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ABSTRACT

We present comprehensive observations and analysis of the energetic H-stripped SN 2016coi (a.k.a. ASASSN-16fp), spanning
the y-ray through optical and radio wavelengths, acquired within the first hours to ~420 days post explosion. Our observational
campaign confirms the identification of He in the SN ejecta, which we interpret to be caused by a larger mixing of Ni into the
outer ejecta layers. From the modeling of the broad bolometric light curve we derive a large ejecta mass to kinetic energy ratio
(Mej ~4—=TMg, Ex ~T7-8 % 103! erg). The small [Ca11] AA7291,7324 to [O 1] AA6300,6364 ratio (~0.2) observed in our late-
time optical spectra is suggestive of a large progenitor core mass at the time of collapse. We find that SN 2016coi is a luminous
source of X-rays (Ly > 10* ergs™ in the first ~ 100 days post explosion) and radio emission (Lgs5u, ~ 7 x 10" ergs™'Hz™! at
peak). These values are in line with those of relativistic SNe (2009bb, 2012ap). However, for SN 2016coi we infer substantial
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pre-explosion progenitor mass-loss with rate M ~ (1—2) x 10#*Mgyr~! and a sub-relativistic shock velocity vy, ~ 0.15¢, in
stark contrast with relativistic SNe and similar to normal SNe. Finally, we find no evidence for a SN-associated shock breakout
~-ray pulse with energy E., > 2 x 10*°erg. While we cannot exclude the presence of a companion in a binary system, taken
together, our findings are consistent with a massive single star progenitor that experienced large mass loss in the years leading up
to core-collapse, but was unable to achieve complete stripping of its outer layers before explosion.

Keywords: supernovae,SN 2016coi, ASASSN-16fp



1. INTRODUCTION

Hydrogen-stripped core-collapse supernovae (i.e., type Ibc
SNe), also called stripped-envelope SNe (SESNe; Clocchi-
atti et al. 1996), have enjoyed a surge of interest in the last
two decades thanks to the association of the most energetic
elements of the class with Gamma-Ray Bursts (GRBs). Yet,
the stellar progenitors of type Ibc SNe have so far eluded
uncontroversial detection in pre-explosion images (Gal-Yam
et al. 2005; Maund et al. 2005; Elias-Rosa et al. 2013; El-
dridge et al. 2013). Relevant in this respect is the dis-
covery of a progenitor in pre-explosion images of the type
Ib SN iPTF13bvn, interpreted to be a single Wolf-Rayet
(WR) star with a mass at zero-age main-sequence (ZAMS)
Mzams~ 33 Mg (Cao et al. 2013; Groh et al. 2013). This
result was later disputed by Bersten et al. (2014a). More re-
cently, Van Dyk et al. (2018), Kilpatrick et al. (2018) and Xi-
ang et al. (2019) identified a source in archival Hubble Space
Telescope (HST) images covering the location of the type Ic
SN 2017ein, with properties compatible with a WR star of
Mzams~55 Mg (although the presence of a companion star
could not be ruled out).

The stripping of the hydrogen and helium envelope in mas-
sive stars mainly occurs through two channels: (i) line-driven
winds, which dominate the mass-loss yield in single star
evolution; or (ii) interaction with a companion star in a bi-
nary system. In the former scenario, the progenitor is ex-
pected to be an isolated, massive WR star (Mzams > 20Mg;
Hamann et al. 2006), consistent with the inferences by Cao
et al. (2013), Groh et al. (2013), Van Dyk et al. (2018)
and Kilpatrick et al. (2018) with typical mass-loss rate M ~
105 Mg yr! (Maeder 1981; Woosley et al. 1995; Begelman
& Sarazin 1986). In the binary progenitor scenario, instead,
the primary exploding star is expected to be a helium star (or
a C+O star in case of type Ic SNe) with lower-mass Mzams 2
12 M, (Podsiadlowski et al. 1992; Yoon et al. 2010; Eldridge
et al. 2013; Dessart et al. 2015). The lower mass of the pro-
genitor stars in the binary progenitor scenario naturally ac-
counts for the discrepancy between the large inferred rate of
SESNe compared to massive WR stars (Georgy et al. 2009;
Smith et al. 2011; Eldridge et al. 2013; Smith 2014), and
for the low ejecta masses inferred from the modeling of the
bolometric light-curves of type Ibc SNe (M; < 3 Mg; e.g.,
Ensman & Woosley 1988; Drout et al. 2011; Dessart et al.
2012; Bersten et al. 2014b; Eldridge et al. 2015; Lyman et al.
2016; Taddia et al. 2018). In reality, both scenarios are likely
contributing in different amounts to the observed population
of SESNe.

Here we present the results from an extensive multi-
wavelength campaign of the H-poor SN2016coi (ak.a.
ASASSN-16fp) from ~-rays to radio wavelengths, from a
few hrs to ~ 420 days post explosion. From our compre-
hensive analysis we infer that SN 2016coi originated from
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a compact massive progenitor with large mass loss before
explosion, potentially consistent with a single WR progen-
itor star. SN 2016coi was discovered on 2016 May 27.55
UT (Holoien et al. 2016, MJD 57535.55;) by the All Sky
Automated Survey for SuperNovae' (ASAS-SN; Shappee
et al. 2014) in the irregular galaxy UGC 11868 (Fig. 1).
SN 2016coi was initially classified by the NOT Unbiased
Transient Survey (NUTS; Mattila et al. 2016) as a type Ic-
BL SN similar to those that accompany GRBs (Elias-Rosa
et al. 2016), although it was soon realized that traces of He
might have been present at early times (Yamanaka et al.
2016). The optical/UV properties of SN 2016coi have been
studied by Yamanaka et al. (2017), Prentice et al. (2018) and
Kumar et al. (2018). These authors conclude that SN 2016coi
is an energetic SN with large ejecta mass and spectroscopic
similarities to type Ic-BL SNe. In terms of SN classifica-
tion, SN 2016coi is intermediate between type Ib and Ic SNe.
Unlike type Ib SNe, where He lines become more promi-
nent with time (e.g., Gal-Yam 2017), the He features of
SN 2016coi disappear after maximum light.

This paper is organized as follows. We first describe our
UV, optical and NIR photometry data analysis and derive the
explosion properties through modeling of the SN bolometric
emission in §2. Our spectroscopic campaign and inferences
on the spectral properties of SN 2016coi are described in §3.
In §4 we present radio observations of SN2016coi, along
with the modeling of the blast-wave synchrotron emission,
while §5 is dedicated to the analysis of the luminous X-ray
emission of SN 2016coi and the constraints on the progenitor
mass-loss history. We describe our search for a shock break-
out signal in the y-rays in §6. We discuss our findings in the
context of properties of potential stellar progenitors in §7 and
draw our conclusions in §8.

In this paper we follow Kumar et al. (2018) and adopt
z >~ 0.00365, which corrected for Virgo infall corresponds
to a distance of 18.1+1.3 Mpc (Hy =73km s~ Mpc™!, Qy =
0.27, Q) = 0.73), equivalent to a distance modulus of p =
31.29 £0.15 mag (Mould et al. 2000). We further adopt a
total color excess in the direction of SN 2016co0i E(B—V ) =
0.075 mag (Schlafly & Finkbeiner 2011) as in Yamanaka
et al. (2017) and Kumar et al. (2018). Unless otherwise
stated, time is referred to the inferred time of first light (§2),
which is UT May 23.9 2016 (MJD 57531.9; see §2.2). The
presence of a “dark phase” with a duration of a few hours
to a few days (e.g., Piro & Nakar 2013) has no impact on
our major conclusions. Therefore we use the term “from ex-
plosion” and “from first light” interchangeably. A summary
of our adopted and inferred parameters is provided in Table
1. Uncertainties are listed at the 1o confidence level (c.1.),

' http://www.astronomy.ohio-state.edu/~assassin/

index.shtml
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Figure 1. Optical (upper panels) and X-ray (lower panel) images of SN 2016coi and its surroundings. Upper panels, left: SDSS pre-explosion
false-color image of the host galaxy UGC 11868 of SN 2016coi in the gri filters. Observations were acquired on 2009, October 16 UT. Upper
panels, right: post-explosion false-color image based on gri observations acquired with MMTCam on 2017, June 02 UT (~ 1 yr post explosion).
Lower Panel: 0.3-10 keV image from XMM-Newton observations at ¢t < 22 days. In all panels the location of the SN is marked in red, a yellow
mark indicates the location of a nearby H II region, while a dashed cyan circle with 20" radius identifies the host-galaxy center.

Table 1. Summary of assumed and inferred parameters from this paper and previous publications.

Yamanaka et al. (2017) Kumar et al. (2018) Prentice et al. (2018) This Work
Distance (modulus 1) 17.2 Mpc (31.18 mag) 18.1 Mpc (31.29 mag) 15.8 Mpc (31 mag)  18.1 Mpc (31.29 mag)
Color Excess E(B—V )t 0.075 mag 0.074 mag 0.205 mag 0.075 mag
Explosion Date MID 57532.5 MID 57533.9 MID 57533.5 MID 57531.9
Nickel Mass Mni 0.15 Mg 0.10 Mg 0.14 Mg 0.15 Mg
Ejecta Mass M_; 10 Mg 4.5Mp 24-4 Mg 4-7Mg
Kinetic Energy Ei 3-5x10%% erg 6.9 x 10°" erg 4.5-7x10°" erg 7-8x10°" erg

He Velocity ~ 18000 km 5™ ~ 20000 km s~ ~ 22000 km 5™ ~ 22000 km s~




and upper limits are provided at the 30 c.l. unless otherwise
noted.

2. UV, OPTICAL AND NIR PHOTOMETRY
2.1. Data Analysis

Our photometric data have been obtained from several dif-
ferent telescopes and instruments, which are listed in Table
A1l. UV data have been acquired with the Ultraviolet Optical
Telescope (UVOT; Roming et al. 2005), on the Neil Gehrels
Swift Observatory (Gehrels et al. 2004). We measured the SN
instrumental magnitudes by performing aperture photometry
with the uvot source task within the HEASOFT v6.22, and
following the guidelines in Brown et al. (2009). An aperture
of 3" was used. We estimated the level of contamination
from the host galaxy flux using late-time observations ac-
quired at r ~ 322 d after first light, when the SN contribution
is negligible. We then subtracted the measured count-rate at
the location of the SN from the count rates in the SN images
following the prescriptions in Brown et al. (2014).

Images acquired with the Liverpool Telescope have been
processed with a custom-made pipeline, while we use stan-
dard overscan, bias and flatfielding within IRAF? for the re-
maining optical photometry. NOTCam NIR images were re-
duced with a modified version of the external IRAF pack-
age IRAF (v. 2.5)°. The remaining NIR data reduction
has been performed through standard flat-field correction,
sky background subtraction and stacking of the individual
exposures for an improved signal-to-noise ratio. The pho-
tometry has been extracted using the SNOOPY* package.
We performed point-spread-function (PSF) photometry with
DAOPHOT (Stetson 1987). For non-detections we calcu-
lated upper limits corresponding to a S/N of 3. Zero points
and color terms for each night have been estimated based on
the magnitudes of field stars in the Sloan Digital Sky Sur-
vey’ (SDSS; York et al. 2000) catalog (DR9). We converted
the SDSS ugriz magnitudes to Johnson/Cousins UBVRI fil-
ters following Chonis & Gaskell (2008). For NIR images,
we used the Two Micron All Sky Survey (2MASS) cata-
log® (Skrutskie et al. 2006). We quantified the uncertainty
on the instrumental magnitude injecting artificial stars (e.g.,
Hu et al. 2011). The resulting uncertainty was then added
in quadrature to the fit uncertainties returned by DAOPHOT

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in As-
tronomy (AURA) under a cooperative agreement with the National Science
Foundation. http://iraf.noao.edu/

3 http://www.not.iac.es/instruments/notcam/guide/
observe.html#reductions

4 Cappellaro, E. (2014). SNOOPY: a package for SN photometry,
http://sngroup.oapd.inaf.it/snoopy.html

Shttp://www.sdss.org

6 http://www.ipac.caltech.edu/2mass/
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and the uncertainties from the photometric calibration to ob-
tain the total uncertainty on the photometry. Our final values
are reported in Tables A2—A5 and shown in Fig. 2.

Our UV-to-NIR campaign densely samples the evolution
of SN2016coi in its first ~ 400 days post explosion, with
more than 1100 observations distributed over 166 nights (the
gap around 200-300 days corresponds to when SN 2016coi
was behind to the Sun). As Fig. 2 shows, SN 2016coi rises
to peak considerably faster in the bluer bands. The UV filters
also show the fastest decline post peak, before relaxing on a
significantly slower decay at # = 40. This sharp change of
decay rate is not present in the redder bands, which instead
show a roughly constant decay rate after peak. The late-time
V-band decays as 1.7 mag 100d~", faster than expected from
the radioactive decay of °Co, suggesting leakage of ~-rays.
Our last detections of SN 2016coi at ~ 373 d post explosion
are consistent with the temporal decay inferred from earlier
observations at 50d <t < 300d (Fig. 2). Finally, by using a
low-order polynomial fit we measure the time of maximum
light in the V band V,,,, = 18.34 £0.16 d after discovery,
corresponding to MJD 57550.24 (2016 June 11.24 UT). The
time of peak in other bands is reported in Table A6.

2.2. Bolometric Luminosity and Explosion Parameters

Our extensive photometric coverage allows us to recon-
struct the bolometric emission from SN 2016coi from the
UV to the NIR from a few days to ~ 200 days after explo-
sion. As a comparison, the bolometric light-curve from Pren-
tice et al. (2018) has similar temporal coverage but does not
include the NIR and UV contributions, while Kumar et al.
(2018) and Yamanaka et al. (2017) include either the UV
emission or the NIR emission until 67 < 60 days post explo-
sion, respectively. We build the bolometric luminosity curve
of SN 2016coi starting from extinction-corrected flux densi-
ties, and we interpolate the flux densities in each filter to es-
timate the SN emission at any given time of interest. In case
of incomplete UV-to-NIR photometric coverage we assume
constant color from the previous closest epochs. Finally, we
integrate the resulting spectral energy distributions (SEDs)
from the UV to the NIR with the trapezoidal rule to obtain
the bolometric light-curve shown in Fig. 3.

We compare the bolometric light curve of SN 2016coi
with a sample of well-observed H-stripped core-collapse SNe
from Lyman et al. (2016) in Fig. 3. Lyman et al. (2016) used
the parameter A5 as an estimator of the broadness of the
light curve, defined as the the difference in magnitude be-
tween the luminosity at peak at the luminosity 15 d after that.
The smaller the A;s, the “slower” the event, i.e., the broader
the light curve. The SN with the broadest light curve in the
sample of Lyman et al. (2016) is the type-Ic SN2011bm,
which has A5 =0.2 mag. Other slow events are the type-
Ic SNe 2004aw, 2005az (with A15=0.41 and A;5=0.42 mag,
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Figure 2. UV, optical and NIR emission from SN 2016coi in the first ~400 days of its evolution. We show extinction corrected absolute

magnitudes. Upper limits are marked by empty symbols.
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Figure 3. Comparison of the wuvoir bolometric light curve
of SN2016coi with the sample of SESNe from Lyman et al.
(2016). The light curves have been normalized to maximum light.
SN 2016coi is among the objects with the broadest light curve, sug-
gesting a larger than average diffusion time. The broad light curves
of SNe 2004aw (which lies exactly below SN 2016coi; Tauben-
berger et al. 2006), 2005az (Drout et al. 2011) and 201 1bm (Valenti
et al. 2012) are also marked.

respectively) and the type-Ib SNe 1999dn and 2004dk (with
A15=0.32 and A 5=0.41 mag, respectively). Figure 3 shows
that with A;5=0.41 mag, SN 2016coi is among the SNe with
the broadest light-curves. Kumar et al. (2018) did a similar
analysis looking at the A;s in the single bands and reached
the same conclusion.

