-ray spectrum is of thermal origin and shows clear evidence for cooling after
peak, with T (1) ~ 20 keV (/1) "*>. Soft X-rays of sub-keV energy suffer from large photoelectrlc absorption
originating from the local SN environment with NH;,(t) ~ 3 x 1022(t/400 days)~'* cm™ We interpret these
findings as the result of the interaction of the SN shock with a dense (n = 10° — 106 cm ), H-rich disk-like
circumstellar medium (CSM) with inner radius ~2 x 10'® cm and extending to ~10'” cm. Based on the declining
NH;,(#) and X-ray luminosity evolution, we infer a CSM mass of ~(1.2 f~2.0 \/f )M, where f'is the volume filling
factor. We place SN 2014C in the context of 121 core-collapse SNe with evidence for strong shock interaction with
a thick circumstellar medium. Finally, we highlight the challenges that the current mass-loss theories (including
wave-driven mass loss, binary interaction, and line-driven winds) face when interpreting the wide dynamic ranges
of CSM parameters inferred from observations.
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1. Introduction

Observational studies of evolved massive stars are starting to
reveal an eventful history of mass loss as these stars approach
core collapse. Observational evidence has been accumulating
from a variety of independent lines, including: the direct
detection of pre-supernova outbursts from across the mass
spectrum of exploding stars (e.g., Pastorello et al. 2007, 2013;
Margutti et al. 2014; Ofek et al. 2014; Pastorello et al. 2018;
Strotjohann et al. 2021; Jacobson-Galén et al. 2022b); bright
UV emission in type IIP supernovae (SNe IIP) at early times
(e.g., Morozova et al. 2018; Bostroem et al. 2019; Morozova
et al. 2020; Dessart & John Hillier 2022); narrow spectral lines
originating from a dense circumstellar medium ionized by the
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BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

explosion’s shock (as in type IIn, type Ibn, and type Icn SNe;
e.g., Schlegel 1990; Filippenko 1997; Pastorello et al. 2008;
Perley et al. 2022); re-brightening of optical light curves (e.g.,
Sollerman et al. 2020; Jin et al. 2021; Soraisam et al. 2022);
and luminous X-ray and radio emission powered by efficient
conversion of shock kinetic energy into radiation as the SN
shock is decelerated in the environment by mass lost by the star
before stellar demise (e.g., Chevalier & Fransson 2006;
Soderberg et al. 2006; Dwarkadas et al. 2010; Chevalier &
Fransson 2017; Stroh et al. 2021). Here we present the results
from a coordinated campaign on SN 2014C with the Chandra
X-ray Observatory (CXO) and the Nuclear Spectroscopic
Telescope Array (NuSTAR) during the first 7 yr after core
collapse, and update the analysis by Margutti et al. (2017).
These observations map the evolution of the emission from the
interaction of an H-stripped SN shock with an H-rich medium
in the soft and hard X-rays for the first time.

SN 2014C originally attracted the attention of the SN commu-
nity because of its highly unusual spectroscopic metamorphosis
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from an ordinary H-stripped core-collapse SN type Ib into an SN
with clear signs of interaction with an H-rich medium, as
documented in Milisavljevic et al. (2015; see Mauerhan et al.
2018 for a follow-up study). The optical spectroscopic metamor-
phosis was accompanied by rising luminous radio and X-ray
emission (Anderson et al. 2016; Margutti et al. 2017; Brethauer
et al. 2020; Bietenholz et al. 2021a, 2021b; Thomas et al. 2022),
as well as luminous infrared emission (Tinyanont et al. 2016,
2019). Despite different modeling assumptions in those papers,
and in theoretical investigations such as Harris & Nugent (2020)
and Vargas et al. (2022), a concordant picture emerged that
associates the SN 2014C phenomenology with the presence of
dense H-rich circumstellar material (CSM) in the immediate
vicinity of an H-poor SN. Furthermore, the analysis of archival
pre-explosion images pointed at a low-mass star of Mzams ~
11 M, as progenitor (Milisavljevic et al. 2015; Sun et al. 2020).

Clear signs of H-rich CSM interaction have occurred in other
stripped envelope explosion types; SNe 200lem (Chugai &
Chevalier 2006), 2004dk (Mauerhan et al. 2018), 2017dio
(Kuncarayakti et al. 2018), and 2019yvr (Kilpatrick et al.
2021), as well as superluminous SNe iPTF13ehe, iPTF15esb,
iPTF16bad (Yan et al. 2017), and 2017ens (Andrews et al.
2019) all showed a delayed appearance of Ha emission.
Similarly, late-time radio emission that is believed to be
connected to this phenomenology has been observed in SNe
2001em (Schinzel et al. 2009), 2003gk (Bietenholz et al. 2014),
2004C (DeMarchi et al. 2022), 2007bg (Salas et al. 2013),
PTF11qcj (Corsi et al. 2014), VT J1210014-495647 (Dong
et al. 2021), and others identified in Stroh et al. (2021).

Several explanations have been proposed to explain these
observations, ranging from luminous blue variable (LBV)-like
eruptions (e.g., Smith & Owocki 2006; Smith 2014), to stellar
H-envelope ejection as a result of binary interaction (e.g.,
Podsiadlowski et al. 1992), to internal gravity-wave-driven
mass ejections proposed in Quataert & Shiode (2012), to
nuclear burning instabilities (Smith & Arnett 2014). By
assembling a large sample of 121 core-collapse SNe with
signatures of interaction with a thick CSM, we show how each
of these mechanisms might naturally explain only a portion of
the mass-loss parameter space of evolved massive stars.

The paper is organized as follows. In Section 2, we present
the analysis of our broadband X-ray campaign of SN 2014C
with the CXO and NuSTAR. In Section 3 we model these
observations and derive our inferences on the SN shock and
circumstellar environment. We discuss our findings within the
broader context of a large sample of 121 core-collapse SNe (see
Table 1) with observational signatures of interaction with a
dense medium in Section 4. Finally, we discuss different mass-
loss scenarios, including line-driven winds (Section 4.2.1),
interaction with a stellar companion (Section 4.2.2), and
internal gravity-wave-driven mass loss (Section 4.2.3).
Conclusions are drawn in Section 5. In Appendix A we
provide a detailed accounting of each individual interacting SN
in our sample, including classification, modeled properties
from other literature, and our methods for filling in information
that was not explicitly provided.

Following Freedman et al. (2001), we adopt a distance of 14.7
40.6 Mpc for the host galaxy of SN 2014C (NGC 7331). Times
are referred to the time of first light from Margutti et al. (2017),
which is 2013 December 30 + 1 day (corresponding to MJD
56656 *1). Uncertainties are quoted at 1o confidence level and
upper limits at the 30 confidence level unless stated otherwise.
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2. Soft and Hard X-Ray Observations

We present a homogeneous analysis of our entire broadband
X-ray campaign of SN 2014C for the first ~2307 days of the
evolution, using the CXO and NuSTAR. For consistency, we
also reanalyze the X-ray data acquired at 6r < 500 days, which
we originally published in Margutti et al. (2017). While the
present paper was in an advanced stage of preparation, the
paper by Thomas et al. (2022) appeared on the arXiv presenting
the data from our extensive soft and hard-X-ray campaign of
SN 2014C. We comment as appropriate in the remainder of the
paper on differences between our analysis and the independent
one of Thomas et al. (2022). A key difference between the two
analyses is that our approach accounts for background
contamination at higher energies and therefore produces a
more accurate model. This data set offers the unprecedented
opportunity to study the evolution of the hard X-ray emission
from an extragalactic SN over a baseline of 7 yr.

2.1. Soft X-Ray Observations with the CXO

Prior to the explosion, the field of SN 2014C was observed
by the CXO on 2001 January 27 (PI Zezas, ID 2198) for a total
exposure time of ~29.5 ks. No X-ray emission was detected at
the location of SN2014C with a 3¢ absorbed flux limit of
<28x107" erg s em 2 (0.3-10 keV). We refer the reader
to Margutti et al. (2017) for more details on CXO pre-explosion
observations.

We started monitoring SN 2014C with the CXO on 2014
November 3 (6t = 308 days since explosion, PI Soderberg, ID
16005). Further CXO observations were acquired starting from
2015 January 30 to 2020 April 18, ~1 to ~6 yr post-explosion,
with a total exposure time of ~242 ks (Table 2, PI Margutti).

We reduced the CXO data with the software package CIAO
v. 4.12 by applying standard ACIS filtering criteria and using
the latest calibration database (CALDB v. 20190813). We
used the wavdetect task within CIAO to perform blind
point-source detection. A bright X-ray source is blindly
detected with high confidence (>40c) at the location of
SN 2014C throughout these observations. The corresponding
significance of detection and count-rates are reported in
Appendix B, Table 2. We note that the observed 0.5-8 keV
count-rate increases until 6z~ 1258 days as a result of the
combination of the larger intrinsic luminosity of the source and
the smaller intrinsic absorption with time.

For each observation, we extracted a spectrum from a 1”5
radius region around the source using specextract within
CIAO. We extracted the background spectrum from a large
source-free region away from chip edges of ~20”. We fit the
spectrum from each CXO observation independently with the
exception of IDs 18343421077 and 21640+23216. Each pair
of observation IDs were acquired very close in time (At/
1< 107?) and can be thus considered effectively part of the
same epoch of observations. For this first round of spectral
modeling, we used an absorbed power-law model
tbabs * ztbabs * pow in XSPEC. We adopted a Galactic
neutral hydrogen column density in the direction of SN 2014C
as NHyw =6.14 x 10°°cm™> (Kalberla et al. 2005). We
employed Cash statistics to constrain the spectral parameters
and their uncertainties. The inferred best-fitting parameters as
well as absorbed and unabsorbed fluxes are reported in
Appendix B, Table 3. Our measurements are consistent with
the X-ray analysis presented in Jin & Kong (2019).
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2.2. Hard X-Ray Observations with NuSTAR

We acquired hard X-ray (3-79 keV) observations of
SN 2014C with NuSTAR starting on 2015 January 29 (6t
~400 days) through 2020 April 30 (6r ~2300 days, PI
Margutti), for a total exposure of ~347 ks. Since the emission
from the background largely dominates the spectrum above
~40keV, in the following, we focus our analysis on the
3-40 keV spectral window. We extracted and cleaned the event
files with nupipeline and nuproducts within NuSTAR-
DAS (v.1.9.5) using standard filtering criteria and the latest files
available in the NuSTAR calibration database (CALDB
v.20190607). Specifically, for the data screening and
filtering step, we follow the updated prescriptions of
NuSTARDAS (v.1.9.5).

With these parameters, we find that a source of hard X-ray
emission is blindly detected at the location of SN 2014C with
high significance (>150 confidence level, see Appendix B,
Table 4) throughout the entire duration of our monitoring
campaign. Importantly, these observations establish SN 2014C
as the first SN with well-monitored bright hard X-ray emission
over its first ~7 yr of evolution post-explosion.

For each observation, we extracted a source spectrum from a
region of 1’ radius around the position of SN 2014C. For the
background spectrum, we used a source-free annulus region
centered at the source location with an inner and outer radius of
171 and 3’, respectively. NuSTAR observations complement the
CXO observations at higher X-ray energies. In Section 2.3 we
exploit the high angular resolution of coordinated CXO
observations to model and account for the partial contamination
of the low-energy NuSTAR data by unrelated sources in the
host galaxy of SN 2014C, which results from the larger
NuSTAR point-spread function (PSF), with an FWHM of
~18".

2.3. Joint Spectral Analysis of CXO and NuSTAR Data

In this section we perform broadband X-ray spectral
modeling in the 0.3-40keV energy range using observations
from both CXO and NuSTAR.

We performed a joint spectral fit of each of the epochs for
which we have coordinated CXO and NuSTAR observations
(Appendix B, Table 5). Following Margutti et al. (2017), we
use an absorbed thermal bremsstrahlung spectral model
(tbabs*ztbabs*bremss) for the SN emission.'”> While
the fine angular resolution of the CXO allows for the CXO
spectrum to be entirely dominated by the SN emission, the
more extended NuSTAR PSF includes important contributions
from the host-galaxy emission that is unrelated to the SN. We
account for the presence of contamination in the NuSTAR
spectrum by adding an absorbed power-law (tbabs*pow)
spectral component to model the NuSTAR data.

We initially tie the bremss model parameters of CXO and
NuSTAR observations and fit for the intrinsic neutral hydrogen
column density (NH;,), plasma temperature (7), and the
emission measure (EM) associated with the bremss model
and the photon index (I') of the power-law component. The
best-fitting power-law model obtained in this way quantifies the
contribution of the contamination by the host-galaxy emission

'3 Note that the Fe line emission and the underlying continuum do not
necessarily originate from the same emitting region, and we thus avoid using
the vapec model of collisionally ionized diffuse gas adopted by Thomas
et al. (2022).

Brethauer et al.

to the NuSTAR spectrum. We then freeze the power-law model
parameters to the best-fitting values obtained in the previous
step, untie the hard and soft X-ray EMs and perform a final
joint-fit to constrain the spectral parameters associated with the
bremsstrahlung emission. Even with the bremsstrahlung
normalization constants untied between CXO and NuSTAR,
they were consistently well within 10% of each other. In this
way we account for potential CXO-NuSTAR intercalibration
uncertainties.

Table 5 in Appendix B reports the inferred best-fitting
parameters values and the derived absorbed and unabsorbed
fluxes in the 0.3-100keV range, plasma temperature, and
intrinsic neutral hydrogen column density from the broadband
X-ray spectral fitting. The best-fitting spectra of SN 2014C are
portrayed in Figures 1 and 2. The evolution of the NH;y,, the
plasma temperature 7 and the 0.3-100keV X-ray luminosity
are shown in Figures 3, 4, and 5, respectively. Our findings in
the first 500 days of evolution are consistent with the results
presented by Margutti et al. (2017), and broadly similar to
Thomas et al. (2022). However, Thomas et al. (2022) did not
account for the contamination of the NuSTAR PSF by
unrelated sources. We find that this leads to a systematic
underestimate of the plasma temperature 7. We can reproduce
the T~ 10keV values reported by Thomas et al. (2022) by
setting to zero the normalization of the power-law spectral
component that quantifies the contamination by other X-ray
sources and by including the NuSTAR data above 50 keV in
the fit, which are background dominated.

From our analysis, we find that NH;,(#) shows a monotonic
decline with NHj, () ocr '* from ~2.7 x 10*?> cm 2 at
8t ~ 396 days to ~3 x 10*' cm™2 at 6t~ 2307 days, which
suggests that the NH;,, is completely dominated by material
outside of the Milky Way and local to the SN explosions at all
times (Figure 3). The temperature peaks at T~ 23keV at
8t ~ 500-600 days, to later decay as o< 7~ - until the end of our
monitoring at 6t 2300 days, indicating a deviation from
adiabatic expansion (7(f) x 2 (Figure 4)). The resulting
0.3-100 keV luminositgl inferred from the unabsorbed fluxes
reaches L, ~ 5.5 x 10*°erg s™" at ~1000 days. The post-peak
decline is currently well described by a o<~ ' decay (Figure 5).
The physical implications of these observational findings are
discussed in detail in the following section.

