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Abstract

SN 2014C was originally classified as a Type Ib supernova, but at phase ¢ = 127 days, post-explosion strong Hco
emission was observed. SN 2014C has since been observed in radio, infrared, optical and X-ray bands. Here we
present new optical spectroscopic and photometric data spanning ¢ = 947-2494 days post-explosion. We address
the evolution of the broadened Hae emission line, as well as broad [O III] emission and other lines. We also conduct
a parallel analysis of all publicly available multiwavelength data. From our spectra, we find a nearly constant Ho
FWHM velocity width of ~2000 kms~ " that is significantly lower than that of other broadened atomic transitions
(~3000-7000 kms™ 1) present in our spectra ([OI] A6300; [O 1] AM959, 5007; He1 A7065; [Call] AA7291,

7324). The late radio data demand a fast forward shock (~10,000 km s~ ' at ¢ = 1700 days) in rarified matter that
contrasts with the modest velocity of the Ha. We propose that the infrared flux originates from a toroidal-like
structure of hydrogen surrounding the progenitor system, while later emission at other wavelengths (radio, X-ray)
likely originates predominantly from the reverse shock in the ejecta and the forward shock in the quasi-spherical
progenitor He-wind. We propose that the Ha: emission arises in the boundary layer between the ejecta and torus.
We also consider the possible roles of a pulsar and a binary companion.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Type Ib supernovae (1729); Type II supernovae
(1731); Circumstellar matter (241); Circumstellar disks (235); Circumstellar shells (242); X-ray transient sources

(1852); Radio transient sources (2008)
Supporting material: data behind figures

1. Introduction

SN 2014C was discovered in the nearby (dp =14.7+
0.6 Mpc; Freedman et al. 2001) spiral galaxy NGC 7331 on
2014 January 5 by the Lick Observatory Supernova Search
(Kim et al. 2014). Margutti et al. (2017) estimated the time of
first light to be 2013 December 30. Maximum V-band
magnitude was reached on 2014 January 13 (Milisavljevic
et al. 2015). SN 2014C was first observed (Milisavljevic et al.
2015) as a photometrically and spectroscopically normal
stripped-envelope supernova (SN; Clocchiatti et al. 1997) of
Type Ib that showed little photospheric evidence for hydrogen,
but substantial evidence for helium. Solar occlusion imposed
an observational hiatus, but 127 days after first light, SN 2014C
showed a prominent emission line of Ha suggesting that some
time prior to that the ejecta had collided with a hydrogen-rich
circumstellar medium (CSM). SN 2014C also became a
prominent source of X-ray, radio, and infrared emission
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(Tinyanont et al. 2016; Anderson et al. 2017; Margutti et al.
2017; Bietenholz et al. 2018; Tinyanont et al. 2019; Brethauer
et al. 2020; Bietenholz et al. 2021).

The transformation of SN 2014C from a Type Ib to revealing
evidence for collision with hydrogen-rich material is consistent
with a helium star that exploded in a relatively low-density
cavity and then collided with matter representing the previously
ejected envelope of the progenitor. The ejecta continued to
interact with the CSM for at least 5 yr after the explosion
(Tinyanont et al. 2019).

The 15.7 GHz radio light curve reported by Anderson et al.
(2017) and Spitzer IR observations (Tinyanont et al.
2016, 2019) provided the only data on SN 2014C during the
first solar occlusion. The radio data showed a first peak at 80
days after first light. Anderson et al. (2017) estimated the
second radio rise to start at 186 days. The second peak reached
maximum about 400 days after first light.

Bietenholz et al. (2018) employed very long baseline
interferometry (VLBI) to measure the rate of change of the
size of an annulus of emission detected on their radio images
and the associated velocity of the shock front. The first epoch at
384 days after first light indicated a substantial slowing
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compared to the photospheric velocity of the supernova
(Margutti et al. 2017), presumably due to interaction with the
CSM. A second epoch at 1057 days suggested a constant rate
of expansion between the two epochs of ~13,600 kms™'. The
image in the second epoch was essentially round, but marked
by a bright spot in the west. To within uncertainties of
~2400kms~', the centroid showed no proper motion.
Bietenholz et al. (2021) found that the VLBI image at 5 yr
after the explosion was consistent with a spherical shell.

Tinyanont et al. (2019) examined the conditions in
SN 2014C with infrared photometry and spectroscopy from
1-5 yr past the explosion. They found intermediate-width He I
1.083 pm emission from the interaction region up to 1639 days
post-explosion and confirmed ongoing circumstellar interaction
at 1920 days with Spitzer photometry. They assumed that the
IR light curve was representative of the bolometric light curve.
They argued that the light curve after 500 days is consistent
with a model in which the supernova collides with a CSM
produced by a wind of constant velocity and mass-loss rate of
~1073 M, yr~! that represents an additional CSM component
exterior to the high-density shell invoked by Milisavljevic et al.
(2015) and Margutti et al. (2017).

Harris & Nugent (2020) used 1D hydrodynamic models of
supernova ejecta colliding with a dense shell to explore the
nature of SN2014C. They found that shells of substantial
density contrast can lead to departures from self-similar
behavior. They note that ejecta can be slowed significantly
by a relatively dense shell even if it has rather small mass and
hence that low line velocities do not necessarily represent
massive shells. They point out that the radio rise at about 186
days is significantly after the first detected Ho emission at 127
days and propose that the early rise in radio flux occurred after
the forward shock had departed the proposed dense shell and
was propagating in the outer CSM. They derive a significantly
smaller mass of the dense shell, ~0.05 M, than do Margutti
et al. (2017).

Sun et al. (2020) presented HST observations of the star
cluster that hosted SN?2014C. From the spectral energy
distribution, they derive a cluster age of 20 Myr. If the
progenitor star of SN 2014C was coeval with the cluster, it
would have a mass of about 12 M. Sun et al. (2020) argued
that if the progenitor were a single star of this mass, it would
not have ejected its hydrogen envelope and thus could not have
exploded as a Type Ib supernova (SNIb). They construct
binary evolution models for which the progenitor could have
had a zero-age main sequence (ZAMS) mass of 11 M., and lost
its envelope in Case B/C or Case C mass transfer (Kippenhahn
& Wei%en 1990). The common envelope mass-loss rate
is ~10™ M, yr~', comparable to that deduced by Tinyanont
et al. (2019). From the bolometric light curve and the diffusion
theory of Arnett (1982), the ejected mass would be ~2M.,.
With the addition of a neutron star of mass ~1.4M, the total
mass of the helium star progenitor would be ~3M., consistent
with the estimates of Milisavljevic et al. (2015) and Margutti
et al. (2017). Sun et al. (2020) noted a caveat to this conclusion
if the estimates of the opacity associated with the light curve
are too low due to helium and oxygen recombination (Wheeler
et al. 2015; Maund 2018; Khatami & Kasen 2019).

The focus of this paper is a presentation and interpretation of
7 yr of optical integral field unit (IFU) spectroscopy and
imaging and narrowband imaging of SN2014C and its
immediate environment. We present a detailed discussion of
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the reduction process for the IFU data. We also do our own
reduction and analysis of all of the available X-ray data and
present a further epoch of radio data at 2063 days after first
light. To obtain a complete representation of the data on
SN 2014C, we gathered and analyzed publicly available optical
and IR spectroscopy and radio data.

While some of these data have been available for years, our
optical data is new, calling for a complete synthesis of all
available data. Our study of these data reveal that a
comprehensive integration of all of the multiepoch and
multiwavelength data required a departure from spherical
symmetry. A particular conundrum that emerged is the
discrepant behavior of the detected Ha: emission that revealed
only a slight decrease of luminosity with time compared with
other bands and a lower velocity than other emission lines and
the velocity implied by VLBI imaging. We propose that these
discrepancies can be resolved with a multicomponent,
nonspherical configuration of the environment of SN 2014C.

The structure of this paper is as follows: Section 2 presents
our optical imaging and spectroscopic observations and an
analysis of emission line profiles; Section 3 gives our analysis
of public X-ray data; Section 4 presents our recent Karl G.
Jansky Very Large Array (VLA) observation; Section 5
synthesizes the multiwavelength data from SN?2014C and
presents the argument for and analysis of a scenario in which
both a dense CSM torus and a low-density quasi-spherical wind
distribution are required to account for the observations;
Section 6 summarizes our conclusions. Throughout this work,
we assume a flat A cold dark matter cosmology with Qy; = 0.3
and Hy=71kms 'Mpc~'. All observations that are used in
this paper are summarized in Table 1, while new observations
are summarized in Table 2.

2. Optical Observations
2.1. DIAFI Images

We utilize the Direct Imaging Auxiliary Functions Instru-
ment (DIAFI'%) imager on the Harlan J. Smith 2.7 m telescope
at McDonald Observatory since 2014 February to search for
supernovae exhibiting evidence of delayed collision and
excitation of Ha with narrowband filters, one near the
expected redshifted wavelength of Ha  (Acenwat = 6585 A,
FWHM =70A) and another in an “off” band (Acengrar =
6675 A, FWHM =70 A) for calibration. Procedures for
reducing the DIAFI data are presented in Section 3 of Vinko
et al. (2017) that also summarized our earliest results. Among
other results, we confirmed the broad Ha in SN 2014C
previously reported by Milisavljevic et al. (2015).

SN 2014C exploded in a spiral arm of NGC 7331 that is rich
in H 1l regions. We define a temporal phase parameter, ¢, taken
to be rest-frame days from first light (2013 December 30) as
determined by Margutti et al. (2017), and refer to all data with
¢. Figure 1 shows a narrowband image of the field of
SN 2014C taken with the DIAFI camera at three epochs,
¢ =305, 996, and 1705 days, illustrating the fading of the
supernova. By that third epoch, the supernova had clearly faded
but still showed spectral evidence for a broadened component
of Ha (see Section 2.3). The location of the supernova, shown
in the green circle in each panel, falls within one of the ambient
H 1T regions. The image of that H II region in panel (c) is clearly

' hitps:/ /mcdonald.utexas.edu /for-researchers /research-facilities /2-7-m-
107-harlan-j-smith-telescope / 165-researchers /643-diafi
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Table 1
Summary of All Observations Used in This Work
Telescope/Inst. Filter Nobs Date Phase Reference
X-ray NuStar 3-79 keV 7 2015-08-29 to 2020-04-30 607 to 2306 This work (PI: Margutti)
CXO 0.3-10 keV 9 2015-08-28 to 2020-04-18 606 to 2294 This work (PI: Margutti)
NuStar 3-79 keV 2 2015-01-29 to 2015-04-19 394 to 475 Margutti et al. (2017)
CXO 0.3-10 keV 3 2014-11-03 to 2015-04-20 307 to 476 Margutti et al. (2017)
Swift 0.2-10 keV 1 2014-01-06 to 2014-01-19 7 to 10 Margutti et al. (2017)
Optical HET/LRS2 Spec. 8 2016-08-06 to 2020-11-05 947 to 2494 This work (PL: Wheeler)
HJS/DIAFI Ha -narrow 5 2015-05-15 to 2018-08-31 500 to 1700 This work (PL: Wheeler)
LBT/MODS Spec. 1 2014-10-22 295 Milisavljevic et al. (2015)
Keck /DEIMOS Spec. 3 2014-10-02 to 2017-08-18 275 to 1323 Mauerhan et al. (2018)
Keck/LRIS Spec. 4 2014-07-29 to 2015-09-16 210 to 623 Mauerhan et al. (2018)
MMT/Blue Ch. Spec. 3 2014-05-06 to 2015-04-25 127 to 479 Milisavljevic et al. (2015)
Lick /Kast Spec. 6 2014-01-22 to 2014-08-28 23 to 240 Mauerhan et al. (2018)
FLWO/FAST Spec. 1 2014-01-09 10 Milisavljevic et al. (2015)
IR Keck/NIRES Spec. 1 2018-09-02 1702 Tinyanont et al. (2019)
Gemini/NIRI L’ 1 2018-06-18 1626 Tinyanont et al. (2019)
Gemini/NIRI M 1 2018-06-18 1626 Tinyanont et al. (2019)
P200/WIRC J 3 2017-09-30 to 2018-07-17 1366 to 1655 Tinyanont et al. (2019)
Keck/MOSFIRE Spec. 1 2017-09-28 1364 Tinyanont et al. (2019)
P200/TripleSpec Spec. 2 2017-08-09 to 2018-06-22 1314 to 1630 Tinyanont et al. (2019)
P200/WIRC H 4 2017-07-10 to 2018-07-27 1284 to 1665 Tinyanont et al. (2019)
NOT/NOTCam H 1 2015-09-25 632 Tinyanont et al. (2019)
NOT/NOTCam J 1 2015-09-25 632 Tinyanont et al. (2019)
NOT/NOTCam Ks 1 2015-09-25 632 Tinyanont et al. (2019)
P200/WIRC Ks 5 2014-10-20 to 2018-07-17 294 to 1655 Tinyanont et al. (2019)
Spitzer/IRAC 3.6um 16 2014-02-21 to 2019-04-08 53 to 1919 Tinyanont et al. (2019)
Spitzer/IRAC 4.5um 16 2014-02-21 to 2019-04-11 53 to 1922 Tinyanont et al. (2019)
Radio VLA 15.1 GHz 1 2020-05-06 2323 Bietenholz et al. (2021)
VLA 9 GHz 1 2019-08-31 2063 This work (PI: Stockdale)
eMerlin 1.5 GHz 1 2015-05-04 489 Anderson et al. (2017)
eMerlin 5.1 GHz 2 2015-04-18 to 2015-05-06 473 to 491 Anderson et al. (2017)
VLBA 8.4 GHz 4 2015-01-17 to 2016-10-20 384 to 1057 Bietenholz et al. (2018)
VLBA 22.1 GHz 1 2015-01-17 384 Bietenholz et al. (2018)
eMerlin 5.5 GHz 1 2014-01-19 20 Anderson et al. (2017)
AMI 15.7 GHz 81 2014-01-15 to 2015-07-20 17 to 567 Anderson et al. (2017)
JVLA 4.9 GHz 12 2014-01-11 to 2020-04-02 12 to 2278 Bietenholz et al. (2021)
JVLA 7.1 GHz 13 2014-01-11 to 2020-04-24 12 to 2300 Bietenholz et al. (2021)

Note. X-ray data were re-reduced and analyzed for this work.

extended rather than pointlike. Panel (d) of Figure 1 shows a
subtraction of the image in panel (a) obtained in 2015 at
¢ =505 days from the image in panel (c) obtained in 2018 at
¢ = 1705 days. The majority of the field subtracts very cleanly.
All of the images of the H1I regions are gone, including that
within which SN 2014C exploded. The image of the supernova
in panel (d) shows as a well-resolved dark point, establishing
that the Ha flux coming from the vicinity of the supernova was
substantially less in 2018 than in 2015. The decrease of the Ha
flux from the site of SN 2014C suggests that the source of the
Ha photons is still the ejecta-CSM interaction, but the Ha
excitation process has substantially decreased since the start of
the interaction.