The broad light curve indicates a large photon diffusion
time scale, and hence a large ejecta mass (M,;) to Kinetic en-
ergy (Ey) ratio. Assuming standard energetics, this translates
to a considerably large ejecta mass, in agreement with previ-
ous findings by Prentice et al. (2018) and Kumar et al. (2018).
Interestingly, SN2016coi shows a very slow post-peak de-
cline with a standard time to peak t,;, < 20 days (Fig. 3).
This phenomenology might result from mixing of *°Ni in the
outer stellar ejecta, as opposed of having all the 3Ni located
at the centre of the explosion. We quantify these statements
below.

‘We model the bolometric light-curve of SN 2016coi adopt-
ing the formalism by Arnett (1982) modified following
Valenti et al. (2008) and Wheeler et al. (2015). We adopt
a mean opacity K, = 0.07cm*g™" and break the model de-
generacy using a photospheric velocity v, ~ 16000km 57!



around maximum light, as inferred from Fe II spectral lines
(§3). We find that during the photospheric phase at t < 30
days the light-curve is well described by a model with kinetic
energy Ej phor ~ 7 % 10°! erg, *°Ni mass My; phor = 0.13 Mg,
and ejecta mass M, pnos ~ 4 Mg, consistent with the findings
of Kumar et al. (2018). However, this model significantly
underestimates the bolometric emission during the nebular
phase. This is a common outcome of the modeling of ener-
getic type-Ic SN light-curves, which motivated Maeda et al.
(2003) and Valenti et al. (2008) to consider a two-component
model. In two-component models the “outer component”
dominates the early-time emission during the photospheric
phase, while the late-time nebular emission receives a signif-
icant contribution from a denser inner core (“inner compo-
nent”). Applying this modeling we find a total ejecta mass
M,j~(@4=T)Mg, E ~ (7-8) x 10! erg and My; ~ 0.15M,
with a larger fraction of Ni per unit mass in the outer compo-
nent. This model also allows us to constrain the time of first
light to MJD 57531.9+ 1.5 days (May 23.9, 2016 UT).

As a comparison, the spectral modeling by Prentice et al.
(2018) indicates M,; =2.4—4Mg, Ex = (4.5-7) x 10°" erg.
Scaling the emission of SN 2016coi to the GRB-associated
SN 2006aj and SN 2008D, Yamanaka et al. (2017) find M, ; ~
10Mg, Ex = (3-5) x 102 erg (Table 1). The rough agree-
ment among the results is not surprising given the very dif-
ferent methods used (with different assumptions) and the fact
that the modeling of Prentice et al. (2018) is limited to opti-
cal spectra, and Yamanaka et al. (2017) only consider the
optical/NIR emission of SN 2016coi during the early photo-
spheric phase.

3. OPTICAL SPECTROSCOPY
3.1. Data Analysis

We obtained optical spectroscopy of SN 2016coi from a
few days until # > 400 days post explosion with a variety of
instruments on different telescopes (Table A7). The spec-
troscopic log can be found in Table A8. We extracted our
time series of optical spectra with IRAF following standard
procedures. Comparison lamps and standard stars acquired
during the same night and with the same instrumental setting
have been used for the wavelength and flux calibrations, re-
spectively. When possible, we further removed telluric bands
using standard stars.

Our spectroscopic campaign comprises 65 spectra (Fig. 4).
The overall evolution of SN 2016coi is similar to that of type-
Ic SNe. At early times ¢ < 60 d the blue part of the spectrum
at A <5500 A is dominated by blends of several Fe 11 mul-
tiplets. We identify the main spectral feature at ~ 6000 A
as Sill A\6355. Before maximum light, we associate the ab-
sorption feature around ~ 5500 A to He1 \5876, with pos-
sible contamination by Nal D. Nal dominates after maxi-
mum light. At XA > 7000 A the spectra of SN 2016coi show
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emission associated with O 1 A\N7771,7774,7775 and the Ca 11
NIR triplet. Nebular features start to appear ~ 90 d after
explosion, when the forbidden [O1] AA6300,6364 and the
[Ca11] AA7291,7323 doublets begin to emerge.

In Fig. 5 we show a zoomed-in plot of the nebular spec-
trum acquired with MMT+BlueChannel at ~ 400 d af-
ter explosion. We plot the region of the forbidden [O1]
AN6300,6364, [Calr] AA7291,7323 doublets, and semi-
forbidden Mg 1] A\4571 emission line. We use gaussian pro-
files to model each emission line. For the doublets, we kept
the separation between the two components fixed, while al-
lowing for rigid shifts of the overall profile (this scheme
will also be followed in §7.1). This simple approach allows
us to adequately reproduce the emission line profiles (Fig.
5). We find that the ratio between the oxygen lines fluxes
is ~ 2.6, in reasonable agreement with the theoretical ex-
pectation of ~ 3. However, the doublet is blue-shifted by
~ 10 A (~ 400 kms™). We find similar blue-shifts for the
Ca and Mg lines. Blue-shifted oxygen line profiles of this
kind are not uncommon in type Ibc SN nebular spectra, and
several causes have been invoked to explain this observed
phenomenology, including dust obscuration, internal scatter-
ing, contamination from other lines or residual opacity in the
core of the ejecta (Modjaz et al. 2008; Taubenberger et al.
2009; Milisavljevic et al. 2010). We do not observe asym-
metric structures in the spectral lines, nor do we detect any
sharp decrease in the light curve of SN2016coi, therefore
we can confidently exclude the presence of dust (Elmhamdi
et al. 2003, 2004). As the [O1] forbidden doublet is fairly
isolated, we disfavour contamination from other lines as
the origin for the blue-shift. The fact that lines of differ-
ent species show this behaviour might suggest a geometrical
effect. An asymmetric explosion with a bulk of material
moving towards the observer could indeed cause the blue-
shift. Qualitative inferences on the geometry and distribution
of the oxygen-rich ejecta in SN 2016coi can be drawn from
the line profile of the forbidden [O 1] A\6300,6364 (Modjaz
et al. 2008; Taubenberger et al. 2009; Milisavljevic et al.
2010). Double-peaked oxygen lines are usually interpreted
to be formed in asymmetric explosions viewed at a high an-
gle between the observer point of view and the jet direction
(Maeda et al. 2008; Taubenberger et al. 2009). As shown in
Fig. 5, the oxygen doublet in SN 2016coi presents a single,
symmetric profile, reproducible with simple Gaussian func-
tions. This result is consistent with spherically symmetric
ejecta. As Maeda et al. (2008) have shown that an asym-
metric profile would not develop for asymmetric explosions
viewed from angles below ~ 50°, an asymmetric explosion
cannot be ruled out. However, the asymmetric explosion sce-
nario might actually be supported by the red excess visible
in both the oxygen and magnesium line. Indeed, magnesium
and oxygen are expected to have similar spatial distribution
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58d NOT

69d NOT
77d 1.82m

81d TNG
91d 1.82m

92d LT,

94d 1.82m
103d 1.82m

116d 107d DuPont

123d 1.82m
123d NOT

log F) + const.

141d LT
143d L

130d NOT

62d LBT

162d LT

179d L
176d MDM

196d 1.82m

201d LT 197d 1.82m

390d MDM
400d MMT
422d Magellan

4000 5000 6000 7000 8000 9000 10000 11000

Rest Wavelength [A]
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Figure 5. A zoomed-in plot of the spectral region of the [O1]
AA6300,6364, [Ca1r] AA7291,7323 and Mg1] A4571 lines of the
MMT+BlueChannel nebular spectrum acquired on 2017, June 28
(~ 400 d after explosion). Gaussian profiles have been used to re-
construct the doublet components of the emission features. The ob-
served lack of asymmetry of the [O I] emission feature might result
from spherically symmetric ejecta, or possibly from an axisymmet-
ric explosion, viewed at an angle below 50°.

within the SN ejecta (e.g., Maeda et al. 2006; Taubenberger
et al. 2009). Such an excess, visible in both features, is un-
likely to be caused by line contamination, and is rather the
result of ejecta asymmetries common to both line emission
regions.

We conclude with a consideration on intrinsic reddening.
In our highest resolution spectra acquired on November 2,
2016 UT (~ 162 days after first light) with LBT+MODS, we
find a weak narrow NaTl D absorption at the redshift of the
host galaxy, from which we infer E(B—V )pest ~ 0.017 mag
(Turatto et al. 2003; Poznanski et al. 2012). However, given
the large uncertainties of this method (Phillips et al. 2013),
and the lack of evidence for significant E(B—V ), in the
following we assume E(B—V )post =0 mag.7 This assump-
tion has no impact on our conclusions. Following Schlafly &
Finkbeiner (2011), the Milky Way color excess in the direc-
tion of SN 2016c¢oi is E(B—V)yw=0.075 mag, which we use
to correct our spectro-photometric data for extinction.

3.2. SN Classification and presence of Helium in the ejecta

SN2016coi initially showed spectral similarities to type
Ic-BL SNe (and in particular to SN 2006aj, associated with
GRB 060218) but later evolved to resemble a normal type Ic
SN (Fig. 4). Indeed, both Kumar et al. (2018) and Prentice

7 This is in agreement with the assumption by Yamanaka et al. (2017) and
Kumar et al. (2018). On the other hand, Prentice et al. (2018) assumed a host
extinction of E(B—V )pes=0.125 mag.

et al. (2018) identified SN 2016coi as being an intermediate
object between the two classes, while Yamanaka et al. (2017)
classified SN 2016coi as a BL-Ib SN, because of the presence
of helium in the spectra and expansion velocities larger than
in normal type Ib SNe. We quantitatively explore the ques-
tions of how the ejecta velocity of SN 2016coi compares to
other H-stripped SNe, and the presence of He in its ejecta
below.

We compare SN 2016coi to the spectral templates of nor-
mal type Ic SNe and BL-Ic SNe from Modjaz et al. (2016)
in Fig. 6 after applying the same renormalization procedure.
The result is presented for three different epochs: 10 days
before maximum light, around maximum light, and 20 days
after maximum light. Fig. 6 demonstrates that the typically
prominent Ca 11 H+K absorption feature of type Ic SNe spec-
tra is almost absent in SN 2016coi (Fig. 6, top and middle
panels), in closer similarity to type Ic-BL SN spectra. No-
tably, SN 2016coi shows a prominent absorption feature at
~ 6000 A that we identify as SiII with v ~ 19000 km s,
which is typically not present with this strength in normal
type Ic SNe (e.g., Parrent et al. 2016).

From our comparison, SN 2016coi more closely resembles
normal type Ic SNe, especially before maximum light. Com-
pared to type Ic-BL SNe, SN 2016coi shows more prominent
peaks and troughs (upper panels in Fig. 6), as a result of its
lower ejecta velocities before maximum light, which cause
less severe blending of the spectral features. Compared to
normal type Ic SNe, however, SN 2016coi shows systemat-
ically blue-shifted spectral features. Modjaz et al. (2016)
showed that in type Ic SNe (both normal and broad-line)
the “broadness” of the spectral features correlates with the
blue-shift of their minima, as is expected from an expand-
ing atmosphere (e.g., Dessart et al. 2011). However, with
very blue-shifted absorption minima similar to type Ic-BL,
but less prominent broadening, SN 2016coi seems to deviate
from this trend.

Modjaz et al. (2016) used the Fe 11 A5169 to show this cor-
relation between the blue-shift of the minima and the broad-
ening of the absorption feature. We use the same fitting tech-
nique as in Modjaz et al. (2016) to measure the broadening
of this same line for SN 2016coi at maximum light, obtain-
iNg Vproaa ~ 2380 km s, Comparing this value with their
Fig. 7, it is possible to see how this is quite low for a BL-Ic,
while the velocity inferred from the position of the minimum
of the line profile is v,,;, ~ 18050 km s7!, well within the
range of the other BL-Ic of their sample. Another event that
had very blue-shifted minima but relatively low broadening
was PTF 12gzk (Ben-Ami et al. 2012). These observations
were interpreted as resulting from either the departure from
spherical symmetry, or from a steep gradient of the density
profile of the progenitor envelope. Interestingly, Ben-Ami
et al. (2012) inferred a massive ejecta of 25-35M(, and a
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Figure 6. Comparison between the spectra of SN 2016coi with the spectral templates from Modjaz et al. (2016) at —10 d from peak, maximum
light and +20 d after peak (top, middle and bottom panels, respectively). We compare SN 2016coi to normal type Ic-SNe (left panels) and
with Ic-SNe with broad lines (i.e., type BL-Ic; right panels). The orange shaded region represents a 1o standard deviation from the mean.
SN 2016coi shares similarities with both classes, and it can be considerate as an intermediate case that bridges the gap between type Ic and

BL-Ic SNe.

large kinetic energy of 5—10 x 10°! erg for PTF 12gzk, which
is comparable to SN 2016coi. SN 2016coi thus shows spec-
tral properties that are intermediate between type Ic-BL SNe
(with which SN 2016coi also shares the large kinetic energy
E; > 107! erg but lower velocities before peak) and normal
type Ic SNe. These results agree with the findings by Kumar
et al. (2018) and Prentice et al. (2018).

We next address the presence of He in the ejecta of
SN2016coi (in Fig. 6 we marked the position of the Hel
A4472, A\5876 A6678 and A\7065 lines). We investigate the
velocity evolution of the most prominent spectral features
among those associated with He 1 at 5876 A in Fig. 7, and
use the velocity evolution inferred from Sift A\6355 as a
comparison. From Fig. 7 we find that He and Si show a very
similar temporal evolution, with expansion velocities evolv-
ing from v ~ 20000kms™" at ~2 weeks before maximum

light, to v ~ 15000kms~" around peak. The identification of
He might inspire a connection with type Ib SNe. However,
we note that in SN 2016coi the He features slowly subside
(by the time of maximum light He absorption is no longer
prominent, Fig. 7), while in type Ib SNe He features develop
with time (e.g., Filippenko 1997; Gal-Yam 2017). The pres-
ence of He in SN 2016coi has been recognized as a peculiar
characteristic of SN 2016coi by Yamanaka et al. (2017), Ku-
mar et al. (2018) and Prentice et al. (2018). Yamanaka et al.
(2017) concluded the presence of He in SN 2016coi based on
the comparison with a smoothed out and blueshifted version
of the type Ib SN 2012au (Takaki et al. 2013), finding a cor-
respondence with the position of the main helium features.
They also cross-checked this result with synthetic spectra
generated with the code SYN++ (Thomas et al. 2011). Ku-
mar et al. (2018) adopted a similar strategy to the one pre-
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Figure 7. Right panel: Evolution of the Sill A6355 line before
maximum light in the velocity space. The position of the minimum
of the absorption feature is marked with a vertical blue short-dashed
line. Left panel: Evolution of the 5500 Afeature, assumed to be the
He1 A5876 line. The position of the minimum of the absorption
feature is marked with a red long-dashed line. The velocity of the
absorption minimum of SilIl A6355 is also shown for comparison
with a blue short dashed line. The match between the evolution of
the two lines suggest a correct interpretation of the 5500 Afeature as
the He T A\5876 line. By the time of maximum light, He absorption
is no longer apparent in the spectra of SN 2016coi, and the presence
of He becomes hard to quantify due the possible emergence of the
NaT AA5890,5896 doublet.

sented in this work, performing a detailed velocity analysis
of the single features. With their 1D Monte Carlo spec-
tra synthesis code, Prentice et al. (2018) investigated what
other elements could be responsible for the absorption at
~ 5500 A. They showed that He is indeed the favored inter-
pretation, and that in the absence of He, unphysical amounts
of AlII and NaT would be necessary to reproduce the ob-
served spectra.

Similar velocities between Si-rich and He-rich ejecta indi-
cates a clear departure from the expectations of a homolo-
gous explosion of a stratified progenitor star where the outer
He-rich layers are expected to expand significantly faster
than the inner Si-rich layers of ejecta. This finding suggests
a higher level of mixing of the ejecta, which might be con-
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Figure 8. Radio SED of SN2016coi at 10.5, 20.5, 45.5, 106.3
and 269.8 days after first light (see Table A9). The radio emission
from SN 2016coi is well described by a synchrotron self-absorbed
spectrum (SSA) with spectral peak frequency v o< 097002 gpd
peak flux Fj o 031002 e find F, o >0 for the optically
thick part of the spectrum, consistent with F, o< ° 2 as expected for
SSA. The optically thin part of the spectrum F,, oc v~""D/? scales as
F, o 091005 from which we infer p ~ 3, as typically found in
radio SNe (e.g., Chevalier & Fransson 2006).

nected with the capability to excite He (and hence the detec-
tion of He in our spectra).