Finally, we note the presence of an excess of emission with
respect to the thermal bremsstrahlung model in the energy
interval ~6.5-7.1keV in our broadband X-ray modeling
(Figures 1, 2 and 6). We fit the emission in the energy range
5-9 keV with a Gaussian model in addition to the inferred best-
fit bremsstrahlung and power-law models. As noted in Margutti
et al. (2017), we associate this emission with H- and He-like Fe
atom transitions, in particular with the resulting Ko emission
line. Table 6 reports the best-fitting values and the inferred
unabsorbed flux in the 6.5-7.1keV energy range of the
Gaussian component. Unfortunately, the data lack the spectral
resolution and signal-to-noise ratio to further constrain the
potentially complex line emission from highly ionized iron
that might be expected (Mewe et al. 1985, 1986; Liedahl
et al. 1995).

3. Inferences on the Shock and Environment Properties

In this section we derive inferences on the shock and
environment physical parameters using the constraints on the
temperature 7(7), intrinsic neutral hydrogen absorption NH;,(?),
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Figure 1. Broadband (0.5-40 keV) X-ray spectrum of SN 2014C acquired with coordinated CXO (black filled circles) and NuSTAR (magenta squares) observations
spanning from 6f = 396 to 2307 days since explosion. In each panel, a thick blue line marks the best-fitting absorbed bremsstrahlung model with best-fitting spectral
parameters reported in Appendix B, Table 5, and shown in Figures 3 and 4. There is an excess of emission with respect to this model (Figures 1 and 2), which,
following Margutti et al. (2017), we associate the excess of emission around 6.7 keV to a Ko line transition in highly ionized Fe atoms with one or two electrons
remaining. The best-fitting parameters of the Gaussian excess are reported in Appendix B, Table 6, and the observed flux evolution of the Fe emission is shown in

Figure 6.
and EM():'*
pz
EM = fn,nedV ~ nn,Vgs = LZVFS 2)
lueﬂlmp

where n; and n, (assumed constant over the emitting volume)
are the ion and electron number densities in the shocked region,
respectively, and the integral is over the emitting volume Vg
(i.e., the shocked region). Following Margutti et al. (2017), we
identify the emitting region with the shocked CSM, i.e., the
region that has been shocked by the forward shock, based on
the similar velocity inferred from the Ha line and the one
inferred from the X-ray modeling. We do not repeat here the
argument, and we refer the reader to Margutti et al. (2017) for
details. pgs is the shocked CSM matter density, while (i, and iy
are the electron mean molecular weight and the ion mean
molecular weight, respectively, and they reflect the chemical
composition and ionization state of the CSM. For the solar-like
composition and full ionization that we assume for the CSM,
te 2 1.25 and py;~ 1.15.

4 Within XSPEC, the normalization of the bremsstrahlung spectrum C is
defined as:

_ 3.(;27r2<d_L1;)2‘5f ng n, dv o

where d; is the luminosity distance, and the integral is the EM.

cm 3 ecm 3 em3

3.1. General Considerations

We start with three considerations. First, the temporal decay
of the temperature of emission at 6t = 500 days (Figure 4) is a
likely indication that the shock front has broken out from the
densest part of the shell and is moving through additional,
albeit much less dense, material. From Fransson et al. (1996),
while the shock is strongly interacting with the surrounding
medium, the post-shock temperature is related to the velocity of
the shockwave v by the equation

T~ 227 x 10%uw; K 3)

where T is the temperature of the shocked region, y is the mean
molecular weight of the shocked medium (1/p=1/p, + 1/ ),
and v4zv/(104kmsfl) is the shock velocity. At peak we
measure 7'~ 23 keV (Figure 4), which implies v~ 4400 km
s~ ! for a CSM with completely ionized, solar-like composition
(i.e., HES = 061)

Second, further supporting evidence for the shockwave
emerging from a dense shell is the decrease in NH;,,, with time
(Figure 3). NH;,, traces the amount of neutral material between
the emitting region and the observer, therefore providing a
lower limit on the total amount of material as we expect a
fraction of the material to be ionized and hence transparent to
X-rays. NH;,, has two main components: a local contribution
from the immediate environment of SN 2014C (i.e., the dense
shell), and a component from material along the line of sight in
the SN host galaxy, NGC 7331. The rapid and dramatic decline
of NH;,(?) indicates that it is dominated by material local to
SN 2014C (i.e., the unrelated host-galaxy component is
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Figure 2. Broadband X-ray spectral evolution of SN 2014C as captured by CXO and NuSTAR observations at 6t = 1029 days (left panel) to emphasize the Gaussian
excess of emission centered around 6.7 keV within the empty black box (right panel), which, following Margutti et al. (2017), we associate to a Ko line transition in
highly ionized Fe atoms with one or two electrons remaining. Data have been rebinned to show detail. This figure follows the same color scheme as in Figure 1.

3x102 4x102  6x 102 1(')3 2 x 103

Days since Explosion

Figure 3. Evolution of intrinsic neutral hydrogen column density with time as
revealed by our broadband CXO+NuSTAR spectral modeling. The first epoch
lacks NuSTAR coverage, which leads to a lower limit on the
NH;, = 4 x 102 cm ™2 (Margutti et al. 2017). A gray dashed line marks a
* evolution to guide the eye.

subdominant). Importantly, the decrease in NH;,(f) is
indicative that there is progressively less material in front of
the shockwave, which can be interpreted as evidence that the
shockwave is moving through the CSM shell.

Third, the post-peak broadband X-ray luminosity evolution
suggests a decline less steep than the o< 72 that is expected in
the case of purely adiabatic expansion (e.g., Margalit et al.
2022). These inferences are consistent with the shockwave
moving through lower-density material after breaking out of
the thick CSM shell. An intriguing possibility is that the shock
at 6t > 1000 days is interacting with mass lost via winds that
belonged to the progenitor’s evolutionary phase that preceded
the shell ejection. Alternatively, we are sampling the CSM
structure developed from the interaction of winds by the stellar
progenitor in two different evolutionary phases. Both options
will be further discussed in Section 4.

Finally, the presence of strong and persistent iron lines in the
spectra (excess over thermal bremsstrahlung shown in blue of
Figure 1 and in the empty black box of Figure 2) indicates that
the environment is likely to be clumpy, as was inferred for
other strongly interacting SNe, e.g., SNe 1996¢cr (Dwarkadas
et al. 2010; Dewey et al. 2011), 2006jd (Chandra et al. 2012),

and 2009ip (Margutti et al. 2014). The luminosity of iron
emission can be a result of either a metallicity of ~5Z_ or a
clumpy medium (Milisavljevic et al. 2015; Margutti et al.
2017), since the shock is more efficiently decelerated within the
higher-density clumps, which leads to a lower emission 7 (e.g.,
Equation (2)) that allows more prominent iron lines, as seen in
SN 1993J (Fransson et al. 1996). Based on their numerical
modeling of the broadband spectra of SN 2014C, Vargas et al.
(2022) found that in order to generate the observed overall
continuum of absorbed thermal bremsstrahlung, their model
requires a metallicity of approximately ~0.5Z., further
supporting the idea of a clumpy medium.

3.2. Constraints on the Shock Dynamics and Geometry of the
Emitting Regions

The forward shock (FS) radius R(f) evolution is constrained
by both Equation (3) (from X-ray data) and by very long
baseline interferometry (VLBI) radio observations (Bietenholz
et al. 2021b), which provides a direct measurement of the size
of the radio-emitting region. The two inferences are expected to
agree with each other if the X-ray and radio-emitting region are
the same. From Bietenholz et al. (2021b), the best-fitting model
of the radio-emitting forward shock radius evolution with time
reads:

; \077£003 J
Rps(t) = (6.27 + 0.22)(_) ( A

———=—110'%cm
yr 15.1 Mpc

)

where d, is the angular diameter distance, which we use
147 Mpc (Freedman et al. 2001). The time derivative of
Equation (4) implies an FS velocity vgs 2 10,000 km s~ !, at the
same time we derive a vgg = 4000 km s~! from the X-rays,
inferred from Equation (3) (for the observed T ~ 20 keV).!
This discrepancy suggests that the radio and X-ray observations

15 We note that the vgs derived from VLBI imaging of SN 2014C is also
significantly larger than the value reported by Anderson et al. (2016). We
ascribe this difference to the assumption of synchrotron radiation in the self-
absorbed regime in the modeling of 15 GHz data of SN 2014C by Anderson
et al. (2016), which might not be realistic. In the following, we adopt the direct
constraints on the size of the radio-emitting region obtained with VLBI
techniques.
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Figure 4. Temperature evolution with time as revealed by our broadband X-ray
modeling. From the first CXO observation, Margutti et al. (2017) inferred
T > 10 keV, which we plot here. The dashed gray line marks a t~ % power-law
decay to guide the eye.
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Figure 5. Evolution of 0.3-100 keV X-ray luminosity with time as revealed by
our broadband spectral modeling. Very early Swift-XRT observations acquired
at 6t = 7-20 days led to L, < 441 x 10*° ergs ™' (Margutti et al. 2017). A
gray dashed line marks a o t~' decay to guide the eye.

are tracing two different emitting regions. Broadly speaking,
we expect the radio synchrotron emission to trace the fastest
moving material, while X-rays are powered by bremsstrahlung
radiation and are therefore expected to trace the densest
material (provided that the photons are not absorbed locally by
the material).

Additionally, any valid model would need to reconcile two
independent and important observational constraints: (i) from
VLBI observations, Bietenholz et al. (2021b, 2017) found the
emission consistent with a projection of a spherical shell into
the sky plane, implying that the fastest moving material is
consistent with (albeit can still deviate from) a spherical source;
and (ii) a broad Ha spectral component with width of a few
thousand kilometers per second emerged in the spectra of
SN 2014C at 127 days after the explosion, at the same time as
the X-ray and radio re-brightening (Milisavljevic et al. 2015;
Mauerhan et al. 2018; Thomas et al. 2022). Since the ejecta of
SN 2014C are H-poor (SN 2014C was originally classified as a
type-Ib SN), following the reasoning of Chugai & Chevalier
(2006) for SN 2001em, Margutti et al. (2017) associated the
width of the broad Ha component with shocked CSM material,
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Figure 6. Evolution of the Fe line emission (blue) and total emission (green,
rescaled by 10™") with time to show similarities in overall behavior. The Fe
line emission is consistent with no change until 6t ~ 850 days. The line
emission starts to decay at £ > 1000 days along with the X-ray continuum of
Figure 5. The equivalent width of the Fe line emission remains roughly
constant with time, suggesting a physical connection between the Fe line
emission and the continuum emission.

which implies an FS velocity of a few thousand kilometers per
second, comparable to the inferred velocity of the X-ray
emitting material. This line of reasoning supports the
association of the X-ray emitting material with H-rich, dense
shocked CSM. Instead, the radio-emitting region imaged by
VLBI is located at a larger radius, and the radio-emitting
material is expanding at a significantly larger velocity in the
environment (i.e., the radio shock traced by VLBI was not as
heavily decelerated as the X-ray emitting material).

The inferences from the X-ray, optical, and radio VLBI
observations of SN 2014C can be reconciled in a scenario
where the CSM is highly asymmetric, e.g., in the shape of an
equatorial “disk” as shown in the cartoon in Figure 7. Within
the inner disk radius R;, the expansion of the FS is spherically
symmetric, and the FS has the same expansion velocity in all
directions. At distances >R;, the FS dynamics are impacted by
the presence of the dense equatorial disk of CSM. As a
consequence, material ejected along the polar directions will
interact with CSM material of significantly lower density than
that of the denser CSM on the equatorial plane. We associate
the faster, quasi-spherical FS component with the VLBI
emitting region (Figure 7), and the significantly decelerated
equatorial FS with the X-ray and Ha emitting material.
Departures from spherical symmetry for the CSM around
SN 2014C were initially suggested by Milisavljevic et al.
(2015). Additionally, a very similar conclusion has been
reached by Thomas et al. (2022) also from the discrepancy
between the radio and X-ray velocities.

Within this “disk4-quasi-spherical polar outflow” model,
prior to the interaction with the CSM equatorial disk at R;, the
FS front was spherical (thick black line in Figure 7) and later
was not strongly decelerated as it did not encounter the thick
disk. Thus, we extrapolate the position of the shock using the
inferences from VLBI imaging (i.e., Equation (4)) to the onset
time of strong interaction (6t~ 100 days, as constrained by
optical spectra from Milisavljevic et al. 2015) and then we use
the shock velocities inferred from the X-ray spectral modeling
(Equation (3)) to estimate the shock radius evolution with time
within the thick disk (Figure 8, blue squares). In this scenario,
the CSM inner radius is R;~2.2 x 10'® cm and the X-ray
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Figure 7. Side view cartoon depiction of the geometry around SN 2014C. The CSM is contained within the equatorial plane, beginning at a radius R; ~ 2.2 x 10'®
cm, which the FS achieved within 130 days post-explosion. Prior to 130 days, the FS was mostly spherical. Upon striking the equatorial CSM, that portion of the FS
slowed down from ~10* to ~4 x 10* km s~'. This interaction of FS and CSM generates the observed X-rays, while the FS that was only slightly decelerated by a
significantly lower-density medium at ~10* km s~' generates the observed radio emission. As the FS is only impeded in the equatorial plane, the radio emission
creates an hourglass shape, which is consistent with the spherical symmetry found by Bietenholz et al. (2021b). A similar geometry has been invoked by Milisavljevic
et al. (2015) and, more recently, by Thomas et al. (2022) for the specific case of SN 2014C, and also observationally for other SNe (e.g., Smith et al. 2015; Andrews &

Smith 2018; Brennan et al. 2022a) and theoretically in hydrodynamical simulations (e.g., Kurfiirst & Krticka 2019).

observations presented in this paper probe the CSM out to a
radius ~10'7 cm at 6 = 2307 days (Figure 8).

3.3. Properties of the CSM Probed by X-Ray Observations

We estimate the total mass and density profile of the CSM
probed by X-ray observations (i.e., the “disk” in Figure 7)
using two independent methods: the evolution of the NH;,(f)
and EM(r). We expect both methods to lead to the same order
of magnitude estimate of the CSM mass. However, the NH;,,(¥)
provides a direct measurement of the neutral material (i.e.,
material that absorbs X-ray radiation through photoelectric
effects) along the line of sight, while the EM(7) depends on the
volume and density of the emitting material.

