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ABSTRACT

Optical, near-infrared (NIR) photometric and spectroscopic studies, along with the
optical imaging polarimetric results for SN 2012au, are presented in this article to
constrain the nature of the progenitor and other properties. Well-calibrated multi-
band optical photometric data (from —0.2 to +413 d since B-band maximum) were
used to compute the bolometric light curve and to perform semi-analytical light-curve
modelling using the MINIM code. A spin-down millisecond magnetar-powered model
explains the observed photometric evolution of SN 2012au reasonably. Early-time
imaging polarimetric follow-up observations (-2 to +31 d) and comparison with other
similar cases indicate signatures of asphericity in the ejecta. Good spectral coverage of
SN 2012au (from -5 to +391 d) allows us to trace the evolution of layers of SN ejecta
in detail. SN 2012au exhibits higher line velocities in comparison with other SNe Ib.
Late nebular phase spectra of SN 2012au indicate a Wolf-Rayet star as the possible
progenitor for SN 2012au, with oxygen, He-core, and main-sequence masses of ~1.62
+ 0.15 Mg, ~4-8 Mg, and ~17-25 Mg, respectively. There is a clear absence of a first
overtone of carbon monoxide (CO) features up to 4319 d in the K-band region of the
NIR spectra. Overall analysis suggests that SN 2012au is one of the most luminous
slow-decaying Type Ib SNe, having comparatively higher ejecta mass (~ 4.7 — 8.3 M)
and kinetic energy (~[4.8 — 5.4] x 10°! erg). Detailed modelling using MESA and the
results obtained through STELLA and SNEC explosions also strongly support spin-down
of a magnetar with mass of around 20 Mg and metallicity Z = 0.04 as a possible
powering source of SN 2012au.
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1 INTRODUCTION

* E-mail: shashiQaries.res.in Type Ib supernovae (SNe) are a subclass of stripped-
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(H) envelopes of their progenitors are partially or completely
removed because of the higher mass-loss rate before the
explosion (Wheeler et al. 1987; Filippenko 1997; Gal-Yam
2017; Prentice & Mazzali 2017; Shivvers et al. 2017; Modjaz
et al. 2019). Weak signatures of H found in a few SNe Ib may
be attributed to the thin layer of H and its continuous strip-
ping from the progenitor (Branch et al. 2006; Elmhamdi et
al. 2006; Valenti et al. 2011; Hachinger et al. 2012). SNe Ib
also serve as important events to probe deeper towards the
proposed transition of H-poor SNe IIb to He-free SNe Ic (Fil-
ippenko 1993; Dessart et al. 2015; Yoon 2015). H-deficient
Wolf-Rayet (WR) stars (2 20-25 M) are believed to be pos-
sible progenitors for Type IIb/Ib SNe, as they have lost their
H envelope partially /completely due to stellar winds (Heger
et al. 2003; Georgy et al. 2009; Yoon 2015). On the other
hand, low-mass progenitors (2 11 M) in binary systems are
also thought to be progenitors of these SESNe, where the
primary star loses its H envelope through mass-transfer to
a companion star (Podsiadlowski et al. 1992; Nomoto et al.
1995; Smartt 2009; Yoon et al. 2010; Smith et al. 2011).
Envelope stripping is crucial in aiding understanding of the
evolution of massive stars, post-explosion interaction, and
the properties of the resulting SNe (Yoon 2015; Gilkis et al.
2019). SNe Ib seem to have a higher/lower degree of enve-
lope stripping and more/less massive progenitors in compar-
ison to SNe IIb/Ic (Fang et al. 2019). More massive progen-
itors, in comparison with those for SNe of Type IIb/Ib/Ic,
are responsible for producing H-deficient superluminous SNe
(SLSNe I: Moriya et al. 2018; Gal-Yam 2019; Inserra 2019).

Probing pre-explosion images of nearby SNe sites is the
best way to identify and determine physical properties like
masses of progenitor stars (Gal-Yam et al. 2007; Van Dyk
2017). So far, because of the limitation of achievable spa-
tial resolution, only a handful of SESNe are known, includ-
ing iPTF13bvn (Ib: Cao et al. 2013; Folatelli et al. 2016),
SN 2017ein (Ic: Kilpatrick et al. 2018; Van Dyk et al. 2018;
Xiang et al. 2019), and the recent SN 2019yvr (Ib: Kilpatrick
et al. 2021). Using pre-explosion images, a binary system for
iPTF13bvn (Fremling et al. 2014; Kuncarayakti et al. 2015;
Folatelli et al. 2016) and a single WR star for SN 2019yvr
were found as potential progenitor candidates (Kilpatrick et
al. 2021). However, since the site hosting SN 2017ein is very
crowded, possibilities of the progenitor being a WR star,
a binary system with a high-mass candidate, and an unre-
solved young compact star cluster exist together (Xiang et
al. 2019).

The most acceptable explosion mechanism of such
SESNe is radioactive decay of **Ni (RD); however, the light
curves of some SESNe (e.g., Type Ib/c SN 2005bf: Maeda
et al. 2007; Type Ic SN 2019cad: Gutiérrez et al. 2021; and
many SLSNe I; Inserra et al. 2013; Nicholl et al. 2017; Kumar
et al. 2021) are explained by the existence of a spin-down
millisecond magnetar (MAG) as a powering source (Maeda
et al. 2007; Kasen & Bildsten 2010; Woosley 2010). Near-
peak photometric data are important in performing ana-
lytical light-curve modelling, which helps in obtaining the
power mechanism and estimating various physical param-
eters such as the ejecta mass (Me;), the kinetic energy of
the explosion (Ef ), and the *Ni mass (Chatzopoulos et al.
2012; Wheeler et al. 2015). By contrast, late-phase spectral
observations help in investigating the nature of the explosion
mechanism/progenitor and in constraining the composition

of the inner layers of the expanding ejecta, which allows
us to estimate the amount of oxygen mass (Mo), He-core
mass (Mpe), and zero-age main-sequence mass (Mzams);
see Uomoto (1986), Thielemann et al. (1996), and Fang et
al. (2019).

More useful information about such SNe can be probed
using near-infrared (NIR) spectroscopy, which is important
to understand molecular emission features not observed in
the optical or UV regions (e.g., the carbon monoxide (CO)
features in the K-band region) and is crucial to investigate
dust formation (Morgan & Edmunds 2003). Due to the large
number of collisionally excitable energy levels of CO emis-
sion, it acts as a coolant and can shed light on the dust
production rate in SN ejecta (Gearhart et al. 1999; Morgan
& Edmunds 2003; Liljegren et al. 2020). The NIR spectra
of SNe Ib exhibit strong features of He1 A10 800 and C1,
which give an idea about the extent of envelope stripping in
these objects. Hel features are found to be weaker/absent
in SNe Ic (e.g. SN 2007gr: Hunter et al. 2009); however, in
addition to this, broad-line SNe Ic exhibit weak signatures
of C1 (SN 2020bvc: Rho et al. 2021), which indicate large
envelope mass stripping in such events. Additionally, SNe Ib
present stronger Hel A\20 580 in comparison with that dis-
played in the NIR spectra of SNe Ic.

