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ABSTRACT

Spectral observations of the type-IIb supernova (SN) 2016gkg at 300-800 days are reported. The
spectra show nebular characteristics, revealing emission from the progenitor star’s metal-rich core
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and providing clues to the kinematics and physical conditions of the explosion. The nebular spectra
are dominated by emission lines of [O I] AA6300, 6364 and [Ca II] AA7292, 7324. Other notable, albeit
weaker, emission lines include Mg I] A4571, [Fe II] A7155, O T A\7774, Ca II triplet, and a broad, boxy
feature at the location of Ha. Unlike in other stripped-envelope SNe, the [O I] doublet is clearly
resolved due to the presence of strong narrow components. The doublet shows an unprecedented
emission line profile consisting of at least three components for each [O I]A6300, 6364 line: a broad
component (width ~ 2000 km s7!), and a pair of narrow blue and red components (width ~ 300
km s~!) mirrored against the rest velocity. The narrow component appears also in other lines, and
is conspicuous in [O I]. This indicates the presence of multiple distinct kinematic components of
material at low and high velocities. The low-velocity components are likely to be produced by a
dense, slow-moving emitting region near the center, while the broad components are emitted over
a larger volume. These observations suggest an asymmetric explosion, supporting the idea of two-
component ejecta that influence the resulting late-time spectra and light curves. SN 2016gkg thus
presents striking evidence for significant asymmetry in a standard-energy SN explosion. The presence
of material at low velocity, which is not predicted in 1D simulations, emphasizes the importance of
multi-dimensional explosion modeling of SNe.

Keywords: supernovae: general — supernovae: individual (SN 2016gkg) — stars: mas-
sive — stars: interiors
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1. INTRODUCTION

Type-IIb supernovae (SNe IIb) exhibit a
change of spectral appearance from showing hy-
drogen lines at early times, to a typical type-Ib
SN (helium-rich, hydrogen-poor), as first exem-
plified by SN 1987K (Filippenko 1988) and SN
1993J (Woosley et al. 1994). The progenitor
stars of this subclass are thought to retain a
thin layer of hydrogen at the time of the explo-
sion, giving rise to the SN IT — SN Ib spectral
transition.

SN 2016gkg is arguably one of the best-
observed members of this subclass, with the
detection of the progenitor star in pre-explosion

archival images (Kilpatrick et al. 2017; Tartaglia et a

2017) and the extraordinary discovery of the
optical light breakout within two hours of core
collapse (Bersten et al. 2018). The early light
curve of SN 2016gkg following the shock break-
out is exceptionally well sampled, covering the
peak associated with the shock breakout cool-
ing, as well as the subsequent main peak result-
ing from radioactive heating that is frequently
observed in other SNe. The post shock cooling
peak of the light curve is critical to constrain the
progenitor radius and the mass of its extended
envelope (see e.g. Waxman & Katz 2017, for a
general review, and references therein). With
this method, the radius of the progenitor of
SN 2016gkg has been constrained to be be-
tween ~200-300 R, and the extended enve-
lope mass in the order of 1072 M, (Piro et al.
2017; Bersten et al. 2018). Arcavi et al. (2017)
reported a similar envelope mass estimate, al-
beit with a smaller radius of 40-150 R. The
detection of the pre-explosion progenitor star
candidate in Hubble Space Telescope (HST)
archival images points to an initial mass of 15-
20 My (Kilpatrick et al. 2017; Tartaglia et al.
2017). Bersten et al. (2018) further improved
the identification and characterization of the
progenitor star in the HST images, and con-
cluded that the progenitor may have been a

19.5 M, star in a binary system via binary star
evolution modeling.

Here we report late-time spectral observations
of SN 2016gkg, resulting in spectra between
+300-800 days after the light curve maximum.
At this late stage, the SN ejecta have expanded
and become optically thin, rendering the emis-
sion from the deeper layers and inner core vis-
ible. As will be demonstrated in the follow-
ing sections, this condition enables the detec-
tion of very slow-moving material, in addition
to the typically seen fast-moving material, in
the ejecta of SN 2016gkg, which uniquely char-
acterizes the object. The observations and data
jreduction are described in the next section, fol-
lowed by discussions of the results and inter-
pretations. Herewith “light curve maximum”
refers to the peak in the light curve that re-
sulted from radioactive heating, which occurred
on MJD 57668.4 or 2016 October 7.4 (UT), in
B and V bands (Bersten et al. 2018).

2. OBSERVATIONS AND DATA
REDUCTIONS

SN 2016gkg was observed with the Gemini
South telescope and the GMOS-S instrument
(Hook et al. 2004; Gimeno et al. 2016), on 2017
August 20 and 26 (UT dates are used through-
out). At the median date of observation, Au-
gust 23, the phase corresponds to +320 d af-
ter light curve maximum. The observations
were conducted using the longslit mode with
the R400 grism, with a 4 x 4 binning and a
total exposure time of 5.3 h. Another GMOS-
S longslit observation was performed on 2018
November 10 (4764 d) through the Gemini Fast
Turnaround program, using the R400 grism and
4x2 binning, with a total exposure time of 3.0 h.
Spectral dithering was performed to eliminate
cosmic rays and cover the gaps between the
GMOS CCDs. Data reduction was done using
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the Gemini package in IRAF!. All the spectra
were wavelength-calibrated, and flux-calibrated
using spectrophotometric standard stars.