First, we compute the CSM mass constraints inferred from
EM(?). Following Margutti et al. (2017) and our discussion in
Section 3.2, we identify the emitting region as the shocked

CSM, which has volume:
Vis &~ 4TR*ARf (35)

where AR is the thickness of the FS shocked CSM shell, and f
is a filling factor that quantifies the deviation of the shocked
material from spherical symmetry. Combining Equation (5)
with Equation (2), the density of the shocked CSM is:

EM (£) pufS 153 .
Vis (1) g

The density of the CSM upstream is pgpy ~ % X pgg for a
shock compression factor R ~ 4 appropriate of strong shocks
and monatomic ideal gas. Additionally, we assume that only
~half of the radiation can reach the observer, and so multiply
EM(?) by 2. Assuming that at any time ¢ the X-ray emission is
dominated by newly shocked material at radius R(¢) in a shell

PFs ) = (6)
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Figure 8. Inferred temporal evolution of the radius of the shockwave that

dominates the radio emission detected by VLBI (red triangles, Equation (4)
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from Equation (3). The thick, dotted, and dotted—dashed gray lines are the

power-law evolution of the radius R o " with n = 0.8, n = 0.7, and n = 0.6,
respectively, to guide the eye.

of shocked material of thickness AR,'® the resulting pre-shock
CSM density is thus given by:

EM (1)1 iy

37RGPARS T @

Pesm(t) =

‘We show our results in terms of shell mass, total shocked mass,
mass density, and particle number density in Figures 9 and 10
(blue squares).

Second, we derive constraints on the CSM mass from
NH;,,((). NH;y is the column density of the equivalent amount
of neutral hydrogen between an observer and the object, and is
defined as

RO S
NHi = [ m(r)ar ®)
Rg

where ny is the number density of hydrogen, R, is the
distance of the observer from the object, and R is the radius
at which radiation is produced. The observed difference of
NH;,(r) between two observations carried out at #; and t,,
where Rg(t)) =R, and Rg(t;) =R, is:

Ry
ANHy = [ na(rydr ~ na(R) x (R = ) (9)
1
where we assumed that nyg is approximately constant between
R 1 and Rz.
It follows that the total mass the shock has traveled through
between two observations at ¢, and 1, is:

my ( ANHn (1)

AM, 1 =
csm(?) R R

) Vr.r, () (10)
H

where Xy, is the fraction by mass of hydrogen, Vg g, (¢) is the
spherical volume between R; and R, (and therefore
Vr,r,(t) o< f ) and Xy = 0.7381 for solar abundances (Asplund
et al. 2009). We show AMcsm(?) and the mass sampled by the
shockwave as it expands in the CSM in Figure 9, red symbols.

16 we expect this assumption to break down at late times, i.e., once the shock
emerges from the thicker part of the H-rich CSM “disk.”

Brethauer et al.

Finally, we find that the total amount of neutral mass sampled
by the shockwave between ¢t =396 days to 6t =2307 days is
Mcsv =~ (1.2 +0.03)fM....

Similarly, we estimate the mass of the CSM using the density
profile from EM(f) (which is sensitive to ionized material
emitting free—free radiation) as Mcsm =~ (2.0 = 0.04)\/]7 M.
These two estimates agree within a factor <2. We provide the
statistical uncertainties from standard error propagation only.
However, it is clear that a major source of uncertainty is of
systematic nature and related to the geometry of the CSM,
which we quantify with the filling factor f, and to the thick-
ness of the shocked region (represented by the AR parameter).
With these caveats in mind, we find that the best-ﬁttin% CSM
“disk” density profile scales as pcsm(R) o R71-50£001 and
pesm(®) o< RZ4+917 for the EM(r) and the NH;,(r) methods,
respectively (Figure 10). For f=1 and a wind velocity
v, = 1000 km s~ ", the inferred pcsm(r) profiles correspond to
very large mass-loss rates in the range M ~ (0.03-0.1)M_ yr~!
(Figure 10).

4. Discussion

SN 2014C was initially spectroscopically identified as a type
Ib SN and transitioned to a strongly interacting type IIn over ~1
yr (Milisavljevic et al. 2015). From our modeling of the
evolution of the broadband X-ray emission from SN 2014C, we
infer the presence of dense H-rich asymmetric CSM starting at
R;~2x 10 cm and with mass in the range Mcsy =
(1.2f — 2.0\/]7 )M, which is consistent with previous estimates
by Margutti et al. (2017), Vargas et al. (2022), and Harris &
Nugent (2020; see Figure 9). Intriguingly, Harris & Nugent
(2020) also note that radio observations at 15.7 GHz indicate a
significantly smaller CSM mass than the X-rays (Miagio S
0.3M., versus Mx_ .y S 1.5M), further supporting a disas-
sociation between the radio and X-ray data. This is due to the
conflicting effects within their simulation of the forward shock
speed and the density of the CSM shell, where the increase in
shock speed at 6r < 400 days seen in the radio had to be offset
by a decrease in shell density in order to accurately reproduce
the observed radio light curve. In this section we start by
putting the CSM shell parameters of SN 2014C into the broader
context of other core-collapse SNe that showed clear signs of
shock interaction with a dense medium at some point during
their evolution (Section 4.1). Second, we explore in Section 4.2
the physical mechanism(s) that might be behind the mass-loss
phenomenology currently observed in core-collapse SNe.

4.1. SN 2014C in the Context of Interacting Core-collapse SNe

We collected from the literature a large sample of 121 core-
collapse SNe that showed observational signatures of strong
CSM interaction (Table 1). While we recognize that this sample
is certainly not complete, the goal of the sample is to provide a
synthesis of the multitude of efforts to explore the wide
diversity of CSM interaction in the literature of the past couple
decades. Shock interaction with a dense CSM can manifest
through at least one of the following observational features: (i)
spectral narrow lines (transient or persistent) due to shock
ionization of wind material ahead of the shock; (ii) photometric
variability of the SN light curve (including multiple bumps);
and/or (iii) luminous X-ray/radio emission.
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Figure 9. Incremental mass added between observations (left) and total mass (right) based on NH;,,(f) (red triangles) and EM(7) (blue squares). The NH;,,(f) masses are
calculated via Equation (10) using radii from X-ray emission, while the EM(¢) masses are calculated using Equations (5) and (6) under an assumption that shell
thickness is 0.1R. Importantly, each measurement of accumulated mass from NH;,,(¢) requires a following observation; hence, there is one fewer data point compared
to the EM(). The nonsolid lines represent a filling factor of 0.1 applied to each method, as estimated by line emission in Milisavljevic et al. (2015). We note that the
plotted error bars reflect statistical uncertainties only (statistical uncertainty of EM(#) is smaller than the squares).
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small change in NH;,, between observations for ~7 x 10'® cm, the point is an upper limit as the error bars are approximately equal to the density measurement. Fitting
with a power law, the density profile is best fit with pegy ox R~ >4*E%17 and R~'29%00! derived from NH(f) and EM(z), respectively. Both profiles are inconsistent
with a wind profile, albeit with an extreme mass-loss rate. We note that the plotted error bars reflect statistical uncertainties only.
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Table 1
Sample of Strongly Interacting Core-collapse SNe
H-rich CSM H-poor CSM
H-rich IIn
Ejecta
1996¢r, 1987F, 1988Z 1994W, 1994aj, 1995G 1995N, 1996L, 1997ab 1997eg,
19988, 2005gl 2005ip, 2005kj, 2006aa 2006bo, 2006jd, 2006qq 2006tf, 20081q,
20081y, 2009ip?, 2010j1, 2010mc 2011fh, 2011ht, 2013L 2015 da, 2016jbu
IIP/L ?
1996al, 1999em, 1999¢gi 2001X, 2003Z, 2003hn 2004et, 2005cs, 2006Y 2006ai,
20070d, 2009N 2009ib, 2009kf, 2011ja iPTF11igb, 2012A, 2012aw 2012ec, 2013ab,

2013by 2013ej, 2013fs, PS1-13arp LSQ13dpa, 2014cy, ASASSN-14dq ASASSN-
14gm, ASASSN-14 ha, iPTF14hls 2016egz, 2017eaw, 2017gmr 2018zd, 2020faa,

2020pni 2020tlf

Type II SLSNe

2006gy, 2008es, 2016aps 2017hcc
Type 11
1987A, 2017ahn
H-poor 14C-like Events Ibn
Ejecta

2001em, 2004dk, PTF11qcj 2014C, 2017dio, 2017ens 20190ys, 2019yvr

IIb

1993J, 2004C, 2011dh 2013cu, 2013df, 2018gjx ASASSN-15n0"

Type I SLSNe

PTF10aagc, iPTF13ehe, iPTF15esb iPTF16bad, 2017ens

1999¢q, 2002a0, 2006jc 2010al, 2011hw, OGLE-2012-SN-006
LSQ13ddu, 2014av, ASASSN-14ms 2019uo

Icn
2010mb, 2019jc, 2019hgp 2021ckj, 2021csp

Type I SLSNe iPTF16eh
Type Ib/c

2003gk, 2004cc, 2004gq 2012aa, LSQ14efd, iPTF15dtg
2016iet, 2018gep, 2018ijp 2019cad, 2019ehk, 20200i 2020bvc

Notes. See Appendix A for references.
% SN 2009ip refers to the 2012 explosion.

® ASASSN-15n0 interacted with H-poor material. ASASSN-15no was spectroscopically classified as a type Ic at early times (Balam & Graham 2015), then later

reclassified as type II (Benetti et al. 2018).

The core-collapse SN interacters fall into three major
physical categories based solely on the composition of the
ejecta and that of the CSM (Table 1):

1. Group 1: SNe with H-poor ejecta interacting with dense,
H-rich CSM. Type Ib and type Ic SN2014C-like
transitional objects and SLSNe-I with late Ha emission
belong to this group.

2. Group 2: SNe with H-poor ejecta interacting with H-poor
CSM. Belonging to this group are type Ibn SNe and the
recently identified class of type Icn SNe, as well as type
Ib/c SNe that interacted with H-poor CSM without
producing narrow spectral lines.

3. Group 3: SNe with H-rich ejecta interacting with dense,
H-rich CSM. Belonging to this group are normal type IIn
SNe and SLSNe IIn, UV-bright type IIP/IIL SNe, and
interacting type IIP/IIL SNe.

The physical parameters of interest for our study are: (i) the
onset time and the end time of the interaction f, and f..q,
respectively; (ii) the location of the dense CSM parameterized
by an inner and outer radius of the CSM, Rj,, and Ry,
respectively; the total CSM mass Mcgy; (iii) the wind velocity
v,, (i.e., the ejection velocity of what later becomes CSM); (iv)

10

and the implied mass-loss rate, M, assuming a wind profile.
When possible, we calculated (or retrieved) the values of these
parameters using the information provided in the papers
referenced in Table 1. Our detailed reasoning for each SN is
reported in Appendix A for the reader to be able to fully
reproduce our results and figures. We explicitly state what type
of data the parameters were derived from in Tables 7 and 8 as
each method has its own biases.

Before commenting on the results from this exercise
(displayed in Figures 11, 12, and 13), we emphasize that the
physical parameters have been estimated with a variety of
observational “tracers.” This is particularly true for the CSM
mass for which various methods are known to lead to different
estimates. Again, our collected sample of interacting core-
collapse SNe represents the status quo of the field, but it is
hardly complete nor homogeneous. The goal is to illustrate the
variety of CSM properties that have been claimed in the
literature so far.

With the above caveats in mind, we find that our
heterogeneous sample of core-collapse SNe showed CSM
interaction over a large dynamic range of times since explosion
(from time of first light until several 1000 days; Figure 11),
which maps onto a large dynamic range of distances from the
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Figure 11. A comparison of the time frames of interaction using the same color scheme as in Figures 12 and 13 (the legend also reflects the order that categories
appear). Most points are lower limits, as interaction was still ongoing as of the latest observation when the transient faded below the threshold of detection.
Uncertainties in interaction onset are dominated by the time between consecutive observations. Type IIn SNe are included only in Tables 7 and 8 due to assumptions
and uncertainties in their properties. Circles represent when the data include a lower limit.

explosion site ~3 x 10'* — 10" cm (Figures 12, 13). The
range of inferred CSM masses is also broad, with Mcgm
spanning ~ 10~ M., up to tens of M., of material (Figure 13).
The large dynamic ranges of these key parameters likely reflect
the diversity of stellar progenitors (and hence ejection velocity
and composition of the CSM material) as well as a variety of
envelope mass ejection mechanisms that we discuss in more
detail in Section 4.2.

Below we comment on some specific types of SN interacters
that are directly relevant to SN2014C. While we show
interacting type IIP SNe for completeness in Figures 11, 12,
and 13, their H-rich red supergiant (RSG) stellar progenitors
(Smartt 2015) as well as difference in ejected mass likely imply
mass ejection mechanisms different from those at play in the
more compact H-poor evolved massive stars.

4.1.1. SN2014C-like Type Ib/c SNe

The same finding of a large dynamic range of CSM distances
and masses holds even restricting the sample to core-collapse
SNe from H-poor progenitors (like SN 2014C) that also
showed evidence for interaction with CSM of different
chemical composition and geometries. The transition from
type Ib/c to type IIn SN due to H-rich CSM interaction has
been reported in at least 11 SNe so far, i.e., SNe 200lem
(Soderberg et al. 2004), 2004dk (Mauerhan et al. 2018),
iPTF11qcj (Corsi et al. 2014), iPTF13ehe (Yan et al. 2017),
2014C (Milisavljevic et al. 2015), iPTF15esb (Yan et al. 2017),
iPTF16bad (Yan et al. 2017), 2017dio (Kuncarayakti et al.
2018), 2017ens (Chen et al. 2018), 2018gjx Prentice et al.
2020), and 2019yvr (Kilpatrick et al. 2021) while interaction
with an H-poor medium has been invoked for SNe 2012aa

11

(Roy et al. 2016), 20190u (Strotjohann et al. 2021), 2004cc
(Wellons et al. 2012), 2004gq (Wellons et al. 2012), iPTF15dtg
(Jin et al. 2021), and 2020bvc (Jin et al. 2021). We note that for
SNe 2004gq, iPTF15dtg, and 2020bvc, the composition of the
CSM was not spectroscopically verified. Most of these SNe
show clear signs of interaction between 10 and 100 days after
explosion (Figure 11), corresponding to a typical CSM radius
~10'-10"7 cm (Figure 12), but otherwise display largely
different CSM properties. For example, SN 2004dk is an
SN2014C-like event for which thick H-rich CSM was inferred
to be present starting as close as ~5 x 10" c¢cm and with
densities ~2 x 10* cm ™ (i.e., ~100 times less dense than in
SN 2014C; Mauerhan et al. 2018).