Asphericity is another generic property of SESNe, as
half of these well-known events exhibit aspherical features
owing to various possible effects like dust and the clumpy
nature of ejecta (Leonard et al. 2006; Maeda et al. 2008;
Wang & Wheeler 2008; Taubenberger et al. 2009; Tanaka
2017). The level of asphericity in the ejecta could be esti-
mated using the observed degree of polarization (Shapiro &
Sutherland 1982; McCall 1984; Hoflich 1991). The aspheric-
ity of the explosion can also be established independently by
investigating the emission-line profiles (e.g., [O1] and [Ca11])
in optical nebular spectra, as suggested by Mazzali et al.
(2001, 2005); Maeda et al. (2002, 2006); Taubenberger et al.
(2009). Among SESNe, observational signatures indicate a
higher level of asphericity in SNe connected to gamma-ray
bursts (GRB-SNe) than normal ones (Maeda et al. 2008).
Therefore, understanding explosion/ejecta geometry is vital
in probing the nature of possible progenitor and explosion
mechanisms for these energetic events.

In the literature, based on early photometric and spec-
troscopic optical studies up to ~+140 d, Takaki et al. (2013)
claimed SN 2012au had properties similar to hypernovae,
whereas, based on the comparatively higher absolute mag-
nitude of SN 2012au, Milisavljevic et al. (2013) also sug-
gested it as a possible golden link between SLLSNe I and low-
luminosity counterparts. Based on radio and X-ray observa-
tions Kamble et al. (2014) suggested a smooth circumstellar
environment around SN 2012au. However, using a very late-
time spectrum (after 6.2 years of explosion), Milisavljevic et
al. (2018) did not observe any signature of CSMI in the very
late-time spectrum (at 42270 d) of SN 2012au and claimed
it as a pulsar wind nebula remnant. In general, SLSNe I
are ~2-3 magnitudes brighter and have roughly three times
broader light-curve peaks than classical SNe (Gal-Yam 2019;
Inserra 2019). However, investigations of a larger photomet-
ric sample suggest that SNe Ib/c, Ic-BL, and SLSNe-I dis-
play a continuum in luminosity distribution (De Cia et al.
2018). The near-maximum spectra of SLSNe I have unique
dominant O 11 features, but late-phase spectra exhibit a re-
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semblance with SNe Ib/c (Pastorello et al. 2010; Quimby
et al. 2018). For this reason, SLSNe I and SESNe are ex-
pected to share similar powering mechanisms, although with
diverse physical parameters for the former, such as compar-
atively higher M.; or re-shocking of the ejecta by a central
engine (Nicholl et al. 2015). The observational features of
SN 2012au further prompted re-investigation using new sets
of optical imaging photometric/polarimetric and the spec-
troscopic data and modelling resources used in the present
study (e.g. MINIM: Chatzopoulos et al. 2013; MESA: Paxton
et al. 2018; STELLA: Blinnikov et al. 2006; SNEC: Morozova
et al. 2015; SYNAPPS: Thomas et al. 2011).

The presentation of the analysis is structured as follows.
Multiband optical light curves of SN 2012au are presented
in Section 2. Section 3 discusses semi-analytic model fitting
to the bolometric light curve of SN 2012au. A polarimetric
study is presented in Section 4. In Section 5, we present the
optical and NIR spectroscopic evolution and estimation of
basic parameters of SN 2012au using the nebular phase spec-
trum and also compare the line velocities of SN 2012au with
those of other SNe Ib. Spectral comparisons of SN 2012au
with other SESNe are discussed in Section 6. The MESA mod-
elling of the progenitor is presented in Section 7. We discuss
our results in Section 8 and conclude in Section 9. Through-
out the work, the phase is computed with reference to the
B-band maximum light, and magnitudes are expressed using
the Vega scale.

2 LIGHT CURVES OF SN 2012AU

The photometric monitoring of SN 2012au (J2000: « =
1225452518 and & = —10°14'5072) was carried out us-
ing several facilities, including the Sampurnanand Telescope
(ST-1.04m"), Devasthal Fast Optical Telescope (DFOT-
1.3m"), Himalayan Chandra Telescope (HCT-2m?), 2.2m
telescope on Calar Alto (CAHA-2.2m?), and Big Telescope
Alt-azimuth (BTA-6m*).

Our U-,B-,V-,R-, and I-band observations at 44 epochs
spanned ~414 d. Data reduction was performed through
standard procedures described in Kumar et al. (2021). Pho-
tometric calibrations were made using the secondary stan-
dards in the SN field, through independent observations of
the Landolt standard fields with HCT-2m and with the re-
cently commissioned Devasthal Optical Telescope (DOT-
3.6m°) operated by ARIES, Nainital, India (Kumar et al.
2018). The PG 0918 and SA 110 fields were observed with
HCT-2m on 2012 March 21 and 2012 April 21. Similarly, on
2020 March 3, observations of the PG 1323 field were per-
formed with the 4K x 4K CCD Imager mounted at DOT-
3.6m (Pandey et al. 2018) to fine-tune the photometric cal-
ibrations. Using the Landolt standards, transformations to
the standard system were derived by applying average colour

I https://aries.res.in/index.php/facilities/
astronomical-telescopes

2 https://www.iiap.res.in/iao/cycle.html

3 http://www.caha.es/observing-mainmenu- 148/
telescopes-aamp-instruments-mainmenu-155

4 https://www.sao.ru/tb/tcs/

5 https://aries.res.in/facilities/
astronomical-telescopes/36m-telescope
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terms and photometric zero-points. Average atmospheric ex-
tinction values in different bands for the Hanle and Dev-
asthal sites were adopted from Stalin et al. (2008) and Mo-
han et al. (1999), respectively. Five secondary standard stars
were used to calibrate the SN magnitudes. A finding chart in-
dicating these stars (IDs 1-5) and the location of SN 2012au
is shown in the left and middle panels of Fig. 1, and their
magnitudes are listed in Table Al. A zoomed view of the
SN 2012au field (about 0.7x0.7 arcmin®) as observed on
2001 August 17 in the F606W filter using the Hubble Space
Telescope (HST) is also shown in the right panel of Fig. 1.
The SN location is near the bright nucleus of the host galaxy.
Consequently, the host contamination must be removed to
infer the uncontaminated SN flux. In this study, template
images of the field (without the supernova) were subtracted
to obtained the final calibrated magnitudes. For this pur-
pose, template images were acquired on 2014 February 26
with HCT-2m. All the images were first aligned with the GE-
OMAP and GEOTRAN tasks in IRAF. Then, IRAF-based
scripts were used to perform template subtraction and in-
tensity matching of the template images to the frames with
the SN. It is also worth mentioning that the photometry
published by Takaki et al. (2013) was published without ap-
plying image subtraction. The marginal differences among
photometry of BVRI filters can be explained in terms of pos-
sible contamination by the host, based on our present care-
ful analysis. Finally, aperture photometry was performed on
the subtracted images, and the calibrated SN magnitudes
are listed in Table A2.

The light curves of SN 2012au (in red) thus derived in
the U, B, V, R, and I bands are presented in Fig. 2. We
correct the data of SN 2012au for a Galactic extinction of
E(B — V) = 0.043 mag (Schlafly & Finkbeiner 2011) and
a host galaxy extinction of E(B — V) = 0.02 £ 0.01 mag.
The host galaxy extinction is adopted from Milisavljevic et
al. (2013), calculated using the equivalent width of Na1 D
absorption; however, Takaki et al. (2013) assumed negligi-
ble host extinction. In the present analysis, the data have
also been corrected for cosmological expansion. We derived
absolute magnitudes from the extinction-corrected apparent
magnitudes using

M =m — 5 log(dr/10 pc) + 2.5 log(1 + z) (1)

Here, M corresponds to the absolute magnitude, m rep-
resents the apparent magnitude, and dr is the luminosity
distance (Hogg et al. 2002). We adopt a distance to the host
NGC 4790 of ~23.5 £ 0.5 Mpc, as given by Milisavljevic et
al. (2013).