On 2017 November 30, the field of SN 2016gkg
was observed using the MUSE instrument
(Bacon et al. 2014) at the ESO Very Large
Telescope. MUSE was used in Wide Field
Mode, with a total exposure time of 2400 s.
SN 2016gkg was positioned at the center of the
field of view and the observation captured the
1’x1’ field surrounding SN 2016gkg in integral
field spectroscopy, which includes the nebular
spectrum of the object at +419 d past maxi-
mum. The MUSE spaxel size is 0.2”7 x0.2”, cor-
responding to ~ 25 x 25 pc at the assumed dis-
tance of 26.4 Mpc to SN 2016gkg (Bersten et al.
2018). The observations were part of the All-
weather MUSe Supernova Integral-field Nearby
Galaxies (AMUSING; see Galbany et al. 2016)
survey. MUSE data reduction was performed
using MUSE data reduction pipelines run un-
der ESO Reflex (Freudling et al. 2013). The
datacube was sky-subtracted using blank sky
pointings, and corrected for atmospheric ef-
fects using Zurich Atmospheric Package (ZAP;
Soto et al. 2016). The measured image quality
in the final datacube is typically 0.8 FWHM
(full width at half maximum) across the wave-
lengths, and this value is used as the radius
of the circular aperture for 1-D spectrum ex-
traction of SN 2016gkg with QFitsView (Ott
2012).

SN 2016gkg was also observed using FOCAS
(Kashikawa et al. 2002) at the Subaru telescope
on 2018 January 1 (4451 d) in the 0.8 off-
center slit mode with the B300 grism + Y47
order-cut filter setting. The total exposure time
was 2400 s, taken in two exposures of 1200 s

LTRAF is distributed by the National Optical Astron-
omy Observatory, which is operated by the Association
of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foun-
dation.

each, with a slight positional shift (AB pattern).
Standard data reduction procedure which in-
cludes wavelength and flux calibration was done
using IRAF, with cosmic ray removal using
L.A.Cosmic (van Dokkum 2001).

The final reduced spectra from these obser-
vations were then corrected for the redshift of
z = 0.0049 as measured from the underlying
H II region emission lines, that agrees with the
reported redshift of the host galaxy NGC 613
(Meyer et al. 2004). This redshift is assumed
to be the rest reference of the SN throughout
the paper.

The spectral resolutions measured from the
sky emission lines in the spectra are ~3 A FWHM
for MUSE (corresponding to resolving power
R ~ 2200 and velocity resolution Av ~ 140
km s~' at Ha wavelength), and ~10 A for
GMOS and FOCAS (R ~ 700 and Av = 430
km s71).

3. RESULTS AND DISCUSSIONS
3.1. Spectrum and line identifications

The four nebular spectra of SN 2016gkg at
+320, +419, +451 and +764 d are presented
in Figure 1. These epochs are considerably late
in the SN evolution as most stripped-envelope
(SE) SNe enter the nebular phase as early as
few months after maximum. The majority of
nebular spectra available in the literature cor-
respond to phases earlier than one year post
maximum light, while only few SESNe have
been observed at the phase of one year or
later. Typical for a hydrogen-poor core col-
lapse SN observed at the nebular late-phase
stage, the spectra of SN 2016gkg show broad
nebular emission lines, dominated by the [O I
AX6300,6364 doublet and [Ca II] AA7292,7324
(e.g. Maeda et al. 2008; Taubenberger et al.
2009; Fang et al. 2019). The [O I} AX6300,6364
doublet shows an extraordinary line profile with
strong narrow emission components. These nar-
row components (FWHM ~ 300 km s7!) are
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fully resolved with the highest resolution spec-
trum from MUSE (Av =~ 140 km s™'). The
[Ca II] AAN7292,7324 line exhibit a sloping red
wing (see Figure 1, and a zoom-in on Figure 2),
possibly arising from contamination by [Ni II]
A7377 (Jerkstrand et al. 2015), or opacity and
scattering effects (Jerkstrand 2017a). Other
weaker emission lines such as Mg I|, He I, Na I,
Fe II are also present, as well as a few lines
from permitted transitions of O I and Ca II.
The spectral lines are largely symmetric and
no asymmetries that might have resulted from
newly formed dust in the ejecta are detected
(see e.g. Meikle et al. 2011).

The narrow emission lines are checked by con-
structing linemaps from the MUSE datacube at
their respective wavelengths. All the detected
lines in the SN spectrum are confirmed to be
emitted by the SN, as opposed to having orig-
inated from the diffuse background or noise,
from the appearance of the SN as a point source
in each linemap (Figure 3). This is one advan-
tage of integral field spectroscopy.

There is a relatively weak bump with a broad,
boxy profile at the wavelength of Ha in the spec-
tra (Figure 4), typical of SNe IIb at late times
(see e.g. Fang et al. 2019). The bump is vis-
ible in all epochs. This bump has been sug-
gested to be contributed by [N II] A\6548,6583
(Jerkstrand et al. 2015), although CSM inter-
action may also give rise to a boxy, flat-topped
Ha emission as seen in the case of the type-
ITb SN 1993J (Matheson et al. 2000). A slight
blueshift in the SN emission line peaks with
respect to the rest wavelengths (~ —500 km
s71) can be discerned (also see Figure 2). This
phenomenon appears to be commonplace in
SESNe, and may be explained by various fac-
tors such as ejecta geometry and opacity effects
(Taubenberger et al. 2009; also see radiative
transfer models presented in Dessart & Hillier
2005).

There is generally little evolution in the spec-
trum of SN 2016gkg between 4320 to +450 d
and the narrow—+broad line profile persists (Fig-
ure 1). Despite the different spectral resolu-
tions, all spectra visibly display nearly identi-
cal sets of emission lines. The last spectrum at
+764 d shows that most of the weaker lines have
disappeared beyond our detection limit, leaving
mostly the [O I] and [Ca II] doublets and Mg I].
Narrow Ha emission line accompanied by [N II]
A6584 and the [S II] AN6717,6731 doublet are
present (Figure 4), but these are likely to be
lines originating from the background interstel-
lar medium (ISM). These lines are better sub-
tracted in the other spectra, and their linemaps
do not reveal a point source at the SN position
(Figure 3).

3.2. Line profiles and comparison to other SNe

The [O I] AX6300,6364 doublet in the spec-
tra of SN 2016gkg shows a narrow component
superposed on a broad component, and while
less prominent, such composite profile is also
seen in [Ca II] A\7292,7324 (Figure 2). Com-
paring with available spectra in the literature,
the line profile containing clear broad+narrow
components of [O I] and [Ca II] in SN 2016gkg is
unprecedented. Most SNe show line profiles of
either a single Gaussian, double peak, or asym-
metric/multipeaked, while those with a narrow
core like seen in SN 2016gkg are relatively rare
(Maeda et al. 2008; Taubenberger et al. 2009)
and the flux associated with the narrow core
is never seen dominating over the broad com-
ponent.