4. RADIO
4.1. VLA Data Analysis

We present in Fig. 8 multi-band observations of SN 2016coi
taken up to 278 days post explosion with the Karl G. Jansky
Very Large Array (VLA, projects 16A-447 and 17A-167).
The details of these data are given in Table A9. We used
standard phase referencing mode and the standard flux den-
sity calibrators 3C48 and 3C286 were used to set the absolute
flux density scale. The data were calibrated using the VLA
pipeline in CASA version 5.4.1, and imaged in CASA (Mc-
Mullin et al. 2007) following standard routines. We used
Briggs weighting with a robust parameter of one to image.
In the epochs where SN 2016coi was sufficiently bright, we
performed phase-only self-calibration on the target. We sub-
sequently fitted the sources in the image plane using the
Python Blob Detector and Source Finder (PYBDSF, Mohan
& Rafferty 2015). The uncertainties listed in Table A9 take
into consideration the errors on the fit and a 5% uncertainty
on the absolute flux density scale. The flux density evolu-
tion of SN2016coi at ~8.5 GHz is presented in Fig. 9 (left
panel), together with a comparison with other SESNe and
GRBs at the same frequency.

4.2. Inferences on the Progenitor Properties and Mass-loss
History from Radio Observations



Radio emission in type Ibc SNe is well explained as syn-
chrotron emission from relativistic electrons with a power-
law distribution of Lorentz factors v (N.(vy) o v7P) that
gyrate in shock amplified magnetic fields (e.g., Chevalier
& Fransson 2006). SN?2016coi shows the characteristic
“bell-shaped” spectrum of radio sources dominated by syn-
chrotron self-absorption (SSA), with spectral peak flux Fy; o
70312002 4nd peak frequency vy ox 097002 By fitting a
broken power-law to the radio data of SN2016coi we find
that the optically thin part of the spectrum F, oc v~#~1/2
scales as F, oc v 094005 which implies p ~ 3, as typi-
cally found in radio SNe (e.g., Chevalier & Fransson 2006).
For the optically thick part of the spectrum our fits indicate
F, oc 2**01 consistent with the SSA expectation F,, oc 1/°/2.
We find no evidence for free-free external absorption (e.g.,
Weiler et al. 2002), which would cause the optically thick
spectrum to be steeper than F,, o< /2.

Using the SSA formalism by Chevalier (1998), the best
fitting Fp(t) and v,.(t) above translate into a constrain on
the outer shock radius evolution Ry,(), magnetic field B(R)
and circumstellar density profile pcys(R). We find evidence
for a slightly decelerating blastwave with Ry,(r) o< t0-82£002
and B(R) oc R™!14+0:03 propagating into a medium with den-
sity profile pcsy(R) o< R71:84£0.04 " The inferred B(R) profile
is steeper than the B(R) o< R™! scaling typically observed in
H-stripped SNe (e.g., Horesh et al. 2013) and causes the ob-
served decay of F,.(t) with time. Normal non-decelerating
type Ibc SNe typically show a constant Fp(t) (Chevalier
1998). The inferred pesy(R) oc R7184H004 i slightly flat-
ter than a pure wind density profile py,g o R2, which im-
plies an increasing effective mass-loss with radius M, s o
R2pesy o< RO1OH0% - We find M, ;#(Ry) ~ 2 x M,sr(R)),
where R; ~ 4 x 10'°cm is the blast wave radius at 10.5 days
and R, ~ 10" cm is the blast wave radius at the end of the
radio monitoring presented here, at 6t ~ 280 days. For an as-
sumed wind velocity v,, = 1000kms~" (appropriate for com-
pact massive stars like WRs; Crowther 2007), these results
imply that the stellar progenitor of SN 2016coi experienced
a phase of enhanced mass-loss > 30 yrs before collapse. We
estimate that ~ 30 yrs before death, the stellar progenitor of
SN 2016coi was loosing twice the amount of material per unit
time compared to ~10 yrs before stellar demise.

According to the self-similar solutions by Chevalier (1982)
the interaction of a steep SN outer ejecta profile pgy o< R™"
with a shallower medium with pcsy o< R™ produces an in-
teraction region that expands as Ry, o t™ with m = (n—
3)/(n—s). For SN 2016coi, the inferred Ry, (¢) o< *-82+0-02 and
s =—1.8410.04 thus imply n =8.2£0.7. This result is con-
sistent with the theoretical calculations of the post-explosion
outer-ejecta density profiles of compact stars (e.g., WRs),
for which Matzner & McKee (1999) find n ~ 10. Extended
red supergiants can have steeper outer density gradients (e.g.
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2 20; Fransson et al. 1996). We conclude that radio obser-
vations of SN 2016coi favor a compact progenitor star at the
time of collapse.

All the considerations above do not depend on the assumed
shock microphysical parameters ep and ¢, (i.e., the fraction
of post-shock energy in magnetic fields and electrons, respec-
tively). Below we provide the best-fitting values of the shock
radius Ry, internal energy U, magnetic field B and effective
mass loss M, rr at a given reference epoch under the assump-
tion of equipartition of energy between electrons, protons and
B (i.e., eg = €, =0.33). Following Chevalier (1998), we find:

B(10.5d) = (4.0 io.z)(oz)% (%>+4/19 G, (1)

s/ € \“V/19/ eg \*1/19

Ryy(10.5d)=(3.1+0.1) x 10 (0.33> (@) cm.
The outer shock radius of Eq. 2 does not strongly depend on
the assumed microphysical parameter values. From Eq. 2,
we can thus derive a solid estimate of the average SN shock
velocity at t = 10.5 days vy, ~ 0.15¢. This value is similar to
normal type Ibc SNe (e.g., Chevalier & Fransson 2006) and
different from GRB-SNe and relativistic SNe, which show
evidence for ultra-relativistic and mildly relativistic outflows
(Soderberg et al. 2010b; Margutti et al. 2014; Chakraborti
et al. 2015). The effective mass-loss is:

. -8/19 -11/19
Megs(105)=(3.6403)x 107 () 7 ()7 Moy,

033 033
(3)
and the shock internal energy is:
-11/19 €B —8/19
U10.5d)=(1.140.1 1047(i) (—) .
(10-5d)=( )X 033 033 ere

Under the assumption of equipartition, the internal energy
value U(10.5d) = (1.1 £0.1) x 10¥ erg sets a lower limit on
the true internal energy of the system at # = 10.5 d, and on
the kinetic energy of the radio emitting material. U increases
with time, as the shock decelerates and more kinetic energy
of the shock wave is converted into internal energy. Att ~
280 d we measure vy, ~ 0.06+:0.01 ¢ and U(280d) = (7.6 =
0.9) x 10% erg (in equipartition), which places SN 2016coi
among energetic shocks from normal H-stripped SNe (Fig. 2
in Margutti et al. 2014).

Realistic values of ¢, and ez in SN shocks are likely <
0.33, implying that both the equipartition M, rr and U are
lower limits on the true values of the system. For com-
parison, for more realistic values of ¢, = 0.1 and e = 0.01
(typical values for relativistic shocks; Sironi & Spitkovsky
2011), we infer M,;7(10.5d) = (4.5+£0.4) x 10*Mgyr™ and
U(280d) = (6.7 +0.8) x 10* erg. Recent kinetic simula-
tions of trans-relativistic shocks suggest values of ez ~ 0.01
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and €, > 1073 (Park et al. 2015; Crumley et al. 2019). An
€. ~ 3 x 107 would imply a very energetic explosion, with
U(280d) = (5.1 £0.6) x 10* erg, however it also yields an
unrealistic Meff(IO.S d)=(2.0£0.2) x 10> Mgyr!. Simi-
lar values of mass-loss are more typical of progenitor stars
of Type IIn SNe and are likely too high for SN 2016coi. In
general, the theory of particle acceleration at strong trans-
relativistic shocks not only does not explain large values of
€., but also does not produce the typical p ~ 3 often inferred
in radio SNe. The explanation of Chevalier & Fransson 2006
invokes shocks modified by the dynamical backreaction of
the accelerated particles, which was thought to lead to con-
cave spectra, steeper than E~2 below a few GeV, but such an
argument is at odds with observations of Galactic SN rem-
nants (Caprioli 2012).

A robust upper limit on the effective mass-loss can be in-
ferred from the lack of free-free external absorption in the
radio spectra. Indeed, the absence of a low-frequency cut-
off can be used to constrain the environment density inde-
pendently from the shock microphysics. From Weiler et al.
(2002), the free-free optical depth of unshocked ionized gas
in a wind density profile is:

_ =3/2 -
ogr v 2( T, o Vs \ T 3
e 10GHz (1041() 3\0.1e/) vk

&)
where M is in units of 107 Mgyr™" for v,, = 1000kms™, T,
is the temperature of the gas, normalized to a value T, 2 10*
K typical of photoionized gas, and time is units of 1 week.
Furthermore, we used kes = 0.38 cm? g_l for fully ionized
solar-composition ejecta and oy ~ O.O3n3vzf2Tg_3/ > em™! as
the free-free absorption coefficient. The lack of evidence for
free-free absorption at 10.5 days at v =5.9 GHz, and at 45.5
days at v = 3 GHz demands 77y < 1, which translates into

M < 10 Mgyr™! for v,, = 1000kms™".

5. X-RAYS
5.1. Swift-XRT and XMM-Newton Data Analysis

The X-Ray Telescope (XRT; Burrows et al. 2005), on
board the Neil Gehrels Swift Observatory, started observing
SN 2016¢coi on May 27, 2016 (¢ ~ 2 days post explosion)
until April 17, 2017 (¢ ~ 326 days), for a total exposure
time of 94.4 ks. Swift-XRT data have been analyzed us-
ing the latest HEAsoft release v6.22 and corresponding cal-
ibration files. Standard filtering and screening criteria have
been applied (see Margutti et al. 2013 for details). An X-
ray source is clearly detected at the location of SN 2016coi
until o¢ ~ 100 days post explosion. The X-ray source is lo-
cated ~ 30" from the host galaxy nucleus (which is not de-
tected by Swift-XRT and does not represent a source of con-
taminating X-ray emission; see Fig. 1, bottom panel) and
shows a fading behavior with time, from which we conclude

that the detected X-ray emission is physically associated
with SN 2016coi. The spectrum can be fit with an absorbed
power-law spectral model with best fitting photon index I' =
1.78 +0.18. We find no evidence for intrinsic absorption and
we place a 30 limit for the neutral hydrogen absorption col-
umn NH; < 0.4 x 102 cm™2. The Galactic NH; in the direc-
tion of SN 2016coi is NH,,, = 0.056 x 1022cm™? (Kalberla
et al. 2005). For this spectrum, the 0.3-10 keV count-to-flux
conversion factor is ~ 4.22 x 107'ergs~'em~2ct™! (unab-
sorbed). The Swift-XRT count-rate and flux-calibrated light-
curve is reported in Table A10 and shown in Fig. 9 (right
panel).

We started deep X-ray observations of the field of
SN 2016coi with XMM-Newton on June 6, 2016 (PI
Margutti). We obtained two epochs of observations at
0t ~ 11.5 days (exposure time of 29 ks, observation ID
0782420201) and 6r ~ 27.5 days (exposure of 28 ks, ob-
servation ID 0782420301). XMM data have been analyzed
with SAS (v15.0). The first observation was heavily af-
fected by proton flaring and the net exposure time of the
EPIC-pn camera after filtering out the intervals of high
background was reduced to 1.1 ks, whereas for the sec-
ond epoch we have 13.4 ks net exposure time. SN 2016coi
is clearly detected by all three cameras in both epochs. The
inferred EPIC-pn count-rate is (4.0 £0.7) x 102cts™! and
(1.740.2) x 102 cts™! (0.3-10 keV) for the first and second
epoch, respectively. A spectrum extracted from the first (sec-
ond) epoch can be fitted with an absorbed power-law model
with I'=1.940.3 (I' = 1.8 - 0.3). The corresponding flux is
~ 1.1 x 10 P ergs'em™ and ~ 0.6 x 10" ergs~'cm™ for
the first and the second epoch, respectively, consistent with
the results from our Swift-XRT monitoring (Table A10 and
Fig. 9).

We do not find evidence for significant spectral evolution.
From a joint fit of Swift-XRT and XMM data we find a best-
fitting ' = 1.80+£0.10 and NH; < 0.17 x 10*2cm™.

5.2. Inferences on the Mass-loss History of the Stellar
Progenitor from X-ray Observations

In normal H-poor SNe, the early time (6¢ < 30 days) X-
ray emission is expected to be dominated by Inverse Comp-
ton (IC) scattering of optical photospheric photons by rela-
tivistic electrons accelerated at the shock fronts (e.g., Bjorns-
son & Fransson 2004; Chevalier & Fransson 2006). The
non-thermal X-ray spectrum of SN 2016coi with I" ~ 2 and
lacking evidence for intrinsic absorption is consistent with
this expectation. Adopting the formalism by Margutti et al.
(2012), the IC emission depends on: (i) density profile of
the SN ejecta p,;; (ii) properties of the electron distribution
responsible for the up-scattering N,(7y); (iii) blastwave veloc-
ity, which, in turns, depends on the circumstellar medium
(CSM) density and explosion’s parameters (kinetic energy
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Figure 9. Radio ~8.5 GHz (left panel) and X-ray (right panel) emission from SN 2016coi (red stars) in the context of normal H-stripped SNe
(grey squares), relativistic SNe (blue squares) and GRBs (black filled circles). While being significantly fainter than GRB-SNe, SN 2016coi
competes in X-ray luminosity with relativistic SNe and it is significantly more luminous than the BL-Ic SN 2002ap. The radiation from
SN 2016coi is well explained by synchrotron emission at radio wavelengths at all times, while the X-rays are dominated by Inverse Compton
(IC) emission (dashed orange line). At late times the IC scattering model underestimates the observed X-ray flux of SN 2016coi, suggesting
additional contributions from other mechanisms. References: Immler et al. (2002); Pooley & Lewin (2004); Soria et al. (2004); Soderberg et al.
(2005); Perna et al. (2008); Soderberg et al. (2010b); Chakraborti et al. (2011); Chandra & Frail (2012); Horesh et al. (2013); Margutti et al.
(2013); Chakraborti et al. (2014); Corsi et al. (2014); Margutti et al. (2014).

E; and ejecta mass M.;); (iv) optical bolometric luminos-
ity of the SN (from §2.2), which is the ultimate source of
photons that are upscattered to X-ray energies Lx jc o< Ly,
We parametrize the CSM density as a wind medium pcsy =
M /4mv,,R> (where v,, is the progenitor wind and M is the
mass-loss rate) and we use p.; oc R™ with n ~ 10, as ap-
propriate for SNe with compact progenitors (e.g., Matzner &
McKee 1999; Chevalier & Li 2000), consistently with the re-
sults from the modeling of radio data in §4.2. We further as-
sume a power-law distribution of electrons N,(y) o< v 7 with
p ~ 3 and ¢, =0.1 for consistency with the modeling of other
SNe (e.g., Chevalier & Fransson 2006).

Considering the range of explosion parameters of §2.2 and
assuming a wind velocity of v,, = 1000kms~', for a shock
velocity of vy ~ 0.1 ¢ (§4.2) we infer a mass-loss rate of
M~ (1-2)x10™ Mgyr!. Our X-ray analysis thus provides
independent evidence that SN 2016coi exploded in a dense
environment when compared to type Ic-BL SNe (Fig. 10).
This suggests that the stellar progenitor of SN 2016coi ex-
perienced significant mass loss in the last years before core-
collapse. This result is independent of eg. A comparison to
Eq. 3 suggests that for e, =0.1 g <0.1.