A third-order spline function was fitted around the ap-
proximate peak of the B-band light curve to measure the
date of B-band maximum (MJDg pear = 56006.4 £ 0.5)
and the corresponding absolute peak magnitude (Mp peak =
—18.06 £ 0.12 mag). In the R band, SN 2012au reached a
peak brightness (mg,pear = 13.18 & 0.02 mag) at MIDR peak
= 56009.2 £ 0.5, with an absolute peak magnitude Mg peak
= —18.67 £ 0.11 mag. The Mg pear of SN 2012au appears
to be brighter in comparison with the mean Mg peqr calcu-
lated for SNe Ib and Ic, whereas it is lower in comparison
with SNe Ie-BL (Drout et al. 2011, see the middle right panel
of Fig. 2). It indicates that SN 2012au is one of the brightest
SESNe. SN 2012au has been also observed in J, H, and K


https://aries.res.in/index.php/facilities/astronomical-telescopes
https://aries.res.in/index.php/facilities/astronomical-telescopes
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http://www.caha.es/observing-mainmenu-148/telescopes-aamp-instruments-mainmenu-155
http://www.caha.es/observing-mainmenu-148/telescopes-aamp-instruments-mainmenu-155
https://www.sao.ru/tb/tcs/
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Figure 1. Identification chart of SN 2012au and local secondary stars (IDs 1-5). The V-band images obtained using HCT-2m and DOT-
3.6m taken on 2012 March 21 and 2020 March 3 are shown in the left and middle panels, respectively. The field of view is roughly 3.5 x
3.5 arcmin?, and both images are astrometrically matched. The right panel shows a pre-explosion HST image observed on 2001 August
17, zoomed-in near the central region of the host galaxy NGC 4790. The SN 2012au location is marked in the left panel, and the same
location is also indicated in the middle panel with a red dot after the SN has faded. The same location is shown with a circle (0.5-arcsec
radius) in the pre-explosion HST image. North is up, and east is to the left.

Table 1. List of four SNe Ib and two SLSNe I along with SN 2012au, and the following parameters: MJDpB peak; MB,peak, 0M}y_4005
Mej, Eg, Mo, and Mz ans-

Object  Redshift Distance E(B — V) MJDpg peak Mp peak dmyo_400 Mej Eg Mo Mzaums Source
(=) (Mpc)  (mag; total) (mag) (Tod Mg) (10%" erg) Mg)  (Mg)

SN 2007Y  0.0046 19.3 0.11 54161.4 —16.22 £+ 0.02 0.18 0.4 0.1 0.2 3.3 Stritzinger et al. (2009)

SN 2009jf 0.0079 34.2 0.11 55119.2 —17.57 + 0.02 0.15 4-9 3-8 1.3 20—25 Sahu et al. (2011)
Valenti et al. (2011)

iPTF13bvn 0.0045 22.5 0.04 56474.2 —16.50 + 0.02 0.19 1.9 0.9 0.7 15—17 Folatelli et al. (2016)
Fremling et al. (2016)

SN 2015ap 0.0114 45.8 0.04 57283.4 —17.89 £+ 0.08 0.11 3.8 5.0 0.9 12—-20 Prentice et al. (2019)

Gangopadhyay et al. (2020)

PTF12dam 0.1070 482.2 0.03 56093.7 —21.68 + 0.07 0.15 13 3.0 — >60 Nicholl et al. (2013)

SN 2015bn  0.1140 529.0 0.32 57103.4 —23.21 4+ 0.10 0.15 15 3.4 9 >40 Nicholl et al. (2016)

SN 2012au  0.0045 23.5 0.06 56006.4 —18.06 + 0.12 0.08 4.7-8.3 4.8-5.4 1.6 17-25 This work

*Decay rate in mag per 10 d has been measured by linear fitting to the light curve from ~+40 to +400 d.

bands using Son OF ISAAC (SOFI) on the New Technology bands using the equations given by Jordi et al. (2006). The

Telescope (NTT-3.58m") at 56001.4 (~ —5 d) and the ap- MJD B, peak values for the four SNe Ib are estimated indepen-
parent magnitudes are 13.40 4 0.06, 13.33 £ 0.10, and 12.69 dently (see Table 1), and the light curves (in the unit of abso-
+ 0.20 mag, respectively. lute magnitudes) are obtained using Equation 1. SN 2012au
SN 2012au seems to have comparatively shallower post- exhibits the brightest Mp peax in comparison with other
peak decay rate (see Fig. 2) in all observed passbands in events. At later epochs (~+40 to +400 d), SN 2012au light
comparison with SNe Ib. From the peak to +40 d, the U- curves decay more slowly than the sampled SNe Ib, see Ta-
band light curve decays by ~0.076 mag d~!, whereas the ble 1. In the bottom right panel of Fig. 2, the V-band post-
evolution is flatter in the redder bands (~0.029 mag d~! in peak (~+40 to 4400 d) decay of SN 2012au is compared
the I band). At late phases (+40 to 400 d), the BVRI light with the B-band post-peak decay rates of two well-studied
curves decay at ~0.008 mag d~*, marginally slower than the slow-decaying SLSNe I: PTF12dm (Nicholl et al. 2013) and
%Co — 5°Fe decay rate (0.0098 mag d™'), see the bottom SN 2015bn (Nicholl et al. 2016), which have late-time pho-
right panel of Fig. 2. tometric observations. During +40 to +400 d, SN 2012au
The U, B, V, R, and I light curves of SN 2012au are presents an even slower decay rate (0.008 mag dfl) than
compared with those of SN 2007Y (Stritzinger et al. 2009), PTF12dam, SN 2015bn (0.015 mag d™'), and a theoretical
SN 2009jf (Sahu et al. 2011; Valenti et al. 2011), iPTF13bvn decay rate of ®Co — ®YFe. In summary, SN 2012au is one
(Folatelli et al. 2016; Fremling et al. 2016), and SN 2015ap of the brightest SESNe Ib with slower post-peak decay.

(Gangopadhyay et al. 2020; Prentice et al. 2019). For com-
parison, the four SNe Ib are chosen as they have peak cov-
erage and late-time photometric data (Z+250 d) in at least
five bands (UBVRI); see Fig. 2. SN 2007Y has data in the The quasi-bolometric (W1W2M2UBVRI) light curve of
u'¢ BV bands, and these were transformed to the UBVRI SN 2012au was generated using the PYTHON-based code

Superbol (Nicholl 2018a). Swift-UVOT data of SN 2012au

in the W1W2M2 bands (from —4 to +32 d) were adopted
6 nhttps://www.eso.org/public/teles-instr/lasilla/ntt/ from Milisavljevic et al. (2013). Most of the data points were

2.1 Bolometric light curve of SN 2012au

MNRAS 000, 1-26 ()
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Figure 2. Multiband light-curve evolution of SN 2012au and other SNe Ib. The SN 2012au light curve peaks earlier in the bluer bands,
as observed in other similar SNe (Taddia et al. 2018). SN 2012au is found to be one of the highly luminous SNe Ib, with a shallower
post-peak decay rate in comparison with other SNe Ib. In the lower-right panel, the V-band post-peak decay rate of SN 2012au is
compared with B-band late-time light curves of two low-redshift slow-decaying SLSNe I (PTF12dam and SN 2015bn) and the 56Co —