Furthermore, SN 2016gkg displays a very
prominent narrow component clearly in each
line of the [O I] doublet at AA6300 and 6364,
which is not seen in other SNe thus far pub-
lished. The type-Ib SN 2009jf (Valenti et al.
2011; Sahu et al. 2011) is possibly the closest
analog to SN 2016gkg in terms of narrow [O I]
emission as its nebular spectra show a strong
narrow component superposed on the broad
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Figure 1. Nebular spectra of SN 2016gkg. The species responsible for the emission lines are shown, with
their rest wavelengths indicated by vertical dashed lines. Narrow Ha+[N II] are likely lines arising in the

interstellar medium (ISM); telluric absorption region is indicated with the Earth symbol (&

, ~T7600 A).

Fluxes have been scaled to allow comparison between the spectra. A zoom-in on the [O I] doublet is shown
on the right-hand panel inset. Line identification throughout the paper follows that of Groningsson et al.
(2008) and Jerkstrand et al. (2015). The spectra are available as the Data behind the Figure (DbF).

[O 1] line, although without clear doublet iden-
tifications. The single narrow line in SN 2009;jf
is accompanied by weaker peaks in both blue
and red directions, and altogether the [O I]
structure is interpreted as having originated
from a number of clumps superposed on the
bulk high-velocity ejecta along the line of sight.
Figure 5 shows the comparison between the
spectra of SN 2016gkg and SN 2009jf, at photo-
spheric and nebular phases. While the narrow
[O 1] A6300 is clearly evident in SN 2009jf, the

A6364 component is considerably weaker and
ambiguous with the other smaller peaks. The
narrow components in [Ca II] and [Fe II] are not
visible. As the +361 d spectrum of SN 2009jf
and the +320 d spectrum of SN 2016gkg have a
similar resolution, the presence of those narrow
components in SN 2009jf can therefore be ruled
out.

The narrow [O I] line in SN 2016gkg possi-
bly appeared as early as three months after the
light curve peak. Figure 5 shows the ~ +90 and
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Figure 2. [O I] A6300 (teal), Mg I] A4571 (ma-
genta), and [Ca II] A7292 (orange) lines in velocity
space. The Mg I] line is from the +320 d spec-
trum, while the others are from the +419 d one.
Black vertical dashed line indicates the zero veloc-
ity for each individual line, and colored dashed lines
correspond to the rest wavelengths of [O I] A6364,
[Ca 1] A7324, additionally [Fe II] A7155 and possi-
bly [Ar III] A\7135, seen near [Ca IIJ.

4400 d spectra of SN 2016gkg, as compared to
SN 2009jf that also shows a narrow [O I] line
core. Similarly, SN 2009jf also shows the emer-
gence of this narrow line at around three months
post-maximum. At this epoch, there is also an
indication of the narrow core in O I A\7774 in
SN 2016gkg, however this is not clearly seen in
SN 2009jf. The narrow cores in other lines (e.g.
[Ca II] and [Fe II]) do not appear to be present
in the early phase. Note that in SESNe the
ejecta become optically thin in the continuum
relatively early — generally within a few weeks
after the light curve maximum. Therefore, con-
ditions are nebular much sooner (i.e. the full
ejecta is visible); forbidden lines simply require
a longer time to become stronger.

Matheson et al. (2000) noted that SN 1993J]
showed small-scale structures at the top of the
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Figure 3. Images of the SN environment in the
host galaxy, generated from the MUSE datacube,
spanning around 1 arcmin (300 spaxels) on each
side. The SN position is indicated with crosshairs,
and images are oriented north-up and east-left.
The host galaxy center is off the field, due north.
Clockwise from top left: integrated (white) light,
and narrow emission line maps of Ha (6563 A),
[O T)A6364 (at 6353 A), [O T]A6300 (at 6289 A).

Emission line maps are continuum subtracted.

O and Mg lines, which were interpreted as mul-
tiple clumps with distinct velocities. The Ca
lines of SN 1993J however do not show similar
profiles, and therefore it was interpreted that
the Ca distribution in the ejecta of SN 1993J
is more uniform. For comparison, SN 2009jf
has been claimed to have a more mixed ejecta
due to the similar profile seen in the Mg I] and
[Ca II] lines modified with an additional dou-
blet component. This is likely to be the case
for SN 2016gkg as well, since the similar broad
line + narrow core profile is also clearly seen in
[Ca II] (Figure 2). Ca is the strongest coolant
in SE SNe, and thus [Ca II] emission may arise
from all regions where Ca is present. In con-
trast, [O I] may only emit from the layers where
O is the most abundant species.
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Figure 4. Spectra of SN 2016gkg around the Ha
region. Dashed horizontal lines indicate the average
continuum level between 6850 and 6900 A. Likely
host galaxy ISM lines of Hey, [N II] A6584, and [S II]
A6717,6731 are indicated with vertical dash-dotted
lines. These lines are clearly visible in emission in
the +764 d spectrum, and appear as background
subtraction artifacts in the +451 d spectrum.

Careful examination of the +419 d spectrum
of SN 2016gkg shows that a blueshift is present
in most of the emission lines (Figures 2 and 6).
In addition to the two most dominant doublets
[O I} AX6300,6364 and [Ca II] AA7292,7324, it is
also present in the other species such as Mg I]
AMb571 (Figure 2), [O I} Ab577, O T A\7774, O 1
A9263, and also in the Ca II lines of A\8542 and
A8662 (Figure 6). These lines do not appear
to have the broad components. As the [O I
AB5TT7, O T A7774, O 1 9263, and Ca II A8542
and A8662 lines are associated with high-density
regions, this suggests that the narrow line com-
ponents originated from the inner ejecta. Ac-
companying the blue component, the red com-
ponent is visible also in O I A7774, Ca 11 A8542,
and Ca II \8662 (Figure 6), and as previously
discussed in the [O I] AX6300,6364 doublet. It
is possible that such structure is also present in
[Ca I} A\ 7292,7324, however since the narrow
red components are considerably fainter relative
to the blue ones they are not readily visible.