The right panel of Fig. 9 clearly shows that IC (dashed
orange line) fails to reproduce the bright X-ray emission at
~ 100 days by a large factor. At these times, synchrotron
emission is expected to dominate (e.g., Chevalier & Frans-
son 2006). The extrapolation of the optically thin F,, oc 0%
radio spectrum to the X-ray band under-predicts the observed
X-ray emission by a large factor ~ 30. The discrepancy be-
tween the extrapolation of synchrotron spectrum that best
fits the radio and the observed X-ray data is even larger
when we consider that the synchrotron cooling frequency
v. = 18mm,cq/(t* B3 0%) is v, ~ 10! =102 Hz at ~ 100 days
using B from Eq. 1 and e =0.01-0.1 (where ¢ is the elec-
tron charge and m, is the electron mass). Above v, the flux
density steepens as F,, oc v7/2, leading to an even lower ex-
pected X-ray flux. The conclusion is that the late time ¢ > 100
days X-ray emission from SN 2016coi is too luminous to be
explained within the standard framework of synchrotron radi-
ation from a population of electrons accelerated into a simple
power-law distribution N, (y) o< y77.

The problem of having very luminous X-ray emission from
H-stripped core-collapse SNe at late times is not new and was
explored in detail by Chevalier & Fransson (2006). These
authors favor an interpretation where the particle spectrum is
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Figure 10. Fastest ejecta velocity in the explosion vs. environmen-
tal number density of SN 2016coi in the context of H-stripped core-
collapse SNe. Type IIb SNe (blue diamonds) explode in the densest
environments, while SN that accompany GRBs are associated with
the lowest density environments (orange squares). Normal type Ibc
SN are shown with black filled circles. SN with broad features in
their spectra (Ibc/BL in the plot, orange triangles) also tend to be
associated with low density media. An exception to this behavior is
SN 2016coi, which exploded in a dense environment (red star). For
SN 2016coi we show here the equipartition number density. The
true number density in the environment of SN 2016c¢oi is ~ 10 times
the equipartition value if ez = 0.01. Grey shaded regions: density in
the environments of WRs and the recently discovered new type of
WR stars WN3/03 (de Jager et al. 1988; Marshall et al. 2004; van
Loon et al. 2005; Crowther 2007; Massey et al. 2015). References:
van Dyk et al. (1994); Fransson & Bjornsson (1998); Berger et al.
(2002); Weiler et al. (2002); Ryder et al. (2004); Soderberg et al.
(2005); Chevalier & Fransson (2006); Soderberg et al. (2006b,a,
2008); Roming et al. (2009); Soderberg et al. (2010b,a); Krauss
et al. (2012); Milisavljevic et al. (2013); Margutti et al. (2014);
Kamble et al. (2014); Corsi et al. (2014); Chakraborti et al. (2015);
Drout et al. (2016); Kamble et al. (2016); Margutti et al. (2017).

modified and becomes flatter for v > 1000. The net effect
is an increase of the X-ray synchrotron emission, while the
effect on the radio synchrotron emission is minor (see their
Fig. 1). At the time of writing it is unclear what physical ef-
fect might produce this shape of the particle spectrum, as the
cosmic-ray dominated shocks invoked by Chevalier & Frans-
son (2006) have not been confirmed by recent particle-in-cell
(PIC) simulations (Park et al. 2015). We end by noting that
at the large mass-loss rates inferred for SN 2016coi in the
case of deviation from equipartition M, s ~ 5 x 10*Mg yr™!,

the X-rays are likely to receive a contribution from free-free
emission. From Chevalier & Fransson (2006), their Eq. 30,
for this mass-loss rate we estimate L, 7y ~ 5 x 10 ergs™ at
t ~ 100 days, which is a factor ~ 2 lower than the observed
X-ray emission at this epoch.

6. SEARCH FOR SHOCK BREAKOUT EMISSION AT
HIGH ENERGIES

For compact massive H-stripped stars that are progenitors
of (some) type Ibc SNe, the very first electromagnetic sig-
nal able to escape from the explosion site and reach the ob-
server (i.e., the breakout pulse) is expected to peak at X-ray
and ~-ray energies (e.g., SN 2008D; Soderberg et al. 2008).
We searched for a high-energy pulse associated with the
shock breakout of SN 2016coi using data collected by the In-
terPlanetary Network (IPN), which includes Mars Odyssey,
Konus-Wind, RHESSI, INTEGRAL (SPI-ACS; SPectrom-
eter on INTEGRAL-Anti-Coincidence System), Swift-BAT
(Burst Alert Telescope) and Fermi-GBM (Gamma-Ray Burst
Monitor). The IPN observes the entire sky with temporal
duty cycle ~ 100% when all the experiments are considered.
A total of 6 bursts were detected by the spacecraft of the IPN
between May 22.4, 2016 and May 25.6, 2016, which covers
the most likely explosion date window May 23.9 £ 1.5 days
that we inferred in §2.2. None has a localization region con-
sistent with the position of SN2016coi. We thus conclude
that there is no evidence for a SN-associated shock break-
out pulse down to the IPN sensitivity threshold with fluence
F, ~6x 107 ergem™ (E, ~ 2 x 10*erg at the distance of
SN 2016coi).

6.1. Comparison to Breakout Models

Following Katz et al. (2012) (and references therein), the
expected shock breakout energy is Egp = 87R2vock™" (their
Eq. 40), where R, is the stellar radius, « is the opacity and
vo is the shock velocity at breakout. For SN2016coi we
assume £ ~ 0.4cm’g™! and adopt vy =~ 0.3¢c (i.e., a shock
velocity at breakout similar to the maximum ejecta veloc-
ity as inferred from the X-ray observations, see Katz et al.
2012, their Eq. 25). For compact progenitors like WR stars
with R, = 10''cm we find Epp ~ 10*erg, significantly be-
low the IPN sensitivity. Fermi-GBM and Swift-BAT are
more sensitive and reach fluence limits of ~ 4 x 108 ergcm™
and ~ 6 x 1077 ergem™2, respectively, corresponding to E., ~
2 x 10¥erg and E., ~ 2 x 10% erg. The Swift-BAT threshold
for detection is comparable to the expected Epp. Swift-BAT
observes ~ 1/6 of the sky with ~ 90% temporal duty cy-
cle. It is thus possible that Swift-BAT missed the breakout
pulse, or that the breakout pulse lies just below the Swift-
BAT threshold of detection. For comparison the breakout
pulse in SN 2008D showed L, ~ 10*ergs™" (0.3-10 keV) at
peak with a duration of ~ 5 minutes.



More extended progenitors with radii R, = 10'3 cm would
lead to inferred Epp ~ 10 erg. In this case however the spec-
trum of breakout pulse is expected to peak at lower frequen-
cies < 1 keV which are not probed by the hard X-ray/-ray
observations presented here. A similar reasoning and con-
clusion apply if the radiation breakout occurred in a thick
medium outside the star.

7. DISCUSSION

Our data analysis and modeling characterize SN 2016coi
as an energetic H-stripped SN with (i) He in the ejecta,
(i1) a broad bolometric light-curve, and (iii) luminous X-
ray and radio emission. These three observables distinguish
SN2016coi from the rest of the population of known H-
stripped SNe and directly map into properties of its progeni-
tor star: a massive, well-mixed star that experienced substan-
tial mass loss in the years preceding core-collapse. We dis-
cuss below the implications of these findings in the broader
context of stellar progenitors of H-stripped SNe.

7.1. Broad Bolometric Light-Curve and Nebular
Spectroscopy Indicate a Massive Progenitor

Among H-stripped SNe, SN 2016coi shows one of the
broadest bolometric light-curves (Fig. 3), from which we
infer M,; ~ 5—TMg (§2.2; Kumar et al. 2018; Prentice
et al. 2018). This value is larger than the typical ejecta mass
M,; ~2-3M, inferred for H-stripped SNe (e.g., Drout et al.
2011; Bianco et al. 2014; Lyman et al. 2016; Taddia et al.
2018).

Other type Ic SNe with broad light-curves are SNe 2004aw
(Taubenberger et al. 2006) and 2011bm (the broadest light
curve in Fig. 3; Valenti et al. 2012), for which the inferred
ejecta mass is 3.5—-8.0 and 7—17 M, respectively. Addi-
tionally, SN 2004aw also displayed relatively high ejecta ve-
locities (v ~ 12000 km/s~!) around maximum light, similar
to SN 2016coi. Interestingly, a tentative identification of He
in the ejecta of SN 2004aw has also been reported based on
NIR spectroscopy (Taubenberger et al. 2006).

Nebular spectroscopy of SN 2016coi provides additional
constraints on the mass of its stellar progenitor. The relative
abundances of different elements in a stellar envelope depend
on the core mass. In particular, in the models by Fransson
& Chevalier (1989) the ratio of the integrated fluxes of the
[Ca11] AN7291,7324 doublet and the [O 1] AA6300,6364 dou-
blet can be used as an indicator of the progenitor core mass,
with lower values signifying of more massive cores. This fact
mainly results from two factors: first, in the models by Frans-
son & Chevalier (1989) the relative abundance Ca/O is lower
for progenitors with a more massive core, producing a lower
[Ca1r]/[O1] flux ratio; second, in stars with a smaller core
mass and with a stratified envelope like the ones in Frans-
son & Chevalier (1989) models, the Ca is more mixed within
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the oxygen layers. Since Ca is a significantly more efficient
coolant, this translates into more prominent [Ca11]/[O1] ra-
tio. However, several other factors can play a role in de-
termining the observed [CalI]/[O1] flux ratio. Fransson &
Chevalier (1989), for example, showed that higher densities
of the ejecta (i.e., lower kinetic energies) would also lead to
lower [Ca11)/[O1] flux ratios. Additionally, a high degree of
mixing of the entire stellar envelope, where oxygen is more
centrally located, also leads to a lower [Ca 11)/[O 1] flux ratio
(as in this case cooling through oxygen would act as a com-
petitor to calcium in the inner envelope). These factors make
the observed [Cal1]/[O1] flux ratio a non-monotonic tracer
of the stellar core-mass.

With these caveats in mind, the [Calr]/[O1] flux ratio
has been used in the past as a diagnostic for the progenitor
star Mzawms in core-collapse SNe (e.g., Fransson & Cheva-
lier 1987, 1989; Elmhamdi 2011; Kuncarayakti et al. 2015).
We therefore compute this ratio as a function of time in
SN 2016coi and show the results in Fig. 11. To build a ho-
mogeneous comparison sample, we retrieved late-time spec-
tra of stripped-envelope SNe available from the literature®.
We select all the SNe with observations at # >100 days after
explosion, and with at least one spectrum covering both the
[OT1] and the [CaT11] region. We focus on those SNe with a
[Ca11]/[O1] ratio below 1.3. Our sample comprises 83 spec-
tra from 29 different SNe. We then fit the line doublets with
two Gaussian profiles (see Fig. 5). The position of the first
centroid is kept as a free parameter, but the separation be-
tween the two lines of each doublet is kept fixed at the ex-
pected value.

From Fig. 11 itis clear that at very late phases SN 2016coi
occupies the lower part of the plot, and at > 400 d has
the lowest [Ca11]/[O1] ratio, close to ~ 0.2. For reference,
Fransson & Chevalier (1989) found ratios of ~ 0.6 and ~ 5.6
for their 8 Mg and 4 M He-core progenitor models, re-
spectively. This analysis independently supports the idea that
SN 2016coi originated from a stellar progenitor with larger
mass than the average progenitor of H-stripped core-collapse
SNe. However, as described above, other factors can con-
tribute to the observed [Calr]/[OT1] ratio, like mixing and
ejecta densities. Indeed, the values measured by Fransson
& Chevalier (1989) would become ~ 0.3 and ~ 1.6 for the
same progenitor models as above, with lower explosion ki-
netic energies (~8 times higher densities).

Other SNe with low flux ratios (< 0.3) are the type Ib SN
1985F (Schlegel & Kirshner 1989; Elmhamdi et al. 2004),
and the two type Ic SNe 1997B (spectra retrieved from the
Asiago Supernova Archive) and 2004aw (Taubenberger et al.

8 The spectra were retrieved from WISeREP (https://wiserep.
weizmann.ac.il Yaron & Gal-Yam 2012) and the OSC (https://
sne. space; Guillochon et al. 2017).
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Figure 11. Comparison between the evolution of the [Cali]
AA7291,7324 to [O1] AN6300,6364 ratio for SN 2016coi and other
type Ic and BL-Ic SNe. SN2016coi is characterised by low
[Can]/[O1] ratio, suggesting a high Mzams progenitor, with a high
level of mixing at the time of explosion. Other events with a low
ratio are SNe 1985F, 1997B and 2004aw. Measurements were per-
formed depending on availability of late-time spectra retrievable
from the literature (Gaskell et al. 1986; Filippenko & Sargent 1986;
Filippenko et al. 1995; Barbon et al. 1999; Patat et al. 2001; Fo-
ley et al. 2003; Elmhamdi et al. 2004; Taubenberger et al. 2006;
Tanaka et al. 2009; Taubenberger et al. 2009; Milisavljevic et al.
2010; Valenti et al. 2011; Silverman et al. 2012; Valenti et al. 2012;
Benetti et al. 2011; Ben-Ami et al. 2014; Modjaz et al. 2014; Ergon
et al. 2015; Kuncarayakti et al. 2015; Milisavljevic et al. 2015a,b;
Smartt et al. 2015; Drout et al. 2016; Nicholl et al. 2016; Kangas
et al. 2017; Taddia et al. 2019).

2006). Interestingly, at least two of these SNe also have
broad light curves. The bolometric light-curve of SN 2004aw
is very similar to SN 2016coi (Fig. 3), while SN 1985F has an
even broader light curve, with a A;s in B-band of 0.52 mag
(Tsvetkov 1986) (A15=1.01 mag for SN 2016coi Kumar et al.
2018). Unfortunately, SN 1997B was discovered after peak.
Consistent with the caveats above, some SNe with broad light
curve have large [CaI1]/[O1] ratio (e.g., SN 2011bm, Lyman
et al. 2016).

Based on the estimated M,; ~ 4—7 Mg (§2.2), and as-
suming a fiducial mass for the remnant compact object be-
tween 1.5 Mg, (for a neutron star) and 3 Mg, (for a black
hole), we estimate a mass of the C+O stellar progenitor of
SN2016coi at the time of collapse of ~6-10 M. Similar
values have been inferred for the progenitor of SN 2004aw,
for which Mazzali et al. (2017) estimated a ZAMS mass of
~23-30 Mg,.” The actual value of the inferred ZAMS mass

9 The field of SN 2016coi was not serendipitously observed by HST be-
fore explosion, which prevents a constraining search for a progenitor star in
pre-explosion images. The Ha Galaxy Survey (James et al. 2004) observed
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Figure 12. Constraints on the recent mass-loss history of

SN2016coi (red shaded area) in the context of observed mass-
loss rates and wind velocities in massive stars. Here we conser-
vatively plot the equipartition M. The true SN 2016¢coi M is ~ 10
times larger if ez = 0.01. Galactic WR stars from Crowther 2007,
WN3/03 stars from Massey et al. 2015, red supergiants (RSGs)
winds from de Jager et al. 1988; Marshall et al. 2004; van Loon
et al. 2005. Typical locations of Luminous Blue Variable (LBV)
winds and eruptions are from Smith 2014 and Smith & Owocki
2006. Black, blue and dotted green lines mark the sample of type
Ic-BL, Ibc and IIb SNe from Drout et al. (2016). Inferred mass-loss
rates for type-IIn SNe are from Kiewe et al. (2012).

strongly dependends on the adopted mass loss prescriptions
(e.g., Smith 2014).

7.2. Luminous Radio and X-ray Emission from Large
Progenitor Mass-loss before Explosion

The recent mass-loss history of the progenitor star in the
centuries leading up to the explosion can be constrained with
radio and X-ray observations, which sample the emission
originating from the interaction between the fastest SN ejecta
and the CSM. The resulting luminosity mainly depends on
the shock velocity and on the environment density, with
faster shocks and denser environments powering the most lu-
minous radio and X-ray displays.