56Fe decay curve.

available in the R band, while data points at similar epochs
in the other bands were obtained through interpolation or
extrapolation, assuming a constant colour. To add the NIR
flux contribution, we extrapolated the blackbody (BB) spec-
tral energy distribution (SED) by integrating the observed
UV —optical fluxes. The data points have also been dered-
dened using E(B — V) = 0.063 mag, whereas the flux and

MNRAS 000, 1-26 ()

wavelength values in individual bands were reported relative
to the rest frame. In this way, we obtained the bolometric
light curve (UV to NIR) from —0.2 to +413 d, with a peak lu-
minosity of ~ (6.56+0.70) x 10*? erg s™* at MJD = 56005.8
4+ 1.0, which is higher in comparison with the estimated
mean peak luminosity for SNe IIb, Ib, and Ic, however lower
than SNe Ic-BL (Lyman et al. 2016); see the upper panel
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Figure 3. Top panel: bolometric light curve of SN 2012au, shown
along with the average bolometric light curves of SNe IIb, Ib, Ic,
and Ic-BL (Lyman et al. 2016). The full deposition rate of 56Ni
— 56Co — %6Fe decay chain, assuming Mpy; = 0.30Mp), is also
shown in a lime colour. A standard equation of magnetic dipole
(L o t~2) is also overplotted on the late-time bolometric light
curve of SN 2012au (in cyan).

Middle and bottom panels: Tpp and Rpgp evolution of
SN 2012au, obtained through a BB fit to the photometric data.
Tpp and Rpp evolution of SN 2012au is close to that inferred
for SN 2009jf, another bright SN Ib (Sahu et al. 2011).

of Fig. 3. The peak bolometric luminosity of SN 2012au is
also higher than all SNe IIb, Ib, and Ic (except SN 2018cbz)
reported by Prentice et al. (2019).

As discussed above, the late-time decay rate of the
SN 2012au light-curve is even shallower than the theoretical
decay curve of °Co — 56Fe (see Fig. 2). It is known that
the luminosity of a magnetar-powered engine decays as L o
t~% with @ = 2, a standard equation of a magnetic dipole
(Kasen & Bildsten 2010; Woosley 2010), see also Nicholl et
al. 2018b. The late-time bolometric light curve of SN 2012au

seems to trace the pattern well (in cyan colour, see the upper
panel of Fig. 3) and indicate a magnetar origin.

We estimated the value of synthesized 56Ni mass (Mns)
of ~ 0.27£ 0.07 M using the relation between Mpeqr and
Mn; given by Lyman et al. (2016). We also calculated My,
~ 0.30 My, through a comparison with the synthetic light
curve of total energy production assuming a radioactive en-
gine powered (in lime colour, see upper panel of Fig. 3) by
the decay of the °Ni — *¢Co — Fe decay chain (Nady-
ozhin 1994), closer to that estimated above. The estimated
Mp; for SN 2012au in this study (~0.30 Mg) is in good
agreement with that suggested by Takaki et al. (2013, ~0.3
Moy).

Using the bolometric light curve of SN 2012au, we esti-
mated Me.;, Ej, and the characteristic time-scale (7o) using
equations 1, 3, and 5, respectively (Wheeler et al. 2015). We
adopted an electron-scattering opacity (k) = 0.05 cm? g+
and opacity to gamma rays (k,) = 0.03 cm? g~! for the
present analysis. To calculate the parameters discussed, a
rise time (¢,) = 16.3 £ 1.0 d was estimated from the date of
explosion (Milisavljevic et al. 2013) and the peak bolometric
luminosity, while the photospheric velocity at peak luminos-
ity (Uph,peak ~ 12 500 + 500 km s~') was adopted from the
spectral analysis (see Section 5.1.2). Using the above values
of t, and vph, peak, we obtained M., E, and Tp of ~5.1 0.7
Mg, ~4.8 £ 0.6 x 10°! erg, and ~66.0 & 9.4 d, respectively.
The values of M.; and Ej estimated for SN 2012au appear
to be close to those found for SN 2009jf, whereas they are
larger than those inferred for other SNe Ib listed in Table 1,
indicating SN 2012au as one of the most highly energetic
SN Ib. The Me; value for SN 2012au is higher than those
of SNe IIb, Ib, and Ic discussed by Wheeler et al. (2015)
and also higher than the mean values estimated for different
samples of SNe IIb, Ib, Ic, and Ic-BL by Drout et al. (2011),
Lyman et al. (2016), and Prentice et al. (2019), whereas it
is nearly equal to those estimated for a sample of SNe Ic
and SNe Ic-BL by Taddia et al. (2015). The evaluated Ej
of SN 2012au is higher than the mean values calculated for
a sample of SNe Ib (~1.2 x 10°! erg) and Ic (~1.0 x 10°
erg), but lower in comparison with Ic-BL (~11 x 10°! erg)
and engine-driven SNe (~9 x 10%! erg), reported by Drout
et al. (2011).

The evolution of BB temperature (Tsp) and the radius
(ReB) of SN 2012au are presented in the middle and lower
panels of Fig. 3, respectively. The Trp and Rpp parameters
were calculated by modelling the SED at some epochs by fit-
ting a BB function using the Superbol code (Nicholl 2018a).
The Trp and Rpp evolution are shown only up to +114 d,
because the BB approximations are poorer at later epochs.
From peak to ~+12 d, the Tsp of SN 2012au decreased from
~ 8000 to 4700 K, whereas from ~+12 to +60 d, it remains
nearly constant at around 4600 K. At later epochs (after
~+60 d), Tsp increases slowly from ~ 4600 to 6000 K. The
Tgp evolution of SN 2012au is in good agreement with that
of the SN Ib sample of Prentice et al. (2019). On the other
hand, from the peak to ~ +12 d, Rgp of SN 2012au in-
creases from ~ 1.4 x 10%° to 3.0 x 10'% cm, to decrease again
after +114 d to ~ 0.5 x 10'® ¢cm. The Tss and Rgg evolu-
tion of SN 2012au is also compared with those estimated for
SN 2007Y, SN 2009jf, iPTF13bvn, and SN 2015ap (see mid-
dle and lower panels of Fig. 3). The Tsp and Rpp values for
iPTF13bvn and SN 2015ap are taken from Fremling et al.
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(2014) and Aryan et al. (2021), respectively, whereas they
are calculated independently for SN 2007Y and SN 2009jf
using the Superbol code (Nicholl 2018a). Near the peak,
SN 2012au exhibits lower temperature in comparison with
SN 2007Y, iPTF13bvn, and SN 2015ap and higher than
SN 2009jf, although, after 2+20 d all the SNe presented
manifest a nearly similar trend of temperature evolution
(see middle panel of Fig. 3). On the other hand, SN 2012au
shares similar Rgp evolution to SN 2009jf and is also closer
to SN 2015ap, although throughout the evolution SN 2012au
presents higher values of Rpp in comparison with those es-
timated for SN 2007Y and iPTF13bvn (see lower panel of
Fig. 3).