The nebular spectra of SESNe usually show
broad emission lines of [O I and [Ca IIJ,
with FWHM of around a few 1000 km s~!
(Taubenberger et al. 2009). This occurs be-
cause the energy deposition due to y-rays pre-
vails non-locally and thus excites the emission
lines over a large volume (i.e. velocities, given
homologous expansion). SN 2016gkg shows
this typical line-width characteristics coexist-
ing with narrow emission lines. To produce
narrow emission lines, a certain amount of ma-
terial at low velocities needs to be powered by
some source.

We note here that the identification of the nar-
row components in SN 2016gkg is not because of
the relatively high spectral resolution of MUSE
(R ~ 2200) compared to the typical resolutions
(R ~ 500-1000) at which nebular spectra of SNe
are usually acquired. In fact, they are clearly
evident in the low-resolution GMOS and FO-
CAS spectra (R ~ 700) as well (Figures 1 and
5). While the MUSE resolution is not needed to
identify the narrow lines, it is clearly required
in order to resolve them. Higher resolution does
help in detecting narrow emission lines; regard-
less, such lines as in SN 2016gkg would have
been detected if they were present in the other
SNe observed thus far. Therefore the absence
of such narrow component in other SNe can-
not be attributed to the low spectral resolution,
and the fact that it is detectable and prominent
in SN 2016gkg suggests that there must be a
unique circumstance in this SN that leads to
the emergence of the line.

To measure the individual components com-
prising the [O I] doublet complex, spectral line
decomposition was performed. This was done
using MPFIT (Markwardt 2009), via the PAN:
Peak Analysis application?. The MUSE spec-
trum at +419 d, corrected for the host redshift,
was used due to the superior spectral resolution

2 https://www.ncnr.nist.gov/staff/dimeo/panweb/pan.html
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Figure 5. (Left panel) Emergence of the [O I] narrow line core in SN 2016gkg and SN 2009jf. Early-phase
spectra of the two SNe are from Bersten et al. (2018) and Valenti et al. (2011), respectively. The +419 d
spectrum of SN 2016gkg is plotted with the ordinate in log scale due to the extreme intensity of the narrow
component. (Right panels) Comparison of the +361 d spectrum of SN 2009jf with the spectra of SN 2016gkg
at +320 d and +419 d, around the [O I] and [Ca II] doublets. All spectra are plotted in linear flux scale.

The resolutions of the spectra at [O I] are indicated.

compared to the other spectra. The fit assumed
a linear background and multiple Gaussian pro-
files in order to reproduce the observed line pro-
file. Examining the region around the [O I] line,
it appears that there are three components in
the [O I] A6300 line: a broad component, a nar-
row component blueward (~10 A offset) of the
rest wavelength of 6300 A, and a narrow com-
ponent redward of 6300 A (also with ~10 A off-
set). A similar profile is seen in the weaker [O I
A6364 line. Using the apparent line centers,
peak intensities, and FWHM as initial guesses,
we fitted six Gaussians and a linear background
function to the [O I} doublet line profile, without
fixing any parameters. As such, the line centers,
widths, and intensities, are left as free parame-

ters. The result of the fit is shown in Figure 7
and the parameters are listed in Table 1.
Comparing with other stripped-envelope SNe
at similar epochs, the broad component in
SN 2016gkg appears to be narrower, while
looking more similar to SNe II in both pro-
file and width (Figure 8). Taubenberger et al.
(2009) reported typical FWHM of the [O I
doublet from single-component Gaussian fit
for SNe Ib/ITb to be ~ 5200 km s~!, while
Silverman et al. (2017) noted that SNe II typi-
cally show [O I] half-width at half-maximum
(HWHM) of 1000-1200 km s~! (FWHM ~
2000-2400 km s7'). The broad components
of SN 2016gkg are observed to have FWHM
of ~ 2000 km s~!, while the narrow compo-
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Figure 6. Close up of narrow emission lines, in
velocity space, in the MUSE spectrum at +419 d.
Dashed vertical line indicates zero velocity for each
of the indicated lines. The lines are scaled in flux if
indicated (x2), and in the case of [O I] A6364 (plot-
ted in red) it is scaled to match the A6300 compo-
nent (plotted in blue). The profiles of these mir-
rored narrow components at +500 km s~! match
with each other well.

nents FWHM are ~ 300 km s~*. These are well
greater than the instrument resolution of 140
km s~!, and thus correcting for it would not
significantly reduce the derived FWHM veloci-
ties. The doublet nature of the [O I] emission
line is more easily discerned in SNe II, whereas
in SESNe the doublet is usually blended due
to the higher expansion velocity. SN 2016gkg,
while belonging to the SESN group, clearly dis-
plays the doublet nature of [O I|. Difference
in the broad component probably means that
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Figure 7. Fitting of the [O I] AX6300,6364 dou-
blet. The observed spectrum is plotted in black
continuous line, while the fitted functions in long-
dashed lines (red for the free-parameter fit and blue
for the FWHM-tied fit). Short-dashed vertical lines
indicate zero velocities for 6300 A and 6364 A rest
wavelengths.

SN 2016gkg differs from other SESNe in terms
of different inner ejecta structure, which may
be characterized by higher density overall, or
more *SNi at low velocity.