We compare the properties of SN 2016coi that we inferred
in §4.2 and 5.2 to a sample of H-stripped SNe in Fig. 10. SNe
with fast ejecta velocities like Ic-BL SNe (orange squares
and triangles in Fig. 10) tend to be associated with low-
density environments, while type IIb SNe are located within
the densest circumstellar media. From the radio we inferred
a shock velocity of vy, ~ 0.15¢ for SN 2016¢coi. This sub-

the field of SN 2016coi on June 6th, 2000. A compact source of Ha emis-
sion is clearly detected ~ 4.9 from the SN location, (yellow mark in Fig.
1). At the distance of SN 2016c¢oi, this angular separation corresponds to a
projected distance of 0.43 kpc. Prentice et al. (2018) estimated 0.375 kpc,
using however a shorter distance to the host galaxy (see Table 1).



relativistic shock can be caused either by a lower shock ve-
locity at breakout, or by a denser-than-average environment
surrounding the progenitor. In the latter case, the CSM was
sculpted by a prolonged enhanced mass-loss phase of the
stellar progenitor in the years before stellar death. The en-
vironment of SN 2016coi is among the densest in the sam-
ple of type Ibc SNe. Assuming equipartion of energy, from
the radio data we obtained a lower limit for the mass-loss of
SN 2016co0i of M ~ 3—4 x 107> Mgyr" (for v,, = 1000 km
s™!). X-ray analysis pushed this value even higher, with
M ~1-2x 10" Mgyr . Such a large mass-loss rate is con-
sistent with those associated with extreme line-driven winds
in WR stars (Crowther 2007), as we show in Fig. 10-12. This
result is also supported by the radio modelling, which showed
that the post-explosion density profile of the outer ejecta is
consistent with having originated from a compact object like
a WR star. The inferred M, if sustained for the entire ~ 10°yr
duration of the WR phase, implies a total mass-loss of several
M, possibly sufficient to strip the progenitor star of a large
fraction of its helium envelope even in the absence of interac-
tions with a binary companion '°. This scenario is consistent
with the indication of a massive stellar progenitor of §7.1.

7.3. He Spectral Features as a Signature of Asymmetries?

The presence of He in SN 2016coi is supported by the com-
parison with the velocity profile of Si 11 A6355 (§3.2), and by
the detailed spectral modeling of Prentice et al. (2018). HeT
lines are formed through non-thermal excitation and ioniza-
tion (Lucy 1991), for example by -rays produced by the ra-
dioactive decay of °Ni and 3Co. For this excitation chan-
nel to be effective, plumes of 56Ni-rich material must have
been able to reach the outer He-rich layers of the progenitor
star of SN 2016coi, consistent with the results from our two-
zone modeling of the bolometric emission from SN 2016coi
in §2.2, and consistent with the results from recent 3D sim-
ulations of stellar explosions (e.g., Wongwathanarat et al.
2015) and studies of SN remnants (Milisavljevic & Fesen
2015). Indeed, models of Dessart et al. (2012) showed that a
single plume of *°Ni-rich material injected into the outer lay-
ers (e.g., in the form of a jet) is capable of producing weak
He features. Alternatively, 3D simulations of neutrino-driven
explosions have shown mixing instabilities that are capable
of injecting ®Ni- and Si-rich plumes to the higher velocities
layers of the ejecta (e.g., Hammer et al. 2010). Indeed, we
observed a very similar velocity evolution for SiIl and HeT,
supporting this scenario. In their spectral modelling, Prentice
et al. (2018) also showed that at early phases heavy ions were
travelling at a very high speed; Fe 11 was the fastest species at

10 The measured mass-loss refers to the WR-phase of the progenitor,
therefore little could be said about the process responsible for the stripping
of its hydrogen envelope.
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26 000 km s~!. Also the Ca 11 showed similar high velocities,
possibly hinting to some high velocity material coming from
the progenitor core, as seen in GRB-SNe (e.g. Bufano et al.
2012; Toy et al. 2016; Ashall et al. 2019).

Among type Ic SNe with broad lines, SNe 2009bb and
2012ap have been reported to have signatures of He in their
spectra'! (Pignata et al. 2011; Milisavljevic et al. 2015b). In-
terestingly, SNe 2009bb and 2012ap are currently the only
two cases of SNe with mildly relativistic ejecta not associated
with a GRB (Soderberg et al. 2010b; Margutti et al. 2014;
Chakraborti et al. 2015). This phenomenology has been sug-
gested to be the result of a jet-driven stellar explosion where
the jet fails to break through the stellar envelope (Morsony
et al. 2007; Lazzati et al. 2012; Margutti et al. 2014). In
this picture, relativistic SNe and GRBs are intrinsically dif-
ferent types of explosions, as opposed to similar explosions
viewed from different perspectives. In relativistic SNe the
jet is possibly choked by the more extended stellar envelope,
but manages to “transport” some “°Ni-rich material outwards
and then excites some residual He that the stellar progenitor
failed to shed before stellar death (Maeda et al. 2002; Suzuki
& Maeda 2018; Izzo et al. 2019).

We speculate that a similar scenario applies to SN 2016coi,
for which the lack of evidence for mildly relativistic ejecta
can be explained as the result of a jet that died deep inside the
star, leaving no imprint on the dynamics of the fastest ejected
material, yet accelerating the inner layers to velocities larger
than in normal type Ic SNe (Fig. 6), and at the same time in-
jecting metal-rich material into the outer layer of the ejecta.
In this context, the difference between normal type Ibc SNe
and those with large ejecta velocities (including type Ic-BL
and SN 2016coi) would be ascribed to the absence/presence
of a jet at the time of core-collapse (Khokhlov et al. 1999;
Granot & Ramirez-Ruiz 2004; Wheeler & Akiyama 2010;
Lazzati et al. 2012; Nagakura et al. 2012; Margutti et al.
2014; Soker 2016).

8. SUMMARY AND CONCLUSIONS

We present the results of a multi-wavelength, y-rays to ra-
dio campaign on the peculiar SN 2016coi (Yamanaka et al.
2017; Kumar et al. 2018; Prentice et al. 2018) during its first
420 days of evolution. Our findings can be summarized as
follows:

e From extensive UV/optical/NIR photometry we de-
rive a broad bolometric light-curve (Fig. 3), which
is suggestive of a larger-than-average explosion ejecta
mass. From our two-zone modeling we infer M, ;o; ~
4—-T7Mg (consistent with previous findings by Kumar

11 There is also a disputed claim of He in SN 1998bw (Patat et al. 2001),
and in the more recent SN 2017iuk (Izzo et al. 2019).
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etal. 2018), with a larger fraction of *°Ni per unit mass
in the outer part of the ejecta. We also constrain a total
kinetic energy of Ej ~ (7—8) x 10°! erg.

e Our spectroscopic analysis supports the presence of He
in the SN ejecta, confirming the previous findings by
Yamanaka et al. (2017), Kumar et al. (2018) and Pren-
tice et al. (2018). We furthermore find a low [CalI]
AANT7291,7324 to [O1] AAN6300,6364 ratio, suggestive
of a large progenitor core mass at the time of collapse.

e SN 2016coi is a luminous source of radio and X-rays,
which result from the propagation of a sub-relativistic
blast wave with v ~ 0.15¢ into a dense environment
sculpted by sustained mass-loss from the progenitor
star before core-collapse. We infer a lower limit on
the mass-loss rate of M ~ (3—4) x 10°Mgyr~" (for
wind velocity v,, = 1000kms™' and assuming energy
equipartion), significantly larger than in type Ic-BL
SNe.

e Radio modelling also revealed a phase of higher mass-
loss rate lasting until ~ 30 years before explosion. Ad-
ditionally, we inferred a post-explosion density profile
of the outer ejecta compatible with the explosion of a
compact star (e.g., a WR, as opposed to extended pro-
genitors like red and yellow supergiant stars).

e We investigated the presence of a high-energy prompt
pulse of emission in the ~y-rays. From our analysis we
can rule out a SN-associated shock breakout pulse with
energy E, > 2 x 10%erg, consistent with the theoreti-
cal expectations of shock break out from WR stars or
from extended winds.

The emerging picture is that of a massive compact pro-
genitor star that was able to retain some He until collapse,
despite the heavy mass loss experienced in the years leading
up to stellar demise. The combination of (i) large ejecta mass
and (ii) large mass-loss in a H-stripped core-collapse SN with
(iii) weak He features in the spectra, set SN2016coi apart
from all SNe with similar data coverage and quality in the
literature. We speculate that the energetic SN 2016coi might
be the result of a failed jet that was choked by the extended
envelope mass of its progenitor star, in analogy with the rela-
tivistic type Ic-BL SNe 2009bb and 2012ap for which He has
been identified in the ejecta. It is possible that this picture of
a jet-driven explosion where the jet has been choked while
trying to pierce through the He-rich stellar envelope extends
to the entire class of type Ic-BL SNe that are not associated
with GRBs. Future observing campaigns of type Ic-BL SNe
with coordinated optical and NIR spectroscopy will reveal if
traces of He in type Ic-BL SNe are more common than cur-
rently thought.
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APPENDIX

Table A1. Telescopes and instruments used for the photometric follow-up of SN 2016coi. The acronyms reported in the first column are those
used in Tables A2—AS.

Code Telescope Instrument Pixel size FoV Filters
ASA  14cm Brutus® Fairchild CCD3041 7.8" 4.47° x 4.47° \%4
RK  25cm Meade SCT° Apogee AP-47 1.02"” 174" x 17.4 BVRI
JB 43cm PlaneWave CDK ¢ SBIG STL-6303 0.63" 34’ x22 BVri
GS  43cm PlaneWave CDK ¢ SBIG STXL-11002 0.63” 42" x 28’ BV
T50 T50°¢ ProLine PL16801 0.54" 36.9' x 36.9’ BVri
Gem Gem' SBIG 6303¢ 1.08” 27.6' x 18.4 BVgri
DEM 51cm PlaneWave CDK® Fairchild CCD3041  0.90” 30.7 x 30.7 BVri
WHO WHO Im telescope " Andor iKon-L DZ936-N 0.35” 12/ x 12’ BVri
LCOGT Las Cumbres Observatory (LCOGT) Sinistro 0.40" 26’ x26 BVgri
1.82  1.82m Copernico AFOSC 0.52” 8.7"x 8.7  UBVRIugriz
. REM-IR 0.58”  9.1"x9.1 JHK
REM Rapid Eye Mount (REM)
ROSS2 1.22"7 9.9 x99 griz
10:0 0.30” 10" x 10 BVgri
LT  Liverpool Telescope % S
10:1 0.18” 63" x 6.3 H
NOTC 0.24" 4 x4 JHK
NOT Nordic Optical Telescope (NOT) am
ALFOSC 0.19” 64 x6.4' UBVugriz
MMT Multiple Mirror Telescope (MMT) MMTCam 0.08" 27" x2.7 gri
. ) UV-WI,M2,W2
UVOT Ultraviolet Optical Telescope (UVOT)' MIC 0.50" 17" x 17
UBV

20perated by the ASAS-SN team (Shappee et al. 2014).

bOperated by R. A. Koff at Antelope Hills Observatory, Bennett, CO, USA.

¢Operated by Joseph Brimacombe at New Mexico Skies, New Mexico, USA.

dOperated by Geoffrey Stone at Sierra Remote Observatories, Auberry, CA, USA.

¢Operated by the Astronomical Observatory of the University of Valencia (OAUV) at Aras de los Olmos, Valencia, Spain.
fOperated by the University of Iowa at Iowa Robotic Observatory.

g0perated by DEMONEXT (Villanueva et al. 2018).

hOperated by the Weihai Observatory of Shandong University, China.

ion board the Neil Gehrels Swift Observatory.

iMicrochannel plate intensified CCD.



Table A2. ugriz photometry.

MID u g r i z Instrument
(mag) (mag) (mag) (mag) (mag)

57536.14 - - 15.20 (0.04) 15.46 (0.03) - NOT
57536.40 - 15.80 (0.05) 15.17 (0.05) 15.55 (0.10) - Gem
57537.15 - - 14.84 (0.15) 15.09 (0.11) - NOT
57537.41 - 15.43 (0.04) 14.87 (0.05) 15.25 (0.10) - Gem
57538.39 - 15.17 (0.04) 14.63 (0.05) 15.03 (0.10) - Gem
57539.39 - 14.93 (0.04) 14.43 (0.05) 14.83 (0.10) - Gem
57539.76 - - - 14.69 (0.16) - WHO
57540.17  15.68 (0.03) 14.76 (0.03) 14.25 (0.03) 14.61 (0.02) 14.56 (0.03) LT
57540.76 - - 14.14 (0.05) 14.59 (0.04) - WHO
57541.40 - 14.59 (0.04) 14.14 (0.05) 14.54 (0.10) - Gem
57541.75 - - 14.11 (0.06) 14.48 (0.06) - WHO
57542.21  15.61 (0.04) 14.47 (0.02) 14.04 (0.03) 14.39 (0.03) 14.24 (0.02) LT
57542.38 - - 13.99 (0.03) 14.39 (0.06) - DEM
57543.37 - 14.35 (0.05) 13.90 (0.06) 14.32 (0.10) - Gem
57543.41 - - 13.89 (0.03) 14.30 (0.06) - DEM
57544.37 - 14.29 (0.04) 13.86 (0.05) 14.22 (0.10) - Gem
57544.44 - - 13.80 (0.03) 14.23 (0.06) - DEM
57545.34 - - 13.74 (0.03) 14.17 (0.06) - DEM
57545.39 - 14.21 (0.05) 13.77 (0.07) 14.15 (0.10) - Gem
57546.22 - - - 14.20 (0.10) - NOT
57546.29 - 14.22 (0.09) 13.70 (0.06) 14.13 (0.13) - REM
57546.39 - 14.19 (0.04) 13.72 (0.06) 14.09 (0.10) - Gem
57546.43 - - 13.68 (0.06) 14.10 (0.06) - LCOGT
57546.44 - - 13.68 (0.03) 14.10 (0.06) - DEM
57547.33 - - 13.65 (0.03) 14.07 (0.06) - DEM
57547.37 - - 13.65 (0.07) 14.06 (0.10) - REM
57547.37 - 14.16 (0.04) 13.71 (0.05) 14.08 (0.10) - Gem
57548.38 - - 13.62 (0.08) 14.04 (0.11) - REM
57549.42 - 14.15 (0.06) 13.59 (0.06) 14.02 (0.11) - REM
57549.43 - - 13.60 (0.03) 13.96 (0.05) - LCOGT
57550.41 - - 13.62 (0.03) 13.97 (0.05) - LCOGT
57550.44 - - 13.59 (0.06) 13.95 (0.12) - REM
57551.19  15.92 (0.06) 14.19 (0.02) 13.54 (0.04) 13.97 (0.04) 13.69 (0.03) LT
57551.42 - - 13.56 (0.04) 13.93 (0.06) - DEM
57552.06  15.96 (0.06) 14.19 (0.03) 13.58 (0.02) 13.95 (0.03) 13.64 (0.03) LT
57552.35 - 14.22 (0.04) 13.62 (0.05) 13.95 (0.10) - Gem
57553.17  16.10 (0.06) 14.29 (0.05) 13.59 (0.06) 13.89 (0.06) 13.55 (0.04) LT
57553.19  16.10 (0.08) - - - - NOT
57553.35 - 14.26 (0.05) 13.62 (0.05) 13.95 (0.10) - Gem
57553.37 - - 13.57 (0.03) 13.92 (0.06) - DEM
57554.12 16.23 (0.04) 14.32 (0.04) 13.64 (0.07) 13.95 (0.06) 13.55 (0.04) LT
57554.42 - - 13.57 (0.03) - - DEM
57555.24 - 14.39 (0.25) 13.59 (0.10) 13.91 (0.11) - REM
57556.37 - 14.43 (0.04) 13.67 (0.05) 13.95 (0.10) - Gem
57557.03  16.39 (0.03) 14.44 (0.10) 13.70 (0.07)  —13.54 (0.07) 1.82
57557.13  16.59 (0.04) 14.45 (0.02) 13.58 (0.04) 13.91 (0.03) 13.59 (0.03) LT
57557.22 - - 13.62 (0.08) 13.91 (0.12) - REM
57557.43 - - 13.64 (0.04) 13.90 (0.05) - LCOGT
57558.10  16.70 (0.04) 14.55 (0.02) 13.65 (0.03) 13.98 (0.03) 13.69 (0.04) LT
57558.23 - - 13.68 (0.06) 13.93 (0.15) - REM
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Table A2. Continued: ugriz photometry.