2.2. HET/LRS2 IFU Reduction

The Low-Resolution Spectrograph 2 (LRS2) IFU image
extraction process enables another means to image the
environment of SN 2014C (in addition to our DIAFI imaging
described in Section 2.1). Figure 2 shows the data from the

supernova and a nearby HII region. This image can be
compared to Figure 2 of Milisavljevic et al. (2015).

The spectra and IFU images of SN 2014C reported here were
obtained with LRS2 (Chonis et al. 2016) on the 10 m Hobby—
Eberly Telescope (HET; Ramsey et al. 1998; Hill et al. 2021).
LRS2 comprises two IFU spectrographs separated by 100" on
sky: LRS2-B (3650-6950 A) and LRS2-R (6450-10500 A).
Each spectrograph has 280 fibers covering 6” x 12" with unity
fill factor (Chonis et al. 2016). We use the HET LRS2 pipeline,
Panacea,IS to perform the initial reductions including fiber
extraction, wavelength calibration, astrometry, and flux cali-
bration. This reduction and calibration process is visualized in
Figure 2. There are two channels for each spectrograph: UV
and orange for LRS2-B and red and farred for LRS2-R. Before
Nov 2016, the UV channel had to be zeroed out due to a failed
UV chip that was replaced on this date. On each exposure, we
combine fiber spectra from the two channels into a single data
cube accounting for differential atmospheric refraction. We

15 https://github.com/grzeimann /Panacea
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Table 2
New Data of SN 2014C

Date 1) Telescope Bandpass Luminosity Exposure Time
(Rest-frame days) /Instrument 1o ergs ) (s)

2015-05-20 505 HJS/DIAFI Ha -narrow 8.47 +1.79 150
2015-08-23 599 HJS/DIAFI Ha -narrow 7.23 +1.87 300
2016-06-07 888 HJS /DIAFI Ha -narrow 6.72 +1.97 142
2016-08-06 947 HET/LRS2-R @ 7.79+87 1800
2016-09-04 976 HET/LRS2-B a 6.6470% 1800
2016-09-24 996 HJS/DIAFI Ha -narrow 5.16 + 1.70 150
2017-05-24 1237 HET/LRS2-R a 8.74+53] 1800
2017-08-17 1322 HET/LRS2-B : 7.28+931 2000
2018-06-11 1619 HET/LRS2-B a 5734379 1800
2018-09-05 1705 HJS/DIAFI Ha -narrow 6.39 + 1.77 142
2019-08-25 2057 HET/LRS2-B : 5.49103% 2200
2019-08-31 2063 VLA 9 GHz 0.287 2380
2020-05-30 2336 HET/LRS2-B a 434703 1800
2020-11-04 2493 HET/LRS2-B a 5231383 3600
2020-11-05 2494 HET/LRS2-R a 512708 3600
Note.

# Luminosity was derived via Gaussian decompositions to the broadened Hor spectral profile. These correspond to luminosities of the broadened Hoa: component only.

+1705d

Figure 1. Panels (a), (b), and (c): narrowband, continuum-subtracted Ha
images of the field of SN 2014C taken with the DIAFI camera. The center of
the host galaxy, NGC 7331, is located to the upper right, slightly off the
illustrated frames. The phase of each observation is shown in the top-left
corner. The location of SN 2014C is given by the green circle. The supernova
falls within an extended H II region and appears as a point source. The fading
of the emission peak with respect to the flux of nearby H II regions is apparent.
Panel d: the difference image of the frames shown in panels (c) and (a). The
dark spot at the supernova position indicates reduced Hae flux from SN 2014C
on the ¢ = 1705 days frame with respect to the ¢ = 505 days frame. These
observations show that between 2015 and 2018 the Ha line flux from
SN 2014C decreased substantially.

then identify the target SN 2014C in each observation and
rectify the data cubes to a common sky coordinate grid with
SN 2014C at the center.

Since the IFU contains background light from the host
galaxy, we use separate “blank” observations for sky subtrac-
tion scaled to the relevant exposure. We examine the residuals

manually near bright sky lines to calculate this scalar factor.
We then subtract the scaled sky from each data cube. At this
stage, the data cubes still include light from the background
galaxy, which we can use to improve our initial flux
calibration. We define a common region in each data cube
(gray box from Figure 2) far enough from SN 2014C that it
should be unaffected by our target. In each of our observations,
the median spectrum in this region should be unchanging thus
allowing us to use it as a common scale for flux calibration. We
measure the median spectrum in the gray box from Figure 2
and scale that spectrum to the average spectrum from all
observations. We restrict the normalization calculation to
wavelengths in common to both LRS2-B and LRS2-R
(6450-6850 A). We then apply this normalization to our data
cubes. The normalization factors were typically between 0.9
and 1.1. SN2014C is near an HII knot within the larger H1II
complex surrounding the supernova. The HII knot is separated
from our target by 2”15, and the seeing conditions across the
observations range from 176-3”0. We chose to model the SN
and the H II knot simultaneously and mask the two sources for
host galaxy background subtraction. We use a Gaussian kernel
with a o=1"75 to spatially smooth and interpolate the
background light over our masked sources. We then subtracted
our smoothed background model.

For each observation, we simultaneously model the SN 2014C
source and the HII knot with a Moffat profile in an image
collapsed about observed Ha. The Moffat profiles had FWHM
that ranged from 176-3”0. We then fix the Moffat models leaving
only the amplitude of the two profiles free. At each wavelength of
our data cubes, we fit the two free amplitudes to create 3D models
of SN 2014C and the H1I knot. We use the 3D model of the HIl
knot for two purposes: (1) the sum of the model at each
wavelength provides the spectrum for the H II region, and (2) we
use the model to subtract the knot from the IFU observation. After
we subtract the H 11 region model from our data cube, we then use
a 1”5 radius aperture for the spectral extraction of SN 2014C. We
extrapolate the aperture spectrum to a total flux spectrum using
our Moffat model.
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Figure 2. Diagnostic LRS2 IFU images for data on SN 2014C from ¢ = 976 days (top) and ¢ = 2493 days (bottom). The scale is given in arcseconds. The images are
centered on 6583 A and collapsed over a 20 A window using a Gaussian-weighted average (o = 6 A). The first panel shows the total data from the region revealing
both SN 2014C as the central object and a nearby (~150 pc distant) H I knot to the lower left of the supernova that is also revealed in Figure 1. The SN emission and
the nearby H 11 region are indicated on the first panel. The second panel represents the data from the background captured in the small square near the top of the image.
The third panel presents the data from which the background is subtracted. The fourth panel gives the source models for SN 2014C and the spatially resolved H II
region. The fifth panel shows the original data corrected for the background and with the H II region removed.

The normalization correction to go from the 1”5 aperture
extraction to a total flux is the dominant uncertainty in the flux
calibration. Taking the uncertainty in the normalization
correction into account gives a rough measure of the Ha flux
as a function of time. The distribution of the normalization
corrections is not Gaussian but can be characterized by the
values exceeding a given percentile of the distribution, with the
50th percentile representing the median of the distribution. The
resulting percentile values of the correction distribution for
each of our LRS2 observations of SN2014C are given in
Table 3.

2.3. Spectra

The average resolving power of our LRS2 spectrograph is
R ~ 1500. The spectral resolutions, deduced from thg: FWHM
of narrow spectral lamp lines, are 5.09 and 4.24 A for the
orange arm of LRS2-B and the red arm of LRS2-R,
respectively. These correspond to ~300 and ~250 km s
velocity uncertainties at 5000 A, while in the vicinity of Hay,
they are ~230 and ~195kms ', respectively.

We acquired nine spectra of SN 2014C with our HET /LRS2
IFU setup from 2016 August 6 through to 2020 November 5
corresponding to phases 947-2493 days after first light. Other
optical spectra have been presented by Milisavljevic et al.
(2015), Anderson et al. (2017), and Mauerhan et al. (2018). IR
spectra were given by Tinyanont et al. (2019). Table 2 gives
information about new data acquired in our program, including
the conversion from observing date to the temporal phase
parameter, ¢, taken to be rest-frame days from first light (2013
December 30) as determined by Margutti et al. (2017).

Figure 3 presents the array of nine optical spectra of
SN 2014C along with other optical data from the literature. The

Table 3
Normalization Correction for Ha: Lines as a Function of Epoch for Our LRS2
HET Data

Epoch Correction Correction Correction

(50th) (16th) (84th)
2016-08-06 1.64 1.53 1.79
2016-09-04 1.31 1.28 1.36
2017-05-24 1.53 1.44 1.63
2017-08-17 1.40 1.36 1.46
2018-06-11 2.65 1.96 4.36
2019-08-25 1.40 1.35 1.50
2020-05-30 1.69 1.59 2.17
2020-11-04 2.51 2.08 3.53
2020-11-05 1.54 1.48 1.61

Note. The corrections are given at the 50th, 16th, and 84th percentiles.

first (¢ = 947 days), third (¢ = 1237 days), and final (¢ = 2494
days) of our spectra were obtained with LRS2-R; the remainder
were obtained with LRS2-B. Both instrumental components
contain the Ha /[N 1I] complex.

The HET spectra at ¢ > 947 days reveal broad components
to the [Call] A\ 7291, 7324, [O1] A 6300, [O 1] AA 4959,
5007 and Ha emission. Evidence of broad emission from
[Ne 1] A 3970 and Hv/[O 1] A\ 4340, 4363 is also present,
albeit at lower signal-to-noise ratio.

Figure 3 shows that standard nebular features of SN Ib are
visible in SN 2014C. Among these are [OI] A\ 6300, 6363;
[Catr] AX 7291, 7324; O 1 \7774; and the Call IR triplet
(Mg1 M571 is difficult to discern). These features that are
produced in the inner ejecta are visible from ¢ = 127 days to
at least ¢ =275 days. Their presence means that the whole
outer CSM is optically thin during that epoch, at least along
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Figure 3. Twenty-six optical spectra of SN 2014C, including 17 publicly available spectra, and nine spectra obtained with our HET /LRS2 setup from 2018 August 6
to 2020 November 5. The rest-frame phase (¢) from first light (2013 December 30, as determined by Margutti et al. 2017) is provided on the right—handu side.
Broadened emission lines that are pertinent to our analysis are identified with dashed vertical lines. Note the discernible broader components around 5000 A and

around Ha in the data after ¢ = 600 days.
(The data used to create this figure are available.)

the line of sight. We see none of these features in our data;
they are basically gone by ¢ =531 days. The more highly
ionized [O IIT] appears after ¢ =246 days.

2.3.1. Line Profiles

The core of our optical analysis lies in decomposing the
blended and broadened emission line profiles into their
various components. We assume that the individual

components follow Gaussian distributions and combine
these Gaussian distributions to compute a model emission
complex. Each Gaussian is described by three free
parameters that quantify the amplitude, mean, and standard
deviation. For example, for a quadruple Gaussian blend
(that we use for both the Ha and the [O 111]/Hf profiles), we
have 12 free parameters, with an additional baseline
parameter added to the full superposition for a total of 13
free parameters.
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Figure 4. Top panel: the Ha profile at ¢ = 1322 days (data in blue) is modeled
by the sum of three narrow Gaussian distributions (the two [N 1I] lines flank the
centroid; the narrow Ha line is in gold) plus one additional broad Gaussian

that represents the underlying broadened Ha (in red). We determine a FWHM
velocity v = 2120 km s~ at ¢ = 1322 days. Bottom panel: an additional fifth

component is needed to model the data between phases ¢ = 275-623 days. The
fifth component is shown in gold in this fit to public data at ¢ = 531 days. The
centroid of the fifth component moves from blue to red across this phase range.

To fit this model emission complex to the data, we use a
Markov Chain Monte Carlo (MCMC) method implemented in
the Python package emcee.'® For the Ha' complex, we use four
components representing the broad Hey, the narrow Hey, and the
two [N II] A\ 6548, 6583 lines. We initiate 30 walkers for 5000
steps and a burn-in period of 3000 steps. We use uniform prior
distributions for all parameters with bounds informed by the
observed data. For the [OII] lines, we also employ four
components representing the broad and narrow components of
the A\ 4959, 5007 A transitions. We use a similar method for
[O1] A 6300, [Call] AN7291, 7324, and He 1 A10830, where the
latter IR spectra are presented in Tinyanont et al. (2019).

In addition to using Gaussian distributions to fit the Ho
broad component, we attempted to improve the fit with a
Lorentzian distribution (while keeping the Gaussian for the
three narrow components). We found that Lorentzian fits
produced a comparable or worse x> per degree of freedom
value relative to the corresponding Gaussian fits at all epochs.
In reality, it is probable that there are contributions to the

'® hitps: //emcee.readthedocs.io/
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Table 4
Derived FWHM and the Corresponding Velocity Widths of the Broadened Ho
Component from Our HET/LRS2 Spectra

1) FWHM AFWHM?* v Ay
(days) (A) A) (kms™") (kms™")
947 51.9 4.2 2370 230
976 50.1 5.1 2290 260
1237 50.4 4.2 2300 230
1322 46.3 5.1 2120 260
1619 44.8 5.1 2050 250
2057 38.1 5.1 1740 250
2336 46.2 5.1 2110 260
2493 314 5.1 1440 240
2494 34.7 4.2 1590 210
Note.