3.3. Properties of the oxygen-rich region

Here we analyze the core oxygen properties
based on the [O I] doublet complex, using
the spectrum at 4+419 d. The measured line
ratio between the 6300 A and 6364 A lines
yields 3.6+£0.1 : 1 for the broad components,
while the ratio is 2.840.1 : 1 for the narrow
components (bluedred combined), suggesting
a relatively denser narrow-line emitting re-
gion as the ratio should be close to 3 : 1 in
the optically thin regime (Li & McCray 1992;
Jerkstrand 2017a), and 1 : 1 in the optically
thick regime. The [O I] doublet profile in late-
time SESNe has been discussed in the liter-
ature (Maeda et al. 2008; Taubenberger et al.
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Figure 8. (Left) Spectra SN 2016gkg compared to other SNe representative of the SN Ib/IIb and II classes,
at similar phases: SN 2009jf (Ib; Valenti et al. 2011), SN 1993J (IIb; Matheson et al. 2000), SN 2011dh (IIb;
Ergon et al. 2015), SN 2004et (II; Sahu et al. 2006), SN 2004dj (II; Silverman et al. 2017), and SN 1999em
(IT; Faran et al. 2014). The most prominent lines are indicated. Spectra are scaled to match the broad [O I]
components and shifted for clarity. (Right) [O I] profile comparison (zoom-in of left panel), with the broad
component of SN 2016gkg shown by dashed lines. SN 2016gkg appears more similar to SNe II in terms of

the broad component profile and width.

2009), in particular whether the double-peak
features result from the AA6300,6364 doublet
components or distinct velocity components in
the ejecta (Milisavljevic et al. 2010). Here in
SN 2016gkg, the [O 1] line profile with the 64
peak separation and close to 3 : 1 flux ratio
unambiguously point to the doublet origin.
The line ratio of A6300 and A6364 (combin-
ing the broad and narrow components) can be
compared with theoretical calculations to derive
the density of the [O I] emitting region. Us-
ing Figure 6 of Leibundgut et al. (1991), these
line ratios yield an estimated [O I] density of

< 3 x 10® em™3. The [O I] A5577 line is de-
tected in the spectrum, and thus can be used
to estimate the temperature of the emitting re-
gion (e.g. Elmhamdi 2011). In SN 2016gkg, the
observed [O IJA5577/(AN63004-6364) line ratio
is 0.07. Using equation (2) of Jerkstrand et al.
(2014), and assuming 55577/ﬁ6300,6364 = 15,
the estimated temperature is then 3800 K. We
adopt this temperature estimate and further
derive the mass of the emitting oxygen from
the total luminosity of the [O I] line (account-
ing for both the narrow and broad compo-
nents), using equation (3) of Jerkstrand et al.
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Table 1. Resulting parameters of the [O I] doublet fit, +419 d spectrum. The spectral

resolution is ~ 3 A ~ 140 km s~ !

: nominal fitting uncertainties are typically 0.1 A ~ 5

km s L.
Component Acenter  Ucenter ~FWHM  vpwum  Normalized flux
(Al [kms™]  [A] [kmsT']
Broad-6300 6291 —428 50 2381 1.00*
Broad-6364 6351 —613 34 1603 0.28
Narrow-6300, blue 6289 —524 381 0.36
Narrow-6300, red 6311 +524 286 0.03
Narrow-6364, blue 6353 —471 330 0.12
Narrow-6364, red 6375 +519 377 0.03

NoOTE—*Equals to 2.36 x 1071% erg s~ em=2 A~

(2014) with B6300,6364 = 0.5. Note that the
A5577 line falls out of local thermodynamic
equilibrium (LTE) conditions after around 250 d
in SNe IIP models, and after 150 d in SN
IIb models (Jerkstrand et al. 2015), although in
SN 2016gkg this appears to be delayed due to
the lower expansion velocity. Even if Ab577 is in
NLTE but A\6300,6364 still in LTE the method
will give an upper limit to the oxygen mass,
which is still useful.

Assuming a distance of 26.4 Mpc and redden-
ing Ay = 0.053 mag (Bersten et al. 2018), the
total oxygen mass is therefore estimated to be
in the order of 0.3 M, which accounts for the
~ 0.2 and 0.1 M, associated with the broad
and narrow components, respectively, assuming
that line flux corresponds to mass in the same
way for both components.

The core oxygen mass is related to the ini-
tial mass of the progenitor star. Following
the method presented in Kuncarayakti et al.
(2015), the initial mass of the progenitor of
the SN 2016gkg is estimated by comparing the
core oxygen mass to the theoretical yields from
Nomoto et al. (1997) and Limongi & Chieffi
(2003). The resulting estimate for the pro-

genitor initial mass with 0.3 M, of core oxygen
mass is 13-15 M. This estimate is effectively
a lower limit since some of the oxygen may
not be emissive. In such a case, for exam-
ple assuming that half of the oxygen is not
emissive, doubling the oxygen mass estimate of
SN 2016gkg would bring the initial mass esti-
mate to be around 16-17 M. In comparison,
Bersten et al. (2018) suggested that the progen-
itor of SN 2016gkg might have been a 19.5 Mg
primary star in a close binary system, based on
their HST progenitor detection and binary star
evolution modeling. Whereas, Kilpatrick et al.
(2017) suggested the mass to be around 15 M,
and Tartaglia et al. (2017) estimated 15-20 M,
from photometric analyses of the progenitor star
detected in pre-explosion archival HST images.

We further estimate the oxygen filling fac-
tor in the ejecta following the method of
Leibundgut et al. (1991). At 400 d, assuming
an isotropic expansion with constant velocity
of 2000 km s™!, the ejecta would fill a sphere
with a volume of 1.4 x 10*® cm?. If this sphere
was uniformly filled with oxygen with an upper
limit of mean density of 3 x 10® atoms cm™ as
previously estimated, a total of around 5.5 M
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of oxygen would be contained. As the estimated
oxygen mass of 0.3 M, is far below this total
oxygen mass (~ 5%; however this is a lower
limit), the interpretation would be that the
oxygen filling factor in the ejecta is probably
low, or that a significant fraction of the oxy-
gen is located at a density lower than 3 x 108

atoms cm 3.