MID u g r i z Instrument
(mag) (mag) (mag) (mag) (mag)

57558.40 - - 13.68 (0.06) 13.94 (0.11) - LCOGT
57559.07  16.89 (0.05) 14.60 (0.03) 13.65 (0.03) 13.95 (0.03) 13.59 (0.03) LT
57559.24 - - 13.70 (0.08) 13.90 (0.13) - REM
57559.44 - - 13.73 (0.03) 13.97 (0.05) - LCOGT
57560.30 - 14.76 (0.35) 13.74 (0.08) 13.94 (0.11) - REM
57560.40 - - - 14.00 (0.05) - LCOGT
57561.06  17.22 (0.06) 14.72 (0.03) 13.81 (0.06) 14.04 (0.06) 13.70 (0.03) LT
57561.30 - — 13.75 (0.08) 13.92 (0.14) - REM
57562.07  17.26 (0.07) 14.81 (0.10) 13.76 (0.10) 14.02 (0.09) 13.48 (0.08) 1.82
57562.11  17.27 (0.05) 14.90 (0.02) 13.72 (0.04) 14.05 (0.03) 13.61 (0.03) LT
57562.40 - - 13.81 (0.06) 14.00 (0.07) - LCOGT
57563.13  17.47 (0.05) 14.99 (0.03) 13.86 (0.05) 14.09 (0.04) 13.90 (0.07) LT
57563.43 - - - 14.05 (0.05) - LCOGT
57566.32 - — 14.00 (0.07) 14.12 (0.11) - REM
57566.41 - - 14.01 (0.03) 14.18 (0.05) - LCOGT
57567.33 - - 14.03 (0.06) 14.14 (0.13) - REM
57567.40 - - 14.07 (0.03) 14.22 (0.05) - LCOGT
57568.15  17.93 (0.05) 15.34 (0.02) 14.04 (0.03) 14.19 (0.03) 13.84 (0.02) LT
57568.35 - — 14.08 (0.09) 14.16 (0.11) - REM
57568.40 - - 14.12 (0.03) 14.24 (0.05) - LCOGT
57569.08  18.05 (0.08) 15.38 (0.01) 14.03 (0.03) 14.21 (0.03) 13.90 (0.03) LT
57569.36 - - 14.13 (0.07) 14.22 (0.12) - REM
57570.17  18.06 (0.05) 15.46 (0.03) 14.15 (0.04) 14.28 (0.03) 13.85 (0.03) LT
57572.98 - - 14.31 (0.04) 14.39 (0.06) - LCOGT
57573.02  18.14 (0.07) 15.67 (0.14) 14.33 (0.11) 14.37 (0.11) - NOT
57576.09 - - 14.47 (0.04) 14.49 (0.06) - LCOGT
57577.10  18.46 (0.05) 15.71 (0.04) 14.54 (0.05) 14.51 (0.03) 14.05 (0.03) LT
57577.13 - - 14.51 (0.04) 14.53 (0.06) - LCOGT
57578.13 - - 14.56 (0.04) 14.56 (0.06) - LCOGT
57579.11  18.44 (0.06) 15.79 (0.03) 14.52 (0.03) 14.63 (0.03) 14.14 (0.03) LT
57580.06 - - 14.64 (0.04) 14.61 (0.06) - LCOGT
57580.11  18.48 (0.05) 15.88 (0.03) 14.59 (0.04) 14.67 (0.03) 14.26 (0.04) LT
57581.10  18.48 (0.04) 15.99 (0.03) 14.58 (0.04) 14.63 (0.05) 14.13 (0.03) LT
57581.13 - - 14.66 (0.04) 14.65 (0.06) - LCOGT
57582.13 - - 14.73 (0.04) 14.70 (0.05) - LCOGT
57583.13 — — 14.75 (0.04) 14.72 (0.06) - LCOGT
57584.11 - 15.98 (0.03) 14.79 (0.04) 14.75 (0.07) - LCOGT
57585.29 - - 14.82 (0.04) 14.76 (0.06) - LCOGT
57586.13 - - 14.85 (0.05) 14.77 (0.08) - LCOGT
57586.13  18.61 (0.04) 16.15 (0.04) 14.80 (0.05) 14.79 (0.03) 14.31 (0.02) LT
57587.34 - — 14.89 (0.04) 14.83 (0.07) - LCOGT
57588.13  18.66 (0.04) 16.01 (0.02) 14.93 (0.03) 14.87 (0.02) 14.36 (0.03) LT
57590.10  18.93 (0.15) 16.14 (0.15) 14.95 (0.13) 14.84 (0.08) - NOT
57591.32 - - 14.99 (0.06) 14.92 (0.08) - LCOGT
57593.07 - - 15.01 (0.07) 14.97 (0.05) - T50
57593.11  18.78 (0.05) 16.16 (0.04) 14.97 (0.03) 14.98 (0.03) 14.42 (0.03) LT
57594.05 - - 15.11 (0.08) 15.04 (0.07) - T50
57594.70 - - 15.11 (0.04) 15.00 (0.06) - LCOGT
57596.01 18.86 (0.06) 16.22 (0.05) 15.05 (0.05) 15.07 (0.03) 14.52 (0.08) LT
57596.07 - - 15.17 (0.06) 15.06 (0.04) - T50




Table A2. Continued: ugriz photometry.

MID u g r i z Instrument
(mag) (mag) (mag) (mag) (mag)

57597.07 - - 15.16 (0.28) - - T50
57597.73 - - 15.18 (0.04) 15.07 (0.06) - LCOGT
57598.20  18.80 (0.04) 16.29 (0.03) 15.13 (0.04) 15.08 (0.04) 14.46 (0.03) LT
57598.72 - - 15.20 (0.04) 15.08 (0.06) - LCOGT
57599.70 - - 15.24 (0.04) 15.09 (0.06) - LCOGT
57601.14  18.92 (0.07) 16.40 (0.03) 15.25 (0.04) 15.14 (0.03) - NOT
57604.99 - - 15.37 (0.04) 15.24 (0.06) - LCOGT
57607.06 - — 15.38 (0.09) - - LCOGT
57609.00  19.20 (0.09) 16.41 (0.09) 15.44 (0.10) 15.29 (0.09) 14.73 (0.15) 1.82
57610.68 - - 15.50 (0.04) 15.29 (0.06) - LCOGT
57612.65 - - 15.52 (0.04) 15.37 (0.06) - LCOGT
57619.04  19.08 (0.14) 16.53 (0.09) 15.61 (0.11) 15.59 (0.08) - NOT
57621.27 - - 15.68 (0.04) 15.46 (0.06) - LCOGT
57623.06  19.41 (0.15) 16.52 (0.12) 15.76 (0.14) 15.61 (0.11) 14.93 (0.14) 1.82
57623.29 - - 15.69 (0.04) 15.52 (0.06) - LCOGT
57624.99 - - 15.72 (0.04) 15.58 (0.06) - LCOGT
57625.92  19.14 (0.10) 16.63 (0.08) 15.86 (0.07) 15.78 (0.04) 15.10 (0.06) 1.82
57627.00 - - 15.75 (0.04) 15.62 (0.06) - LCOGT
57628.98 - — 15.75 (0.05) 15.59 (0.07) - LCOGT
57636.22 - - 15.91 (0.04) 15.79 (0.06) - LCOGT
57638.63 - - 15.94 (0.04) 15.82 (0.06) - LCOGT
57640.24 - - 15.98 (0.04) 15.81 (0.06) - LCOGT
57644.01  19.53 (0.12) 16.91 (0.05) 16.04 (0.05) 15.93 (0.04) 15.32 (0.05) NOT
57644.17 - - 16.03 (0.05) 15.86 (0.08) - LCOGT
57650.92 - - 16.14 (0.05) 16.00 (0.07) - LCOGT
57652.18 - - 16.16 (0.04) 16.04 (0.06) - LCOGT
57654.83 - - 16.20 (0.04) 16.10 (0.06) - LCOGT
57654.90  19.55 (0.12) 16.92 (0.10) 16.22 (0.11) 16.16 (0.05) 15.35(0.12) 1.82
57655.11  19.71 (0.07) 17.01 (0.03) 16.20 (0.04) 16.04 (0.03) 15.43 (0.04) NOT
57662.15 - 17.19 (0.06) 16.38 (0.04) 16.18 (0.03) 15.58 (0.03) NOT
57663.90 - - 16.34 (0.05) 16.31 (0.07) - LCOGT
57665.84 - - 16.34 (0.04) 16.27 (0.06) - LCOGT
57667.86 - - 16.33 (0.04) 16.28 (0.07) - LCOGT
57670.08 - - 16.35 (0.04) 16.30 (0.06) - LCOGT
57672.85 - - 16.43 (0.09) 16.34 (0.10) - LCOGT
57680.10 - - 16.55 (0.04) 16.47 (0.06) - LCOGT
57687.84 - - 16.58 (0.04) 16.61 (0.06) - LCOGT
57694.82 - - 16.70 (0.04) 16.71 (0.06) - LCOGT
57699.81 - - 16.81 (0.04) 16.85 (0.06) - LCOGT
57704.77 - - 16.81 (0.05) 16.89 (0.07) - LCOGT
57707.79 - - 17.11 (0.05) 16.94 (0.06) - LCOGT
57719.17 - - 17.06 (0.13) 17.38 (0.29) - LCOGT
57727.71 - 18.08 (0.06) 17.30 (0.04) 17.20 (0.09) 17.06 (0.07) 1.82
57728.06 - - 17.18 (0.04) 17.26 (0.07) - LCOGT
57728.86  20.89 (0.36) 18.34 (0.14) 17.34 (0.10) 17.32 (0.07) 17.27 (0.15) 1.82
57736.06 - - 17.27 (0.07) 17.32 (0.10) - LCOGT
57906.38 - 21.38 (0.61) 19.57 (0.51) 19.98 (0.53) - MMT
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Table A3. UBVRI photometry.

MID U B \% R 1 Instrument
(mag) (mag) (mag) (mag) (mag)

57527.53 - - >17.43 - - ASA
57529.54 - - >17.29 - - ASA
57535.55 - - 15.74 (0.07) - - ASA
57535.77  15.86 (0.06) 16.51 (0.15) 15.86 (0.09) - - UvoT
57536.14 - 16.30 (0.03) 15.51 (0.03) - - NOT
57536.36 - 16.29 (0.04) 15.46 (0.03) 15.10 (0.04) 15.19 (0.07) RK
57536.40 - 16.27 (0.10) 15.45 (0.06) - - Gem
57537.14 - 15.88 (0.14) 15.14 (0.09) - - NOT
57537.35 - 15.95 (0.04) 15.11 (0.03) 14.78 (0.04) 14.95 (0.07) RK
57537.41 - 15.95 (0.09) 15.07 (0.06) - - Gem
57538.37 - - 14.80 (0.03) 14.51 (0.04) 14.69 (0.07) RK
57538.39 - 15.70 (0.09) 14.80 (0.05) - - Gem
57539.09  15.09 (0.05) 15.61 (0.10) 15.07 (0.06) - - UuvoT
57539.39 - 15.49 (0.09) 14.55 (0.05) - - Gem
57539.57 - - 14.56 (0.02) - - ASA
57539.76 - 15.42 (0.09) 14.50 (0.08) - - WHO
57540.76 - 15.27 (0.08) 14.28 (0.06) - - WHO
57541.21 14.84 (0.11) 15.16 (0.08) 14.08 (0.06) - - NOT
57541.36 - 15.18 (0.04) 14.21 (0.03) 14.01 (0.04) 14.24 (0.06) RK
57541.40 - 15.18 (0.09) 14.19 (0.05) - - Gem
57541.75 - 15.14 (0.09) 14.14 (0.07) - - WHO
57542.36 - 15.09 (0.04) 14.07 (0.03) 13.88 (0.04) 14.14 (0.07) RK
57542.38 - 15.05 (0.05) 14.06 (0.04) - - DEM
57542.61 14.69 (0.06) 15.01 (0.06) 14.09 (0.05) - - UVOT
57543.37 — 15.00 (0.09) 13.96 (0.06) - - Gem
57543.41 - 14.96 (0.04) 13.93 (0.04) - - DEM
57543.97  14.68 (0.06) 14.93 (0.06) 13.94 (0.05) - - UvoT
57544.37 - 14.91 (0.09) 13.85 (0.06) - - Gem
57544.44 - 14.90 (0.04) 13.83 (0.04) - - DEM
57544.57 - - 13.90 (0.02) - - ASA
57545.34 - 14.86 (0.05) 13.78 (0.04) - - DEM
57545.39 - 14.87 (0.09) 13.76 (0.06) - - Gem
57545.94  14.74 (0.05) 14.87 (0.06) 13.81 (0.04) - - UuvoT
57546.39 - 14.84 (0.09) 13.73 (0.07) - - Gem
57546.43 - 14.84 (0.05) 13.79 (0.05) - - LCOGT
57546.44 - 14.82 (0.04) 13.73 (0.04) - - DEM
57547.33 - 14.83 (0.04) 13.71 (0.04) - - DEM
57547.37 - 14.85 (0.09) 13.72 (0.06) - - Gem
57547.47  14.86 (0.06) 14.82 (0.06) 13.73 (0.04) - - UvoT
57549.31 14.98 (0.06) 14.85 (0.06) 13.71 (0.05) - - UvoT
57549.43 - 14.85 (0.06) 13.71 (0.03) - - LCOGT
57549.50 - - 13.76 (0.02) - - ASA
57550.41 - 14.89 (0.06) 13.74 (0.03) - - LCOGT
57550.58  15.04 (0.06) 14.85 (0.06) 13.62 (0.04) - - UuvoT
57551.42 - 14.89 (0.04) 13.68 (0.04) - - DEM
57552.18 - 14.88 (0.11) 13.61 (0.14) - - NOT
57552.35 - 14.96 (0.09) 13.72 (0.05) - - Gem
57552.40  15.14 (0.06) 14.94 (0.06) 13.69 (0.05) - - uUvoT
57553.19 - 14.98 (0.07) 13.73 (0.07) - - NOT
57553.35 - 15.01 (0.09) 13.75 (0.05) - - Gem




Table A3. Continued: UBVRI photometry.