2.1.1 FEjecta mass and kinetic energy

The M.; and Ex values of SN 2012au estimated using the
bolometric light-curve analysis are compared with those of
classical SNe IIb (23), Ib (33), Ic (33), Ie-BL (10), GRB-
SNe (30), and SLSNe I (40) in Fig. 4. The parameters for
SNe IIb, Ib, Ic, and Ic-BL were taken from Taddia et al.
(2015); Wheeler et al. (2015); Lyman et al. (2016); Taddia et
al. (2018); Prentice et al. (2019) and those of GRB-SNe from
Cano (2017), while those of SLSNe I were from Nicholl et
al. (2015, 2017). The Ex values were not quoted by Nicholl
et al. (2015, 2017) and Prentice et al. (2019), so we used
equation 2 of Wheeler et al. (2015) to infer Ex from M,;
and photospheric velocity (vpn). Different types of SNe are
plotted with different legends and colours, while SN 2012au
is plotted with a red star.

From Fig. 4, it is clear than SN 2012au has the highest
M.; and Ex values in comparison with most of the Type
ITb (in green), Ib (in blue), and Ic (in orange). It also indi-
cates that SN 2012au is one of the most energetic SNe Ib.
SNe IIb, Ib, and Ic have a similar range of values for Ex and
M., while SNe Ic-BL seem to have comparatively high Ex
values, and GRB-SNe exhibit the highest Ex values. The
FEx estimates for SLSNe I are similar to those for SNe IIb,
Ib, and Ic, but they have a larger range of ejecta masses. In
Fig. 4, ratios of Ex /Me; (from 0.1 to 10) for corresponding
vpn, values (from ~4000 to 41 000 km s~!) are also shown
in different colours. Most GRB-SNe converge to around v,
~ 25 000 km s~!, whereas SNe IIb, Ib, and Ic have a lower
vpn, Tange (6000—13 000 km s™'). Most SNe IIb, Ib, and Ic
lie below the v, curve of ~13 000 km s~ * (red line), which
shows comparatively higher v,;, for SN 2012au.

3 SEMI-ANALYTICAL LIGHT CURVE MODELLING
USING MINIM

The analytical model fitting to the bolometric light curve of
SN 2012au was attempted using the MINIM code (Chatzopou-
los et al. 2013). MINIM is a semi-analytical light curve mod-
elling technique used to fit the light curves of SESNe. It uses
the Price algorithm to look for the global minimum of the 2
hypersurface within the allowed parameter volume. Corre-
sponding to the minimum x?, it provides a set of supernova
explosion parameters including Mnyi, Mej, ejecta opacity, etc.
The working process of the MINIM code is described in detail
by Chatzopoulos et al. (2013), see also Wheeler et al. (2017).
Using MINIM, we attempted to fit the bolometric light curve
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Figure 4. M.; versus Ex diagram for SN 2012au and a sample
of SNe IIb, Ib, Ic, Ic-BL, GRB-SNe, and SLSNe I as discussed in
Section 2.1.1. SN 2012au appears to have higher Ex and M; in
comparison with most SNe IIb (in green), Ib (in blue), and Ic (in
orange), however lower than the values for Ic-BL and GRB-SNe.

of SN 2012au using various models like RD, MAG, constant
density CSMI (CSMIO0), wind-like CSMI (CSM12), HYBRID
(CSMIO + RD), and HYBRIDW (CSMI2 + RD): see Fig. 5,
briefly described below.

RD model: the radioactive decay model was originally
developed by Arnett (1982) and it works on the assumptions
discussed by Arnett (1982), Valenti et al. (2008), Chatzopou-
los et al. (2009), and Chatzopoulos et al. (2012, 2013). Under
this model, 4-rays produced by the °Ni — 55Co — 55Fe de-
cay chain get trapped and thermalize the ejecta from centre
to surface, powering the SN light curve. See equation 9 in
Chatzopoulos et al. (2012) for the form of the resulting light
curve based on My, initial time (tini), effective diffusion
time-scale (tq), and optical depth for v-rays (A,) as fitting
parameters. The M.; value is calculated using equation 10
of Chatzopoulos et al. (2012) assuming integration constant
(B) = 13.8, k = 0.05 cm? g~ ' (Drout et al. 2011; Milisavljevic
et al. 2013), and vph, peak of = 12 500 + 500 km s™*, which
was adopted from the spectral analysis (see Section 5.1.2).

MAG model: under this model, a newly formed rapidly
rotating millisecond magnetar (magnetized neutron star) is
generated in the centre of the SN (Maeda et al. 2007; Kasen
& Bildsten 2010; Woosley 2010). In this scenario, conver-
sion of magneto-rotational energy into radiation causes the
newly-born “magnetar” to spin down while simultaneously
heating the SN ejecta. Refer to equation 13 in Chatzopoulos
et al. (2012) for the form of the resulting light curve which
is mainly based on the magnetic dipole spin-down formula.
The fitting parameters of the MAG model are t;y;, progen-
itor radius (Ro), magnetar rotational energy (Fp), tq, mag-
netar spin-down time-scale (t,), and ejecta expansion ve-
locity vexp. Similarly to the RD model, in the MAG model
M,; is calculated using equation 10 of Chatzopoulos et al.
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Figure 5. Semi-analytic light curve models (RD, MAG, CSMI0, CSMI2, HYBRID, and HYBRIDW) fitted to the bolometric light curve
of SN 2012au using the MINIM code (Chatzopoulos et al. 2013), shown in six different panels. The photometric data points of SN 2012au
are shown by hollow red circles, whereas the six modelled light curves are colour-coded with the best-fitting modelled light curves.

(2012) assuming 8 = 13.8, x = 0.05 cm? g%, and vph peak
= 12 500 + 500 km s~*. The initial period of the magnetar
(P;) is given by P; = 10 x (2 x 10°%erg s™* /E,)°® ms and
the magnetic field of the magnetar (B) is calculated using
B = 10" x (1.3P%/tpy)%® G; here, tp . is the magnetar
spin-down time-scale in years (Chatzopoulos et al. 2013).

CSMI model: as we know, the circumstellar environ-
ment is not always a vacuum and the ejecta may be sur-
rounded by a thick CSM shell generated by mass loss from
the massive star. SN ejecta can then collide and interact vi-
olently with the CSM. Eventually, shock heating can cause a
very bright light curve, governed by the diffusion of thermal-
ized photons to the photosphere that is fixed at the outer
radius of the shell (Chevalier & Fransson 1994). Here, CSMI0
and CSMI2 models are designated to represent constant den-
sity and wind-like CSM, respectively. See equations 14 and
20 in Chatzopoulos et al. (2012) for the form of the resulting
light curves. The fitting parameters in the case of the CSMI
model are progenitor radius before the explosion (Rp), M.;,
CSM mass (Mesm ), mass-loss rate (M), and vexp.

HYBRID model: nowadays, many of the complex
light curves of peculiar SNe are not easy to explain using

the single powering sources discussed above. Hence more
than one powering source is proposed, these are termed as
“HYBRID” models (Chatzopoulos et al. 2012, 2013; Moriya
et al. 2018; Chatzopoulos & Tuminello 2019; Wang et al.
2019). In the present study, we also tried to re-generate the
bolometric light curve of SN 2012au using combinations of
CSMI and RD models. Refer to equation 21 in Chatzopoulos
et al. (2012) for the form of the resulting light curve of
the CSM+RD model. The fitting parameters used in the
HYBRID model are the same as those discussed in the
CSMI model plus My;. Details of all the models discussed
above are given in Chatzopoulos et al. (2012, 2013).