3.4. Two-component ejecta and explosion
geometry

In SN 2016gkg, the narrow [O I} lines are
found to be ~ 300 km s~! wide, indicating that
the emitting region is expanding at least five to
six times slower compared to the broad com-
ponent (~ 2000 km s7!), and have a combined
[O I] flux (AX6300 + 6364) about 40% of the
broad component (see Table 1). If the emitting
region is assumed to be of constant density, the
density is scaled by the mass and the inverse
cube of velocity, where the mass of the material
is proportional to the emission line flux. Con-
sidering the line flux of the narrow [O I} compo-
nent is about 40% of the broad component, and
the expansion velocity 20% of the broad com-
ponent, the density would be 0.4/(0.2)> = 50
times higher compared to the broad component.
In general (i.e. in central explosions such as
core-collapse SNe), density drops with increas-
ing velocity and thus the broad component of
[O I] should form at lower density than the nar-
row component. If the absorbing material is not
dense, the power absorbed by the low-velocity
material would raise the ionization significantly.
Furthermore, a low-density inner region would
not efficiently absorb power.

The above illustration is consistent with an
interpretation of line profiles seen in other SNe,
where a narrow core on top of a broader com-
ponent indicates enhanced central density. Fur-
ther, the central dense part of the ejecta may
take the form of a torus-like structure, which
when viewed from the side gives rise to the
double peak profile symmetric around the rest

wavelength (Taubenberger et al. 2009). In prin-
ciple, a bipolar structure pointing towards and
away from the observer may also give rise to
the blue and red pair of narrow emission lines.
The line displacement from rest wavelength im-
mediately suggests asymmetric ejecta, as in the
spherical case no offset is expected.

Note that as mentioned earlier in Section 2,
the SN rest frame is assumed to coincide with
the underlying H II region. If the rest wave-
length is instead the central wavelength of the
broad [O IJA6300 emission line, then the in-
terpretation would become more general: the
broad and narrow components of [O I] lines
are mostly symmetric with a minor red clump,
suggesting a dense core in spherical ejecta (al-
though an inner disk-like structure viewed face-
on may in principle also be accommodated in
this scenario).

Comparing the two GMOS spectra obtained
with the identical instrument and resolution
(+320 d and +764 d), the broad component is
found to be diminishing in time with respect to
the narrow component (Figure 9). One expla-
nation might be that vy-rays increasingly leak
from the ejecta, and thus the inner denser re-
gions trap more efficiently relative to the faster-
moving material above. The flux in the broad
component then decreases faster than that of
the narrow component.

Assuming that the broad component is emit-
ted from a region defined by 0.2 M, and
2000 km s!, then the v-ray optical depth is
described by the following: 7 ~ 2 x 10* x
(M/0.5M) x (v/2000 km s™)=2 x (t/day) 2.
This component starts to become transparent
to ~-rays (below 7 ~ 1) at around 90 days.
After that, the luminosity would follow the de-
crease in the deposition rate, i.e., 7 oc t72.
On the other hand, if the narrow component
is defined by 0.1 M and 300 km s~!, then 7
is larger by a factor of 20 at around 90 days.
For this component, the transition time to -
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Figure 9. Comparison of the two GMOS spectra
with identical spectral resolution, at phases +320 d
and 4764 d at the [O I] doublet region. The spectra
are normalized in flux to match the peak intensity
of the A6300 line.

ray transparency would be around 420 days.
As a consequence, the luminosity ratio of the
broad/narrow component would decrease over
time, and after the narrow component transi-
tions to be y-ray thin, this ratio would saturate.
This estimate, while rough, supports qualita-
tively that the narrow component is relatively
denser and thus its transition to the optically
thin phase is delayed. Such a phenomenon was
predicted by the two-component SN explosion
model of Maeda et al. (2003). Alternatively,
as density increases inwards in all core-collapse
SN explosions, the trapping of y-rays is more
efficient at low velocity than high velocity even
in 1D spherical models.

The flux ratio of [O IJ/[Ca II] has been fre-
quently used as an indicator of core mass (see
applications in e.g. Kuncarayakti et al. 2015;
initially in Fransson & Chevalier 1989). Mod-
eling of SESN nebular spectra suggests that
this ratio increases slowly with time (Jerkstrand
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Figure 10. Evolution of [O I]/[Ca II] flux ratio in
SN 2016gkg, including both the broad and narrow
components, integrated over the velocity range of
42500 km s~ L.

2017a). In SN 2016gkg, the line ratio is found
to be increasing (Figure 10). The ratio increase
might indicate that some part of the oxygen-rich
region is not becoming transparent to ~y-rays
after around two years. At late time, a high
density oxygen-rich core selectively absorbs -
ray energy input. If the core is described by
low-density and high-density regions (i.e. not a
single component, Maeda et al. 2003), the lat-
ter would stay opaque to gamma rays and could
emit for longer time. This behavior is seen in
the diminishing broad component relative to the
narrow component of SN 2016gkg (Figure 9).
The two-component ejecta model has been
proposed in the past to describe the late-time
light curves of hypernovae (Maeda et al. 2003),
as a single-component model is insufficient to
explain the observed late-time light curve and
spectra of these objects (Sollerman et al. 2000;
Mazzali et al. 2000, 2001; Izzo et al. 2019).
This model describes the ejecta as consist-
ing of two zones: the outer component that
is dominating the early-phase light curve and
the broad spectral features, and the dense in-
ner component that is dominating in the later
phase. In the case of hypernovae, the presence
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of the dense core material has been predicted by
jet-driven explosion models (e.g. Maeda et al.
2002). Such two-component shell model of the
ejecta is however impossible to produce in 1D
hydrodynamic simulations, and the only way
to produce this is to break spherical symmetry
(Dessart et al. 2017).