MID U B \% R 1 Instrument
(mag) (mag) (mag) (mag) (mag)

57553.37 - 14.99 (0.04) 13.74 (0.04) - - DEM
57554.20  15.45 (0.06) 15.05 (0.06) 13.73 (0.05) - - uvoT
57554.30 - 15.09 (0.05) 13.77 (0.04) 13.47 (0.05) 13.68 (0.08) RK
57554.42 - 15.05 (0.04) 13.76 (0.04) - - DEM
57555.34 - 15.12 (0.04) 13.82 (0.03) 13.46 (0.05) 13.63 (0.07) RK
57555.56  15.55 (0.06) 15.07 (0.06) 13.78 (0.04) - - UuvoT
57556.37 - 15.18 (0.10) 13.87 (0.06) - - Gem
57557.03 - 15.06 (0.08) 13.89 (0.05) - - 1.82
57557.34 - 15.28 (0.10) 13.99 (0.15) 13.52 (0.12) 13.60 (0.16) JB
57557.43 - 15.29 (0.06) 13.89 (0.04) - - LCOGT
57557.75  15.88 (0.07) 15.32 (0.07) 13.90 (0.05) - - UvoT
57558.40 - 15.38 (0.08) 13.98 (0.09) - - LCOGT
57558.45 - - 13.97 (0.02) - - ASA
57559.44 - 15.51 (0.06) 14.03 (0.03) - - LCOGT
57560.57  16.24 (0.07) 15.62 (0.08) 14.08 (0.05) - - UvoT
57561.52 - - 14.16 (0.03) - - ASA
57562.06 - 15.77 (0.11) 14.28 (0.11) - - 1.82
57562.40 - 15.78 (0.09) 14.21 (0.05) - - LCOGT
57563.43 - 15.85 (0.06) 14.25 (0.04) - - LCOGT
57566.23  16.90 (0.09) 16.07 (0.10) 14.49 (0.05) - - UvoT
57566.33 - 16.05 (0.04) 14.46 (0.04) 13.83 (0.04) 13.89 (0.07) RK
57566.41 - 16.11 (0.06) 14.47 (0.03) - - LCOGT
57567.40 - 16.19 (0.06) 14.55 (0.03) - - LCOGT
57568.40 - 16.25 (0.07) 14.60 (0.03) - - LCOGT
57568.53 - — 14.64 (0.02) - - ASA
57569.38 - 16.29 (0.10) 14.55 (0.13) 13.97 (0.13) 13.81 (0.17) JB
57569.42 - 16.18 (0.04) 14.65 (0.02) - - GS
57570.43 - - 14.77 (0.03) - - ASA
57572.28 - 16.39 (0.05) 14.79 (0.03) 14.08 (0.04) 14.05 (0.07) RK
57572.98 - - 14.83 (0.04) - - LCOGT
5757298  17.45(0.16) 16.45 (0.12) 14.92 (0.07) - - UvoT
57573.02 - 16.46 (0.13) 14.81 (0.14) - - NOT
57573.35 - 16.55 (0.08) 14.80 (0.12) 14.16 (0.12) 14.03 (0.16) JB
57574.35 - 16.44 (0.05) 14.90 (0.03) - - GS
57574.52 - - 14.92 (0.03) - - ASA
57575.29 - 16.50 (0.06) 14.92 (0.13) 14.22 (0.22) 14.14 (0.16) RK
57575.44 - 16.67 (0.13) 14.91 (0.14) 14.25 (0.13) 14.09 (0.19) JB
57576.09 - 16.69 (0.08) 15.00 (0.04) - - LCOGT
57576.77  17.58 (0.14) 16.48 (0.12) 15.04 (0.06) - - UuvoT
57577.13 - - 15.04 (0.04) - - LCOGT
57577.54 - - 15.09 (0.03) - - ASA
57578.13 - - 15.07 (0.04) - - LCOGT
57578.73  17.72 (0.15) 16.65 (0.13) 15.19 (0.06) - - UVOT
57579.14 - - 15.09 (0.04) - - LCOGT
57580.06 - - 15.17 (0.04) - - LCOGT
57580.33 - 16.69 (0.09) 15.12 (0.13) 14.40 (0.12) 14.18 (0.17) JB
57580.50 - - 15.23 (0.03) - - ASA
57581.13 - 16.80 (0.07) 15.19 (0.04) - - LCOGT
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Table A3. Continued: UBVRI photometry.

MID U B \% R 1 Instrument
(mag) (mag) (mag) (mag) (mag)

57581.30  17.59 (0.14) 16.74 (0.14) 15.20 (0.06) - - UvoT
57582.13 - 16.85 (0.07) 15.24 (0.04) - - LCOGT
57582.34 - 16.77 (0.10) 15.22 (0.13) 14.49 (0.13) 14.28 (0.17) JB
57583.13 - - 15.28 (0.04) - - LCOGT
57583.27 - 16.66 (0.06) 15.24 (0.06) 14.47 (0.25) 14.25 (0.15) RK
57583.42 - - 15.38 (0.04) - - ASA
57583.45 - 16.70 (0.04) 15.25 (0.03) - - GS
57584.11 - - 15.28 (0.04) - - LCOGT
57585.29 - 16.84 (0.06) 15.34 (0.04) - - LCOGT
57586.13 - - 15.42 (0.06) - - LCOGT
57586.57  17.90 (0.16) 16.84 (0.16) 15.41 (0.06) - - UuvoT
57587.34 - 16.80 (0.11) 15.40 (0.06) - - LCOGT
57587.41 - - 15.38 (0.06) - - ASA
57587.42 - 16.73 (0.05) 15.39 (0.03) - - GS
57589.39 - 16.88 (0.06) 15.42 (0.04) - - GS
57590.10 - 16.86 (0.09) 15.37 (0.09) - - NOT
57590.15  17.77 (0.14) 16.90 (0.17) 15.53 (0.07) - - UuvoT
57591.32 - 16.80 (0.09) 15.49 (0.06) - - LCOGT
57591.41 - - 15.47 (0.03) - - GS
57593.07 - 16.82 (0.07) 15.55 (0.05) - - T50
57594.05 - 16.92 (0.06) 15.61 (0.10) - - T50
57594.33 - 16.90 (0.06) 15.49 (0.14) 14.83 (0.14) 14.63 (0.17) JB
57594.54  17.83 (0.15) 16.95 (0.17) 15.63 (0.07) - - UuvoT
57594.70 - 17.01 (0.08) 15.53 (0.04) - - LCOGT
57595.46 - — 15.65 (0.05) - - ASA
57596.07 - 16.82 (0.15) 15.49 (0.13) - - T50
57597.06 - 16.95 (0.06) 15.57 (0.08) - - T50
57597.29 - 17.11 (0.08) 15.56 (0.12) 14.87 (0.13) 14.69 (0.17) JB
57597.41 - - 15.65 (0.04) - - ASA
57597.73 - - 15.61 (0.04) - - LCOGT
57598.26 - 17.07 (0.09) 15.57 (0.13) 14.88 (0.13) 14.69 (0.17) JB
57598.72 - 16.86 (0.06) 15.67 (0.04) - - LCOGT
57598.77 - 16.91 (0.16) 15.71 (0.10) - - UvoT
57599.70 - 17.00 (0.07) 15.65 (0.04) - - LCOGT
57600.24 - 17.11 (0.06) 15.66 (0.11) 14.95 (0.10) 14.76 (0.15) JB
57601.13 - 17.07 (0.07) 15.66 (0.04) - - NOT
57601.44 - - 15.77 (0.04) - - ASA
57603.62  18.24 (0.26) 17.11 (0.20) 15.83 (0.08) - - UvoT
57604.31 - 17.12 (0.04) 15.68 (0.09) 15.15 (0.09) 14.83 (0.14) JB
57604.53 - - 15.75 (0.04) - - ASA
57604.99 - - 15.82 (0.04) - - LCOGT
57606.84 - 17.11 (0.18) 15.90 (0.10) - - UvoT
57607.06 - - 15.74 (0.12) - - LCOGT
57607.50 - - 15.85 (0.05) - - ASA
57608.47 - 17.11 (0.18) 15.95 (0.10) - - UuvoT
57609.00 - 16.95 (0.09) 15.84 (0.09) - - 1.82
57609.24 - 17.12 (0.08) 15.71 (0.15) 15.19 (0.18) 14.80 (0.13) RK
57610.35 - - 15.91 (0.02) - - GS
57610.37 - - 15.80 (0.05) - - ASA
57610.68 - - 15.88 (0.04) - - LCOGT




Table A3. Continued: UBVRI photometry.

MID U B \% R 1 Instrument
(mag) (mag) (mag) (mag) (mag)

57611.53 - - 15.97 (0.05) - - ASA
57612.40 - 17.16 (0.05) 15.89 (0.01) - - GS
57612.65 - - 15.91 (0.04) - - LCOGT
57613.20 - 17.17 (0.06) 15.78 (0.11) 15.24 (0.24) 14.90 (0.18) RK
57613.31 - - 15.90 (0.06) - - ASA
57613.51 17.96 (0.21) 17.26 (0.20) 15.94 (0.10) - - UuvoT
57614.36 - 17.07 (0.05) 15.91 (0.03) - - GS
57614.56 - - 15.87 (0.05) - - ASA
57615.28 - - 16.09 (0.10) - - ASA
57615.74  18.29 (0.22) 17.27 (0.21) 15.97 (0.09) - - UvVOT
57618.48 - - 15.97 (0.12) - - ASA
57619.04 - 17.21 (0.07) 16.13 (0.07) - - NOT
57621.27 - 17.12 (0.07) 16.03 (0.04) - - LCOGT
57623.05 — 17.23 (0.09) 16.02 (0.12) - - 1.82
57623.29 - - 16.09 (0.04) - - LCOGT
57624.99 - 17.24 (0.07) 16.09 (0.04) - - LCOGT
57625.92 - 17.02 (0.09) 16.14 (0.06) - - 1.82
57626.53 - - 16.07 (0.06) - - ASA
57627.00 - - 16.12 (0.04) - - LCOGT
57627.28 - 17.30 (0.21) 16.20 (0.10) - - UvoT
57628.98 - - 16.23 (0.06) - - LCOGT
57629.64  18.34 (0.31) 17.55 (0.26) 16.24 (0.11) - - uvoT
57630.48 - - 16.33 (0.07) - - ASA
57632.00 - 17.12 (0.19) 16.36 (0.15) - - UVOT
57634.24 - 17.26 (0.17) 16.10 (0.11) 15.54 (0.13) 15.31 (0.07) RK
57635.08 - - 16.36 (0.08) - - ASA
57636.08 - - 16.25 (0.09) - - ASA
57636.22 - - 16.28 (0.04) - - LCOGT
57636.28  18.40 (0.24) 17.47 (0.24) 16.38 (0.11) - - UuvoT
57637.50 - - 16.36 (0.07) - - ASA
57638.63 - 17.33 (0.07) 16.30 (0.04) - - LCOGT
57639.40 - - 16.35 (0.06) - - ASA
57640.24 - - 16.35 (0.04) - - LCOGT
57642.16 - - 16.29 (0.14) - - ASA
57643.52  18.10 (0.18) 17.52 (0.26) 16.57 (0.12) - - UuvoT
57644.00 - 17.58 (0.06) 16.45 (0.05) - - NOT
57644.17 - 17.11 (0.11) 16.36 (0.06) - - LCOGT
57650.36 - - - - - UvoT
57650.41 - - 16.68 (0.13) - - ASA
57650.92 - - 16.53 (0.06) - - LCOGT
57652.18 - 17.63 (0.85) 16.55 (0.04) - - LCOGT
57654.83 - 17.63 (0.09) 16.60 (0.04) - - LCOGT
57654.90 - 17.32 (0.10) 16.53 (0.06) - - 1.82
57655.04 - - 16.61 (0.10) - - ASA
57655.11 - 17.63 (0.04) 16.50 (0.03) - - NOT
57656.22 - 17.49 (0.10) 16.89 (0.14) 15.94 (0.20) 15.65 (0.13) RK
57657.35 - - 16.68 (0.07) - - ASA
57657.96  18.66 (0.50) 17.56 (0.26) 16.87 (0.21) - - UVOT
57660.11 - - 16.62 (0.10) - - ASA
57660.83 - 17.79 (0.31) 16.80 (0.15) - - UuvoT
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Table A3. Continued: UBVRI photometry.

MID U B \% R 1 Instrument
(mag) (mag) (mag) (mag) (mag)
57662.15 - 17.73 (0.08) 16.70 (0.03) - - NOT
57662.69  18.81 (0.31) 17.84 (0.33) 16.93 (0.15) - - UVOT
57663.90 - - 16.75 (0.06) - - LCOGT
57665.84 - 17.96 (0.09) 16.77 (0.04) - - LCOGT
57667.42 - - 16.80 (0.11) - - ASA
57667.86 - 17.85 (0.10) 16.75 (0.05) - - LCOGT
57668.33 - - 17.00 (0.10) - - ASA
57670.08 - 17.81 (0.07) 16.81 (0.04) - - LCOGT
57671.29 - - 16.96 (0.18) - - ASA
57671.53  18.66 (0.29) 17.93 (0.35) 17.15 (0.19) - - UvVOT
57672.85 - 17.76 (0.21) 16.95 (0.13) - - LCOGT
57675.22 - - 16.90 (0.20) - - ASA
57678.36 - - 17.25 (0.27) - - ASA
57680.10 - 17.94 (0.09) 16.98 (0.05) - - LCOGT
57680.26 - - 17.10 (0.10) - - ASA
57681.37  18.81 (0.29) 18.14 (0.43) 17.13 (0.17) - - UVOT
57687.36 - - 17.17 (0.14) - - ASA
57687.84 - 18.03 (0.07) 17.09 (0.04) - - LCOGT
57690.35 - - 17.03 (0.09) - - ASA
57691.39  19.35 (0.45) 18.36 (0.53) 17.41 (0.21) - - UVOT
57692.26 - - 16.96 (0.10) - - ASA
57694.82 - 18.14 (0.08) 17.20 (0.05) - - LCOGT
57695.34 - - 17.39 (0.15) - - ASA
57697.33 - - 17.11 (0.12) - - ASA
57699.81 - 18.32 (0.08) 17.36 (0.05) - - LCOGT
57702.25 - - 17.61 (0.23) - - ASA
57702.88 - 18.57 (0.62) 17.52 (0.23) - - UvoT
57704.77 - 18.43 (0.16) 17.30 (0.08) - - LCOGT
57707.21 - - 17.78 (0.33) - - ASA
57707.79 - 18.66 (0.09) 17.73 (0.06) - - LCOGT
57710.21 - - 17.35(0.12) - - ASA
57711.22  18.93 (0.34) 18.58 (0.61) 17.69 (0.27) - - UVOT
57715.05 - - 17.60 (0.23) - - ASA
57718.26 - - 18.04 (0.27) - - ASA
57719.17 - - 17.59 (0.77) - - LCOGT
57721.26 - - 18.15 (0.27) — - ASA
5772342 19.26 (0.45) 18.98 (0.60) 17.98 (0.60) - - uUvoT
57727.71 - 18.77 (0.06) 17.71 (0.07) - - 1.82
57728.06 - 18.68 (0.09) 17.87 (0.06) - - LCOGT
57728.85 - 18.60 (0.10) 17.81 (0.10) - - 1.82
57730.81 - 18.93 (0.81) 18.02 (0.36) - - UVOT
57736.06 - 18.94 (0.18) 18.00 (0.11) - - LCOGT
57737.19 - - 17.45 (0.34) - - ASA
57851.63 - - >18.17 - - ASA
57860.49 >19.69 >19.89 >18.99 - - UuvoT
57870.60 - - >18.40 - - ASA
57876.58 - - >18.29 - - ASA
57880.57 - - >17.80 - - ASA
57885.55 - - >17.65 - - ASA
57893.59 - - >18.55 - - ASA




Table A4. JHK photometry.