All six models (RD, MAG, CSMI0, CSMI2, HYBRID,
and HYBRIDW) discussed above could reproduce the bolo-
metric light-curve of SN 2012au with x?/DOF <1 (where
DOF stands for degrees of freedom); see Fig. 5. Here, we
caution that x?/DOF is used as an indicator for selecting
the model parameters that fit the data best and not as a
statistical probe for judging the significance of the models.
In this situation, the best x? value alone cannot be used
as a criteria to declare the most suitable model. Therefore,

MNRAS 000, 1-26 ()



SN 2012au: Photometry, polarimetry, and spectroscopy 9

Table 2. Best-fitting parameters for the RD, MAG, CSMI0, CSMI2, HYBRID, and HYBRIDW models using the MINIM
code as described in Chatzopoulos et al. (2013). The best fit parameters obtained from the MAG model (the most suitable

one for SN 2012au) are shown in bold.

RD model
Ay My ty Me; x2/DOF
(M@) (d) (Mg)
99.39 4+ 17.96 0.24 + 0.05 9.88 + 3.40 1.14 4+ 0.78 0.50
MAG model
Ro Ep ty tp Vexp P; B Me; x2/DOF
(103 cm) (105 erg) (d) (d) (10% km s~ 1) (ms) (10'* @) (Mg)
0.36 + 0.13 0.06 + 0.01  20.83 + 2.28 24.49 + 2.12 11.66 + 0.58 18.26 4 0.01  8.05 + 0.15  4.72 + 1.03 0.10
CSMIO0 model
Rp Mej Mecsm M Mnj Vexp XZ/DOF
(1013 cm) (Mg) (Mg) (Mg yr™1) (Mg) (10% km s~ 1)
0.10 + 0.01  7.44 + 0.31 1.57 + 0.09 0.00012 + 0.00001 0.0 + 0.0 8.47 + 0.16 0.91
CSMI2 model
0.06 + 0.03 6.77 + 1.33 1.87 4 0.24 0.47 + 0.01 0.0 + 0.0 8.22 + 0.52 0.91
HYBRID model
0.11 £ 0.01  8.00 + 0.16 1.38 & 0.03  0.0001 % 0.00001 0.07 £ 0.01 7.96 4 0.02 0.29
HYBRIDW model
0.02 + 0.05 4.35 + 0.90 1.64 + 0.05 0.28 + 0.02 0.09 + 0.01 7.40 4+ 0.19 0.14

we considered various physical criterion to select different
fitting parameters, as recently suggested in Kumar et al.
(2021). The best-fitting parameters thus obtained from the
MINIM modelling using the six models discussed are tabu-
lated in Table 2.

The RD model fits the light curve of SN 2012au nicely,
but the Me; is comparatively smaller than the value inferred
from photometric analysis in Section 2.1. For this reason,
the RD model is excluded from the possible powering mech-
anisms for SN 2012au. In the case of CSMI0, CSMI2, HY-
BRID, and HYBRIDW model fittings, vexp is significantly
lower than that obtained from the spectral analysis (see
Section 5.1.1). In addition, in the case of CSMI2 and HY-
BRIDW models the M values are unreasonably high (0.47
and 0.28 My yrfl)7 so we exclude the possibility of domi-
nance of the CSMI contribution to powering the SN 2012au
light curve. The absence of narrow H Balmer lines in the
late-time spectral observation (6.2 years after the explosion)
also contradicts the CSMI as a dominant powering mecha-
nism for SN 2012au (Milisavljevic et al. 2018). On the other
hand, the MAG model fitted the SN 2012au very well (see
upper-right panel of Fig. 5) and gives reasonable values of
M (= 4.72 4+ 1.03 Mg) and vexp (~ 11.66 & 0.58 x 10°
km s™'), closer to those obtained from the photometric and
spectral analysis. Hence, the MAG model has to be consid-
ered as the most suitable for SN 2012au. The value of B (~8
x 10" G) computed in this study for SN 2012au is consis-
tent with that estimated for another Type Ib SN 2005bf by
Maeda et al. (2007). However, P; (~18 ms) for SN 2012au is
larger in comparison with SN 2005bf (~10 ms). In addition,
Milisavljevic et al. (2018) also suggested a pulsar wind neb-
ula remnant for SN 2012au, which is in favour of a central
engine powering source.
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4 EARLY-PHASE IMAGING POLARIMETRY OF
SN 2012AU

We also conducted imaging polarimetric observations of
SN 2012au in the R band at six epochs, using the ARIES
Imaging Polarimeter mounted at the Cassegrain focus of ST-
1.04m. This polarimeter consists of a half-wave plate (HWP)
modulator and a Wollaston prism beam-splitter, and the im-
ages are captured with a CCD camera (Tektronix 1024 pixels
x 1024 pixels). Detailed information on the instrument can
be found in Rautela et al. (2004). At each position of HWP
position angle, multiple sets of frames were obtained, with
individual exposure, times being between 10 and 20 min-
utes. Images at each position of the HWP were combined
to obtain a good signal-to-noise ratio. Table A3 gives the
complete log of the observations.

The ordinary and extraordinary fluxes were extracted
by performing standard aperture photometry using IRAF.
The Stokes parameters were estimated at different apertures
(between 2 and 8 pixels), and finally P (degree of polar-
ization) and 6 (polarization angle) were computed for the
apertures that fitted best with minimum chi-square. The de-
tailed procedures used to estimate P and € can be found in
Ramaprakash et al. (1998), Rautela et al. (2004), and Kumar
et al. (2014, 2016). The polarization angle was corrected for
zero-point polarization by observing various polarized stan-
dard stars from Schmidt et al. (1992). It should be noted
that the instrumental polarization of ARIES imaging po-
larimeter (AIM POL) has generally been found to be ~0.1
per cent (Medhi et al. 2007; Pandey et al. 2009; Eswaraiah
et al. 2012; Kumar et al. 2014, 2016, 2019; Srivastav et al.
2016, and references therein). In this study, the degree of
polarization has been corrected by this offset value.

4.1 Estimation of SN intrinsic polarization

The directional extinction arising from dust grains located
in the SN line of sight is a primary contaminating source
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Figure 6. Temporal evolution of the polarization parameters of
SN 2012au is shown. The degrees of polarization and the polar-
ization angles are plotted in the upper and lower panels, respec-
tively. The limiting values at two more epochs are shown with
arrows. The lower panel shows the evolution of the apparent R-
band magnitude during the same temporal bin.

that might influence the incoming SN polarization signal. To
understand the intrinsic polarization properties of a SN, the
unwanted interstellar polarization (ISP) must be subtracted
from the observed values. There is no direct formulation to
estimate ISP precisely; however, it can be constrained by
careful analysis of the nearby region.

To determine the Galactic ISP towards SN 2012au, we
followed the procedures described in Kumar et al. (2014,
2016, 2019). We performed R-band polarimetric observa-
tions of nine isolated field stars within a 10° radius of the SN
on 2013 January 20. The reference stars were selected from
the SIMBAD database from among those that do not show
variability and spectral emission lines. The distance informa-
tion for the nine stars was collected from Hipparcos parallax
(van Leeuwen 2007) and Gaia data (DR2; Gaia Collabora-
tion 2018). The observational details (Pr, Or, and distance)
are listed in Table A4. The Pr and 0r values of these stars
were converted to their respective Stokes parameters (i.e.,
Q@ and U), and weighted linear fits were performed on the
distance versus @ and U. To estimate the Stokes parameters
arising due to ISP, the slopes and intercepts were fitted at

the most distant (~870 pc) field star HD 112325. The corre-
sponding Prsp and 0rsp values are computed as < Prsp >
= 0.2340.01 percent and < O;sp > = 127.72° £1.09°, re-
spectively.