It has been established that most, if not all,
stripped-envelope SN are aspherical explosions
(Maeda et al. 2008; Taubenberger et al. 2009).
The degree of asphericity generally range from
extreme (explosions with relativistic jets, such
as those of gamma-ray bursts and broad-lined
type-Ic SNe) to mildly deviating from spherical
geometry. In between, SN explosions may ex-
hibit bipolar outflows (Maeda & Nomoto 2003).
In a highly asymmetric explosion, the line of
sight orientation may affect the observed neb-
ular spectra. The broad-lined type-Ic SNe
1998bw and 2003jd are both inferred to be
energetic explosions that launched relativistic
jets. The jet was pointed towards Earth in the
case of SN 1998bw, resulting in the gamma-ray
burst (GRB) 980425, and also evident in the
nebular spectra where the [O I] line is sharp-
peaked, and [Fe II] is found at a higher velocity
compared to [O I] (Maeda et al. 2002).

In a spherical explosion, oxygen is expected to
be located in the outer layers relative to iron,
and thus to show higher velocities. Whereas,
in an aspherical event, explosive nucleosynthe-
sis near the jet axis produces iron that moves
with higher velocity compared to oxygen, which
is distributed closer to the equatorial region,
perpendicular to the jet axis. Therefore, in
the case of SN 2003jd, the line of sight goes
through the jet equator as evidenced by the
double-peaked nebular [O 1] line, and since the
jet is pointing away from Earth, no GRB was
observed (Mazzali et al. 2005). In SN 2016gkg,
the double-peaked [O I} line indicates that the
line of sight is probing the oxygen-rich region
that produces the strong [O I] narrow emission.

However, there is no low-velocity analog to a jet
such as those seen in hypernovae. The asymme-
try in SN 2016gkg has to arise from something
completely different.

Evidence of asymmetry or bipolarity in core-
collapse SNe, in addition to nebular spec-
troscopy, include a mildly relativistic radio jet
in the energetically-normal type-Ic SN 2007gr
(Paragi et al. 2010). SN 2007gr is also found
to match the two-component explosion model,
along with a number of type-Ib SNe (Cano et al.
2014). In addition, observations of SN remnants
also support this, such as the Si-rich bilateral jet
of ejecta in the Vela SN remnant (Garcia et al.
2017) and the distribution of **Ti in the SN rem-
nant Cassiopeia A (Grefenstette et al. 2014).
SN light echo observations that probe a SN
from multiple points of view, also add more
evidence for explosion asymmetry (Rest et al.
2011). In the case of hydrogen-rich (type-II)
SNe, signs of bipolarity and asphericity have
been observed (e.g. SN 2010jp, Smith et al.
2012; SN 2016X, Bose et al. 2019; SN 2017gmr,
Andrews et al. 2019; Nagao et al. 2019), and
it is likely that most of them are asymmetric
explosions (Leonard et al. 2006, 2016). Even
in low-energy SN II explosions such as in
SN 2008bk, asymmetry is clearly detected
(Leonard et al. 2012), and this further sug-
gests that asymmetry does not require high
energy explosions. Since SESNe lack the hydro-
gen envelope, they should be even more asym-
metric compared to the type-II SNe. Three-
dimensional simulations of neutrino-driven core
collapse SN explosions also suggest that asym-
metry is widespread (e.g. Kifonidis et al. 2000,
2003; Wongwathanarat et al. 2015).

The velocity contrast between the narrow and
broad components in SN 2016gkg is very large,
suggesting that two different regions are re-
sponsible for the emitted profiles. If the en-
ergy sources are the same (i.e. *Ni), since the
narrow component region encompass a much
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smaller volume (20% of the broad component’s
velocity, therefore 0.8% of the volume) then
the factor 40% in flux is an order of magni-
tude larger compared to the case where the oxy-
gen density is homogeneous. SN 2016gkg has
been modeled as a standard-energy explosion
with a kinetic energy of 1.2 x 10! erg and an
ejecta mass of 3.4 Mg (Bersten et al. 2018)—
in SESNe, where typical explosions produce
~0.25-3.0 x10° erg of kinetic energy and 1-6
Mg, of ejecta (Lyman et al. 2016; Taddia et al.
2018), the ejecta material would be expelled
with velocity in the order of thousands km s=t,
and thus one would not expect material at low
velocities. This material with low velocity is not
predicted in 1D explosion models and immedi-
ately implies an asymmetric explosion.

SN 2016gkg thus presents a compelling ev-
idence that significant asymmetry may be
present even in a standard-energy explosion.
The asymmetry is most striking at low veloc-
ity, possibly the lowest velocity material ever
identified in a SESN, and not at large veloc-
ity. Despite the presence of asymmetry, the SN
explosion parameters, such as the explosion en-
ergy, ejecta mass, and **Ni mass, inferred from
modeling of the early phase (around light curve
peak) with 1D explosion models would still hold
as low-velocity material mostly affects the late-
time light curves (Maeda et al. 2003, 2006) and
spectra, as shown here. In 1D explosion mod-
els, the energy needed to explain the early light
curve and spectra would yield no material at low
velocity (see e.g. Dessart et al. 2017). If multi-
dimensional models are invoked, there could
be mass at low velocity that makes the ejecta
mass estimate from hydrodynamic simulations
of the light curves to be slightly underestimated.
This material would still have little impact to
the derived explosion energy, due to its low
velocity, and to the total ejecta mass, due to
its small contribution (~0.1 M in the case of
SN 2016gkg). In asymmetric neutrino-driven

explosions, one typically observes that the ex-
plosion occurs in some directions, while con-
tinued accretion (and fallback) occurs in other
directions. Low-velocity material would corre-
spond to the material that just barely avoids
fallback, and stays at low velocity in the final
3D ejecta (e.g. Wongwathanarat et al. 2013;
Chan et al. 2020). Such material resides in the
deeper layers of the exploding star and thus
would not significantly affect the early light
curves and spectra.

3.5. Alternative interpretations of the narrow
emission lines

The narrow lines of SN 2016gkg cannot be
explained by interaction with a circumstellar
material (CSM). To produce a spectrum with
strong, narrow [O I] lines, the CSM needs to be
oxygen-rich, and it has to be depleted in H and
He as the narrow lines of these elements are not
present. SN 2016gkg clearly showed signatures
of H and He in the early phase (Tartaglia et al.
2017; Bersten et al. 2018), and thus an oxygen-
rich CSM poor in H/He would require a fine
tuning and is therefore highly unlikely.