MID J H K Instrument
(mag) (mag) (mag)
57540.17 - 13.78 (0.27) - LT
57542.21 - 13.55 (0.30) - LT
57546.29  13.33(0.03) 13.21 (0.02) 13.14 (0.03) REM
57547.37  13.30(0.02) 13.12 (0.02) 13.00 (0.04) REM
57548.38  13.26 (0.04) 13.08 (0.02) 12.94 (0.04) REM
57549.42  13.25(0.04) 13.09 (0.02) 12.98 (0.06) REM
57550.44  13.12(0.03) 13.00 (0.02) 12.86 (0.05) REM
57551.14  13.09 (0.35) 12.97 (0.31) 12.95 (0.33) NOT
57551.19 - 13.03 (0.27) - LT
57552.06 - 13.01 (0.25) - LT
57553.17 - 12.94 (0.29) - LT
57554.12 - 12.96 (0.26) - LT
57554.23  13.12 (0.06) 12.91 (0.03) 12.77 (0.05) REM
5755524  13.01 (0.01) 12.88 (0.02) - REM
57557.13 - 12.86 (0.25) - LT
57557.22  13.04 (0.03) 12.93 (0.02) 12.74 (0.09) REM
57558.10 - 12.86 (0.29) - LT
57558.23  13.02 (0.06) 12.89 (0.03) 12.79 (0.12) REM
57559.07 - 12.82 (0.30) - LT
57559.24  13.01 (0.01) 12.86 (0.02) 12.69 (0.02) REM
57560.30  13.04 (0.05) 12.88 (0.02) 12.76 (0.09) REM
57561.06 - 12.91 (0.23) - LT
57561.30  13.01 (0.03) 12.85 (0.02) 12.69 (0.03) REM
57562.12 - 12.84 (0.25) - LT
57562.31  13.14 (0.05) 12.96 (0.04) - REM
57563.13 - 12.90 (0.32) - LT
57566.32  13.14 (0.04) 13.01 (0.02) 12.79 (0.07) REM
57567.33  13.13 (0.03) 12.94 (0.02) 12.78 (0.04) REM
57568.35  13.23 (0.05) 13.00 (0.02) 12.84 (0.10) REM
57569.08 - 13.06 (0.20) - LT
57569.36  13.19 (0.03) 13.00 (0.03) - REM
57570.17 - 13.03 (0.26) - LT
57575.35  13.45(0.02) 13.22 (0.02) 13.03 (0.04) REM
57577.10 - 13.25 (0.24) - LT
57579.11 - 13.34 (0.20) - LT
57580.12 - 13.28 (0.30) - LT
57581.10 - 13.34 (0.27) - LT
57583.34  13.78 (0.05) 13.43 (0.02) 13.22 (0.06) REM
57586.13 - 13.47 (0.29) - LT
57587.43  13.92 (0.04) 13.54 (0.03) 13.43 (0.05) REM
57588.14 - 13.58 (0.23) - LT
57591.43  14.14 (0.04) 13.68 (0.03) 13.44 (0.06) REM
57593.12 - 13.71 (0.23) - LT
57596.31  14.23 (0.04) 13.79 (0.03) - REM
57600.32  14.55(0.10) 13.87 (0.05) - REM
57604.32  14.55 (0.06) - - REM
57608.36  14.70 (0.07) 14.23 (0.04) 13.92 (0.11) REM
57612.38  14.80 (0.05) 14.21 (0.03) 14.01 (0.14) REM
57617.22  14.98 (0.06) 14.37 (0.04) 14.15 (0.11) REM
57622.36  15.28 (0.05) 14.57 (0.05) 14.44 (0.20) REM
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Table A4. Continued: JHK photometry.

MID J H K Instrument
(mag) (mag) (mag)
57623.15  15.11 (0.40) 14.69 (0.34) 14.19 (0.39) NOT
57629.11  15.47 (0.06) 14.72 (0.07) 14.70 (0.17) REM
57634.96 - 14.80 (0.28) - LT
57636.95 - 14.82 (0.30) - LT
57638.94 - 14.89 (0.28) - LT
57642.93 - 15.02 (0.28) - LT
57650.92 - 15.17 (0.29) - LT
57654.96 - 15.32 (0.25) - LT
57657.92 - 15.42 (0.23) - LT
57663.93 - 15.58 (0.26) - LT
57666.87 - 15.58 (0.22) - LT
57669.88 - 15.64 (0.31) - LT
57672.86 - 15.69 (0.30) - LT
57675.84 - 15.70 (0.28) — LT
57678.87 - 15.87 (0.30) - LT
57681.88 - 15.87 (0.28) - LT
57689.87 - 15.97 (0.27) - LT
57693.83 - 16.02 (0.23) - LT
57700.84 - 16.15 (0.26) - LT
57708.86 - 16.38 (0.26) - LT
57711.85 - 16.33 (0.27) - LT
57732.87 - 16.71 (0.26) - LT
57856.24 - 18.56 (0.35) - LT
57863.21 - >17.65 - LT
57866.22 - 18.61 (0.35) — LT




Table AS. UV photometry.

MID UV-W2 UV-M2 UV-WI Instrument
(mag) (mag) (mag)
5753577  17.74 (0.26) 17.71 (0.22) 16.74 (0.17) UVOoT
57539.09  17.11 (0.21) 17.06 (0.14) 16.07 (0.13) UVOT
57542.61  17.01 (0.16) 17.26 (0.16) 15.88 (0.10) UVOT
5754398 17.02 (0.16) 17.50 (0.18) 15.98 (0.11) UVOT
5754594  17.25(0.19) 17.58 (0.20) 16.08 (0.11) UVOoT
57547.47  17.31 (0.19) 17.84 (0.23) 16.28 (0.12) UVOoT
57549.32  17.37 (0.19) 18.13 (0.29) 16.45 (0.14) UVOT
57550.58 17.43 (0.21) 18.04 (0.27) 16.45 (0.14) UVOT
57552.40  17.75(0.25) 18.46 (0.37) 16.49 (0.14) uvoT
57554.20  17.81 (0.26) 18.39 (0.35) 16.78 (0.17) uvoT
57555.56  17.91 (0.28) 18.38 (0.38) 17.04 (0.20) UVOT
5755775  18.20 (0.34) - 17.20 (0.22) UVOoT
57560.58  18.37 (0.40) 19.33 (0.76) 17.47 (0.27) uvoT
57569.56  19.09 (0.69) — 18.74 (0.74) uvoT
57579.06 >19.50 >19.22 >18.85 uvoT
57588.37 - >19.67 >18.91 UVOoT
57592.35 >19.70 - - uvoT
57596.65 - >19.18 >18.87 UuvoT
57603.62 >19.59 >19.52 >19.18 uvoT
57612.13 >19.83 >19.53 >18.93 uvoT
57619.20 - - >19.23 uvoT
57631.56 >19.75 >19.81 >19.32 UvoT
57646.94 >19.88 >19.73 >19.31 UuvoT
57659.40 >19.85 >19.81 >19.28 uvoT
57668.01 >19.85 >19.80 >19.35 UVOT
57681.37 >20.10 >19.94 >19.56 uvoT
57691.39 >20.14 >19.98 >19.62 UVOT
57707.04 >20.11 >19.90 >19.54 uvoT
57726.19 >19.90 >19.89 >19.43 UuvoT

57860.49 >20.29 >20.08 >19.76 UVOT
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Table A6. Peak time and peak magnitudes of SN 2016coi in all filters. The errors reported are the statistical error on the identification of the
maxima, and do not include the uncertainties on the discovery (MJD 57535.55) and explosion date (MJD 57531.9).

Band MIJD max Phase max [d] Mag max
(from disc.) (from expl.)

UV-W2 57541.50+4.13 5.95 9.60 16.994+0.17

UV-M2 57540.13 +£4.34 4.58 8.23 17.01+:0.98

UV-WI 57542.01 £0.95 6.46 10.11 15.904+0.07
u 57543.514+0.52 7.96 11.61 15.61 £0.02
U 57543.854+2.21 8.30 11.95 14.68 +0.06
B 57547.87+0.50 12.32 15.97 14.83+0.02
g 57548.854+2.83 13.30 16.95 14.154+0.09
\%4 57550.24 +0.16 14.69 18.34 17.86+0.01
r 57551.88+0.36 16.33 19.98 13.594+0.01
R 57551.10+0.60 15.55 19.20 13.41+0.04
i 57554.38+0.86 18.83 22.48 13.934+0.02
1 57553.54+2.26 17.99 21.64 13.63+0.06
z 57555.504+0.67 19.95 23.60 13.58 +0.01
J 57558.74+0.84 23.19 26.84 13.034+0.03
H 57562.30+2.75 26.75 30.40 12.854+0.09
K 57560.88 +2.13 25.33 28.98 12.724+0.03

Table A7. Telescopes, instruments and configurations used for the spectroscopic follow-up of SN 2016coi.

Telescope Instrument  Grism/Grating Slit Resolution [R]Wavelength range

1.22m Galileo B&C spectrograph 300 In/mm  3.93” 636 3800—8000 A
Gr#4 363 3360-7740 A

1.82m Copernico AFOSC VPH6  1.69” 300 4500—- 10000 A
VPH7 375 3200-7300 A
du Pont Telescope B&C spectrograph 300 In/mm  2.71” 1667 3300—9500 A

Large Binocular Telescope (LBT) MODS Red 0.6"” 2300 5500-10500 A
Blue 1850 3200-6000 A
Magellan IMACS 300 In/mm  0.9” 1100 3650—9740 A
VPH-Blue 1.2" 1600 3900 - 6800 A
. . o
MDM Hiltner 2.4 m OSMOS VPH-Red 1.0 1600 3920-9050 A

12”7 1500  5350-10500 A
Multiple Mirror Telescope (MMT) Blue Channel 300 In/mm 1.0 750 3300-8600 A

LT SPRAT Blue 1.8” 350  4000-8000 A
NOT ALFOSC G4 1.0” 360  3200-9600 A
Tillinghast 1.5m (FLWO) FAST 300 In/mm  3.0” 900  3530-7470 A

LR-B 585 3000— 8430 A

TNG DOLORES 1.0” o
LR-R 714 4470-10070 A




Table A8. Spectroscopic log.

Date obs. MJD Tel.+Inst. Slit  Grism/Grating
2016-05-28 57536.2 NOT+ALFOSC 1.0” Gri#4
2016-05-28 57536.2 LT+SPRAT 1.8” Blue
2016-05-29 57537.2 LT+SPRAT 1.8” Blue
2016-05-29 57537.1 NOT+ALFOSC 1.0" Gri#4
2016-05-31 57539.4 MDM+0OSMOS 1.2" VPH-Blue
2016-06-01 57540.1 LT+SPRAT 1.8" Blue
2016-06-02 57541.4 Till+FAST 3.0” 300 In/mm
2016-06-02 57541.4 MDM+0OSMOS 1.2" VPH-Blue
2016-06-03 57542.5 Till+FAST 3.0 300 In/mm
2016-06-04 57543.4 Till+FAST 3.0” 300 In/mm
2016-06-05 57544.5 Till+FAST 3.0” 300 In/mm
2016-06-06 57545.4 Till+FAST 3.0” 300 In/mm
2016-06-07 57546.2 NOT+ALFOSC 1.0” Gri#4
2016-06-08 57547.4 Till+FAST 3.0 300 In/mm
2016-06-09 57548.5 Till+FAST 3.0 300 In/mm
2016-06—-10 57549.2 LT+SPRAT 1.8” Blue
2016-06-12 57551.2 LT+SPRAT 1.8” Blue
2016-06-13 57552.2 NOT+ALFOSC 1.0” Gri#4
2016-06-14 57553.1 LT+SPRAT 1.8" Blue
2016-06-14 57553.4 LBT+MODS 0.6"” Red+Blue
2016-06-15 57554.1 LT+SPRAT 1.8" Blue
2016-06-18 57557.0 1.82+AFOSC 1.69”  VHP6+VPH7
2016-06-19 57558.1 LT+SPRAT 1.8” Blue
2016-06-22 57561.1 LT+SPRAT 1.8" Blue
2016-06-23 57562.0 1.824+AFOSC 1.69”  VHP6+VPH7
2016-06-23 57562.1 LT+SPRAT 1.8” Blue
2016-06-24 57563.1 LT+SPRAT 1.8" Blue
2016-06-26 57565.0 LT+SPRAT 1.8" Blue
2016-07-02 57571.2 LT+SPRAT 1.8" Blue
2016-07-05 57574.4 Till+FAST 3.0” 300 In/mm
2016-07-07 57576.1 1.224+B&C 3.93" 300 In/mm
2016-07-10 57579.4 Till+FAST 3.0” 300 In/mm
2016-07-10 57579.3 MMT+Blue Channel  1.0” 300 In/mm
2016-07-12 57581.1 LT+SPRAT 1.8" Blue
2016-07-17 57586.1 LT+SPRAT 1.8" Blue
2016-07-18 57587.0 LT+SPRAT 1.8" Blue
2016-07-21 57590.1 NOT+ALFOSC 1.0"” Gr#4
2016-07-26 57596.0 LT+SPRAT 1.8” Blue
2016-08-01 57601.1 NOT+ALFOSC 1.0" Gr#4
2016-08-09 57609.0 1.82+AFOSC 1.69”  VHP6+VPH7
2016-08-12 57613.0 TNG+LRS 1.0" LR-B+LT-R
2016-08-22 57623.0 1.82+AFOSC 1.69”  VHP6+VPH7
2016-08-24 57624.0 LT+SPRAT 1.8" Blue
2016-08-25 57625.9 1.82+AFOSC 1.69”  VHP6+Gr#4
2016-09-03 57634.8 1.82+AFOSC 1.69”  VHP6+VPH7
2016-09-03 57635.0 LT+SPRAT 1.8” Blue
2016-09-08 57639.1 du Pont+B&C 2.71" 300 In/mm
2016-09-16 57647.9 LT+SPRAT 1.8" Blue
2016-09-23 57654.9 1.82+AFOSC 1.69”  VHP6+VPH7
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Table A8. Continued: Spectroscopic log.

Date obs. MJD Tel.+Inst. Slit  Grism/Grating
2016-09-24 57655.1 NOT+ALFOSC 1.0” Gri#4
2016-09-30 57662.0 LT+SPRAT 1.8” Blue
2016-10-01 57662.1 NOT+ALFOSC 1.0” Gri#4
2016-10-11 57672.9 LT+SPRAT 1.8" Blue
2016-10-13 57674.8 LT+SPRAT 1.8" Blue
2016-11-02 57694.1 LBT+MODS 0.6"” Red+Blue
2016-11-01 57693.9 LT+SPRAT 1.8" Blue
2016-11-15 57707.8 MDM+0SMOS 1.2" VPH-Red
2016-11-18 57710.8 LT+SPRAT 1.8" Blue
2016-12-05 57727.7 1.82+AFOSC 1.69” VHP6+VPH7
2016-12-06 57728.8 1.824+AFOSC 1.69”  VHP6+VPH7
2016-12-10 57732.8 LT+SPRAT 1.8" Blue
2017-06-17 57921.8 MDM+0OSMOS 1.0" VPH-Red
2017-06-28 57932.4 MMT+Blue Channel 1.0 300 In/mm
2017-07-20 57954.2  Magellan+IMACS 0.9"” 300In/mm

Table A9. Radio observations of SN 2016coi.

Start Date  Time since First Light Frequency Flux Density ~ Project
um) (days) (GHz) (GHz) (mJy)
2016-06-03 11 5.95 2.048 1.154+0.06 16A-477
2016-06-03 11 9.80 2.048 34402 16A-477
2016-06-03 11 14.75 2.048 8.9+04 16A-477
2016-06-03 11 21.85 2.048 2141 16A-477
2016-06-13 21 5.95 2.048 4.84+0.2 16A-477
2016-06-13 21 9.80 2.048 11.3+£0.6  16A-477
2016-06-13 21 14.75 2.048 20+1 16A-477
2016-06-13 21 21.85 2.048 2441 16A-477
2016-07-08 46 3.00 2.048 35402 16A-477
2016-07-08 46 5.95 2.048 1294+0.6  16A-477
2016-07-08 46 9.80 2.048 2041 16A-477
2016-07-08 46 21.85 2.048 16.74+0.8 16A-477
2016-09-07 106 3.00 2.048 14.7+£0.7 16A-477
2016-09-07 106 5.95 2.048 13.54+0.7 16A-477
2016-09-07 106 9.80 2.048 9.6+£0.5 16A-477
2016-09-07 106 21.85 2.048 53403 16A-477
2017-02-17 270 5.50 2.048 6.24+0.3 17A-167
2017-02-17 270 9.00 2.048 3.7£0.2 17A-167
2017-02-25 278 3.00 2.048 10.14+0.5 17A-167
Table A10. 0.3-10 keV X-ray light-curve of SN 2016c¢oi.
MJD  Time since Explosion  Time Range Count-rate Unabsorbed Flux Instrument
(days) (days) (cs™ (erg slem™)
57538.0 6.1 (1.8-10.0) (3.44+0.85)x 107 (1.444+0.36) x 10713 XRT
57543.4 11.5 - (1.4440.61)x 1072 XMM
57545.6 13.7 (10.1-16.8)  (2.434+0.67)x 107 (1.03+0.28) x 10713 XRT
57553.3 21.4 (17.9-24.0)  (2.254+0.61)x 107 (0.954+0.25) x 107" XRT
57559.4 27.5 - (0.644+0.19) x 10713 XMM
57626.0 94.1 (26.6-157.6)  (7.4740.18) x 107  (0.3140.08) x 107" XRT
57785.1 253.2 (168.9-326.9) <1.54x107° <0.65x 1071 XRT