# Uncertainties quoted here are the quadrature sum of the error from the fit and
the error from the spectral resolution.

underlying profile broadening from both electron scattering and
the velocity distribution of the emitting H atoms. Our aim is to
measure the flux and FWHM of the various components to
determine the luminosity and astrophysical source of that flux
by comparing, for example, the Ha to the [OIII] emission.
Hereafter, we adopt the Gaussian model as sufficiently
representative of the broadened Ha component.

An example of our Ho decomposition at ¢ = 1322 days is
shown in Figure 4. The full MCMC posterior distribution of all
parameters from the same fit is given in the Appendix. These
decompositions allow us to compute two critical quantities for
our analysis: (1) the integrated flux (and hence luminosity) of
each of the various components, and (2) the FWHM of those
components from which velocity information is conventionally
derived.

We are primarily interested in the broadened Hoa relative to
the other three components as it is most likely indicative of
activity related to the supernova. We derive integrated fluxes and
FWHM values of the broadened component from our quadruple
Gaussian fits. We give the derived FWHM and corresponding
velocity widths and respective uncertainties in Table 4.

At ¢ =947 days, we find a broadened Ha flux of
297 x 107" erg s7' cm™? with a 7% error from the flux
calibration. There are several lines of evidence that the flux
declines over the course of our observations. Although the
uncertainties in the Ha flux measured by the integrated flux in
our spectra are relatively large, the flux measured in that way
tends downward with time to within 1o or 20. That variation
may not be statistically significant, but our DIAFI images
(Figure 1) provide an independently derived line of evidence of
that decline from a completely different technique that corrects
for effects like seeing.

At ¢p=947 _days, we derive a line width value of
FWHM =519 A with a <2% error from the fit (the error
contribution from the spectral resolution can be as high as
~10%). The width of the broad Ha component also remains
effectively constant across all observed epochs with slight
variability that may be attributable to the shot noise on the
spectrum.

We also analyzed publicly available optical spectra down-
loaded from WISEREP'” (Yaron & Gal-Yam 2012) to derive

17 https: //www.wiserep.org
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Figure 5. The [O111] 4959/5007 profile is modeled with a sum (model in
black) of two narrow Gaussian distributions plus two broad Gaussian
distributions representing the narrow and broadened components of the emitted
[O 1] flux (data in blue). We determine an FWHM velocity of v = 2460
kms ' and v =3190 km s~ for the [O 11I] 5007 and 4959 lines, respectively.
The velocity derived from the FWHM of the [O 11I] remains fairly constant at
around v &~ 3000 km s~ throughout the duration of our observations.

the Ha velocity at times that pre-date our earliest HET
observation (¢ = 947 days) and to look for deviations from the
nearly constant Ha velocity that we observe at ¢ > 947 days.
We follow an identical procedure to fit the Ha profile in the
public data as we do for our own spectra. We find that the
derived Hoe FWHM velocity is essentially constant from
¢ =127 days (Milisavljevic et al. 2015) to the final HET
observation at ¢ = 2493 days.

In addition to measuring the velocities available in the public
spectra, we also identified an anomalous additional emission
profile within the Ha complex between days ¢ =275 and
1027 days (Mauerhan et al. 2018), the central wavelength of
which (and hence apparent bulk velocity; see Section 5.1)
appears to redden with time. We note that Anderson et al.
(2017) included a fifth component in their Hae Gaussian fits to
two Keck II/DEIMOS spectra obtained at ¢ =530 days and
¢ = 650 days that appears to be emitted between the Ha line
and the red [N II] line, although they do not offer an
interpretation of the additional component. We present our own
fit to an example Ha complex containing this additional fifth
component in Figure 4 (bottom panel).

We follow a similar procedure to fit the [O III] A\4959, 5007
complex. We note that both narrow and broad components to
this doublet are present in our spectra, but the narrow
components tend to fade with time. The widths of the two
broad components may have some additional error associated
with them due to cross-contamination with the narrow H3 line
that is present to the blue of the [OII] complex. The [O 1]
complex is modeled as the sum of two narrow Gaussian
distributions and two broadened distributions. Again, we are
primarily interested in the broadened [O III] wings as they are
most likely indicative of activity relating to the SN. The fit to
our ¢ =2057 day spectrum is given in Figure 5. We derive
FWHM values of the broadened components at ¢ = 2057 days
of FWHM =52.8+5.09 A and FWHM =41.1 +5.09 A for
[O1I] A959 and A5007, respectively. These widths corre-
spond to velocities of ~3000 kms™'. This velocity remains
relatively constant across the duration of our observations.
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By virtue of a similar method, we have also derived line
widths  (and  thereby  velocities) for Hel 7065
(FWHM =96.1 +424 A at ¢ =947 days), [OI] X6300
(FWHM =109.3 £5.09A at ¢=976 days), and [Call]
A7291, 7324 (FWHM =96.2+4.24 and FWHM = 157.2 &
4.24 A, respectively, at ¢ =947 days). Each of the above
FWHM measurements has a very small error from the fit
contribution at <1%, and a dominant error from the spectral
resolution at ~10%. We expect an additional uncertainty in the
[Ca11] lines due to an absorption immediately to the blue of the
doublet that obfuscates the continuum level (Figure 7). We
nonetheless interpret the FWHM of each individual transition
as essentially constant across the observed epochs. We find no
evidence for a broad component to the H3 line although such a
faint, broad component may be hidden beneath the noise level.

2.3.2. IR Spectra and the He Line Profile

Tinyanont et al. (2019) presented near-IR (NIR) 1-2.5 um
spectra using TripleSpec on P200 (Herter et al. 2008), and the
Near-Infrared Echellette Spectrometer (NIRES) and the Multi-
Object Spectrometer for Infra-Red Exploration (MOSFIRE) on
the Keck telescope. Their spectra span the epochs from ¢ = 282
to ¢ = 1707 days (their Figure 4). The data at ¢ =282 days do
not quite reach as blue as the HeI 1.0830 pm line, but show a
broad feature of HeI2.058 pm. Data from ¢ = 1319 days show
a very strong broad feature of Hel 1.0830 um and a weaker
broad feature of 2.058 um along with narrow hydrogen lines.
There seem to be no detected broad hydrogen features.

Tinyanont et al. (2019) presented Gaussian decomposition
fits of the HeI 1.0830 pm line at two epochs (¢ = 1368 and
1707 days). Inspection of their Figure 8 shows that the FWHM
of the strongest, broadest component (component “a”)
corresponds to a velocity width of 24000 km s~!. The Hel
2.058 um line has a comparable width at ¢ =282 days, but the
line becomes less prominent later. Tinyanont et al. (2019) also
identified two lower-amplitude, narrower components that they
attribute to the HeI 1.083 um line, one centered at a blueshift
of —4000 kms™! (component “b”’) and one centered near zero
velocity (component “c”). Finally, there is a narrow unresolved
but relatively strong 1.083 um line centered at rest and a
narrow unresolved HI 1.094 pm line presumably also in the
same rest frame as the narrow He I component.

We have performed our own multiple Gaussian fit to the
1.083 um line following the procedures outlined in
Section 2.3.1 and as illustrated in Figure 6. We find FWHM =
182.7£4.73 A at ¢ =1364 days for the broad, central “a”
component. At the same epoch, but for the narrower
subcomponents, we find FWHM = 66.2 +4.73 A for comp-
onent “b” that is centered at —4000 km s~! and FWHM =
47.1 £4.73 A for rest component “c.” In velocity space, these
FWHM values correspond to 5050 £ 130, 1860 =+ 130, and
1300 + 130 kms ! for components “a,” “b,” and “c,”
respectively. In the absence of access to flux-calibrated spectra,
we are unable to estimate NIR helium line fluxes or
luminosities.

2.3.3. Constraints from Line Profiles

Asymmetries and aspect angle effects could play a role in
SN2014C with implications for the line profiles of the
broadened lines we observe. The narrow lines are not resolved,
so are probably not affected. The broader emission lines could
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Figure 6. The He 1 10830 A profile from the ¢ = 1364 days data of Tinyanont
et al. (2019) is modeled with a sum (model in black) of a broad Gaussian

TRt}

(component “a”), two narrower, weaker components (“b” and “c”), an
unresolved narrow line centered at rest, and a narrow unresolved H 1 1.094 ym
line.

give evidence for the distribution of composition and density of
gas and dust, and for the aspect angle of the observer.

If the Ho is associated with an expanding ring of emission
with a hole in the center that suppresses flux at low velocity,
the line is expected to show two ‘“horns” symmetrically
displaced around the line center (Jerkstrand 2017). Such a
profile is not obvious, but may not be ruled out. It is difficult
precisely to determine the profiles of the Ha emission lines
that we and others have observed because of the presence of the
strong narrow component, the two [N II] lines that straddle Ha
and convolution with the instrumental resolution that will
smooth out any complex substructure to the broadened profile.
To the extent that the Ha profiles do not show the expected
double peak, the observations are inconsistent with a model for
the Ha emission based on a simple thin shell expanding at
constant velocity.

As shown in Figure 4, the principle Gaussian that matches
the broad wings of Ha is centered on the narrow feature at zero
velocity. In principle, this puts a limit on any dust extinction or
nonaxisymmetric distribution of the emitting hydrogen due to
basic geometry, as is seen in some SN IIn (Smith et al. 2015).

The He lines do show the odd “traveling fifth component™
at some phases (Figure 4; Section 5.1) that appeared to shift
redward between ¢ =275 and 531 days. The timescale of the
drift of this feature is about right for an orbital period of
~300days (Sun et al. 2020), but the velocity displacement
(—420 to +540 km s~ '; Table 6) and the width of the Gaussian
fit (FWHM ~300 kms™') are too large to correspond to
expected orbital motion of any neutron star or companion, ~10
kms~! (Sun et al. 2020). It is conceivable that a pulsar in an
eccentric orbit blowing a fast wind could contribute to such a
feature.

The peak of the main Gaussian and that of component “c” in
the He I 1.083 pum line in Figure 6 are each displaced to the red
by 338 and 410 kms ™', respectively. This displacement is the
opposite of that expected for dust obscuration and is in marked
contrast to the lack of any such displacement of Ha.. The red
displacement of the HeI might be due to some nonaxially
symmetric dynamic effect from the formation of the CSM
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(Smith et al. 2015). An alternative is that we are seeing
emission from the material of the helium-rich wind that is
“behind” the reverse shock and hence heading away from us on
the near side of the structure. A corresponding blueshifted
component on the far side might be obscured by dust or by the
dense SN ejecta itself. Other alternatives for this red
displacement are the result of the interaction of the fast helium
wind of the progenitor star with that of the main-sequence
companion or of some asymmetry in the explosion that
specifically affects the helium distribution and excitation.

Component “b” of the HeI 1.083 um line is displaced to the
blue by 4076 kms '. The FWHM of the corresponding
Gaussian fit to this subfeature is ~1859kms~'. The lack of
any such component to the red could be due to dust obscuration
or to an intrinsic departure from axisymmetry. It is possible that
component “b” is just a separate small emission feature
unrelated to Hel. No feature with a displacement of
~4000kms~! is associated with the Ha line, but such a
feature could be confused with the emission line of [OI]. A
careful check suggests that such a hypothesized feature would
be too red by about 30 to overlap with [O1].

The emission features of [OIII] A\ 4959, 5007 are reason-
ably well fit by single Gaussians as shown in Figure 5. There is
no evidence of double peaks. Figure 5 shows that the 5007 line
is closely centered on zero velocity. The profiles are consistent
with emission from a filled volume as would be expected from
the inner ejecta. Although it is likely that the oxygen emission
comes from the ejecta as does the helium emission, the oxygen
may show no red/blue asymmetry because it occupies a
smaller volume that is less susceptible to differential extinction.
The relatively high excitation features might be related to a
central pulsar.

2.3.4. Narrow Lines

Narrow line identifications are presented in Figure 7. The
FWHM values are quantified using Gaussian fits to the narrow
emission lines. The uncertainty from the fit on the FWHM
values is around 0.1 A (or ~2.5%), while the uncertainty
contribution from the spectral resolution is again expected to be
much larger (4—5 A). Our spectrum taken at ¢ = 1322 days,
which has the best signal-to-noise ratio, is used to measure the
majority of lines blueward of [S1I] (exclusive). Our spectrum
taken at ¢ =947 days is used to identify and measure lines
redward of [S II] (inclusive).

We also consider FWHM values as measured from our
background spectra defined as flux from the area indicated by
the gray squares in Figure 2. Reductions of the data from the
background and the supernova are performed on the same total
IFU image and therefore must suffer from the same weather
limitations. Direct comparisons between the supernova and
background line widths are therefore useful to determine
whether or not the narrow supernova lines are resolved. The
background lines are presumed to be unresolved, and thus their
measured FWHM values give an indication of the instrumental
resolution. In all cases, the narrow emission line widths from
the background spectrum are comparable to or broader than the
corresponding lines in the supernova spectrum. From hereon
we do not consider the width of the narrow lines from the
supernova to be meaningful within an astrophysical context
(although their other properties, such as integrated fluxes, may
still be meaningful).



THE ASTROPHYSICAL JOURNAL, 930:57 (25pp), 2022 May 1 Thomas et al.

=z e e >z = a = iz SiiEgiio = =i =iz
E P T T T N @ T 5 o E E,% s E o é nivn
60 - - - -
\'WVW P Uiv

50 L\«/"‘A“/ L\M 976
: L/\M/V AP, V/VL
S
[%) A A~ RO
£ b = 1322
S 40
x
o
b
§ A A A eV "
30 1619
wn
2
(0]
g pA A A mamtnm
% 204 -~ | 2057
=]
E \JL—\/

104 k/v\h\vﬁ/—\rﬁwv' A N N\ 2336

01 W“W MW«MW‘AA\J‘W 2493

3500 4000 4500 5000 5500 6000 6500 7000
Wavelength (A)

- <

= [J]

© =

)

c

o

v}

i LMW\I/\WV‘W‘WWMJ
<

o 947
IS

o

7

n

o WMWW

i 1237
B

2

X

=} MM‘WW

o

2494

6500 7000 7500 8000 8500 9000 9500 10000 10500
Wavelength (&)

Figure 7. Line identifications for six LRS2-B spectra (top) and three LRS2-R spectra (bottom). A 15 A smoothing kernel has been applied to tease out faint, broad

components. The dominant Ha and [O 11I] profiles have been clipped for clarity. In addition to broadened emission from Ha, [O III] AA4959, 5007 and [O 1] A6300,

there are discernible broadened components to the [Ne 1] line (the narrow component of which fades entirely between ¢ = 1322 and 1619 days), the Hv/[O 111]
4363 doublet and He 11 \4686.