In addition, while here we focus on the small sample of
interacting type Ib/c SNe, it is worth noting that the vast
majority of type Ib/c SNe do not show evidence for interaction
with a thick CSM medium for years of radio monitoring after
explosion (e.g., Margutti et al. 2017), which implies that most
type Ib/c stellar progenitors do not experience substantial
mass-loss for ~10°~10” yr prior to explosion depending on the
assumed v,. A large sample study of radio Ib/c SNe by
Bietenholz et al. (2021a) infers a typical mass-loss rate
M = 1075412 po yr!' due to stellar winds, which is
significantly smaller than in SN2014C-like events, which
require M ~ (0.03-0.1)M_yr—! (Figure 10). The diversity of
CSM properties close to the explosion’s site can be an
indication of very different mass-loss mechanisms at play or of
the wildly different timescales over which the same mass-loss
mechanism can operate in H-poor SN stellar progenitors (e.g.,
Margutti et al. 2017). While stellar winds may account for
extended and tenuous CSM, binary interaction may account for
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Figure 12. Radial location (or extension) of the regions of high-density material for different types of SNe that showed evidence for CSM interaction at some point
during their evolution. Type IIn SNe are included only in Tables 7 and 8 due to assumptions and uncertainties in their properties. This figure uses the same color
scheme as Figures 11 and 13 (the legend also reflects the order that categories appear). Circles represent when the data includes a lower limit.

the high variation in the density of the CSM and distance from
the progenitor star.

recently discovered type Icn SNe, the CSM is both H- and He-
poor (and show instead prominent narrow emission of oxygen
and carbon from the CSM, e.g., SNe 202lcsp, 2021ckj,
2019hgp, and possibly 2010mb; Fraser et al. 2021; Gal-Yam
et al. 2021; Pellegrino et al. 2022; Perley et al. 2022). These
SNe represent the case of stripped progenitors interacting with
material that was lost from inner layers, i.e., after H-envelope
removal. Interestingly, the inferred location of this H-poor

4.1.2. Type Ibn and Icn SNe

Known types of H-poor SNe interacting with an H-poor
medium include type Ibn and type Icn SNe. For type Ibn SNe,
the CSM is He-rich (e.g., Pastorello et al. 2008), while for the

12
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Figure 13. Upper and middle panels: core nuclear burning stages of massive stars with M = 12-80 M, as a function of time before collapse. Solid and dotted lines
represent nonrotating and rotating stars with 2 = 0.5, as described in Shiode & Quataert (2014), respectively. Lower panel: amount of mass lost plotted against the
location of the thick CSM for a subset of SNe in Figure 12 and follows the same color scheme. The x-axis of this plot maps into the x-axes of the middle and upper
panels for an assumed wind speed of 10 km s~ ! (top panel) or 1000 km s~ ' (middle panel). Vertical black solid lines emphasize the location of the CSM material for
SN 2014C. For the CSM mass of SN 2014C, we use an upper limit of f = 1 and a lower limit of f = 0.1. Additionally, we show the boundaries for which three wave-
driven mass-loss episodes occurred in simulations. The magenta dotted—dashed line represents a Wu & Fuller (2021) model, and the gray dotted and dashed lines
represent an H-rich and H-poor model from Leung et al. (2021b). Details of the model are described in Section 4.2.

material and its mass also span large ranges: up to few M, of
material (e.g., Mcsm~ 1 Ms and Mcsy ~ 3.3 M, for SNe
2021csp and 2010mb, respectively; Ben-Ami et al. 2014;
Fraser et al. 2021), extending from the stellar surface to
>10"° cm.

These scenarios are indicative of an H-poor equivalent to
14C-like events with delayed interaction, albeit typically at
earlier times and for a shorter duration, as well as with higher
wind velocities of ~1000kms™" (e.g., Pellegrino et al. 2022).
This may suggest that type Ib/cn events exist at the extreme
end of the spectrum of mass-loss events where the mass-loss
event was initiated at very late times.

13

4.1.3. SLSNe

One potential explanation for the large luminosities of
SLSNe (e.g., Chomiuk et al. 2011; Quimby 2012; see Gal-Yam
2019 for a recent review) is efficient kinetic energy conversion
into radiation due to shock interaction with a thick medium.
Within this scenario, extreme mass-loss histories have been
invoked to power the persistent, luminous displays that are
typical of SLSNe. For example for the type IIn SLSNe 2006gy
(Ofek et al. 2007; Smith et al. 2008b; Fox et al. 2015) and
2016aps (Nicholl et al. 2020; Suzuki et al. 2021) and the
H-stripped SLSNe 2016iet (Gomez et al. 2019) and iPTF16eh
(Lunnan et al. 2018), several M., of CSM material have been
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inferred (Figure 13). These dense regions of CSM are typically
located at distances far from the progenitor at ~10'® cm and
often extending far beyond to ~10'" and even to ~10'® cm,
implying mass ejections that occurred on timescales of
hundreds to tens of thousands of years prior explosion.

Within interacting SLSNe, the most relevant comparisons to
the phenomenology of SN 2014C are SLSNe-I for which Ha
emerged at late times, presumably from the SN shock
interaction with H-rich material, as seen in iPTF13ehe,
iPTF15esb, and iPTF16bad (Yan et al. 2017) as well as SN
2017ens (Chen et al. 2018). The typical time of interaction
onset is approximately hundreds of days, with uncertainty
driven by the time between spectra (see Figure 11).
Intriguingly, the estimated CSM mass for these events ranges
from 0.05 to 3 M, which is broadly similar to our calculations
of SN 2014C’s shell and of a similar timescale.

4.1.4. Type Iin

Finally, we comment on type IIn SNe (Schlegel 1990), as
they might represent extreme cases of 14C-like events where
the mass ejection occurred just before stellar core collapse, as
was suggested, for example, for SN 1996¢cr (Dwarkadas et al.
2010). The link between LBV progenitors and type IIn, e.g.,
SN 2005gl (Gal-Yam et al. 2007), SN 2009ip (Mauerhan et al.
2013; Margutti et al. 2014; Smith et al. 2016), and SN 2010mc
(Ofek et al. 2013), can explain the rarity and associated mass
ejections.

In this scenario there might be a continuum of properties
between at least some ordinary type IIn SNe, 14C-like SNe and
ordinary type Ib/c SNe, as was suggested by Margutti et al.
(2017). Type IIn SNe are typically associated with large
inferred mass-loss rates M ~ (0.0001-0.3) M., yr ! (Kiewe
et al. 2012), not dissimilar to our findings for SN 2014C.
However, differently from SN 2014C, interaction with an
H-rich CSM is detected from the very beginning (indicating the
presence of thick CSM all the way to the progenitor surface).
Additionally, there are many type IIn SNe that fade below the
detection level before the Ha emission subsides, providing a
lower limit to the radial extent of the H-rich thick CSM, and
some for which the Ha is observed to vanish before the SN
itself fades (e.g., Taddia et al. 2013). Lower limits on the radial
extent of the CSM range from ~10'° cm to more than
~3 % 10" cm, indicating an extensive time range over which
the stellar progenitors were experiencing substantial mass loss.

4.2. Mass-loss Mechanisms

We discuss in this section a variety of mass-loss mechanisms
and their applicability to the specific case of SN 2014C, as well
as to the broader range of observational constraints on mass
loss from evolved massive stars of the previous section.
Specifically, we discuss in Section 4.2.1 the interaction of the
fast Wolf—Rayet (WR) winds and slower RSG winds from the
previous evolutionary phase; in Section 4.2.2 binary interaction
and mass transfer through Roche lobe overflow and common
envelope; and in Section 4.2.3 the complete ejection of the
H-envelope triggered by nuclear burning instabilities or
gravitational waves. While we discuss these mechanisms
separately, this does not indicate that each mechanism is
expected to operate independently of one another. In fact, it is
anticipated that the mechanisms can interact with one another,
such as gravity waves leading to the onset of binary interaction
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(Mcley & Soker 2014; Wu & Fuller 2022). We emphasize
these three mechanisms because of their ability to explain
various aspects of observed mass loss, such as timing and
severity of the mass-loss event, in SN 2014C as well as in other
events listed in Table 1. However, we recognize this does not
represent an exhaustive list of all mass-loss mechanisms.

4.2.1. RSG Wind—WR Wind Interaction

A first possibility is that the progenitor of SN 2014C
experienced typical line-driven wind mass loss during an
RSG phase. For RSGs, v,, of a few tens of kilometers per
second, typical mass-loss rates are M ~ 10 — 1075 M, yr~!
reaching M ~ 1073 M_yr~! in more extreme cases (e.g., de
Jager et al. 1988; Marshall et al. 2004; van Loon et al. 2005).
The RSG phase was then followed by an anomalously short
WR phase, during which winds have typical v, of a few
thousand kilometers per second with M ~ 10~> M_yr~! (e.g.,
Crowther 2007). The stellar progenitor then exploded as a type
Ib SN in the bubble generated by its own WR winds against its
previous phase of RSG winds. The ejecta traveled freely for
approximately 130 days until they impacted and began to
strongly interact with the hydrogen shell producing the
transition from type Ib to type IIn.

The interaction between the lighter, faster WR winds with
the slower, thicker RSG winds is known to lead to the
formation of “shell-like” overdensity structures in the CSM
around stars (Dyson 1989). However, the documented cases of
WR-RSG wind-wind interaction are associated with “bubbles”
at typical distances of ~10' cm (Marston 1997), significantly
farther than the few 10'® cm distances inferred for SN 2014C.
In this context, the proximity of the H-rich CSM shell in
SN 2014C implies an extremely short WR phase with duration

of ~3.5 (W) : yr, conflicting with the ~10° yr duration
of the WR phase expected in the case of isolated massive stars,
similar to what we concluded in Margutti et al. (2017). We thus
explore alternative scenarios. This conclusion extends to all
H-poor SNe interacting with H-rich shells at glO16 cm, for
which an even shorter WR phase would have to be invoked
(Figure 13). In the broader context of mass loss in evolved
massive stars, the sizes of typical wind-driven bubbles are
potentially consistent only with the farthest out CSM shells
observed around the SN interacters of our sample.

4.2.2. Binary Interaction

A second possibility is that the progenitor of SN 2014C
underwent stripping due to a binary companion. It is well
understood that the hydrogen-rich envelope can be lost through
binary interaction (e.g., Podsiadlowski et al. 1992), and the
majority (~69%) of young massive stars live in interacting
binary systems (Sana et al. 2012). Modeling archival pre-
explosion Subaru and HST images at the location of
SN 2014C, Milisavljevic et al. (2015) found evidence for a
massive star cluster with favored age of ~30 Myr, and a turn-
off mass of the stellar population between 3.5 and 9.5 M., thus
indicating a massive progenitor in the low-mass bin of stars that
experience core collapse. Consistent with this finding, Sun
et al. (2020) inferred for SN 2014C a progenitor mass of 11 M,
and suggest a binary model where the primary star experienced
envelope stripping by the companion, likely through either
Case C or Case BC mass transfer then followed by an eruption
event or strong metallicity-dependent winds (we refer the
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reader to Sun et al. 2020 for further details). We also note that
binary interaction is likely to naturally lead to an asymmetric
CSM distribution in the environment (e.g., a disk or torus;
Ivanova et al. 2013), which is consistent with our inferences of
Section 3.2 and Figure 7.

While binary interaction is a viable option for SN 2014C,
from a population perspective, we expect 14C-like events due
to binary interaction to be quite rare in the last <1000 yr of a
massive star life (Margutti et al. 2017)."” Despite a large
fraction of young massive stars that are in interacting binary
systems (Sana et al. 2012), the interaction is not necessarily
synchronized with stellar death of the primary star. If binary
interaction occurs too early and strips the progenitor of its
hydrogen envelope, the CSM produced will be too far away to
generate detectable signs of interaction by the time of
explosion.

In the broader context of mass-loss events in our sample of
SN interacters, binary interaction may be the cause of the wide
diversity in CSM distances due to its lack of direct
synchronization with stellar death.'® However, we note that
the abundance of type IIP SNe with thick CSM at such close
proximity to their progenitor site (Figure 13) and the recent
detection of a pre-SN outburst (Jacobson-Galan et al. 2022b)
suggests a separate mass-loss mechanism that is timed with
core-collapse.

4.2.3. Nuclear Burning Instabilities and Gravity Waves

Eruptive mass loss in the final stages of evolution in massive
stars in massive stars can be consistent with nuclear burning
instabilities and gravity waves, especially during O and Ne
burning, in the few months to years prior to core collapse
(Arnett & Meakin 2011; Quataert & Shiode 2012; Shiode et al.
2013; Shiode 2013; Smith & Arnett 2014; Woosley & Heger
2015; Morozova et al. 2020). Specifically, energetic gravity
waves are driven by vigorous convection during the last ~10 yr
of a massive star’s life and have the potential to deposit energy
into the envelope and unbind material as originally proposed by
Quataert & Shiode (2012). Numerous simulations have
attempted to resolve the last years of progenitors ranging from
10-80 M., and have become increasingly sophisticated with
time (e.g., Leung et al. 2021b; Wu & Fuller 2021, 2022).

For lower-mass stars, which is likely to be the case for the
progenitor of SN2014C as detailed by Milisavljevic et al.
(2015) and Sun et al. (2020), Wu & Fuller (2021) identified an
11 M. RSG model capable of ejecting ~1 M, of CSM
apg;roximately 10 yr prior to explosion at a velocity of 100 km
s~ (magenta dotted—dashed outline in bottom panel of Figure
13). Similarly, Leung et al. (2021b) found an H-poor model
that was able to eject ~0.01 M, out to ~3 x 10" cm (gray
dashed line in the bottom panel of Figure 13). An H-rich
progenitor counterpart in the same study was able to eject
~0.1 M, out to ~2 X 10" cm (gray dotted line in bottom
panel of Figure 13).

Both Leung et al. (2021b) and Wu & Fuller (2021) showed
that there is strong scatter in their simulations among the

7 Unless the last phases of stellar evolution are coupled with substantial
envelope inflation, e.g., as a consequence of wave heating in H-poor stars (Wu
& Fuller 2022) or nuclear burning instabilities (Smith & Arnett 2014).

'8 Note that the underdensity of events beyond ~10'7 cm is likely the result of
observational selection effects. Material at those distances is difficult to observe
as the associated electromagnetic emission will be faint by the time the shock
reaches those distances.
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amount of energy (and therefore mass ejected) and the timing
of ejection, indicating that the simulations are highly sensitive
to input parameters. However, updated simulations from Wu &
Fuller (2022) suggest that wave-driven mass loss might be
significantly weaker than previously estimated, and might
instead be unable to remove more than ~10~° M., of material.
Furthermore, for the specific case of H-stripped progenitors,
Wu & Fuller (2022) found that instead of unbinding material,
the energy deposited by gravity waves leads to an envelope
inflation up to a factor ~10 in radius, which could trigger
binary interaction specifically within the last decade of a star’s
life. H-rich progenitors, such as RSGs, experience only minor
variations in surface properties and are not expected to initiate
binary interaction.

It is clear from Figure 13 that gravity waves are insufficient
at explaining CSM beyond ~few x 10" cm, even with the
more optimistic models from Wu & Fuller (2021) and Leung
et al. (2021b). Even before the updated models of Wu & Fuller
(2022), it was clear that gravity waves were unable to transfer a
sufficient energy to unbind the CSM mass estimated for type
IIP events by roughly an order of magnitude for many cases,
indicating a large discrepancy between observation and current
theory.

There are other mass-loss mechanisms that could be
responsible for this discrepancy such as silicon deflagration
(Woosley & Heger 2015) or nuclear burning instabilities
(Arnett & Meakin 2011), both of which are synchronized with
stellar death, or an extended effervescent zone model
(Soker 2021).