According to Serkowski et al. (1975), the ISP and Milky
Way (MW) reddening might be correlated with the mean
and maximum polarization efficiency relation, i.e. Ppean =
5x E(B=V)and Ppes =9X%x E(B—=V). The E(B—V) to-
wards SN 2012au is 0.063 mag (see Section 2). If we assume
that the dust along SN 2012au follows a mean polarization
efficiency, it corresponds to Ppean =0.32 per cent. This is
consistent with the Prsp value estimated with the nine field
stars. We also used the three-dimensional map of dust red-
dening for the MW as described in Green et al. (2019). The
map is based on Pan-STARRS and 2MASS photometry and
the Gaia DR2 parallaxes. The best fit towards SN 2012au
provides E(B — V) = 0.03 mag and remains constant be-
yond a distance of 400 pc. Using this value, the polarization
efficiency relations yield Pmean and Prmaesz as 0.15 and 0.27
per cent, respectively. From the above exercises, it is inferred
that the ISP upper limit is 0.32 per cent and the ISP esti-
mated from the field stars is considered for further analysis
in this work.

At each epoch, the intrinsic polarization parameters of
SN 2012au were estimated through a vectorial subtraction
of the Stokes parameters (Qint = Qobs—Q15pP, Uint = Uogps—
Ursp). The resulting intrinsic Stokes parameters were con-
verted to Pin: and 6, using the relation given in Kumar
et al. (2019). The intrinsic (ISP-corrected) polarization pa-
rameters for SN 2012au are listed in Table A3.

4.2 Polarimetric results and comparisons

Polarimetric investigations of SESNe are important to con-
strain the level of asymmetry in the ejecta (Tanaka 2017).
Polarization in SNe emerges due to incomplete cancellation
of the directional components of electrical vectors. However,
if the source is spherically symmetric, these vectors cancel
each other and result in zero polarization (see Leonard &
Filippenko 2005; Wang & Wheeler 2008). SNe Ib/c events
exhibit a higher degree of polarization than SNe II, which
indicates a departure from spherical symmetry (Chugai et
al. 1992; Hoflich et al. 2001; Maund et al. 2007; Tanaka et
al. 2008; Stevance 2019). The geometry of the circumstellar
material may also contribute to the polarization evolution
(Leonard et al. 2000; Hoffman et al. 2008; Mauerhan et al.
2014, 2017). Variation in the polarization parameters has
been observed at different evolutionary phases of SESNe.
Therefore, multi-epoch polarimetric observations are crucial
to understand the SN geometry and the underlying physics
better. Imaging polarimetric and spectro-polarimetric tech-
niques are generally used to estimate the linear polarization,
which includes both continuum and line polarization. Imag-
ing polarimetry provides a general picture of the explosion
geometry or ejecta behaviour; on the other hand, spectro-
photometric analysis and interpretations can be more con-
clusive in constraining polarization of various lines and the
3D geometry of the SN ejecta. In this work, we mainly fo-
cus on imaging polarimetric observations of SN 2012au and
other similar SNe and their comparisons.

The imaging polarimetric evolution of SN 2012au in the
R band (covering He1 AA5876, 6678, and A7065) is shown in
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Figure 7. Evolution of the degrees of polarization of SN 2012au,
compared with other SNe IIb, Ib, and SLSNe I from the literature.
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ature. Bottom panel: linear polarization versus M y; of SN 2012au
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Fig. 6. The follow-up covers almost the whole photospheric
phase of the light curve (between ~14 and 47 d from the
explosion). During this period, the SN displays a maximum
degree of polarization of 1.32 per cent (at ~27 d), fading to
0.13 per cent (at ~47 d). A variation in the intrinsic polar-
ization angle is also seen during this period, but it remains
below 50°. Such evolution in the polarization parameters of
SN 2012au indicates that the ejecta were aspherical and/or
clumpy during the early phases. Using spectropolarimetric
data at several epochs for this event, Hoffman et al. (2014,
2017) also noticed similar evolution in the continuum posi-
tion angle.

The overall observational properties of SN 2012au show
that it is a transitional event between SESNe and SLSNe I
(cf. Milisavljevic et al. 2013; Takaki et al. 2013). There-
fore, we also compared (see Fig. 7) the linear imaging po-
larization properties of SNe Ib (SN 2007uy and SN 2008D:
Maund et al. 2009; Gorosabel et al. 2010), IIb (SN 1993J:
Doroshenko et al. 1995), GRB-SN (SN 2006aj: Gorosabel et
al. 2006), and SLSNe I (SN 2015bn: Leloudas et al. 2017
and SN 2017egm: Maund et al. 2019) from the literature
with those determined for SN 2012au. Here, we consider
only events with multi-epoch observations. This analysis re-
veals that, among SNe Ib, SN 2008D and SN 2012au show
a major variation in polarization parameters, whereas the
SN 2007uy evolution is minimal. Similarly, SN 2015bn ex-
hibits an increasing trend in the degree of polarization, while
SN 2017egm remains below 1 per cent, without any signifi-
cant change. Pre-maximum, SN 2006jf exhibits high values
of liner polarization in comparison with all SNe presented;
however, after the peak it shares polarization values closer
to SN 2012au.

4.2.1 Evolution of Ex/Mc; and My, with degree of
polarization

In this section, %P versus E,/M.; and My; of SN 2012au
are compared with those of SNe IIb, Ib, Ic, and GRB-SNe
(see the upper and lower panels of Fig. 8, respectively) from
the literature: SN 1993J (Doroshenko et al. 1995; Lyman
et al. 2016), SN 1998bw (Patat et al. 2001), SN 2002ap
(Wang et al. 2003; Mazzali et al. 2002; Pandey et al. 2003),
SN 2003dh (Kawabata et al. 2003; Covino et al. 2003; Cano
2017), SN 2005bf(Maund et al. 2007), SN 2006aj (Gorosabel
et al. 2006; Cano 2017), SN 2007uy (Gorosabel et al. 2010),
SN 2008D (Gorosabel et al. 2010), iPTF13bvn (Reilly et
al. 2016), and SN 2014ad (Stevance et al. 2017; Sahu et al.
2018). The polarimetric values for comparison were taken
near the optical maximum (~ —10 to +10 d). With the
exception of SN 1998bw (from 4000-7000 A), SN 2002ap
(from continuum), SN 2005bf (~3000 A), iPTF13bvn (from
continuum), and SN 2014ad (V-band) for all other events
R-band polarimetric values were adopted.

From Fig. 8, SN 2012au appears to have a near-peak
%P value closer to those of SN 2006aj and SN 2007uy.
SN 1998bw and SN 2003dh (GRB-SNe) present higher val-
ues of Er/M.; and Mn;, but exhibit lower %P values in
comparison with SN 2012au. Among SNe Ib, SN 2012au ex-
hibits a higher %P value in comparison with SN 2008D and
iPTF13bvn (lowest values of %P), closer to SN 2007uy and
lower than SN 2005bf. In our limited sample, SN 2005bf
(Type Ib/c) exhibits the highest value of linear polarization
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with a very low value of My ;, whereas SN 1993J shares the
lowest value of %P. SLSNe I are nearly 2-3 mag brighter
than normal SESNe, which corresponds to Mny; 25 Mg
(Gal-Yam 2012). Therefore, due to comparatively high My,
SLSNe I will show a different class in Fig. 8, hence they are
not included.