Kim et al. (2014) determined the redshift of the host (NGC with a velocity whose radial component points away from the
7331) to be z=0.002722. We determine a redshift from the observer.
narrow lines of our spectra of z=0.003175; an additional
redshift with respect to the host. The implied SN velocity
relative to the host is 136 kms ', fairly typical of galaxy spin
velocities (Sofue & Rubin 2001). We interpret this as Osterbrock & Ferland (2006) give the electron temperature
evidence that SN 2014C is in an arm of the host galaxy as a function of the [O 1] (5007 +4959)/4363 narrow line

2.3.5. Information from Line Ratios
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Figure 8. The time evolution is presented for LRS2 IFU spectra of the spatially resolved H II region (top panels) and the location of SN 2014C (bottom panels) for the
wavelength region encompassing H3 and [O 111] (left) and that covering Hey, [N 11] and [S 11] (right). Note that the continuum and narrow line emission from the H 11
region are basically constant in amplitude and emission line width while those from the vicinity of the supernova seem to decline in strength. The spectra were flux-
calibrated to the galaxy background emission in LRS2 (not shown here) and the consistency of the H II region spectra with time translates to a quantification of flux
calibration. The implication is that the variations seen in the SN 2014C spectrum in the bottom panels are real and not an artifact of calibration.

ratio. Their estimation of the electron temperature from the
[O III] emission lines depends upon a low-density approx-
imation, where the electron density must be n, < 10° cm >,
above which the lower-energy 4959, 5007 lines begin to get
collisionally de-excited.

We detect the relatively weak [OIII] 4363 line at ¢ = 1322
days along with the stronger [O 1] 4959, 5007 lines. Using
narrow Gaussian fits, we compute a flux ratio [O 1] (5007
+4959)/4363 = 5.06. From Osterbrock & Ferland (2006), this
may imply a lower bound to the temperature of 7 > 20,000 K;
however, if these lines originate from the inner ejecta, it may be
that the 4959, 5007 transitions are collisionally de-excited, at
which point this approximation would break down. It is thus
difficult to distinguish between the possibility of radiative
versus collisional deexcitation and hence to determine a
temperature from [O III].

The narrow lines of [S II] A\ 6716, 6731 are clearly detected
in all of our spectra (Figures 7 and 8). The ratio of these lines
gives a measure of the density (Osterbrock & Ferland 2006).
We find that the line strength varies gradually with time, but
that the line ratio is essentially constant ~1.2. This gives a
density ~100 cm >, much less than that determined from, e.g.,

11

X-ray emission (Margutti et al. 2017). The fact that the [S II]
maintains the same line ratio and hence density means that the
material radiating the lines must be essentially static on the
timescales involved. The fact that the [S II] flux varies in time
suggests that it is somehow exposed to photoionizing flux, if
nonlocally.

Our spectra show no evidence of [S 1] A\ 4068, 4072 that
might provide a constraint on density in comparison with [S II]
AN 6716, 6731.

2.3.6. Spectra of the Environment

Our IFU spectra give us the opportunity to compare the
spectrum from the location of SN 2014C with that of nearby
locations in the host galaxy. Figure 8 gives a comparison of the
supernova environment with that of a knot in the nearby
spatially resolved H1I region revealed in Figures 1 and 2 as a
function of epoch for our nine spectra. Spectra are shown for
the wavelength region around HF and [O 1] and around He,
[N 1] and [S 11].

From Figure 2, the separation of the knot in the HII region
and SN 2014C is about 2”15. The observational seeing ranges
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Table 5
Summary of X-Ray Data on SN 2014C, Listed in Chronological Order, Including the Satellite That Performed the Observation, the Observation Date, the Days after
Explosion, the Exposure Time, the Column Density, the Derived Temperature, the Iron Abundance, and the Unabsorbed Luminosity

Satellite Obs. Date Obs. ID PI Age Exposure Count Rate Nu kT Ape 1,93-100keV
(days) (ks) (103 countss™") (102 cm?) (keV) 10* ergs )
Swift 2014-01-(06 000330780 Milne 7-20 17.5 8.45 x 107* —= —= —= <0.48°
to 19) (01)-(20)

Chandra 2014-11-03 10.25574/16005  Soderberg 308 9.9 122 x 1072 5207788 >2503 >5.11 3.285031¢
NuSTAR  2015-01-29 80001085002 Margutti 395 325 2.57 x 1072 3755098 125439 325t1 4.95508
Chandra 2015-01-30 10.25574/17569  Margutti 396 9.9 2.26 x 1072

NuSTAR  2015-04-19 40102014001 Margutti 475 224 247 x 1072 332500 1484 47473 546793
Chandra 2015-04-20 10.25574/17570  Margutti 476 9.9 2.64 x 1072

Chandra 2015-08-28 10.25574/17571  Margutti 606 9.9 2.56 x 1072 1931922 134433 381730 544708
NuSTAR  2015-08-29 40102014003 Margutti 607 30.2 3.12 x 1072

NuSTAR  2016-05-03 40202013002 Margutti 855 43.0 2.66 x 1072 LI8T0H 11558 235700 5.48793%
Chandra 2016-05-05 10.25574/18340  Margutti 857 27.7 456 x 1072

Chandra 2016-10-24 10.25574/18341  Margutti 1029 29.6 498 x 1072 093014 118717 3.697199 5.72453]
NuSTAR  2016-11-01 40202013004 Margutti 1037 40.9 2.83 x 1072

Chandra 2017-06-09 10.25574/18342  Margutti 1257 28.1 5.19 x 1072 057591 122732 42671 4.85793%
NuSTAR  2017-06-16 40302002002 Margutti 1264 423 2.16 x 1072

Chandra 2018-04-16 10.25574/21077  Margutti 1568 19.8 539 x 1072 052713 102%}¢ 2367010 4.687038
Chandra 2018-04-22 10.25574/18343  Margutti 1574 9.9 499 x 1072

NuSTAR  2018-05-04 40302002004 Margutti 1586 40.2 2.25 x 1072

Chandra 2019-05-24 10.25574/21639  Margutti 1971 29.5 429 x 1072 0387312 82113 1.9470% 3478022
NuSTAR  2019-06-01 40502001002 Margutti 1979 445 1.90 x 1072

Chandra 2020-04-16 10.25574/21640  Margutti 2299 17.8 3.63 x 1072 0.24714 83718 1.73%0% 221754
Chandra 2020-04-18 10.25574/23216 ~ Margutti 2301 10.9 3.85 x 1072

NuSTAR  2020-04-30 40502001004 Margutti 2313 54.2 1.56 x 1072

Notes. A subset of these data may also be found in Margutti et al. (2017) and Brethauer et al. (2020).
# The parameter cannot be derived due to low counts but is estimated by PIMMS.

° The luminosity is estimated in Section 3.2 using 0.3-10.0 keV Swift observations.

€ The luminosity is corrected based on the later observations as explained in Section 3.5.

from 176-3"0, which can be larger than the SN—H I region
separation. A distance of 14.7 Mpc would imply a separation of
150 pc, probably too far for the SN to irradiate the H II region
and cause it to emit in Ha. The galactic background spectra are
obtained from the median spectrum from within the gray square
in Figure 2. The black boundary is the fitting region for the
point-source models of the HII knot and SN sources.

The narrow lines from the H II region shown in Figure 8 are
basically constant in amplitude and width with any variation
attributable to variations in observing conditions such as air
mass and seeing. In contrast, the narrow lines from the vicinity
of the supernova seem to decrease in strength by about a factor
of two from the early to the later spectra for the Ho, HG, [N 11],
and [S1I], and closer to a factor of 10 for the narrow [O III]
lines. While it is possible that the latter variation might also be
attributed to observing conditions, it seems to be systematic in
time suggesting that whatever is hosting those narrow lines is
itself subject to irradiation by the supernova.

The density associated with the [S1I] lines, ~100cm™, is
characteristic of an HII region. The narrow [S 1] lines could
thus be associated with an unresolved nearby (less than 1”7 ~75
pc) ambient HII region that has nothing directly to do with

3

12

SN 2014C but could be irradiated by it. An alternative is that
the narrow [S1I] lines could arise from the low-density outer
reaches of the CSM expelled by the supernova progenitor
system. Note that the narrow lines reported in Milisavljevic
et al. (2015) may be a convolution of emission from the
constant and the putative variable H II region.

3. X-Rays
3.1. Data Reduction and Spectral Fitting

SN 2014C was first detected in the X-ray band by Swift/
XRT on 2014 January 6 (phase ¢ =6 days), followed by a
series of observations with a 13 day cadence. The source then
entered solar occlusion, and the next X-ray observations were
obtained in 2014 November. We have reduced all of the data
taken by Chandra and the Nuclear Spectroscopic Telescope
Array (NuSTAR) between 2014 November and 2020 April, as
well as the Swift observations. The data were all downloaded
from the respective satellite archives. All but the first Chandra
observation were coordinated with NuSTAR, providing cover-
age over a broad energy range. Table 5 gives the detailed log of
the available data and the derived key parameters. All data were
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reduced according to the standard reduction procedures of each
satellite. We discuss the data reduction and analysis in detail
below.

3.2. Swift Extraction

The Neil Gehrels Swift Observatory consists of the Burst Alert
Telescope, X-ray Telescope (XRT), and Ultraviolet/Optical
Telescope (Burrows et al. 2005). We only included Swift/XRT
data covering the phase ¢ ~ 7-20 days after first optical light
when conducting the analysis. The Swift data were reduced
following the standard procedures using Swift Data Analysis
Software (XRTDAS v0.13.5) and updated XRT calibration files
CALDB (v20190910). We produced the calibrated and filtered
event files with the XRTPIPELINE script. All of these event files
were combined using the XSELECT package. We extracted the
source spectrum from a circular region of 10” radius centered on
the source (position information obtained from SIMBAD
Database'®), and the background spectra from an identical
circular region away from the source. At the early epochs, the
observed X-ray counts were not sufficient to allow spectral
fitting. Instead, we estimated the upper limit to the flux using
the Bayesian method proposed by Kraft et al. (1991). There are
nine photons within 10”, of which four are expected to be from
the background. Using Kraft et al. (1991), we derive a 99%
confidence level of the upper limit of 54.4 counts, and thereby a
count rate of 8.45 x 10 *¢s™! (0.3-10 keV), given the 17.5 ks
exposure time. The unabsorbed flux is obtained by inputting
this count rate into Chandra PIMMS(v4.10), to deduce an upper
limit of 1.86 x 107" erg cm 2 s ' assuming an absorbed
thermal model. The hydrogen column density and the
temperature were fixed to the values obtained from the first
Chandra observation, Ngy=175 X 102 cm ™2 and kT ~25 keV,
respectively (Table 5). The corresponding upper limit to the
luminosity is 4.79 x 10°° erg s .

3.3. Chandra Extraction

The spatial and spectral resolution of the Chandra X-ray
Observatory (CXO; Weisskopf et al. 2002) allows the position
and emission lines of SN 2014C to be resolved. Chandra
observations were performed with the Advanced CCD Imaging
Spectrometer S-array instrument on Chandra, starting from
2014 November (¢ = 35 days). The Chandra analysis was done
using CIAO (v4.11) software and corresponding calibration
files. The data are reprocessed, and the source spectra extracted
from a 3” region centered on SN 2014C. Background spectra
are extracted from an 8” source-free region, and subtracted
from the source. Response files (ARF and RMF) are created
using SPECEXTRACT. Chandra spectra of SN 2014C are
available at 12 different epochs. At two epochs, in 2018 April
and 2020 April, the observations were taken less than a week
apart, and are therefore combined together, using the COMBI-
NE_SPECTRA script.

3.4. NuSTAR Extraction

NuSTAR (Harrison et al. 2013) is the first space-based
satellite focusing on the hard X-ray band from 3 to 79 keV.

SN 2014C was observed by the FPMA /B instruments nine
times between 2015 and 2020. The NuSTAR data were
processed with the NuSTAR Data Analysis Software

18 http:/ /simbad.u-strasbg.fr/simbad /
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(NUSTARDAS v.1.8.0) and the calibration files in NuSTAR
CALDB (v20190812). We use the NUPIPELINE package to
create calibrated event files. Both the source and background
spectra are extracted from a 1’ circular region. Due to the poor
angular resolution compared to Chandra, the NuSTAR spectra
are contaminated by emission from nearby objects. The spectra,
response matrix files, and position-dependent ancillary
response files are generated by using the NUPRODUCTS
program.

3.5. Spectral Fitting

Chandra covers the energy range of 0.3—10 keV with a point-
spread function (PSF) of 075 FWHM, which is able to spatially
resolve SN 2014C from other X-ray sources in its host galaxy
NGC7331, while NuSTAR is effective between 3 and 79 keV
with a wider PSF of 18” FWHM. The latter cannot easily
resolve the supernova, and contamination from other sources in
the 1’ extraction region was a concern. To estimate the degree
of contamination, we follow Margutti et al. (2017). We extract
Chandra spectra of the contaminated region from an annular
region with inner radius 3” and outer radius 1’ centered on
SN 2014C. The spectra are fitted by an absorbed power-law
model, and the derived spectral parameter values are
interpolated into the NuSTAR spectral fitting by adding a
background component. We found that the additional back-
ground component did not make a significant contribution to
the spectra. This can be understood since most of the emission
from this component is at an energy lower than 3 keV, which is
below the NuSTAR energy range. Chandra spectra are grouped
to have at least 15 counts in each bin, while the NuSTAR data
are grouped to 20 counts to have a sufficiently high signal-to-
noise ratio. Given sufficient counts in each observation to allow
for spectral fitting, the derived parameters are calculated using
the X2 statistic, with parameter uncertainties estimated at a 90%
confidence level.