5. Conclusion

Observations of SNe in recent years have demonstrated our
inadequate understanding of how mass loss proceeds in
evolved massive stars in the centuries to years before core
collapse (e.g., Smith 2014). Here we presented the analysis of
data from our broadband hard and soft X-ray campaign of
SN2014C with the CXO and NuSTAR extending from
ot=1396 days to &t =2307 days. While the number of SNe
with evidence for interaction with a thick CSM is rapidly
growing, SN 2014C is still the only event for which we were
able to detect broadband soft and hard X-ray emission over a
timescale of several years. We interpreted this unique set of
observations in the context of an absorbed thermal brems-
strahlung radiation model, and we constrained key physical
parameters of the emission and their temporal evolution such as
emission temperature 7(¢), intrinsic absorption NH;,(#), and
luminosity output L.(f). We used the evolution of these
parameters with respect to time to infer important parameters
of the system, particularly the density profile of the CSM at
subparsec scales around the progenitor.

Similar to what we found in Margutti et al. (2017), we find
that SN 2014C exploded in a low-density cavity extending to a
radius of ~2 x10"® cm. Beyond this radius we find evidence
for a high-density CSM with number density ~10°® cm > and
neutral density profile not too dissimilar from a wind-like
medium, pesy x R0 (Figure 12). This CSM is
hydrogen rich (Milisavljevic et al. 2015; Mauerhan et al.
2018). Furthermore, we find that the combination of the results
from the radio monitoring of Bietenholz et al. (2021a) and
Bietenholz et al. (2021b) and our broadband X-ray monitoring
can be explained in the context of a highly asymmetric CSM
with a “disk-like” geometry (Figure 7). Quantifying the



THE ASTROPHYSICAL JOURNAL, 939:105 (30pp), 2022 November 10

deviation from spherical symmetry with a geometrical filling
factor f, we revise the estimate of the CSM mass using two
methods, leading to Mcgm ~ 2.0(\/7 )M, based on EM(¢) or
Mcsm~ 1.2(f/)M, based on NH;,(#). These analytical
estimates are in broad quantitative agreement with the
inferences by Vargas et al. (2022) from numerical modeling
and simulations of SN 2014C.

The presence, mass, location, and chemical composition of
the CSM are not consistent with traditional line-driven winds,
and require the exploration of alternative models of time-
dependent mass-loss mechanisms in evolved massive stars. In
this paper we considered three models: WR-RSG wind-wind
interaction, interaction with a binary companion, or a
H-envelope ejection model triggered by nuclear burning
instabilities or gravity waves. While the wind—wind interaction
model has observational counterparts in our galaxy and does
not require eruptive mass loss, the exceedingly short WR
phase implied makes it highly unlikely. Current models of
wave-driven mass loss or mass loss related to nuclear burning
instabilities tend to predict small mass ejections at timescales
very close to core collapse (Syr) that translate in CSM
distances that are significantly smaller than in SN 2014C
(Figure 13, lower panel). Additionally, for the small mass of
the stellar progenitor of SN 2014C (~3.5-11 M; Milisavlje-
vic et al. 2015; Sun et al. 2020), instabilities would need to
extend to the C-burning phase (Figure 13, upper and middle
panels).

We conclude that mass loss associated with the interaction
with a binary companion is the most likely explanation for the
phenomenology of SN 2014C. However, the large dynamic
range of CSM masses and timescales of the mass-loss episodes
before explosion inferred for our large sample of SN interacters
is likely a signature of a variety of mass-loss mechanisms at
play. For example, while binary interaction may be able to
account for the extremes of the distributions of CSM masses
and timescales of the observed values, it does not offer a
natural explanation for the extremely compact (r < 10" cm),
thick CSM environments around some type IIP SNe (Figure
13, lower panel). For these cases of very compact CSM around
the explosion site, mass-loss mechanisms related with the
nuclear burning history of the primary star offer a more natural
solution to the observed timing with core collapse.

Deep observations by sky surveys to look for pre-SN
emission combined with rapid follow-up in the X-ray and radio
band can reveal important information about the underlying
mass-loss mechanisms within massive, evolved stars. Better
constraints on CSM mass, location, and pre-explosion ejection
time will subsequently provide an avenue to dispel uncertainty
surrounding these crucial mass-loss mechanisms, such as
which mechanisms dominate in particular stars, the timescales
at which those mechanisms dominate, and the observational
signatures of each mechanism.
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Appendix A
Inferences on the Environments of SNe in the Comparison
Sample

Here we describe our methodology in collecting and
estimating information on the mass loss of stars from their
supernovae (SNe). We organize them chronologically and
group them by the paper they were announced in.

A.l. SN 1987A

SN 1987A is a type II stellar explosion that has been
monitored across the electromagnetic spectrum. Early theor-
etical modeling by Chevalier & Liang (1989) suggested that the
CSM has an inner radius of 5 x 107 cm, a thickness of
1.6 x 10" cm, and contained 0.1 M. Radio band observations
by Cendes et al. (2018) have shown that after 6t =~ 9300 days,
the shock has broken out of the extended CSM ring based on
the acceleration of the shock. Cendes et al. (2018) calculated a
shock speed of ~2300 km s~ within the CSM. The shock
propagated through the CSM since 6t &~ 5500, and therefore the
CSM has an outer radius of ~5.7 x 10'7 cm.
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A.2. SNe 1987F, 19887, 1994W, 1994aj, 1995G, 1995N,
1996L, 1997ab, 1997eg, 1998S, 2005gl, 2005ip, 2006tf, and
2008iy

SNe of type IIn with mass-loss rates inferred from a
combination of optical spectroscopy and light-curve modeling.
We calculate the amount of mass between 10'' cm and
2% 10" cm to draw a direct comparison to SN 2014C by
assuming a wind profile density with wind velocity and mass-
loss rate from Table 9 of Kiewe et al. (2012). Onset of
interaction is assumed to be 0 days because the earliest spectra
of each SNe showed type IIn features. The lookback time for
each SN was calculated by dividing the assumed 2 x 10'® cm
by the wind velocity.

Original classification spectra are as follows: 1987F (Wegner
& Swanson 1996), 1988Z (Heathcote et al. 1988), 1994W
(Bragaglia et al. 1994), 1994aj (Benetti 1994), 1995G
(Filippenko & Schlegel 1995), 1995N (Pollas et al. 1995),
1996L (McNaught et al. 1996), 1997ab (Hagen & Reimers
1997), 1997eg (Filippenko & Barth 1997), 1998S (Li et al.
1998), 2005¢l1 (Blanc et al. 2005), 2005ip (Modjaz et al. 2005),
2006tf (Quimby et al. 2007), and 2008iy (Green 2009).

While we adopt the type IIn SN classification of Kiewe et al.
(2012), we note that some of these classifications are contested.
For example, Pastorello et al. (2018) pointed out odd properties
such as missing nucleosynthesis elements that would be
expected if SN 2005gl were a true SN as well as some
similarities to SN 2009ip (see details below), and SN 2006tf
could nearly be classified as an SLSN (Smith et al. 2008a).

A.3. SNe 1993J and 2011dh

SNe 1993J and 2011dh are type IIb SNe (Nomoto et al.
1993; Arcavi et al. 2011) that showed strong radio and X-ray
emission (Fransson et al. 1996; Soderberg et al. 2012). Based
on the modeling of these observations, Kundu et al. (2019)
inferred a mass-loss rate of 4 x 107> and 4 x 10~ M, yr~' for
SNe 1993J and 201 1dh, respectively, that lasted for the 6500 yr
and 3000 yr prior to explosion assuming a 10 km s~' wind
velocity. We infer CSM masses of 0.26 and 0.012 M.,
respectively, by multiplying the mass-loss rate by the number
of years prior to explosion the mass loss began. Additionally,
Kundu et al. (2019) assumed that the CSM of 1993J extends
out to 2 x 10" cm.

A.4. SN 1996al

SN 1996al is a type IIL stellar explosion (Benetti &
Neuhauser 1996) that showed a remarkable evolution in its Ha
lines. The optical spectroscopy of SN 1996al showed a
transition from early time (67 < 140 days) narrow lines to the
appearance of a three-component line emission (Benetti et al.
2016). Benetti et al. (2016) interpreted this complex H line
emission as being due to a two-component CSM: (i) an
extended equatorial disk extending from an inner radius of
3 % 10" to beyond 5 x 10" cm (due to the latest spectrum at
0t~ 5500 days still showing signs of interaction) and (ii) a
highly clumped CSM within 3 x 10'° cm. Benetti et al. (2016)
estimated that the CSM mass contained within 3 x 10'® cm is
0.13 M., Benetti et al. (2016) modeled the light curve and
estimated a CSM speed of 1300 km sfl, which would indicate
the mass-loss event would have started ~120 yr prior to
explosion.
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A.5. SN 1996¢r

SN 1996c¢r is a type IIn SN explosion (Bauer et al. 2008) that
showed a late-time increase in radio and X-ray luminosity
(Dwarkadas et al. 2010). Despite exploding in 1996, the first
optical spectroscopic observations occurred 11 yr post-
explosion, and so early time typing is unknown. Dwarkadas
et al. (2010) estimated a dense CSM of density ~8.2 x 10722
gcm * from the progenitor that extends to 1.5 x 10'7 cm. They
predicted a mass-loss episode occurred within the 10* yr before
stellar death and generated a 0.64 M., CSM. Additionally, they
calculated a lower-limit mass-loss rate of 1000 km s~' winds
to be ~3.3 x 107 M, yr ' and an upper limit of ~2 x 107>
M, yrfl.

A.6. SNe 1999cq, 2002a0, and 2006jc

SNe 1999cq, 2002a0, and 2006jc are type Ib SNe
(Filippenko 1999; Gal-Yam et al. 2002; Crotts et al. 2006)
observed in the optical band photometrically and spectro-
scopically. They each interacted with an H-poor but He-rich
environment. Foley et al. (2007) presented optical spectra of
each, focusing on SN2006jc, and showed spectra with
evidence for interaction at 20, 27, and 19 days, respectively.
Foley et al. (2007) measured a wind speed of 500 km s~ ' for
SN 2006jc and estimated that the CSM had been ejected ~2 yr
prior to explosion. At an assumed ejecta velocity of 10,000 km
s~', considering the SNe must have been interacting at the time
of the spectra presented in Foley et al. (2007), the CSM must
have resided within ~2 x 10> cm for each SN.

A.7. SNe 1999em, 1999gi, 2001X, 2003Z, 2003hn, 2004et,
2005cs, 2009N, 2009ib, 2012A, 2012aw, 2012ec, 2013ab,
2013by, 2013ej, LSQ13dpa, 2014cy, ASASSN-14dq, ASASSN-
14gm, and ASASSN-14ha

SNe of type-IIP/L with CSM mass, radial extension, and
density parameter K inferred from a combination of optical and
UV light-curve modeling (see Table 2 in Morozova et al.
2018). We calculate the mass-loss rate by assuming a wind-
density profile and multiplying K by 4mv,,, where v,, is their
assumed wind speed (10 km s~ 1. The onset time of interaction
is assumed to the explosion time, as the UV excesses that are
signatures of interaction are detected from the start of UV
observations. Lookback time is calculated by dividing the
radial extension by the wind speed.

Additionally, we note that SN 2005cs is considered a
peculiar “subluminous” type IIP (Pastorello et al. 2006) while
SN 2009N is considered an intermediate between “sublumi-
nous” and typical (Takats et al. 2014).

A.8. SN 2001em

SN 2001em is a type Ib SN (Filippenko & Chornock 2001;
Shivvers et al. 2019) that later evolved into a type IIn stellar
explosion (Soderberg et al. 2004), and it was observed in the
radio, X-ray, and optical (Chugai & Chevalier 2006; Chandra
et al. 2020). Chugai & Chevalier (2006) estimated a ~3 M,
CSM contained between ~6 and 7 x 10'® cm. They estimated
that a mass-loss rate of 2-10 x 10> M, yr ' over the course
of 1000-2000 yr prior to explosion could generate such a CSM.
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A.9. SN 2003gk

SN 2003gk is a type Ib SN (Sollerman et al. 2003) observed
in the radio with VLA (Bietenholz et al. 2014). We estimate the
mass and mass-loss rate using the density parameter A as
defined by Bietenholz et al. (2014). The mass-loss rate is
defined as A4mv,, and the density profile is defined as
pcsm(R) =Ar 2 for a wind. We integrate this density profile
out to 2.4 x 10'7 c¢m, the location of the shockwave at 8 yr
post-explosion. Using an assumed minimum and maximum
wind velocity of 10 and 1000 km sfl, we calculate a mass-loss
rate of 107-107> M. yr' and a CSM mass of
7.6 x 107 M.

A.10. SN 2004C

SN 2004C is a type IIb SN observed at radio frequencies.
DeMarchi et al. (2022) estimated an extended CSM at
~5 % 10" to 10'® cm consisting of at least 0.021 M. of
density 1.5x 107" g cm™>. They estimate that this
corresponds to a mass-loss rate of at most ~5 x 10> M.,
yr~'. Assuming a wind speed of 1000 km s, dividing the
radius by the wind velocity gives that the mass-loss episode
must have occurred approximately 6.5 yr prior to explosion.

A.11. SN 2004cc

SN 2004cc is a type Ic SN (Foley et al. 2004) observed in the
radio band. Wellons et al. (2012) estimated that between 10 and
100 yr prior to explosion, the progenitor ejected between 10~
and 10> M, of material at a rate of 1.3 x 10~* M yr™', under
an assumed 1000 km s~ wind velocity. While the outer radius
of the shell is unconstrained, Wellons et al. (2012) calculated
that the shell inner radius is between 2.6 x 10'° and
2.7 x 10'° cm.

A.12. SN 2004dk

SN 2004dk is a type Ib SN (Filippenko et al. 2004) that later
showed Ha emission from optical spectra and evolved into a
type IIn (Mauerhan et al. 2018), and showed strong Ha
emission out to 13 yr post discovery. Mauerhan et al. (2018)
estimate an inner CSM radius of ~4 x 10'” cm, corresponding
to 6 t=1660 days at an assumed 0.1c shock velocity, which
was the beginning of radio re-brightening. As interaction is
ongoing as of the latest spectra at ¢ t = 4684 days, they place a
lower limit on the outer radius to be 10'® c¢m. Additionally,
Mauerhan et al. (2018) assumed a wind speed of 400 km s !
based on spectral feature measurements at late time, which
would indicate the mass-loss episode occurred roughly 320 yr
prior to explosion. They also specify that an increased wind
speed of 1000 km s~ would instead correlate to approximately
125 yr prior to explosion. The mass-loss rate calculated from
radio data indicates 6.3 x107® M. yr'. Using these
measurements, we assume a wind-density profile and estimate
a CSM mass of 0.002 M, by integrating the density over the
inner and outer radii.

A.13. SN 2004gq

SN 2004gq is a type Ib SN (Filippenko & Foley 2004)
observed in the radio. Wellons et al. (2012) estimated that
between 10 and 100 yr prior to explosion, the progenitor
ejected material at a rate of ~9 x 107 ® M, yr ', under an
assumed 1000 km s~ wind velocity. While the outer radius of
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the shell is unconstrained, Wellons et al. (2012) calculated that
the shell inner radius is between 6.2 x 10" and 6.7 x 10" cm.