Thus far, there is only one instance of a SESN
interacting with H/He-free CSM in the H/He-
poor type-Ic SN 2010mb (Ben-Ami et al. 2014),
while on the other hand a type-Ic SN interacting
with H/He-rich CSM displays strong H and He
emission lines (SN 2017dio, Kuncarayakti et al.
2018). The emergence of a blue continuum in
SN 2010mb is also attributed to the interaction
with the H/He-free CSM, and this feature is
not apparent in SN 2016gkg. In addition, the
type-Ibn SNe characteristically display strong
He emission lines resulting from interaction with
He-rich CSM (e.g. Pastorello et al. 2007). None
of these examples show the characteristics seen
in the spectra of SN 2016gkg.

Weak interaction with H-rich CSM in SN 2016gkg

is not ruled out, nevertheless, as the bump seen
in the spectra around the Ha region may be con-
tributed by such interaction in addition to the
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emission from [N II]. Such interaction with H-
rich CSM has been seen in a number of SNe IIb,
such as SNe 1993J and 2013df (Matheson et al.
2000; Maeda et al. 2015), where shock-induced
Ha emission may reach velocities around 10 000
km s7! (see Figure 11). Still, this cannot
explain the observed strong narrow lines in
SN 2016gkg.

Another interesting possibility is the interac-
tion with a stripped stellar companion. How-
ever, this scenario cannot explain the symmet-
ric blue and red narrow line peaks. The nar-
row lines of SN 2016gkg are also not likely
to be the result from a pulsar wind neb-
ula in the inner ejecta, as they are of low
ionization.  As exemplified by the type-Ib
SN 2012au (Milisavljevic et al. 2018), the [O II1]
AA4959,5007 and [O II] AA7320,7330 appear
strong, comparable to [O I], as a result of
a pulsar wind nebula inside the SN ejecta.
We note the absence of strong [O II] and
[O III] emission lines, which could also arise
from CSM interaction or from magnetar power
(Jerkstrand et al. 2017b; Dessart 2019), in the
spectra of SN 2016gkg. [O II] and [O III] are
more easily produced in low-density conditions,
cf. [O I] that is associated with high density.
There are weak features in the positions of [O II]
and [O III] in the +764 d spectrum, therefore
similarly a pulsar wind nebula may be present
at the core, but its power contribution is lim-
ited even at the latest epoch and therefore it
cannot be responsible for powering the set of
conspicuous emission lines seen in the earlier
spectra.

3.6. SN environment

NGC 613, the host galaxy of SN 2016gkg, is
a large spiral galaxy with a measured metal-
licity 8”.6 north from the SN explosion site of
12+1og(O/H) = 8.7 dex, close to the solar value
(Bersten et al. 2018, using a combination of in-
dices). The galaxy exhibits gas outflows near
the center (Lépez-Cobd et al. 2020), however
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Figure 11. Zoom-in on the Ha region in the spec-
tra of SN 2016gkg and other well-studied type-1Ib
SNe with CSM interaction.

this does not seem to affect the outer parts
where SN 2016gkg lies.

We extracted the background stellar popu-
lation of SN 2016gkg from our MUSE dat-
acube, integrating light within an annulus ex-
tending between 0”.9-1”.7 (~ 100-200 pc) from
the SN. We do not detect any anomalous flows
around the SN in the Ha velocity field ex-
tracted from the MUSE datacube. The red-
shift of the background narrow Ha line is con-
sistent with the surrounding H II regions in
the field and the host redshift. Utilizing the
[N II]A6584 and Ha emission lines, an oxygen
abundance of 12+log(O/H) = 8.6 dex in the
N2 scale (Marino et al. 2013) was calculated
from the extracted stellar population spectrum,
consistent with the near-solar metallicity esti-
mate. The equivalent width of the Ha emis-
sion line in this background stellar population
was measured to be around 7 A. While other
factors such as shocks and emissions from post-
asymptotic giant branch stars may contribute to
the observed emission line equivalent width (see
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e.g. Cid Fernandes et al. 2011), here we assume
that the Ha emission is contributed by the star-
forming parent stellar population of the progen-
itor of SN 2016gkg and thus can be used as
an age indicator. Following Kuncarayakti et al.
(2018), this Ho equivalent width value is consis-
tent with the stellar population age of around 12
Myr by comparing with Starburst99 simple stel-
lar population models (Leitherer et al. 1999),
which subsequently points to the lifetime of a
single 16 Mg star. This estimate is consistent
with the progenitor initial mass range of 15-
20 Mg derived with other methods discussed
above.

4. SUMMARY

We present late-time spectral observations of
the type-IIb SN 2016gkg. The nebular spec-
tra show the characteristic [O I] AA6300,6364
and [Ca II] AA7292,7324 emission doublets as
the strongest lines, accompanied by other lines
which are fainter.

The most striking features of the spectra are
the strong narrow lines superposed on the broad
component base, reaching low velocities down to
~ 300 km s™'. The [O 1] doublet is the strongest
line in the spectra, and both the AA6300 and
6364 lines feature a composite line profile con-
sisting of at least three single components: a
broad emission (FWHM ~ 2000 km s7!), a blue
and a red emission components mirrored against
the zero velocity. Such a low velocity seen in the
narrow lines is not expected from spherical 1D
SN explosion models, and points to the presence
of slow-moving material in the ejecta.

SN 2016gkg suggests that such low-velocity
material might also be present in other SNe, al-
though not observed thus far. A more detailed
modeling of the power source at the origin of

3 http://heracles.astro.berkeley.edu/sndb/
4 https://sne.space/
5 https://wiserep.weizmann.ac.il/

the narrow line component is needed. While we
made no attempt of modeling the explosion and
spectra of SN 2016gkg, future SN modeling ef-
forts may take advantage of these observations
and incorporate more detailed ejecta structures
to improve the constructed models of SNe and
their progenitors.
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