We analyze Chandra and NuSTAR spectra at each epoch
simultaneously, with the exception of the first Chandra
observation, which was not accompanied by a NuSTAR
observation. The spectral fitting is carried out using the XSPEC
(v12.10.1f) package (Arnaud 1996), with a thermal emission
model. Here we implement fits with the vapec model, which
describes the emission from the collisionally ionized diffuse
gas. The vapec model is characterized by temperature k7, and
the abundance of individual elements. The absorption comp-
onent is described by the tbabs model (Wilms et al. 2000),
characterized by the column density, Ny. The vapec model
assumes ionization equilibrium. Ionization equilibrium gener-
ally does not hold for young supernova remnants evolving in a
low-density medium. In that environment, the shock heating
causes an abrupt rise in the post-shock temperature, whereas
the ionization temperature of the plasma lags far behind and
takes time to reach equilibrium with the shock temperature.
Ionization equilibrium is roughly reached when the product
n.t = 10" scm™ (Smith & Hughes 2010), where n, is the gas
electron number density and ¢ is the time elapsed since the
shock impact. Since all of the combined Chandra and NuSTAR
observations occur after the shock has collided with the high-
density torus (Section 5), the density of which is of the order of
10° cm ™3 (Margutti et al. 2017; Section 5), ionization
equilibrium will be reached in a few months or less, and thus
the assumption of ionization equilibrium in the shocked plasma
is valid.
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An obvious Fe Ka line appears in the NuSTAR spectra. This
suggests that the emission is thermal, and Fe may be
overabundant. We define the parameter Ag. to be the ratio of
the mass fraction of iron in the supernova to that in the Sun,
with the solar value adopted from Grevesse & Anders (1991).
We allow Apg. to deviate from the unity. A super-solar iron
abundance is found (Table 5) that improves the fits by at least
Ax* ~10.

Margutti et al. (2017) used an absorbed Bremsstrahlung
model to fit the continuum spectra, and then fitted the Fe line
separately with a Gaussian. A single absorbed vapec model
with variable Fe abundance accomplishes this much more
efficiently, with the added benefit that the fitting parameters for
both the line and continuum are obtained from a single fit.
These differences in spectral fitting lead to small but discernible
differences between the flux values derived by us and those of
Margutti et al. (2017) at the first four epochs. This is most
noticeable at the epoch of 476 days, where in our case the flux
continues to increase compared to the previous epoch of 396
days, whereas in their case, the flux decreases from 396 to 476
days. It is difficult to compare the exact values, since Margutti
et al. (2017) did not provide a table of values of the luminosity.
Reading off the value from their light-curve plot, it appears
there is a difference of only 25%—-30% between the flux values
at 476 days, which is not a cause for concern.

The derived parameter values, Ny, k7, and Ar., are listed in
Table 5. The unabsorbed flux at each epoch is computed using
the cf1lux model in XSPEC. The corresponding unabsorbed
luminosity at each epoch is also given in Table 5. It should be
emphasized that for CXO-NuSTAR fits, we use the Chandra
data to calculate the flux of 0.3-5.0keV and NuSTAR data to
estimate the flux of 5-100keV, because the effective area of
Chandra begins to decrease as the energy exceeds 5 keV, while
that of NuSTAR starts to decline below 5 keV.

The first Chandra observation was not accompanied by a
contemporaneous NuSTAR observation. In order to calculate
the corresponding luminosity over the 0.3-100 keV range, we
calculate the contribution of the Chandra luminosity to each
observation and compute the mean value of the ratio of the
Chandra luminosity to the total luminosity, which turns out to
be ~50%. The first Chandra observation is assumed to
contribute that same percentage to the total luminosity, thus
allowing us to estimate the broadband luminosity at the epoch
of the first Chandra observation.

Overall, our analysis shows that the broadband X-ray
emission starts to increase from the very first Chandra
observation, as found by Margutti et al. (2017). The emission
continues to increase until just over ¢ = 1000 days, but then
begins to decrease in time. This is different from Margutti et al.
(2017), who assumed that the emission decreased after 500
days. The inference is that either SN2014C continues to
encounter a high-density medium, or that the high level of
X-ray emission is being maintained by a different X-ray
emission component. The X-ray temperature is highest at 308
days (>25 keV) and decreases thereafter. Given the error bars,
the temperature could also be nearly constant at ~10 keV from
about 395 days onwards. The iron abundance exceeds solar at
all epochs, up to almost five times solar at ¢ =475 days, but
varies epoch to epoch. The column density is extremely high at
the early epochs, >5 x 10> cm™~ at an age of ¢ =308 days,
but decreases steadily thereafter.
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3.6. Constraints from X-Rays

Observations summarized here and in Table 5 showed that
the X-ray flux rose quickly for the first 400 days but then
remained nearly constant from 500 to 1000 days. The X-ray
flux peaked at about 1030-1100 days at L.~ 5.7 x 10%
ergs '. A power-law fit to the X-ray decline after 1000 days
gives a power-law index of a =0.90.

The light curves of most X-ray supernovae show a decrease
with time (Dwarkadas & Gruszko 2012; Dwarkadas 2014,
Dwarkadas et al. 2016; Bochenek et al. 2018) as the supernova
shock expands outwards, presumably in a wind medium whose
density is decreasing with radius. SN 2014C is one of only a
few supernovae that show an increasing X-ray luminosity with
time. Since thermal X-ray emission depends directly on the
square of the ambient density, the increasing X-ray emission
can be associated with an increasing density in the ambient
medium. An increasing density with radius can also be
produced in a phase of decreasing mass-loss rate, but the rise
in X-ray emission would not be as sharp (Dwarkadas &
Gruszko 2012).

There may be several components that contribute to the
X-ray emission: the shock in the wind of the progenitor, the
forward shock in the dense CSM, or the reverse shock from the
interaction with the CSM. The geometry of these components
is not necessarily spherical and could be distributed in a more
complex way. The shock in the wind of the progenitor, the
density of which is expected to decrease with time, would not
be expected to give rise to the observed increasing X-ray
emission. The forward shock interacting with a high-density
medium would be the most straightforward explanation for the
rise in X-ray emission. On a longer timescale, the contribution
to the X-ray flux from the reverse shock may be expected to
dominate at some time after the shock has interacted with the
dense CSM, as suggested by simulations, and analysis of the
emission line profiles, of SN 1996cr (Dwarkadas et al. 2010;
Quirola-Viasquez et al. 2019).

There is distinct evidence in the X-ray data for the onset of
interaction of the supernova forward shock with a dense CSM.
It is not clear, however, when the shock transmitted into this
dense material emerges from this region or even if it does
emerge (a strongly radiative shock could be captured in a dense
shell). One line of reasoning may be that the forward shock
emerges from dense material sometime after 1030 days, when
the X-ray luminosity begins to decrease with time. It is
possible, however, that before this epoch, the reflected shock
from the interaction begins to dominate the X-ray emission,
covering the fact that the transmitted shock had emerged much
earlier, as was the case in SN 1996¢r (Dwarkadas et al. 2010).
Alternatively, the decrease in X-ray flux may be due to the fact
that the density of the region emitting X-rays decreases with
time, and the shock has not yet emerged from a high-density
region. All of these factors make it difficult to decide when or if
the shock actually emerged from the dense region initially
encountered by the forward shock without recourse to
simulations and observations at other wavelengths. Thus, from
the X-rays alone, it is difficult to estimate the thickness and
density structure of this high-density region.

If the strong X-ray luminosity is associated with emission
from the supernova forward shock, then the deduced temper-
ature can be related to the shock velocity. Table 5 shows that
the X-ray temperature is initially >25keV and declines over
2000 days to ~8keV. This corresponds to a shock velocity
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>5000 kms~' declining to ~3000 kms !, assuming the
density is high enough for the electrons and protons to
equilibrate. Otherwise the X-ray temperature gives a lower
limit to the velocity. The column depth also declines over this
time. The early high column depth coupled with the high
temperature suggests a high-velocity shock propagating into a
CSM of high density.

A shock velocity of ~3000 kms™' is reminiscent of the
velocity width we determine for the [O III] lines and perhaps
the helium lines. This in turn suggests that the X-rays arise
from the same location as the [O 1] lines, the reverse shock
interacting with the inner ejecta. Perhaps the X-rays arise in the
forward shock in the CSM at early times, and from the reverse
shock reflected from the dense CSM after 500-800 days.
X-rays arising at late times in the reverse shock could account
for the large iron abundance at later times, but not at early times
unless the CSM is contaminated by mixing with the ejecta.
Asymmetries may complicate this interpretation. This velocity
exceeds the velocity width we determine for Ha.

4. New Radio Observations

We made a new X-band radio observation of SN 2014C with
the VLA in the A configuration on 2019 August 31 that
corresponds to phase ¢ =2063 days since first light. These
observations were centered on 9 GHz with a total bandwidth of
2 GHz. 3C48 (JO137+331) was utilized as the primary flux
calibrator and J2216+4-3518 was used as the secondary or phase
calibrator. The data were processed by the NRAO Pipeline for
VLA observations using CASA. We measure a peak flux
density of 14.37 +0.02 mJy beam ™' and the total integrated
flux was measured to be 14.81 +0.02 mly.

The spectral index (a, S, ~v“) of the source has evolved
from a ~ —0.0 taken near day 1000 after explosion as reported
by Bietenholz et al. (2021) to roughly o ~ —0.6 near day 2000
after explosion corresponding to our new observation. This
change in spectral slope indicates a synchrotron-emitting
source in a relatively “optically” thin medium. We do not see
significant radio absorption at centimeter wavelengths by CSM
along the line of sight to the source.

Bietenholz et al. (2021) found the average time-decay
parameter, 3, where S, o<t~ % to be B~0 at ¢~ 1,000 days.
We determine the value to be 3~ —0.7 comparing the flux at
¢~ 1000 days and ours taken roughly 1000 days Ilater.
Bietenholz et al. (2021) suggested that SN 2014C was
beginning to overrun the densest regions of the CSM at the
epoch of their observation. In contrast, the declining X-band
radio emission is consistent with a gradual decrease of the
density. This may indicate that the density structure of the
surrounding medium has changed between 1000 and 2000
days. One inference from the observed decay parameter of
SN 2014C is that the supernova shock was still interacting with
the CSM surrounding SN 2014C at the time of our observation.

4.1. Constraints from Radio Observations

The radio time-decay parameter can be related to the history
of mass loss of the progenitor system (Weiler et al. 2002). The
radio time decay between ¢ ~ 1000 days and ~2000 days,
B~ 0-0.7, is very slow when compared to the (rather sparse)
sample of radio observations of Type IIn supernovae. Weiler
et al. (2002) found a (3 value of —1.65 for Type IIn SN 1986J.
Williams et al. (2002) found that the decay parameter evolved
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from —1.22 to —2.73 between 1000 and 2000 days after
explosion of SN 1988Z. The implication is that the progenitors
of SN 1986J and SN 1988Z underwent increased rates of mass
loss with time over the last few thousand years before
explosion. For Type II SN 1981K, Weiler et al. (2002) derived
a smaller G~ —0.70, comparable to the value that we
determined for SN 2014C. Apparently while the mass-loss
rates for SN 1981K and SN 2014C increased with time, they
did so less severely than for the two SN IIn. Note that both the
X-ray luminosity discussed in Section 3.6 and the radio
luminosity considered here require a decreasing density in the
phase ¢~ 1000 days and ~2000 days. This does not
necessarily mean that the shocks producing radiation in those
bands are colocal, but they might be. We also note that the high
X-ray luminosity requires a high-density medium, while the
radio luminosity does not necessarily. The X-ray flux at this
epoch may arise from the reflected shock and the radio from the
shock in the outer wind. These factors allow for the possibility
that in this epoch the X-rays and radio fluxes arise from
different structures.

The radio data hint at some inconsistencies that must be
reconciled. The spatially resolved VLBI data from about 5 yr
after exl'i)losion show a large radius of the shock front,
~2 x 10'7 ¢cm, and a high velocity, ~9400 km g ! (Bietenholz
et al. 2021), which demands expansion into low-density
material long after the shock collision with a dense CSM
produced the first IR, radio, X-ray and then Ho emission. This
shock speed is faster than other Type IIn at about the same
epoch. Schinzel et al. (2009) measured a shock speed nearly an
order of magnitude slower about 2 yr after optical discovery for
the Type Ib/c SN 2001em.

The combined radio observations of SN 2014C thus indicate
that the early Arcminute Microkelvin Imager data and the later
VLBI data arise from two spatially separated components,
perhaps suggesting departures from spherical symmetry.

5. Synthesis

Our multiyear collection of optical data on SN 2014C
combined with data from other bands raises a number of
issues. What is the origin of the broader Ho and why is the
associated velocity width of ~2000 kms~' Iess than that of all
of the other broadened lines? What determines the line width,
ionization state, and temporal evolution of the lines of other
elements? How is the velocity width of the Ha, or any of the
other optical lines, reconciled with the expansion velocity
implied by the VLBI observations (Bietenholz et al. 2021)?
The large IR luminosity seems to dominate the bolometric
luminosity; how is that flux generated? We address some of the
relevant issues here and perforce leave others for future
investigation.