A.14. SNe 2005kj, 2006aa, 2006bo, 2006jd, 2006gq, and
2008fg

These SNe are of spectroscopic type IIn; optical photometric
and spectroscopic data were acquired for each object. Table 21
of Taddia et al. (2013) provides the wind speed, mass-loss rate,
inner and outer radii of CSM, and the time before explosion. In
the cases that both the mass-loss rate and time before explosion
are estimated, we infer the mass of the CSM by multiplying
their given values.

A.15. SN 2006Y, 2006ai, and 2016egz

These SNe are of spectroscopic type IIP (Green 2006; Fraser
et al. 2016) with short-lived plateaus (approximately tens of
days) partially powered by CSM interaction. Hiramatsu et al.
(2021a) used optical /near-IR (NIR) light curves and spectrosc-
opy to inform simulations and fit models to find best-fit
parameters of the CSM. All simulations use an assumed RSG
wind velocity of 10 km s~! and found that all three SNe
experienced a wind-driven mass-loss rate of 0.01 M. yr .
They found that SN 2006Y is best fit by a 0.01 M., CSM,
SN 2006ai with 0.03 M., and SN 2016egz with 0.03 M. From
this, they estimated SN 2006Y experienced mass loss for 10 yr
prior to explosion, while SN 2006ai and SN 2016egz for 30 yr
prior to explosion. We calculate by multiplying the time frame
of mass loss by the wind speed that the CSM extends to
~3 x 10" cm for SN 2006Y and ~9 x 10'* cm for SN 2006ai
and SN 2016egz.

A.16. SN 2006gy

SN 2006gy is a type IIn SLSN (Foley et al. 2006). Moriya
et al. (2013) fit the light curve of SN 2006gy using a variety of
models with varying density profiles, FS velocity, and CSM
location. Moriya et al. (2013) reported that wind-like profiles
fail to fit the light curve, while a much steeper profile,
pesm X R, and a constant density profile fit the light curve
better. All results are reported in Table 1 of Moriya et al.
(2013). The average mass-loss rate of all models is 0.1 M,
yr~', while the average CSM mass is 15 M.... The average inner
radius of the CSM is ~3 x 10" cm, and the average outer
CSM radius is ~1.6 x 10'® cm. Using the assumed wind
velocity of 100 km s ™', the CSM would have been ejected ~50
yr prior to explosion.

A.17. SN 20070d

SN 20070d is a type IIP stellar explosion (Blondin & Calkins
2007) that showed atypically steep declines after the plateau
phase (67~ 100 days) in brightness and “intermediate-width”
(1500 km s ') Ha features in optical photometry and
spectroscopy (Andrews et al. 2010). Andrews et al. (2010)
showed models that estimate the CSM inner radius to be
between 700 and 1700 au (1-2.5 x 10'® cm) that had been
ejected between 300 and 800 yr prior to explosion from a 1500
km s~ ' wind velocity. Additionally, Andrews et al. (2010)
reported that the multipeaked nature of the Ha emission is
consistent with a ring or torus-shaped CSM. No estimate of
mass or mass-loss rate is given.
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A.18. SN 2008es

SN 2008es is an SLSN type II (Yuan et al. 2008) that at early
times showed no narrow features in its optical spectra.
Bhirombhakdi et al. (2019) estimated from optical and infrared
photometry that its CSM mass is between 2 and 3 M, located
between ~2 x 10" to ~2 x 10'® cm. They also calculated that
this would have required a mass-loss rate between 0.1 and 1
M., yr~ " under their assumption of 100 km s~ ' wind velocity.
This additionally gives a lookback time of 0.5-1.6 yr prior to
explosion. Bhirombhakdi et al. (2019) also reported that similar
IR /optical measurements could be obtained by a magnetar
spin-down model instead of a CSM-powered luminosity.

A.19. SN 2009ip Outburst A and B in 2012

SN 2009ip is a type IIn SN for which observations exist
across the electromagnetic spectrum (radio, optical, X-rays, and
gamma-rays; Margutti et al. 2014). Margutti et al. (2014)
estimated that a dense CSM shell was located at ~5 x 10'* cm
from the progenitor and extended to ~4 x 10'® cm.

A.20. SN 2009kf

SN 2009kf is a type IIP SN (Rodney et al. 2009) observed in
the optical and UV bands. Through light-curve modeling,
Moriya (2015) estimated that hydrogen-rich material extended
to ~10' cm and was the result of mass-loss rate of 0.01 M.,
yr~ ! (under their assumption of 10 km s~ ' winds). We estimate
by dividing the radius by the wind velocity that the progenitor
would have to be losing mass for approximately 32 yr prior to
explosion, which would have produced ~0.3 M., of CSM.

A.21. SNe 2010al and 2011hw

SNe 2010al and 2011hw are both type Ibn SNe (Valenti
et al. 2011; Pastorello et al. 2015a) that were monitored in
the UV, IR, and optical bands, both spectroscopically and
photometrically. Pastorello et al. (2015a) identified that
SN 2010al required reclassification based on a étr= 12 days
spectrum to Ibn, and that SN 2010al continued to show signs of
interaction until the epoch of the last spectrum presented at
0t ~ 60 days with a derived wind velocity of at least 1000 km
s~!. SN 2011hw, however, was not H-free, and Pastorello et al.
(2015a) suggested it could be a transitional SN between Ibn
and IIn, and present spectra from 6t~ 1 day to ér~ 72 days
with signs of interaction. These estimates, assuming a 10,000
km s~ ejecta velocity, would place a constraint on the CSM
inner radius within <6 x 10" and 8 x 10'* cm for SNe 2010al
and 2011hw, respectively.

A.22. SN 2010jl

SN 2010jl is a particularly luminous type IIn SN (Benetti
et al. 2010) that showed signs of an 23 M., CSM in the IR,
optical, UV, and X-rays, resulting from an extensive period
of 20.1 M, yr~! mass loss (Fransson et al. 2014). These
estimates are lower limits due to uncertainties in the shock
velocity. Fransson et al. (2014) inferred a wind velocity of
~100 km s~ from the optical spectra, which they argued rules
out an RSG progenitor. Strong interaction continues until the
last optical spectra at ~1100 dagis, placing a lower limit of the
CSM outer radius to be 2 x 10'® cm. Using the measured wind
speed, this indicates the mass ejection had been occurring for at
least ~60 yr prior to explosion. Fransson et al. (2014) also
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discussed an IR light echo caused by dust at a distance of
6 x 107 cm, which, if part of a previous mass ejection, would
indicate a lookback time of ~1900 yr.

A.23. SN 2010mb

SN 2010mb is a type Ic stellar explosion (Ben-Ami et al.
2012) that interacted with hydrogen-poor material observed in
the optical and could possibly be reclassified as a type Icn, with
lines of width ~800 km s~ . Ben-Ami et al. (2014) observed
SN2010mb in the optical and UV bands, obtaining both
photometric and spectroscopic data. From their modeling, they
estimated a CSM mass of approximately 3.3 M, ejected 2.2 yr
prior to explosion. We estimate the radius of the CSM shell by
multiplying their ejecta velocity (5000 km s ') by the time
until interaction onset (150 days) to get ~6.5 x 10" cm.
Similarly, we estimate the outer radius by using the time at
which interaction ceases (750 days). Ben-Ami et al. (2014)
measured the wind speed to be 800 km s, which we then use
to calculate the mass-loss rate of ~0.25 M., yr~' by setting the
CSM mass equal to the integral of the wind-density profile and
integrating over the shell.

A.24. SN 2010mc

SN 2010mc is a type IIn SN (Howell & Murray 2012) for
which an outburst was observed 40 days prior to explosion.
Ofek et al. (2013) used optical spectra to model the surrounding
CSM. They estimated the CSM was located between 7 x 10™
cm and 10'® cm and contained 0.01 M....

A.25. PTF10aagc

PTF10aagc is an SLSN that was originally a type I but later
showed signs of strong Ha emission (Yan et al. 2015). Yan
et al. (2015) derived constraints on the surrounding CSM that
caused the transition using optical spectroscopy and photo-
metry and found that based on the width of the narrow Ha, the
CSM had a velocity between 230 and 400 km s .
Additionally, Yan et al. (2015) estimated an ejecta velocity
of 13,000 km s~'. Because the Ho emission appeared in a
Ot~ 322 days, Yan et al. (2015) estimated a CSM radius of
~4 % 10'® cm and assumed a CSM shell width of 10%. In
order to travel that distance at 230-400 km sfl, Yan et al.
(2015) calculated the ejection must have occurred at least 40 yr
prior to explosion. Yan et al. (2015) also reported that due to a
lack of absorption, they can place an upper limit of the CSM
mass to be <30 M.

A.26. SN 2011fh

SN 2011th is a type IIn SN (Monard et al. 2011a) that
showed a high degree of similarity to SN 2009ip both
spectroscopically and photometrically (Pessi et al. 2022),
displaying multiple eruptive phases in the years following the
initial “explosion” in 2011 in the NIR and optical. Prominent
Ha lines remain strong from the first spectrum at 3 days post-
explosion out to 1359 days post-explosion. Pessi et al. (2022)
assumed a CSM velocity of 100 km s~ ', which gives a mass-
loss rate of 4 x 107 2M, yr ..

A.27. SN 2011ht

SN 2011ht is a type IIn SN (Prieto et al. 2011), modeled by
Roming et al. (2012) using optical and UV photometry and
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spectroscopy. They calculated that the CSM resides between
5% 10" and 10" cm and contains between 0. 01 and 1 M.,
Using their assumed wind velocity of 600 km s !, they stated
that this implies a mass-loss rate of 3-5 x 10™* Mb yr ! and
the mass loss occurred ~1 yr prior to explosion.

A.28. SN 2011ja

SN 2011ja is a type IIP SN (Monard et al. 2011b) that
showed late (~60-80 days post-explosion) signs of Ha and Hf
in optical spectra. Andrews et al. (2016) interpreted this as
interaction with a disk-like CSM tilted at a 45° angle from the
viewing direction. Andrews et al. (2016) estimated a mass-loss
rate of 0.02-1x 107> M. yr ' for their measured wind
velocity of 180 km s~' and an inner CSM radius of
~(4-50) x 10'°. Given the wind velocity, we infer a lookback
time of ~8-14 yr prior to explosion, which in turn combined
with the mass-loss rate would give a CSM mass of
~0.01-1 x 107* M.

A.29. iPTF1ligh

iPTF11igb is a type IIn SN that later evolved into a type IIL/
P that showed evidence for a two-component medium (Smith
et al. 2015). Smith et al. (2015) suggested a CSM shaped by
two different mass-loss rates: a mass-loss rate of 0.4 x 107>
M. yr ~1 for (0.1-3) x 10" cm, and a mass-loss rate of
15%10°° M. yr ' at (3-300) x 10"°. These distances
correspond to upper limits of 8 yr and 1000 yr prior to
explosion, respectively, using their assumption of 100 km s
winds. Finally, Smith et al. (2015) calculated a 0.001 and
0.04 M. CSM mass for the inner and outer components,
respectively.

A.30. PTF1lqcj

PTF11qcj is a type Ic SN (Corsi et al. 2012) with radio, IR,
and optical light-curve coverage in addition to optical
spectroscopy (Corsi et al. 2014). C0r51 et al. (2014) calculated
that the CSM inner radius is ~10'® cm. They estimated the
CSM had been e]ected at a speed of 1000 km s~ ' with a mass-
loss rate of ~107* M, yr ', approximately 2.5 yr prior to
explosion. While they do not estimate the outer radius, they do
give a lower limit of ~2 x 10'7 cm

A.31. OGLE-2012-SN-006

OGLE-2012-SN-006 is a type Ibn SN observed in the IR and
optical bands both spectroscopically and photometrically
(Pastorello et al. (2015b). Pastorello et al. (2015b) showed
the light curve was s ()gmﬁcantly shallower than that expected of
typical radioactive *°Co—"°Fe decay starting at 25 days post-
explosion and spectra showed signatures of H-poor interaction
through ~190 days, and measured a wind speed of 250 km s~
Assuming an ejecta velocity of 10,000 km s, this would
imply an inner CSM radius of at least ~5 x 10" cm

A.32. SN 2012aa

SN 2012aa is a highly luminous type Ic SN (Cenko et al.
2012) that was shown to experience interaction with hydrogen-
free material (Roy et al. 2016). While SN 2012aa did not reach
the luminosity of a typical SLSN, it still reached magnitude
—20 in the optical band, placing it at an intermediate
luminosity between typical SN type Ic and SLSN. SN
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2012aa went on to show a second bump in its optical light
curve, which Roy et al. (2016) explained as interaction with a
dense CSM. They show that interaction begins approximately
65 days post-explosion and ends 95 days post explosion. Using
their assumed ejecta velocity of 10* km s ', this translates to a
shell located between ~5 and 8 x 10'® cm. They estimated the
CSM contains between 5 and 10 M, which we use to estimate
a mass-loss rate between ~0.006 and 0.01 M, yr' using their
assumed wind velocity of 1000 km s~ '. Similarly, we also use
the same assumed wind velocity to estimate the lookback time
as the radius divided by the velocity to get ~2-3 yr prior to
explosion.

A.33. SN 2013L

SN 2013L is a type IIn SN (Monard et al. 2013) that showed
prominent hydrogen spectral features and was observed across
the UV, optical, and IR (Taddia et al. 2020). Taddia et al.
(2020) estimated an enhanced mass-loss rate of 0.017-0.15 M,
yr~ ! in the 25-40 yr prior to explosion. Additionally, they
calculated that this corresponds to a mass of 3.8-6.3 M, with a
measured wind velocity of 120-240 km s ! extending from the
progenitor surface to ~0.9-3 x 10'® ¢

A.34. SN 2013cu

SN 2013cu is a type IIb (Gal-Yam et al. 2014) that was
discovered very early and was rapidly classified 15.5 hr post-
explosion. The SN already showed signs of interaction with a
wind (v,, ~ 100 km sfl) that was rich in both H and He (Groh
2014). Groh (2014) fit the optlcal spectrum and estimated a
mass-loss rate of 3 x 10 °M., yr '. Their modeling also
estimated the CSM inner radius R;,=1.5 x 10" c¢m and
extending to 2 x 10" c¢m, for a total mass of 0.022 M. Using
the wind speed from Groh (2014) and their modeled radius, this
would indicate a mass-loss period ranging from ~6—60 yr prior
to explosion. Groh (2014) predicted that these properties could
be the result of a yellow hypergiant or LBV star progenitor.

A.35. SN 2013df

SN 2013df is a type IIb SN (Ciabattari et al. 2013), showing
signs of interaction in its spectrum within the first 10 days.
Kamble et al. (2016) observed SN 2013df in the rad10 and
X- -Tays and estimated a mass-loss rate of ~0.7-1.4x10"* M,
yr~ ! for an assumed wind velocity of 10 km s~

A.36. PSI-13arp

PS1-13arp is a type IIP SN (Gezari et al. 2015) with an early
UV excess of emission in addition to its optical light curve
(Gezari et al. 2015; Haynie & Piro 2021). Haynie & Piro
(2021) modeled the light curve in the context of a shock
breaking through a dense CSM located at ~1.3 x 10'* cm and
containing 0.08 M. Using that radius and their assumed wind
speed of 10 km s~ ', this would require the material to have
been ejected approximately 4 yr prior to the explosion.

A.37. LSQ13ddu

LSQ13ddu is a type Ibn SN (Smartt et al. 2015) that
exhibited a very short interaction phase that produced
prominent helium lines in the optical spectra. The phase of
strong interaction started sometime between explosion and the
first spectrum at 5 days and ended between 6 and 11 days post-
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explosion (Clark et al. 2020). Using the ejecta velocity from
Clark et al. (2020) of 34,600 km s ! and the constraints on
interaction times, this would place the CSM between ~1.5 and
3 x 10" cm. Additionally, Clark et al. (2020) estimated the
mass of the CSM to be 0.59 M.

A.38. SN 2013fs

SN 2013fs is a type [IP SN (Yaron et al. 2017) that showed
signs of interaction within hours of discovery. Yaron et al.
(2017) modeled the optical light curve and presented optical
spectra to show that the flash ionization spectra observed was
likely due to a dense CSM extending from ~1.2 to 10 x 10"
cm. Their models derive a CSM wind speed between 15 and
100 km sfl, which indicate the mass-loss was occurring on a
timescale of ~1 yr prior to explosion. By calculating the time it
would have taken for the CSM to reach the edge of the
maximum distance of 10" cm, we find the progenitor star
would have been shedding mass for ~3-20 yr prior up until
explosion. Considering the estimated mass-loss rate from
Yaron et al. (2017) of 0.3 to 4 x 107* M., yr !, this would
translate to a CSM mass between ~9 x 10_fand 8 x 1072 M.

A.39. iPTF13ehe, iPTF15esb, and iPTF16bad

SLSNe of type I that later showed Ha emission in their
optical spectra (Yan et al. 2017). Yan et al. (2017) estimated
their CSMs began between ~4 and 9 x 10'® cm and contain
between 0.05 and 3 M. We estimate the lookback time by
dividing the radius by assumed wind velocities of 100 and
1000 km s~ to give ~1-30 yr prior to explosion.

A.40. SN 2014av

SN 2014av is a type Ibn SN (Pastorello et al. 2016) observed
in the optical photometrically and spectroscopically. Pastorello
et al. (2016) found that the spectrum taken at ¢ ~ 18 days post-
explosion show features of a Ibn, while the spectra at 6z~ 10
days is largeliy featureless. Assuming an ejecta velocity of
10,000 km s~ , this would place a CSM radius between 9 and
20 x 10" cm.

A.4l. LSQIl4efd, iPTF15dtg, and 2020bvc

LSQIl4efd, iPTF15dtg, and 2020bvc are type Ic SNe that
interacted with hydrogen-poor material. Jin et al. (2021) used
optical light curves to inform simulations and constrain
parameters of possible CSM that could result in the observed
light curves. Their simulations produced 0.1-0.2 M. of
hydrogen-poor material beginning at either 10'* or 10" cm,
which had been ejected ~2.4 months prior to explosion. Based
on their assumed wind velocity of 200 km s, they report this
would correspond to a mass-loss rate of 0.6-13 M., yr .

A.42. ASASSN-14ms

ASASSN-14ms is a highly luminous type Ibn (Holoien et al.
2017) that began interacting by the time of the first optical
spectrum (which was acquired at 7 days) and continued
through the last spectrum at 44 days post-explosion (Vallely
et al. 2018). Vallely et al. (2018) modeled the optical
photometry and extracted a CSM mass of 0.51 M.
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A.43. iPTF14hls

iPTF14hls is a type IIP SN (Li et al. 2015) that showed
extremely long-lasting optical emission and photometric
variability (Arcavi et al. 2017). A potential interpretation of
this phenomenology is the SN shock interaction with a
complex medium. Within this scenario, Arcavi et al. (2017)
estimated the CSM contains tens of solar masses due to an
ejection a few years prior to explosion.

A.44. SN 2015da

SN 2015da is a type IIn SN (Tartaglia 2019) that was
observed to have IR echoes due to a surrounding CSM shell
(Tartaglia et al. 2020). Tartaglia et al. (2020) estimated, using
optical light-curve modeling and spectra, the shell contains
between ~5 and 10 M., due to an enhanced mass-loss rate of
0.6-0.7 M, yr '

A.45. ASASSN-15no

ASASSN-15no is a type Ic SN (Balam & Graham 2015), but
later spectra from Benetti et al. (2018) revealed the
development of broad H lines in optical spectra, which led to
a reclassification as type II SN. Combined with optical
photometric data, Benetti et al. (2018) interpreted its spectral
evolution and photometric data as evidence for a two-
component structured CSM, composed of two shells: an H-rich
CSM inner shell and an H-poor outer shell. Benetti et al. (2018)
estimated the inner CSM to be a shell at ~2 x 10'* cm of 1-2
M., while the outer H-poor shell has an inner radius ~3 x 10"
cm and extends to ~8 x 10" cm. Using an assumed wind
velocity of 10-100 km s~!, Benetti et al. (2018) calculated
lookback times of 0.7-7 and 9-90 yr for the inner and outer
CSM, respectively.

A.46. iPTF16eh

iPTF16eh is a type I SLSN based on UV observations and
optical spectroscopy (Lunnan et al. 2018). Lunnan et al. (2018)
modeled the CSM structure based on simulations and estimated
the dense hydrogen-poor shell has inner radius of ~3 x 10"
cm that extends to ~3.5 x 10" cm and was ejected ~32 yr
prior to explosion. They calculated that the shell contains 1-10
M., with a measured wind speed of 3300 km s .

A.47. SN 2016aps

SN 2016aps is a type IIn SLSN (Chornock et al. 2016) with
optical photometry and spectroscopy data. The extreme energy
output by this SLSN is thought to be the result of massive
ejecta colliding with an extremely massive CSM. There are two
separate models seeking to fit the optical light curve from
Nicholl et al. (2020) and Suzuki et al. (2021), who estimated a
CSM mass of ~150 M. (minimum of 40 M.) and 8 M.,
respectively. Suzuki et al. (2021), using a radiation hydro-
dynamics simulation code designed for SLSNe, found that an
outer CSM radius of 10'® cm best fits the data. This would
indicate that for a wind range of 10-1000 km s7! the
beginning of mass loss would have to be between ~3 and 300
yr prior to explosion. We emphasize the calculations from
Suzuki et al. (2021) due to the use of specific numerical
models.
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A.48. SN 2016iet

SN 2016iet shows two optical peaks separated by
approximately 100 days (Gomez et al. 2019). Gomez et al.
(2019) estimated, based on optical light-curve modeling and
spectroscopy, that the CSM was extremely massive at ~38 M,
located between 1 —7 x 10 cm, which corresponds to a
mass-loss rate of 7 M, yr ' assuming a 100 km s ' velocity.
They calculated that this would require ejection between 2 and
7 yr prior to explosion, but also noted that if the assumed
velocity is increased to 1000 km s~ this would place ejection
within 70-260 days prior to explosion.

A.49. AT 2016jbu

AT 2016jbu is thought to be an SN-impostor event akin to
2009ip before 2012 (Bose et al. 2017), which appeared
spectroscopically similar to a type IIn SN. In two papers,
Brennan et al. (2022a) and Brennan et al. (2022b) proposed that
the event likely occurred as a result of a highly asymmetric
outburst of 0.05-0.14 M., yr ' with an assumed wind velocity
of 250 and 750 km s~ ' based on the overall luminosity and
narrow Ha lines.

A.50. SN 2017ahn

SN 2017ahn is a type II SN (Hosseinzadeh et al. 2017) that
displayed signs of interaction in its spectra within 6 days of
explosion. Tartaglia et al. (2021a) used the spectra and optical
light-curve modeling to predict a mass-loss rate of
27-4x107* M, that generated a CSM of inner radius
~2 % 10" cm. Using the assumed wind speed from Tartaglia
et al. (2021a) of 150 km s~! we infer a lookback time of
~18 days.

A.51. SN 2017dio

SN 2017dio is a type Ic SN (Cartier et al. 2017) that later
evolved into a type IIn, showing narrow H and He lines in its
optical spectra (Kuncarayakti et al. 2018). Kuncarayakti et al.
(2018) estimated a mass-loss rate of ~0.02 M. yr ' that
peaked in the few decades prior to explosion. They estimated a
10* km s™' ejecta speed, which, based on the lack of narrow
features in the 6r = 6 days spectrum and the presence of narrow
features, indicates the shockwave would have traveled between
~0.5 and 1 x 10" cm before encountering the CSM. While
there is no estimate for the outer radius, we can at least place a
lower limit, as the last spectra taken presented was 83 days
post-explosion, corresponding to at least ~7 x 10'> cm. The
CSM has a measured speed of 500 km s~ ', which, integrating
over a wind-density profile from the inner radius to the lower
limit, produces a minimum CSM mass of ~0.089 M.

A.52. SN 2017eaw

SN 2017eaw is a type IIP (Xiang et al. 2017) that showed
extensive signs of interaction at 900 days post-explosion from a
transition of a narrow Ha feature to a box-shaped Ha feature
(Weil et al. 2020). Weil et al. (2020) calculated from optical
spectroscopy and light-curve modeling that 2017eaw had a
mass-loss rate of 3 x 107® M, yr ' at least 1700 yr prior to
explosion. They also estimated the CSM shell begins at
~5.3 % 10" cm from their assumed 10 km s~ wind velocity
of red supergiants. While additional observations have not been
taken to determine the extent of the CSM, if we assume the
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shell extends to a similar distance as SN 2014C (wlO17 cm), we
estimate a mass of approximately 0.004 M.

A.53. SN 2017ens

SN 2017ens is a superluminous type Ic-BL that later evolved
into a type IIn (Chen et al. 2018) as revealed by optical and UV
observations in addition to spectroscopy (Chen et al. 2018).
Chen et al. (2018) estimated that the explosion interacted with a
dense shell located between ~10'> and 7 x 10'® cm. They were
also able to measure a wind velocity of between 50 and 60 km
s~' and therefore calculate that the mass-loss rate was
~5x107* M, yr'. Assuming a wind-density profile, we
estimate the amount of mass contained within the shell by
integrating the wind-density profile over the extent of the shell
to get ~0.06 M. Additionally, we estimate the lookback time
by diving the radius by the wind speed to get a lookback time
of ~7 yr.

A.54. SN 2017gmr

SN 2017gmr is a type IIP (Elias-Rosa 2017) that did not
show narrow H features in optical spectra at early times (~2
days post-explosion), but did have a bump in the U and B
filters that Andrews et al. (2019) suggested to be asymmetric
CSM interaction. Interaction began at least 2 days post-
explosion and is ongoing as of the last spectrum presented in
Andrews et al. (2019) at 180 days post-explosion. From the
combined UV, optical, and IR light curve, Andrews et al.
(2019) estimated a progenitor radius (and therefore lower limit
on the CSM radius) of ~3 x 10'® cm that extends to an outer
radius of 1.8 x 10'* cm. From this radius and a measured wind
velocity of 55 km s~ ', Andrews et al. (2019) predicted a
lookback time of “years to decades.”

A.55. SN 2017hcc

SN 2017hcc is a type IIn SLSN (Prieto et al. 2017) for which
a highly asymmetric CSM structure was invoked in order to
explain the irregular H emission and absorption features (Smith
& Andrews 2020). Smith & Andrews (2020) measured a 50 km
s~! wind velocity, and an Hor component out to at least 848
days post-explosion. Using the measured broad-line Ha
emission that Smith & Andrews (2020) associated to the ejecta
of 6000 km s, that would place a lower limit on the outer
radius of 4.4 x 10'® cm. Smith & Andrews (2020) estimated
that the enhanced mass-loss episode was occurring for 612 yr
prior to explosion at a rate of 1.4 M, yr', translating to 816
M., of CSM.

A.56. SN 2018zd

SN 2018zd is a type IIP SN that shows hydrogen lines at 4.9
days post-explosion and eventually developed a plateau in its
optical light curve and spectra (Hiramatsu et al. 2021b).
Hiramatsu et al. (2021b) estimated that approximately 10 yr
prior to explosion, SN 2018zd ejected 0.1 M., at a rate of
0.01 M, yr—'. Using their assumed wind velocity of 20 km s ™',
we calculate that the shell would extend to ~6 x 10" cm by

multiplying the lookback time by the wind velocity.

A.57. SN 2018gep

SN 2018gep is a Ic-BL stellar explosion (Costantin et al.
2018) with an exceptionally short rise time of 0.5-3 days
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(Ho et al. 2019), placing it among the fast blue optical
transients. Leung et al. (2021a) estimated this was due to a
~0.3 M., CSM approximately beginning ~0.7-1.5 x 10'° cm
from the progenitor based on simulations of the optical light
curve.

A.58. SN 2018gjx

SN 2018gjx went through three distinct phases: (I) a hot blue
spectrum with signatures of ionized CSM, (II) signatures of a
type IIb, then (III) interaction with a helium-rich CSM that led
to the classification as a type Ibn SN (Prentice et al. 2020).
Prentice et al. (2020) calculated that the CSM is composed of
0.004-0.014 M., of material located in a thin shell between
~3.8x10" and ~4.5 x 10" cm They assumed a wind speed
between 150 and 500 km s~ ', which we use to estimate a
lookback time by dividing the radius by the wind velocity to
get ~0.2-0.8 yr prior to explosion. Similarly, using the
assumed wind velocity, Prentlce et al. (2020) calculated a
mass-loss rate of (5-510) x 10~* M, yr -1

A.59. SN 2018ijp

SN 2018ijp is a type Ic-BL stellar explosion (Fremling et al.
2018) that was discovered by Zwicky Transient Facility.
Follow-up data include optical photometry and spectroscopy
(Tartaglia et al. 2021b). Modeling these data, Tartaglia et al.
(2021b) estimated a dense CSM located between ~4.6 x 10"
and 5 x 10'® cm. The CSM contams 0.5 M, and corresponds
to a mass-loss rate of 0.2 M, yr ' originating 10-100 yr prior
to explosion.