5.1. Velocities

In Section 2.3.1 we expressed the widths of various lines in
terms of an FWHM. It is, however, unclear how the FWHM
should be interpreted. The CSM structure of SN 2014C could
be asymmetric, expanding nonhomologously, and rife with
gradients in composition, temperature, and density. A popular
exercise, in which we engaged in Section 2.3.1, is to fit
emission line profiles with multiple Gaussian components.
While it is convenient to fit Gaussians, it is not clear they have
anything directly to do with the physics of our problem, and in
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Figure 9. The FWHM velocity evolution as derived from the emission lines that show broadened components in our HET/LRS2 spectra of SN 2014C. The velocities
are derived from the FWHM of multicomponent Gaussian fits to the observed spectral line profiles. Error bars include the systematic uncertainty from our LRS2
spectral resolution and the statistical error from the MCMC multi-Gaussian fits. The majority of the velocity widths shown here are derived from our new HET spectra.
Exceptions include earlier Ha data (open circles) that have been obtained from WISEREP (Milisavljevic et al. 2015; Anderson et al. 2017; Mauerhan et al. 2018). We
also derive three components of the infrared He I 10830 A from data that were obtained by Tinyanont et al. (2019). We derive a fifth Gaussian component to the Ho
emission complex from data obtained by Mauerhan et al. (2018). The constant, low velocity of the Ha relative to the other transitions is discussed in the text.

any case, the FWHM might be a measure of a temperature or
turbulent velocity, not an expansion velocity (Jerkstrand 2017).

Nevertheless, in order to put broadened lines of different
wavelength in a common perspective, we need to formally
convert the FWHM to velocity space. Despite the caveats
expressed above, we convert the FWHM of our Gaussian line
profile fits to velocity space and qualitatively associate some of
those velocities with expansion speeds of the ejecta or post-
shock matter. Hereafter we will refer to the formal velocities
associated with the FWHM of an emission line as a velocity
width to underline these ambiguities. Figure 9 illustrates the
FWHM of the broad components that we determine from
multicomponent Gaussian fits to various lines in our spectra as
detailed in Section 2.3.1, but expressed as a velocity width.

As shown in Figure 9, the velocity width of the Ha line may
slowly grow to about ¢ = 1000 days and then gradually shrink,
but remains at ~2000 kms~' within 16—20, beginning at its
first appearance at ¢ = 127 days until our last observation at
¢ = 2494 days. This value of the “intermediate” width of the
broader Ha is often associated with electron-scattering profiles
in other supernovae, but we could not firmly establish that any
profiles were Lorentzian.

As illustrated in Figure 9, the Hel A7065 line shows a
velocity width of ~4000 km s_l, which is similar to that of the
main broad component “a,” of the He I 1.083 pm line measured
by Tinyanont et al. (2019). We suspect an additional source of
uncertainty that is hidden in the covariance between the
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FWHM of the “a” and “b” components from the fit. A
symptom of this is visible as the covarying “a” and “b” velocity
widths in Figure 9. This degeneracy makes it more difficult to
precisely disentangle the true FWHM of the “a” and “b”
components. In any case, the helium “a” component velocity
width is about twice that of the Ha line. The relatively high
velocity width suggests that these He lines arise in a different
component from the Ha, presumably the ejecta, but further
evidence is needed to confirm that supposition.

Figure 9 shows a nearly constant velocity width of
~5500 kms~' for the [O1] A\6300, 6364 doublet. This is
nearly twice that of [OTI] A4959 and A5007, for which we
measure ~3000 kms ™', in agreement with Milisavljevic et al.
(2015). Even these slower metal lines exceed that of Ha by a
factor of ~50%. With larger scatter, we find that the [Cali]
lines have a similar velocity width to the [O1]. All of these
metal-line velocities might be characteristic of the ejecta, but
again there is no firm evidence to make that connection.

The features of He I fall midway between the [O III] lines and
those of [O1] in velocity space. Since we roughly expect
helium to be at larger radii in the ejecta, the somewhat smaller
velocity width of helium compared with oxygen and calcium
may suggest that the helium has been subject to some
deceleration by the CSM. The He I lines must be nonthermally
excited by photoionization, perhaps by radiation from the
reverse shock, or by collisional excitation.
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Table 6
Observed Centroid Wavelengths and Corresponding Velocities of the Fifth Ha
Component
¢ Agbs Alobs v Av
(days) &) (A) (kms™") (kms™")
275 6554 0.21 —420 10
324 6555 0.21 —360 10
386 6565 0.38 70 20
531 6575 0.11 540 10

Tinyanont et al. (2019) also identified two subcomponents,
“b” and “c,” of the Hel A10830 line (Section 2.3.2). The
strength of the subcomponents relative to the broadest He
component is greater at ¢ = 1368 days than at ¢ = 1707 days.
The velocity widths of the subcomponents of Hel are ~1500
kms~' for blueshifted (—4000 kms~') component “b” and
~1200 km s~ for rest component “c.” The velocity widths of
components “b” and “c” are roughly half that of Ha (Figure 9).
Tinyanont et al. (2019) argue that these components are from
shocked CSM, with the component at —4000 km s~ related to
the VLBI hot spot identified by Bietenholz et al. (2018).
Bietenholz et al. (2021) argue, however, that evidence for a hot
spot, or any asymmetry in the VLBI image, may be an artifact
of the observation/reduction process; there is still some east/
west asymmetry.

Upon inspecting the broadened Ha profile at dates that
precede our HET observations, we identified an anomalous
fifth component to the emission complex (see Section 2.3.1),
the central wavelength of which appeared to shift to the red,
across Ha, between ¢ =275-623 days. In order to identify
whether this might be a third Ha subcomponent emitted from
material with some peculiar bulk velocity, we included a fifth
component to our Gaussian models at those pertinent epochs
(Figure 4, bottom panel). We derive a velocity from the relative
centroid shift of the fifth subcomponent of —406 kms™' at
¢ = 275 days, which increases monotonically, with some small
deviations from linearity, until it reaches +540 km s7!at
¢ =531 days, after which it apparently disappears. There is
also some weak evidence of a fifth component to the red of the
Ha complex in our ¢ = 2493 days and ¢ = 2494 days spectra.
The interpretation of this “moving” subcomponent is unclear.
We present the derived centroids of the subcomponent and
corresponding velocity shifts in Table 6.

The substructure in the decomposition of Ha is not
connected in any direct way with that of the substructure of
He A10830. In Ha, the subcomponents are separated from the
rest wavelength by about 400 km s, compared to subcompo-
nent “b” of He I A10830 with displacement about 4000 kms "
Tinyanont et al. (2019) found evidence of subcomponent “b” to
the He I line at phase ¢ = 1315-1702 days. The fifth traveling
subcomponent to the Ha emission that is evident in public
optical spectra shows up early relative to the Tinyanont et al.
(2019) NIR observations that exhibit component “b” such that
the two are not contemporaneous. Our HET/LRS2-B spectra
that are contemporaneous with the Tinyanont et al. (2019)
observations do not show significant evidence for a fifth
component to the Ha /[N II] emission complex. This may
indicate that the two phenomena are of separate physical origin.
Given the different phases, velocities, and velocity uncertain-
ties of these extra subcomponents, it seems likely that these
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anomalous emissions in Ha and Hel may originate from
different sources.

We find velocity widths >3000 km s~ for all of the major
broad lines in the optical and NIR except Ha, which, in
contrast, shows a relatively low velocity width of ~2000
kms~ ' across the duration. We interpret this as evidence that
the Hel A\7065, He1l A10830, [O1], [O1], and [Call], are
emitted from the hydrogen-deficient inner ejecta that is excited
by the inward-traveling reflected shock after the forward shock
has collided with the CSM, while the Ho is emitted elsewhere
in the CSM. A caveat to this interpretation is that for a spherical
reverse shock, the material interior to the reverse shock should
be expanding homologously with v r. As the reverse shock
propagates inward in mass, the metal lines from the ejecta
irradiated by the reverse shock should slow and narrow with
time. This assumes that only material close to the reverse shock
is radiating, but that depends on the optical depth of the ejecta.
In any case, we see no sign of such an evolution in the width of
the metal lines.

We also note that none of the velocity widths portrayed in
Figure 9 are comparable to the high velocities >9000 km s~
determined directly by the VLBI observations of Bietenholz
et al. (2018) and Bietenholz et al. (2021). The radio emission
apparently comes from a completely different region than the
optical emission lines. This is difficult to reconcile with a
spherically symmetric model.

While the physical meaning of the FWHM of our features
remains ambiguous, the full width at the base of a broad feature
may place some constraint on the maximum shock velocity. As
noted by Milisavljevic et al. (2015), the base of the Ha line at
¢ =386 days extended from —2000 to +2200 kms~', thus
setting limits on the velocity of the forward shock in the
hydrogen-rich CSM.

The lines of the metals most plausibly arise in the ejecta and
are most probably excited by the hard flux from the reverse
shock that results from collision of the ejecta with the
dense CSM.

5.2. Light Curves

The top panel of Figure 10 shows the Ha light curve,
spectroscopically derived luminosities from our LRS2 spectra.
The red squares are based on our DIAFI narrowband
photometry that has accurate calibration to flux standards.
The red circles are derived from our HET spectra. The
calibration of the latter points is somewhat more uncertain, but
the two sets of data are substantially consistent. The Ha light
curve of the broader line may show some evidence of a decline,
although this is weak given the large uncertainties from the flux
normalization. We find a similar low confidence decline in the
independently derived DIAFI data. In combination with similar
declines seen at other energies, we interpret the Hae decline as
modest but real.

Figure 10 also shows the narrow line luminosities of Ha and
the [N1I] A\ 6548, 6583 emissions for comparison. These
luminosities were derived by first computing the integrated
fluxes of the Gaussian distribution fits to those lines. We then
transform those fluxes to a luminosity given the luminosity
distance and redshift of the source. The spectra from which
these luminosities are derived are corrected for Milky Way
extinction, but we make no correction for extinction from the
host galaxy. Given the low redshift of the source, we also
assume that the K-correction is negligible.
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Figure 10. Light curves of SN 2014C at optical (this work), X-ray (this work),
infrared (Tinyanont et al. 2019), and radio (this work and Anderson et al. 2017;
Bietenholz et al. 2018) wavelengths, in that order from top to bottom. The
optical luminosities are derived from multicomponent Gaussian fits to the
emission complex around Ho for the points shown as filled circles, while filled
squares are derived from our narrowband images obtained with the DIAFI
instrument mounted on the 2.7 m HJS telescope. There is some weak evidence
of a decline in the broad Ha spectra, and narrow lines also tend to decrease in
luminosity. The uncertainties on the optical points are propagated from the
uncertainty from our LRS2 flux calibrations. When coupled with the apparent
decline in the independently derived DIAFI photometry (which is also at low
confidence), we interpret this decline as real.

(The data used to create this figure are available.)

We also present comparable luminosities at X-ray, infrared
and radio wavelengths, computed by us as well as taken from
the literature (Milisavljevic et al. 2015; Anderson et al. 2017;
Margutti et al. 2017; Bietenholz et al. 2018; Mauerhan et al.
2018; Bietenholz et al. 2021).

Figure 10 shows that the X-rays and mid-IR dominate the
bolometric luminosity. The 4.5 pm band luminosity may
slightly exceed the X-ray luminosity around ¢ = 600 days, the
two are roughly comparable at ¢ = 1000 days, and the IR
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luminosity again slightly exceeds the X-ray at ¢ = 2500 days.
Between ¢ = 1000-2000 days, the Ha is less than the IR and
X-ray luminosity by about two orders of magnitude and the
radio by yet another order of magnitude.

The origin of the strong IR luminosity, presumably by
heating of dust, is not completely clear. The data of Tinyanont
et al. (2019) show a dip at ¢ = 250 days corresponding to peak
dust temperature and at about the same time as the early dip in
the radio and the onset of the X-rays. The IR luminosity then
shows a higher flux at about ¢ = 600 days that corresponds to
no peak feature in data at other wavelengths. This epoch
roughly corresponds to when the X-ray light curve shows a
brief flattening and when the 15.7 GHz radio flux may halt its
steep decline. Because of a gap in the data, a peak in the IR
data coinciding with the peak of the 15.7 GHz data at ~400
days cannot be ruled out. Some of this temporal behavior may
result from noise in the respective bands.

While the origin of the radiation in the various bands is
likely to involve different locations and different physics, we
attempted a comparison of the rate of decline at later times by
performing a linear fit to the luminosity in the different bands
illustrated in Figure 10 in log-log space to derive the power-law
index of each of the declines. We find a rapid decline in the
late-time X-ray light curve (power-law index a=0.90 at
¢ > 1000 days) that contrasts with the slower decline of the
Ha (a=0.36 at ¢ > 947 days) and radio (av=0.38 ¢ > 1000
days) light curves, while the IR light curve favors an
intermediate value (o =0.51 at ¢ > 765 days).

We integrate the X-ray and infrared luminosity curves to
approximate and compare the total energy emitted at these
different regions of the SED. For the infrared, we use only the
well-sampled Spitzer 3.6 ym and 4.5 pm bands, deeming other
bands to contribute a subdominant proportion of the luminos-
ity. We compute the total energy emitted in the synthetic X-ray
band 0.3-100keV to be 9.35 x 10* erg between ¢ =307 and
2297 days. We find a total energy emitted in the combined
Spitzer 3.6 and 4.5 um bands of 18.05 x 10* erg between
¢=>53 and 1922 days. The total emitted IR energy is
essentially double that emitted in the X-ray, despite the slight
temporal offset between these measurements. We note that the
emitted IR energy we have estimated here is a lower bound as
we have omitted bands other than the Spitzer 3.6 um and 4.5
pm bands. If those bands were included, the total emitted IR
energy would dominate even more over the emitted energy at
X-ray and other wavelengths. We have opted not to fit, for
example, a modified blackbody model here as only two bands
are available at the majority of epochs. This would lead to
overfitting with a blackbody model of two parameters (the
radius and temperature).

Harris & Nugent (2020) noted that the Ho emission was
detected prior to the rise in the radio at 186 days. They
proposed that the rise in radio flux occurred after the forward
shock had departed a dense shell and was propagating in the
outer CSM. That hypothesis seems difficult to reconcile with
the similar epoch of onset and continued high luminosity of
X-rays.

5.3. Common Envelope Ejection and a Toroidal CSM

The central conundrum revealed by our extensive observa-
tions of the optical spectra is the nearly constant value of the
FWHM of the Ha line with a velocity width of ~2000 km s ™'
that is not shared by any of the other prominent optical /IR
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Figure 11. Schematic of our proposed geometry of SN 2014C. We suggest that the Ha emission originates from a boundary layer between the common envelope
torus and the shocked ejecta/He-wind from the progenitor. This may reconcile the relatively slow Ha velocity width of ~2000 km s~ that we measure with the faster
emission lines ([O 1], [O 11], He 1, [Ca I1]), that we designate to the reverse shock receding back into the ejecta. The radio velocity from Bietenholz et al. (2021) of
~10,000 km s~ corresponds to the quasi-spherical forward shock propagating in the progenitor He-wind. The boundary layer between the torus and shocked ejecta/
He-wind is subject to Kelvin—Helmholtz instabilities, the inner edge of the torus is subject to Richtymer—Meshkov instabilities, and the contact discontinuity is subject
to Rayleigh—Taylor instabilities (not shown). The putative secondary star is also not shown. The viewing angle favored by the observations may be at about 60° from

the pole (Section 5.5).

emission lines nor by the expansion directly measured by
VBRI at similar epochs. The radio expansion velocity is
v=13,040£690 kms ' at 1000 days and 9400 = 2900
kms~' at 1700 days (Bietenholz et al. 2021). If the Ha
velocity width is related to a shock velocity, this is a strong hint
that the CSM of SN 2014C has a complicated, nonspherical
geometry. There is clearly a dense, hydrogen-rich CSM, but
whether there is a distinct spherical shell is far less clear.

Different techniques result in different estimates of the
density structure with distributions ranging from constant to
declining as pocr > (Margutti et al. 2017; Tinyanont et al.
2019; Brethauer et al. 2020; Harris & Nugent 2020; Bietenholz
et al. 2021; Vargas et al. 2021). Whatever the origin and
morphology of the CSM, it can only have one density profile if
it is spherically symmetric. The disagreement among the
various estimates of the density profile does not establish that
the CSM departs from spherical symmetry, but leaves open the
possibility of substantial morphological asymmetry with
various wavelength ranges sampling different density distribu-
tions. Another implication is that caution should be exercised in
taking any of the density distributions cited in the literature
literally, including a thin, dense shell. At the same time, the
spatially resolved VLBI observations of Bietenholz et al.
(2021) suggest that the locus of the shock producing that radio
flux is substantially spherical (or at least circularly symmetric).

The detection of the strong broad Ha at ¢ = 127 days shows
that the interaction with some hydrogen-rich material was
already underway at that time. Sparse temporal sampling,
different production mechanisms, and different sensitivities in
the optical, radio, and X-ray bands makes it difficult to tell from
the data when the collision with the CSM occurred.

Given various inconsistencies in the multiwavelength data in
the paradigm of a spherically symmetric CSM, we need to
consider possible asymmetric distributions. The hydrogen
deficiency and rate of explosions of stripped-envelope super-
novae suggest that they arise in binary evolution (Li et al. 2011;
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Branch & Wheeler 2017). The fact that SN 2014C was
originally of spectroscopic Type Ib thus points to a role for
binary evolution, a possibility discussed by Margutti et al.
(2017). Tinyanont et al. (2019) noted that in the first 800 days,
the evolution of the inferred dust mass was consistent with
preexisting CSM dust heated radiatively or collisionally by the
shock interaction with a CSM shell of constant density. They
proposed that the rapid expansion of the shock indicated by the
VLBI observations of Bietenholz et al. (2018) could be the
result of an anisotropic CSM that allowed parts of the forward
shock to propagate freely and discussed binary evolution as the
source of that anisotropy.

While some asymmetries may be produced by single stars,
we will thus examine a scenario in which binary evolution led
to a common envelope phase that was responsible for the loss
of the hydrogen envelope (Sun et al. 2020) and formation of the
hydrogen-rich CSM. The likely distribution of matter in a
system that has undergone binary evolution with the ejection of
a common envelope is that the hydrogen-rich envelope material
substantially will be confined to the equatorial plane. The
geometry of the CSM may be that of a fat torus (Law-Smith
et al. 2020).

We consider a hypothetical toroidal geometry of the
progenitor system, a schematic of which is provided in
Figure 11. Similar models have been discussed by Smith
et al. (2015) and simulated by Suzuki et al. (2019). In this
picture, the helium star supernova progenitor blew a fast wind
that interacted with the main-sequence secondary that facili-
tated the past expulsion of the progenitor’s hydrogen envelope
in a common envelope interaction. The secondary blows a
slower hydrogen-rich wind that would be entrained by the fast
hydrogen-poor wind of the primary, thus forming a bow shock
and a tail. The secondary wind tail prior to explosion would
probably be an open spiral in the center-of-mass rest frame.

The inner edge of the expelled progenitor envelope would
have a dense ring created by the interaction of the progenitor
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wind with the dense envelope material. Beyond that interaction
region, the toroidal envelope would expand homologously at
the escape velocity from the binary system ~100 km s~ (Law-
Smith et al. 2020). At higher latitudes, the fast progenitor wind
would continue to flow in a quasi-spherical fashion. The fast
wind would connect to the toroidal material through a
boundary layer that may engender various fluid instabilities.

After the explosion, the progenitor helium star would have
formed a pulsar or magnetar; a pulsar wind nebula could
contribute to the ionization and excitation structure of the CSM
(Chevalier & Fransson 1992; Milisavljevic et al. 2018). A
relatively massive main-sequence secondary star is likely to
remain nearby or even bound after the explosion with its wind
now being ablated and swept up by the ejecta.

In the proposed dusty torus CSM structure, the forward
shock will proceed more rapidly at higher latitudes and will be
decelerated most severely in the equatorial plane. The toroidal
geometry allows for room in the polar direction for the
continued expansion of the ejecta in the low-density, hydrogen-
deficient wind of the progenitor. The reverse shock will also
have a complex geometry that could be far from spherical, with
small radius in the equatorial plane, but extending farther in
more polar directions. A contact discontinuity with a similar
distorted shape would fall between the forward and reverse
shocks. X-rays could be coming from both the forward shock
and the reverse shock, neither of which would be expected to
have spherical loci. The radio emission resolved by Bietenholz
et al. (2021) could have a large radius and a quasi-spherical
locus because the forward shock is propagating broadly in the
wind above and below the equatorial torus. Other radio
emission could be coming from the denser gas in the equatorial
plane. The forward shock could be subject to Richtmyer—
Meshkov, Rayleigh-Taylor, and Vishniac (Ryu & Vish-
niac 1987) instabilities in the midplane and Kelvin—Helmholtz
and Rayleigh—Taylor instabilities where the ejecta shear along
the surface of the torus.

The recombination time per particle, # ~ 10° /n. y, is short
for the dense torus we propose in the equatorial plane with
densities >10° cm 2. The short recombination time means this
matter has to be continually exposed to photoionizing radiation
to produce Ha over the 7 yr of our observations. The Ha
could, in principle, be powered by photoionization from the
reverse shock, the forward shock in the equatorial torus, by
shocked clumps in the torus, by a pulsar, or by the secondary
star. The progenitor helium star and flux from the supernova
could also contribute with recombination times of the order of
1 yr. The photoionizing flux depends on the temperature,
density, and composition of the material, all of which vary in
the geometry we envisage here (Chevalier & Fransson 1994).
UV flux would be a more effective means of ionization, but
estimating that is beyond the scope of this paper.

5.4. Origin of the Hydrogen Emission

In the CE/torus paradigm, the hydrogen will primarily be
confined to the equatorial torus. The supernova shock will
expand within the wind of the progenitor star until it impacts
the dense torus. The dense CSM torus material is expected
substantially to slow the forward shock propagating in the
equatorial plane.
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5.4.1. Hydrogen Emission from the Forward Shock

A sufficiently dense equatorial CSM is capable of decelerat-
ing the forward shock to the level observed for the Ha. Some
of the Ha emission thus could come from behind the
decelerated forward shock as it propagates into the midplane
of the torus. There are, however, several issues with the
suggestion that this is the source of the observed Ha emission.
A principal problem is that the midplane portion of the shock
should continue to decelerate. This conflicts with the nearly
constant velocity width we observe. Lines from a recently
shocked region also should all show about the same velocity,
whereas we observe Ha to have an appreciably lower velocity
than other broad lines. Any new “intermediate” ~2000 km s~
components from metal lines in the recently shocked outer
CSM could be hidden under the “broad” ~3500 kms '
component from the reflected shock, but this remains to be
established.

5.4.2. Hydrogen Emission from the Companion

Any secondary star will survive the explosion either still
bound to the compact remnant or unbound but nearby. Sun
et al. (2020) computed binary evolution models matching the
lifetime of the host star cluster and susceptible to common
envelope evolution. Two models had an initial secondary mass
of 2-3 M, with final secondary masses of ~1.8 and ~4.6 M_.,.
The final separation was 2-3 x 10'? cm, about half of the initial
separation. The final orbital periods were about 300 days. One
was nearly unbound, the other was probably still bound. The
final separations were sufficiently large that the effect of impact
heating of the companion is expected to be negligible (Wheeler
et al. 1975; Ogata et al. 2021). The companion is thus expected
to retain its ZAMS luminosity. From the models, the
companion will be about 30th magnitude, too dim to easily
detect. Typical orbital velocities if still bound, ~10 kms ™", are
too small to be directly related to the motion of the fifth Ha
Gaussian component or the substructure of the HeI A10830
line, which are of the order of several 100-1000 kms !
(Section 5.1). The length scale of the orbit is also too small to
be related to the CSM density perturbation length determined
by Vargas et al. (2021) to be ~10'° cm.

At ~10 kms™', the companion would have moved only
~2 % 10" c¢m in the 7 yr since explosion, so it would appear
essentially to be an unmoving source of Ha. Simulations of
ejecta/companion interactions for conditions relevant to
SN 2014C suggest that less than 107> M, will be ejected
from a companion of ~10 M (Hirai et al. 2018). In addition,
the ablated material will have a velocity of <1000 kms™' and
perhaps asymptotically as low as ~10 kms~" (R. Hirai, private
communication, 2022). This suggests that while hydrogen
stripped from the companion might contribute to the narrow
Ha feature, it is unlikely to contribute to the broader feature
with FWHM ~2000 km s~ ' that we prominently observe.

5.4.3. Hydrogen Emission from the Boundary Layer

Another source of the Ha emission is the boundary layer
between the ejecta and the torus that blankets both surfaces of
the torus.

Suzuki et al. (2019) presented a 2D radiation dynamical
model of a supernova exploding into an equatorial torus. This
model is not directly applicable to SN 2014C because the model
torus is compact, with an outer radius of just 5 x 10" cm,
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but the torus mass is comparable, a few M., and the opening
angle of 10°-20° is possibly relevant. The radiative transfer is
somewhat simplified and ignores dust, but some characteristics
of the models, aspect angle effects and line profiles, may be
applicable qualitatively to SN 2014C.

As expected, in the models of Suzuki et al. (2019), the
forward shock propagates nearly spherically in polar directions
and is inhibited in the equatorial plane. A “void” forms in the
equatorial plane beyond the outer edge of the torus with an
opening angle that slightly exceeds that of the torus. Near the
ejecta/torus boundary, the ejecta do not expand ballistically;
rather, the dynamic interaction of the ejecta and torus affect the
dynamics of both the ejecta and the torus material. The details
will depend on the vertical structure of the torus, which is
largely unknown, but perhaps illuminated by simulations such
as those of Law-Smith et al. (2020). The ejecta/torus boundary
is subject to the instabilities we outlined in Section 5.3 that
Suzuki et al. (2019) argue could contribute to irregularities in
the light curve that are more distinct for larger disk masses. It
would be interesting if the radial length scales of the Kelvin—
Helmholtz instabilities were comparable to those deduced by
Vargas et al. (2021).

Of special importance to our observations, Suzuki et al.
(2019) predicted that the most intense flux arises at the
boundary layer between the nearly static torus and the rapidly
expanding ejecta. Unlike the locus of the forward shock, the
boundary layer will be a quasi-time independent structure, as
the source of the Ha emission in SN 2014C seems to be. The
boundary layer could also contribute to IR, radio, and
X-ray flux.

In the simulations of Suzuki et al. (2019), the velocity in the
boundary layer is greater than the velocity width of the He, but
conditions might be different in SN 2014C with a more
extended torus. The velocity drops rapidly toward the midplane
so there will surely be some hydrogen with a speed of
~2000 km s~' somewhere between the boundary layer and the
midplane. The question of the density of that layer and its
exposure to ionizing radiation will require a deeper study.

The simulations also suggest another possibility: the void left
near the midplane where the ejecta blast past the outer rim of
the torus. That region is partially filled with material of
substantially lower velocity that could be of the order of
2000kms~'. The issue would again be the density of any
hydrogen there and its exposure to ionizing radiation. This
structure would also be quasi-stationary in a manner consistent
with our observations of Ha.

While it is difficult to put quantitative limits on this
possibility, we propose that radiation from the boundary layer
is a plausible source of the Ha we observe.

5.5. Constraints from IR Emission

An important question is whether the IR observations can
usefully constrain or account for the toroidal geometry we have
hypothesized. The origin of the IR emission presented by
Tinyanont et al. (2016, 2019) is especially important because
the IR emission appears to dominate the bolometric luminosity.
As shown in Figure 10, the IR luminosity exceeds the X-ray
luminosity at essentially all epochs where they are measured
contemporaneously. While X-ray emission can contribute to
heating of the dust, the X-ray flux thus apparently cannot
account for the majority of the dust emission. The fact that
models suggest that the torus/ejecta boundary layer is the
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source of the most intense flux leads us to look there for an
explanation of the dominant source of bolometric luminosity in
the IR.

To understand the role of the torus in shaping the
observational properties of SN 2014C, it is important to know
whether the torus is optically thick. This requires knowledge of
the size of the torus and the nature of its opacity.