A.60. SNe 2019jc and 202 1ckj

SNe 2019jc and 2021ckj are both type Icn stellar explosions
(Pellegrino et al. 2022) with optical photometry and
spectroscopy. Pellegrino et al. (2022) modeled the light curve
of SN 2019jc as being powered by shock interaction with a
wind-density profile (pcsm(R) x R™ %), and found the CSM
contains 0.58 M, of H- and He-poor material at an inner radius
of ~4.04 x 10'* cm. Pellegrino et al. (2022) also measured a
wind speed between 500 and 1000 km s~ ', which would imply
a lookback time of ~26 days. SN 20210kj has sparser data:
Pellegrino et al. (2022) presented a spectrum at ~13 days with
evidence for mteractlon Assuming a minimum ejecta speed of
7000 km s ' (as for SN 2019jc; Pellegrino et al. 2022), this
ejecta speed implies a rough CSM distance of ~7.7 x 10'* cm

A.61. SN 2019uo

SN 2019uo is a type Ibn SN (Fremling et al. 2019), for
which the CSM properties were inferred by Strotjohann et al.
(2021) through optical light-curve modeling. SN 2019uo was
observed to have an outburst 320 days prior to explosion,
which ejected at most 0.8 M. It is unknown how far the CSM
extends, but Strotjohann et al. (2021) estimated the inner shell
radius to be between 3 x 10" and 10'® cm, with a measured
wind velocity of 880 km s .

A.62. SN 2019cad

SN 2019cad is a type Ic stellar explosion (Burke et al. 2019)
that had a second peak in its optical light curve approximately
45-60 days post-explosion and showed prominent C and Si
lines in its spectra (Gutiérrez et al. 2021). Using the ejecta
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velocity derived in Gutiérrez et al. (2021) of 14,000 km s " and
the time and duration of the second peak we infer that a CSM
shell could exist between ~2-6 x 10

A.63. SN 2019ehk

SN 2019ehk is a calcium-rich transient (Hung et al. 2019)
that showed signs of shock interaction with an H-rich CSM in
its optical spectra ~1.5 days post-explosion. The CSM mass
inferred from optical and X-ray observations is ~0.007 M, for
a wind velocity of ~500 km s~ (Jacobson-Galén et al. 2020).
The spectral features associated with shock interaction
vanished by 6t~ 2.4 days, indicating an end to interaction
with the dense CSM (Jacobson-Galan et al. 2020) This phase
experienced a mass-loss rate of ~0.01 M ' for ~0.6 yr
prior to explosion, using the 500 km s~ Wll’ld velocity from
Jacobson-Galan et al. (2020). Additionally, Jacobson-Galan
et al. (2020) estimated an upper limit for the mass-loss rate of
107> M., yr—' beyond the thick CSM shell at 10'°~10"" cm
based on radio observations. Since the nature of SN 2019¢ehk as
a core-collapse event is disputed, and a connection with white-
dwarf explosions is not excluded, we leave SN 2019ehk out of
Figures 11, 12, and 13. Similarly, we leave SN 2021gno,
another calcium-rich SN (Jacobson-Galan et al. 2022a) with
detected X-ray emission out of the sample.

A.64. SN 2019hgp

SN 2019hgp is a type Icn SN (Gal-Yam 2021) that within a
day of explosion began interacting with a 1900 km s~ ' wind
rich in C and O (Gal-Yam et al. 2022). Gal-Yam et al. (2022)
estimated a CSM mass of 0.2 M, CSM, resulting from a mass-
loss rate of 0.004 M, yr '. Using their modeled wind speed
and the onset of interaction of ~1day and the end of
interaction at ~6 days as shown by spectra in Gal-Yam et al.
(2022), this would place the CSM between ~10" and 10" cm.
Again using the 1900 km s~ " wind speed, this would correlate
to a mass-loss episode within a month before explosion.

A.65. SN 2019oys

SN 20190ys is a type Ib SN that transitioned to a type Iln,
much like SN 2014C (Fremling & Dahiwale 2019; Sollerman
et al. 2020). This transition occurred ~100 days post-
explosion, and spectra still showed broad and strong Ha to at
least 200 days post-explosion.

A.66. SN 2019yvr

SN 2019yvr is a type Ib (Dimitriadis et al. 2019), but it later
interacted with an H-rich CSM. Kilpatrick et al. (2021) found
that the optical photometry and spectroscopic data are best fit
by a two-part ejection model, one that occurred 50-100 yr prior
to explosion and removed most of the H-envelope, followed by
a minor outburst within the last 2.6 yr that removed the
remainder of the H-envelope. Using stellar models combined
with spectroscopy, Kilpatrick et al. (2021) estimated that the
final eruption removed a 0.01-0.03 M., H-envelope from the
star. The previous outburst does not have an estimated mass,
but Kllpatnck et al (2021) calculated a mass-loss rate of
1.3 x 107* M, yr " for an assumed wind speed of 100 km s~ .
Based on the onset time of interaction, Kilpatrick et al. (2021)
also estimated an inner CSM radius of ~1000 au, or
~1.5x 10" cm
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A.67. SN 20200i

SN 202001 is a type Ic SN (Siebert et al. 2020) that showed
deviations from steady-state wind mass loss in the radio. SN
202001 has been observed extensively in the optical and the UV
by Maeda et al. (2021) and Gagliano et al. (2022). Maeda et al.
(2021) estimated that the CSM has strong fluctuations
compared to the expected power-law distribution within 10'?
cm with a mass-loss rate of ~0.3-1 x 107> M, yr~' and then
returns to a smooth power law beyond 10'® cm. According to
Maeda et al. (2021), this places the erratic mass loss within 1 yr
of explosion based on the assumption of 1000 km s '
velocities. We in turn thus infer a CSM mass of at most
0.001 M.

A.68. SN 2020faa

SN 2020faa is a type II SN (Perley et al. 2020) for which
optical photometry and spectroscopy has been acquired. Ha
appeared in its spectrum 12 days post-explosion, but was
absent at least 6 days post-explosion (Yang et al. 2021). Based
on calculations from Yang et al. (2021) of the blackbody radius
at early times, we estimate that the CSM inner radius is
~10" cm.

A.69. SN 2020pni

SN 2020pni is a type II SN (Bruch et al. 2020). Modeling of
optical-UV photometry and optical spectroscopy by Terreran
et al. (2022) led to the inference of a CSM shell extending to
~1.3 x 10" cm and containing between 0.04 and 0.12 M,

Terreran et al. (2022) assumed a wind velocity of 200 km sfl,
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which corresponds to a mass-loss rate of 0.02-0.08 M., yr '

for approximately 2 yr prior to explosion.

A.70. SN 20204f

SN 2020tlf is a type IIP/L stellar explosion (Balcon 2020)
with detected pre-explosion eruptions, as well as early
spectroscopic signatures of shock interaction and luminous
UV emission (Jacobson-Galan et al. 2022b). By modeling these
observations Jacobson-Galdn et al. (2022b) inferred the
presence of dense CSM with an extent to 10" cm produced
by a mass-loss rate of ~1072 M, yr ' for an assumed wind
speed of 50 km s~ '. Chugai & Utrobin (2022) provided further
constraints, estimating a CSM mass of 0.2 M, that had been
ejected within 6 yr prior to explosion.

A.71. SN 2021csp

SN 2021csp is a type Icn explosion (Perley 2021) that
showed prominent CIII lines of velocity 1800 km s~ ' (Fraser
et al. 2021). Fraser et al. (2021) estimated the CSM to extend to
~400 R, (2 x 10" cm) and contain ~1 M_, of H- and He-poor
material. We infer from the wind velocity that this material was
ejected only ~2 days prior to explosion.

Appendix B
Tables

Data tables for the CXO observations, NuSTAR observa-
tions, and their best-fitting parameters in Tables 2, 3, 4, 5,
and 6.

Table 2
Chandra X-Ray Observations of SN 2014C

Chandra ID Date Date Exposure Phase Count-rate Source Significance
MIJD) UT) (ks) (days) 0.5-8keV (cs™h o
16005 56964.33 11/3/14 12.4 308.33 1.1 (£0.09) x 1072 46.4
17569 57052.69 1/30/15 13.3 396.69 1.9 (£0.12) x 1072 93.2
17570 57133.01 4/21/15 12.5 477.01 1.5 (£0.13) x 1072 106.9
17571 57262.43 8/28/15 12.1 606.43 2.8 (£0.15) x 1072 117.9
18340 57513.25 5/5/16 29.9 857.25 4.4 (£0.12) x 1072 296.0
18341 57685.59 10/24/16 322 1029.59 47 (£0.12) x 1072 115.7
18342 57913.94 6/9/17 29.8 1257.94 5.0 (£0.13) x 1072 340.1
18343 58230.77 4/22/18 12.0 1574.77 4.1 (£0.18) x 1072 154.1
21077 58224.68 4/16/18 223 1568.68 47 (£0.15) x 1072 225.3
21639 58627.05 5/24/19 32.1 1971.05 4.0 (£0.11) x 1072 279.4
21640 58955.57 4/16/20 20.1 2300.57 3.2 (£0.13) x 1072 171.9
23216 58957.76 4/18/20 13.1 2301.76 3.2 (£0.16) x 1072 143.2
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Best-fitting Parameters from Our Spectral Arrllz‘:ll)t/)slfs ::)f Chandra X-Ray Observation of SN 2014C
Chandra ID Phase T NH; ¢ Flux Unabsorbed Flux
(Days) (102 cm™?) 0.3-10 keV (erg s 'em™?) 0.3-10 keV (erg stem™?)
16005 308 —0.525938 0.291043 7.6195% x 10713 777948 x 10713
17569 397 0.16 + 0.25 0.49°08 1.15398% % 10712 117594 x 10712
17570 477 —0.0063+318 0.057793%, 1240926 % 10712 1233926 % 10712
17571 606 0.72 £ 0.18 0567933 93408 x 10713 1.01399 % 10712
18340 857 0.83 & 0.08 0.40759%3 12300589 x 10712 1370938 x 10712
18341 1030 0.93 £ 0.08 0.3150:9%3 1250938 x 10712 135903 % 10712
18342 1258 1.0 £0.08 0.2479078 L1538 x 10712 135098 x 10712
21077 and 1571 11598 0.207997 11093 » 10712 124093 x 1012
18343
21639 1971 1370053 0.08370:0% 847033 x 10713 9.2103% x 1071
21640 and 2301 1.35010 0.1510:09% 7.2%4% x 10713 8.010% x 10713
23216
Table 4
NuSTAR X-Ray Observations of SN 2014C
NuSTAR ID Date Date Exposure Time Phase Count-rate Source Significance
(MJD) (UT) (ks) (days) 3-79keV (c s o
80001085002 57051.86 1/29/15 325 396.86 1.4 (£0.07) x 1072 189
40102014001 57122.43 4/10/15 224 466.43 1.2 (£0.08) x 1072 15.1
40102014003 57263.10 8/29/15 30.2 607.10 1.3 (£0.08) x 1072 172
40202013002 57511.78 5/3/16 43.0 856.78 1.6 (£0.07) x 1072 24.0
40202013004 57693.46 11/1/16 40.9 1037.46 1.7(£0.07) x 1072 239
40302002002 57920.23 6/16/17 423 126.23 1.3 (£0.06) x 1072 213
40302002004 58242.67 5/4/18 402 1587.67 1.4 (£0.07) x 1072 20.9
40502001002 58635.67 6/1/19 415 1980.67 9.1 (£0.5) x 1073 16.8
40502001004 58969.80 4/30/20 54.2 2314.80 7.8(£0.4) x 1073 175
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Table 5
Joint Chandra and NuSTAR X-Ray Spectral Analysis of SN 2014C
Chandra ID NuSTAR ID Phase Temperature NH;,¢ Flux Unabsorbed Flux
(days) keV 102cm 2 0.3-100 keV (ergs~' cm™?) 0.3-100 keV (ergs~' em™2)
17569 80001085002 396 18.1573% 2.69°0% 1431017 x 10712 1.831021 x 10712
17570 40102014001 477 23756 16879033 1487024 x 10712 1751835 x 10712
17571 40102014003 606 22.876, 130317 1.581028 x 10712 1.841039 % 10712
18340 40202013002 857 18.86377 0.942+9:074 1797013 x 10712 2101038 x 10712
18341 40202013004 1029 19.272% 0.72730% 1.847918 x 10712 2115038 x 10712
18342 40302002002 1257 17.14%:38 0.541+0:937 1.69791¢ x 10712 1934048 x 10712
21077 and 18343 40302002004 1571 14,9713 0.46979%:1 15091 x 10712 1727313 x 10712
21639 40502001002 1971 13.141:27 0.181+9922 1.15%99% % 10712 1277397 x 10712
21640 and 23216 40502001004 2307 1135147 0.31179968 8.9279072 x 10713 1031584 x 10712
Table 6
Properties of the Iron Emission from Combined CXO and NuSTAR
Phase Central Energy FWHM Flux
(Days) (keV) (keV) 6.5-7.1keV (erg s~ cm ?)
396 6.77 T334 0.477 =319 102714 x 10713
477 6.80 0048 0.531 T4k 1117318 % 10713
606 6.79 504 0.404 +011 1.01 #9014« 10-13
857 6.72 7393 0.241 *018 8.33 Tl x 10
1029 6.73 £598 0.461 +0.965 1.41 313 x 10713
1257 6.75 T3%1 0.364 3978 101 31 x 10713
1571 6.71 7397 0.332 F0082 8.99 Ty x 10714
1971 6.73 70938 0.298 0928 7.07 7085 x 10714
2307 6.69 £3%8 0.467 3397 526 7930 x 10714

Appendix C
Example Data Table

Example tables of information for CSM properties of the machine-readable table included in this work, shown in Tables
interacting SNe sample contained in the supplemental 7 and 8.
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Table 7
Mass-loss Data, Part 1

Name Type Group Method Otinteract.0 Otinteract.1 CSM Inner Radius CSM Outer Radius
(Days Since Explosion) (Days Since Explosion) (cm) (cm)

SN 1987F IIn 3 Optical 0 unconstrained 10" 2 x 10"

SN 2012aa Ic 2 Optical 65 95 5.6 x 10" 8.2 x 10"

iPTF13ehe Type I SLSN 1 Optical (128, 366) (393, unconstrained) 4 % 10'° (5%10'°, unconstrained)

SN 2014C Ib-IIn 1 Radio, IR, Optical, X-ray (30,130) (1693, unconstrained) 22 % 10'° 107

SN 2017dio Ic-TIn 1 Optical (8, 18) (83, unconstrained) (0.52-1.6) x10'3 (7.2 x 10", unconstrained)

Note. *Denotes type IIn where we assume the CSM extends from 10'" to 2 x 10'® cm to compare the amount of CSM to that of SN 2014C.

(This table is available in its entirety in machine-readable form.)
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Table 8
Mass-loss Data, Part 2
Name Wind Velocity ~ Wind Method M Mcsm Almass—loss Reference
(km s~ h M, yr’l) (M) (Years Prior to Explosion)

SN 1987F 150 Measured 1072 0.42 42 Kiewe et al. (2012)
SN 2012aa 1000 Assumed (0.58-1.2) x 1072 (5, 10) (1.9,2.7) Roy et al. (2016)
iPTF13ehe (100, 1000) Assumed unconstrained (0.01, 3) (13, 130) Yan et al. (2017)
SN 2014C 1000 Assumed 107! 0.12, 1.2) (7, 30) This work
SN 2017dio 500 Measured 2% 1072 (8.9 x 1072, unconstrained) (30, 50) Kuncarayakti et al. (2018)
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