There is no direct evidence of the outer radius of the
equatorial torus we propose for SN 2014C. There are
constraints on the location of the sources of emission.
Tinyanont et al. (2019) found the blackbody radius of the dust
emission to be ~1.7 x 10" cm at ¢ ~ 1620 days. The torus is
presumably larger than that. Bietenholz et al. (2021) found the
radio shock velocity to be 9400 kms ™' at ¢ = 1700 days. By
the epoch of our last observation at ¢ = 2494 days, this would
correspond to a position of the shock of ~2.0 x 10! cm. The
agreement of these radii could suggest some correlated radio
and dust emission, perhaps along the ejecta/torus interface. If
the torus formed in a common envelope event, it could have a
radial velocity of ~100 kms™', suggesting that the CSM
radiating at ~2 x 107 cm was expelled about 500 yr ago.

The optical depth of the gas in the equatorial plane would be
of the order of

ey

where n,¢ is a characteristic electron density in the torus in
units of 10° cm > (and we have taken pgas = 10~ n,) and Ry;
is the outer radius of the torus in units of 10’7 cm. Even a fully
ionized gas with kg, ~ 0.2 cm 2 g~ ! would be optically thin.
The CSM is, however, full of dust for which

Tdust ™~ K/dustpdustR ~ 4'ne,6Rl7

Tgas ™~ /’fgaspgasR ~ O-IHgasne,ﬁRW

@

where we have taken a typical dust opacity to be 4000 cm” g~
(Draine 2003; Shirley et al. 2011) and the dust density to be
0.01 of the gas density. This opacity suggests that the torus
could be opaque in the equatorial plane but optically thin in the
vertical direction if the thickness of the torus is substantially
less than its radius.

As noted in Section 2.3, the appearance of standard optical
emission lines from core-collapse ejecta in our data suggests
that the environment is optically thin along the line of sight.
The line of sight is thus probably not in the midplane of the
torus.

Dust in the torus might be heated by the forward shock
propagating into the torus, but that process may be inhibited if
the disk is optically thick to dust opacity in the radial direction.
A torus that is optically thin to dust in the vertical direction
would promote the heating of the dust from radiation generated
in the boundary layer.

Suzuki et al. (2019) argue that if the CSM torus is optically
thick in the equatorial plane, as suggested by Equation (2), the
bolometric light curve will be sensitive to the aspect angle. A
small aspect angle, pole-on, will enable a direct view of both
the ejecta and the CSM interaction region and yield a relatively
rapid rise and decline in the light curve. An aspect angle near
the equatorial plane, 90°, will yield a slower rise and decline
controlled by the diffusion through the torus plane. A slow rise
and decline is also promoted by a more massive and fatter
torus. Observations presented in Figure 10 qualify as a “slow”
decline, only a factor of the order of two in 1500 days. The
“fast” light curves of Suzuki et al. (2019) decline by an order of
magnitude or more over the same relative timescale (several
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rise times). The IR light curve suggests that SN2014C is
interacting with a relatively massive CSM torus of appreciable
opening angle, closer to 20° than to 10°, and viewed from an
aspect angle exceeding ~60°. A higher aspect angle also tends
to yield lower luminosities. At later times, the disk will become
more optically thin, thus muting aspect angle effects.

6. Conclusions

We derived spectroscopic information, especially line width
velocities, for all emission lines that display a broadened
component to their overarching profile as deduced from our
new set of HET/LRS2 optical spectra covering ¢ = 947-2494
days. The velocities were computed using multicomponent
Gaussian fits, with a Gaussian order chosen by inspection of
the observed spectroscopic line profiles. We fit broadened
components to the lines of [O II] A\ 4959, 5007, [O 1] A6300,
Ha, He 1 A7065, and [CaII] A\ 7291, 7324 and thereby derived
line-velocity information across 7 yr and throughout the optical
spectrum. We also fit the He11.0830 pum line from Tinyanont
et al. (2019).

We derived luminosity information across the same 7 yr
from radio to X-ray, with new measurements at optical and
radio wavelengths. This is also the first time the full set of
X-ray measurements have been published, using our reduction
procedures and analysis steps to arrive at the full X-ray light
curve. We also include the full set of infrared spectroscopic
observations from Tinyanont et al. (2019). We took previously
published radio and optical fluxes from Milisavljevic et al.
(2015), Anderson et al. (2017), Bietenholz et al. (2018),
Mauerhan et al. (2018), and Bietenholz et al. (2021) and, by
careful consideration of the bandwidths of the various
observations (which are different by orders of magnitude from
radio to X-ray), we transformed these fluxes into an equivalent
luminosity space of erg per second to compare the global light-
curve behavior of SN2014C across the majority of the
electromagnetic spectrum.

This study has determined a number of factors that give
important insights into the physical structure of SN 2014C:

1. The broadened Ha emission profile has a constant
velocity width of ~2000 km s~ ' across the 7 yr of optical
spectroscopic observations that are available both in the
previous literature and presented in this study. We have
extended the coverage of the Ha emission by an
additional 4.25 yr.

2. All other broadened lines we measure show velocity
widths larger than Ha. We find the velocity widths of
[O 111] M4959 and A5007 to be ~3000 km s~ ', He I X7065
and HeT 210830 to be ~4000 kms~!, and the [O 1] A\
6300, 6364 doublet and [Call] A7291 and A7324 to be
~6000 kms ™.

3. Observation of the emission of metal lines commonly
associated with the ejecta of core-collapse supernovae in
the first 1000 days suggest the line of sight to the ejecta is
optically thin.

4. The Ha profiles do not show the expected double peak
and hence are inconsistent with a simple thin shell model
for the Ha emission although such peaks might be lost in
the noise.

5. The broad Ha is centered at zero velocity and hence
shows no evidence of dust extinction local to the
supernova geometry.
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6. The luminosity of the broadened Ha component declines
slowly for 5 yr, from ¢ = 500-2494 days post-explosion
as suggested by the spectral line flux and confirmed by
our flux-calibrated narrowband imaging.

7. Both broad and narrow components of the He I 1.083 ym
line are displaced to the red by ~400kms™'. This
displacement is the opposite of that expected for dust
obscuration and in contrast to the lack of any such
displacement of Hav.

8. Ha and HeI 1.083 pm show atypical subcomponents in
their line profiles that are apparently unrelated. Ho
shows a “traveling fifth component” at some phases.
Component “b” of the He 1 1.083 pm line is displaced to
the blue by 4076 kms™'.

9. The narrow [S1I] doublet shows a decrease in flux at

nearly constant density, suggesting an origin in an H1I

region hidden within the glare of the supernova image.

The evolution of the luminosities of the radio, infrared,

and X-ray emission are roughly consistent with one

another, in that they rise up to about ¢ =500, 700, and

1000 days in the radio, infrared, and X-ray, respectively,

and then decline throughout the rest of the available

epochs up to day ¢ ~ 2400.

11. The IR flux seems to dominate the bolometric luminosity.

. Velocities derived from the X-ray shock temperatures are

similar to those of some of the metal lines, suggesting that

they both arise from the same component, which we
equate with the shocked ejecta.

The optical emission lines have much lower velocity

widths than those derived from the VLBI radio emission

(>9000 kms '), which show a roughly circularly

symmetric shock front (Bietenholz et al. 2021).

10.

13.

Our extended monitoring of the optical spectrum showing a
low, nearly constant velocity width of the Ha emission that
contrasts strongly with the high shock velocity determined by
VLBI radio observations shows that the CSM is unlikely to be
spherically symmetric. In particular, we find that the assump-
tion of a dense spherically symmetric shell of hydrogen is not
consistent with all of the data.

While much more quantitative analysis is required, we
propose a multicomponent, nonspherical configuration of
SN 2014C and its immediate circumstellar environment that
appears to accommodate the available data. In this picture, the
progenitor binary system first expels a hydrogen-rich toroidal
common envelope and then a fast, helium-rich wind from the
supernova progenitor star. The supernova ejecta then collide
with this complex environment. The early X-ray and radio flux
arise when the forward shock impacts the inner portions of the
CSM torus. The later X-ray flux may arise from the reverse
shock that propagates into the ejecta. The later VLBI radio
reveals a nearly circular geometry as the forward shock
propagates into the quasi-spherical fast wind in which the CSM
torus is embedded. We propose that the Ha emission arises in
the boundary layers where the ejecta interact with the two
surfaces of the torus. The boundary layers are also the likely
source of the heating of dust in the torus, the luminosity of
which dominates the bolometric luminosity. A surviving
companion star may contribute to the narrow Ha emission,
and a pulsar may contribute to some of the emission lines of
high ionization. Such an environment for the production of
radio, infrared, optical, and X-ray flux is much richer and more
complex than previously considered for SN 2014C.
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To properly explore the interaction of the explosion of
SN 2014C with a companion star and a CSM concentrated in
the equatorial plane and to account for the multiwavelength
spectra requires a multidimensional radiation hydrodynamic
calculation that is beyond the scope of the current paper.

Future observations of SN 2014C are desirable in order to
determine the epoch of disappearance of Ha that will constrain
the extent of the torus and the future evolution of the radio and
X-ray emission. The X-ray flux is declining, suggesting that the
main interaction of the shock with the CSM is over, in analogy
with the behavior of SN 1987A. SN 2014C seems to be a more
rapidly evolving version of SN 1987A and hence may yield
clues to the future behavior of SN 1987A.

Further observations are also encouraged to determine
whether we are observing the effects of a pulsar wind nebula
(Milisavljevic et al. 2018), as suggested by our observations of
the [O 1IT] velocity width and high excitation emission lines of
[Fe v1I] and [Fe X].

The toroidal aspect of our interpretation is an integral
concept of this paper and may apply to supernova and stellar
evolution science far beyond the scope of SN 2014C.

We thank the anonymous referee for a very thorough report
that both clarified the paper and engendered some qualitatively
new insights. We thank Kaew Tinyanont for sharing his NIR
data and discussing issues of emission line profiles. We are
grateful for support by the staff of McDonald Observatory and
the Hobby—Eberly Telescope.
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Space Administration under contract NAS8-03060.

The University of Texas at Austin sits on indigenous land.
The Tonkawa lived in central Texas and the Comanche and
Apache moved through this area. The Davis Mountains that
host McDonald Observatory were originally husbanded by
Lipan Apache, Warm Springs Apache, Mescalero Apache,
Comanche, and various tribes of the Jumanos. We acknowl-
edge and pay our respects to all of the Indigenous Peoples and
communities who are or have been a part of these lands and
territories in Texas.

Facilities: This study is based in part on observations made
with the DIAFI camera mounted on the 2.7 m Harlan J. Smith
telescope at McDonald Observatory. This study also employs
observations obtained with the Hobby—Eberly Telescope,
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which is a joint project of the University of Texas at Austin,
the Pennsylvania State University, Ludwig-Maximilians-
Universitdt Miinchen, and Georg-August-Universitit Gottin-
gen. The HET is named in honor of its principal benefactors,
William P. Hobby and Robert E. Eberly. The Low Resolution
Spectrograph 2 (LRS2) was developed and funded by the
University of Texas at Austin McDonald Observatory and
Department of Astronomy and by Pennsylvania State Uni-
versity. We thank the Leibniz-Institut fiir Astrophysik Potsdam
(AIP) and the Institut fiir Astrophysik Gottingen (IAG) for their
contributions to the construction of the integral field units. This
study also utilized X-ray data from the Neil Gehrels Swift
Observatory, Chandra, and NuSTAR and radio data from the
Karl G. Jansky Very Large Array. The National Radio
Astronomy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Asso-
ciated Universities, Inc.

Software: This research made use of; Astropy (http://
www.astropy.org), a community-developed core Python pack-
age for Astronomy (Astropy Collaboration et al. 2013, 2018);
emcee (https://emcee.readthedocs.io/en/stable/), an MIT
licensed pure-Python implementation of Goodman and Weares
Affine Invariant MCMC Ensemble sampler (Foreman-Mackey
et al. 2013); and the numpy, scipy, matplotlib, and
pandas python packages. Swift data were reduced with
XRTDAS (v0.13.5), CALDB (v20190910), XRTPIPELINE,
and XSELECT. Chandra data were processed with SPECEX-
TRACT. NuSTAR data were processed with NUSTARDAS
(v20190812), CALDB, and NUPIPELINE. Spectral fitting was
done with XSPEC (v12.10.1f). VLA data were processed by
the NRAO Pipeline for VLA observations using CASA.

Appendix
Posterior Distribution of the Multicomponent Gaussian
Model

In Section 5.1 we derived multicomponent Gaussian fits to
the Ho and other emission line profiles. We used the python
package emcee to perform a full MCMC fit and derive the
relevant posterior distributions for each parameter. In the case
of the Ha profile, we used four Gaussians (with the exception
of some of the earlier public data, for which we used five).
There are 13 parameters to the majority of the Ha fits: the
centroid p, the standard deviation o, and the amplitude A of
each Gaussian, as well as an overall baseline parameter D.

We used 30 MCMC walkers for 5000 steps including a burn-
in phase of 3000 steps. We used uniform priors for each
parameter with reasonable ranges, 0.1-10 times the initial
guess that was set by visually inspecting the data. An example
posterior distribution for the Ho emission line at ¢ = 1322
days is shown in Figure Al. We use these posteriors to derive
our estimate of quantities such as the luminosity and FWHM
velocities and their associated statistical error from the fit. We
find that these fit errors are subdominant relative to other
sources of systematic error, such as the flux normalization from
the spectral calibration for the luminosities and the spectral
resolution for the FWHM velocity widths.


http://www.astropy.org
http://www.astropy.org
https://emcee.readthedocs.io/en/stable/
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Figure Al. The full posterior distribution of our multicomponent Gaussian model fits to the Ha profile at ¢ = 1322 days. The marginalized posterior probability
distributions are shown across all pairwise matchings of fit parameters. The 1D marginalized posteriors are shown on the top diagonal. Parameter columns are in
groups of three (triplets) representing the amplitude A, mean y, and standard deviation o of the individual Gaussian components. The first triplet of columns is A, f,
and o for the broadened Hae component, the second triplet comprises the same parameters but for the narrow Hoao component, and the third and fourth triplets are
those fit parameters for the two [N 11] lines. The final column represents the baseline parameter that accounts for extraneous continuum flux. The blue lines indicate the
initialization position obtained with a simple least-squares analysis. The order of parameters on the vertical axis (rows from top to bottom) is identical to the order on
the horizontal axis (columns from left to right) described above.
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