5 SPECTROSCOPIC ANALYSIS

We present spectroscopic studies of SN 2012au using un-
published spectra: 21 at optical and 2 at NIR wavelengths,
spanning the range from —5 to +391 d. Spectra used here
were obtained using a few telescopes during 2012-2013 (see
Table A5 for the spectroscopic observation log) as part of
the present work. Out of 21 optical spectra, 15 were obtained
using HCT-2m, one using the Galileo-1.22m telescope” (Asi-
ago, Italy), one using the CAHA-2.2m, two using the NTT-
3.58m, and two using the BTA-6m telescope. On the other
hand, both the NIR spectra of SN 2012au (at —5 and +21.8 d
since maximum) were obtained using SOFI on NTT-3.58m.
Spectroscopic data reduction was performed in a standard
manner as described in Kumar et al. (2020, 2021). The spec-
tra of SN 2012au are subdivided into three different phases:
early photospheric phase (from ~ —5 to +50 d; 14 spectra),
late photospheric phase (from ~ +60 to +108 d; 7 spectra),
and nebular phase (at +391 d; 1 spectrum). The early pho-
tospheric phase spectra, along with two modelled spectra (in
red), are plotted in Fig. 9. The modelled spectra (at —2 and
+36 d; in red) are reproduced using SYNAPPS (an automated
version of the SYN++ code: Thomas et al. 2011) and are pre-
sented with individual ion contributions in Fig. 10. The late
photospheric phase spectra are shown in Fig. 11, whereas the
nebular phase spectrum at +391 d is shown along with two
published nebular spectra (at +275 and +323 d; Milisavlje-
vic et al. 2013) in Fig. 13. The remaining unpublished NIR
spectra of SN 2012au (at —5 and +21.8 d), along with three
published ones (at +32, 482, and +319 d) taken from Mil-
isavljevic et al. (2013) are also presented. All spectra were
corrected for total extinction (Galactic + host) of E(B—V)
= 0.063 mag and also shifted to rest-frame wavelengths.

5.1 Optical spectroscopic evolution at photospheric phase

Early and late photospheric phase spectra of SN 2012au
are plotted in Figs. 9 and 11, respectively. The first spec-
trum of SN 2012au was observed at —5 d, showing a blue
continuum with a temperature of ~ 9000K. The lines are
identified following Milisavljevic et al. (2013), Takaki et al.
(2013), and SYNAPPS spectral matching (Thomas et al. 2011).
To construct the basic chemical composition, we performed
SYNAPPS spectral matching for the photospheric phase spec-
tra at —2 and +36 d (in red). Thereafter, SYN++ has been
used to get the contribution of individual ions from SYNAPPS
best-matching synthetic spectra (see Fig. 10). To generate
the best-matched synthetic spectrum at —2 d, we used a vpp
of A~ 14100 km s~! and photospheric temperature of ~ 7000
K. At this epoch, He1, Call, and Fell are found to be the

7 http://www.astro.unipd.it/inglese/observatory/
telescopio_en.html

most prominent features, with minor contributions from H,,
O1, and Sil: see the top panel of Fig. 10. The conspicu-
ous absorption near 6200 A in the early photospheric phase
spectra of SN 2012au is possibly H,, as observed in a sample
of SNe Ib by Elmhamdi et al. (2006). This favours consid-
erable mixing of H in the He envelope (Maurer et al. 2010).
The absorption minima of H,, Hel, and Si1l are usually fit-
ted with larger velocities than other features. To generate
the spectrum at +36 d using SYNAPPS, similar ions to those
used for the spectrum at —2 d were used (see lower panel of
Fig. 10). We obtained vy, of &~ 8000 km s~ ! and a photo-
spheric temperature of ~ 4750 K to regenerate the spectrum
at +36 d.

Early photospheric spectra of SN 2012au have ab-
sorption features of Hel (AA5876, 6678, and A7065), O1
(A7774), Si11 (AA3838, 6355), Call (H&K and NIR), and Fe 11
(AAA4549, 4925, 5018, and A5169), however Hel is the most
prominent one; see Figs. 9 and 10. Spectra up to ~+50 d ex-
hibit a clear absorption feature of O 1 A7774, but its profile is
contaminated by the telluric @ [O2 A7620] band. The feature
at around ~3700 A is attributed as a blend of Ca1 H&K
and Si11 A3838. The Call NIR triplet is possibly blended with
O1 A8446 and appears to evolve, becoming more prominent
with time (see Fig. 10). Throughout the early photospheric
phase, the ~ 4000-5500 A window is primarily dominated
by Fe1l ions. The Fe1r (AA4925, 5018, and A5169) triplet is
prominent, while the absorption feature at ~4300 A seems
to be a blend between FeIl A4549 and He A4471. The blue
wing of the H, line is contaminated by a weak feature that
could be Si1r A 6355, observed at around 6050 A (Fig. 10).
In the spectrum at ~ —4 d, absorption troughs of all ele-
ments are blueshifted and show vy of nearly ~ 15000 km
s~!. However, with time the absorption features move to-
wards their rest-frame wavelengths (indicating decreasing
velocity), as shown by the gray coloured inclined bands.

As spectra evolve from early to late photospheric phase,
the absorption features start to disappear and emission-line
components emerge (see Fig. 11). The emission lines are indi-
cated with vertical gray bands. O1 A7774, Na1Dp, Mg1], Ca1l
H&K and NIR, and the Fe1l triplet appear earlier than the
[O1] AX6300, 6363 doublet and [Calr] AA7291, 7324 (here-
after [Ca11] A7300). The emission feature at ~5500 A is
possibly a blend of [O1] A5577 and [Fe11] A5363. Initially,
the [O1] doublet appears to be flat-topped, whereas in later
epochs it becomes asymmetric, with a suppressed redder
component.

5.1.1 Ejecta mass, photospheric radius, and optical depth

The photospheric radius around the peak (rp5), total optical
depth below the photosphere around maximum (T¢otai), and
M.; of the SN can be constrained using vp, and the time
since the explosion. Assuming homogeneous expansion, rpp
can be estimated using v, and the time of explosion (tewxp)
as

(t = teap) (2)

= X
A )
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Figure 9. Early photospheric phase spectra of SN 2012au, from
~ —5 to 449 d. The gray bands trace the evolution of absorption
troughs of various elements, and indicate decreasing velocity with
time. The elements and their rest-frame wavelengths are written
at the top: telluric features are also shown, as bands with green
colour.

where ¢ is the time of the observation and t.yp is the
time of explosion. We also adopt

Ttotal ~ 3C/’Uph (3)

where c is the speed of light; the details are discussed
in Konyves-Toth et al. (2020), see also Arnett (1996) and
Branch & Wheeler (2017). Finally, to estimate Me; using
Uph and Tioral, equation 8 of Konyves-Toth et al. (2020) has
been used:

2 2
41’Uph X (t _ tea:p) Ttotal

3 1+ 2)2 K )

To calculate M.; using the above equation, a value of x
= 0.05 cm? g~' was chosen. For SN 2012au, the near-peak
spectrum at —2 d (14.5 d since explosion) was modelled with
a vpp of ~14 100 km s™*. Using these equations, the values of
Tphot, Ttotal, and Me; are ~1.8 x 10*® cm, ~63.8, and ~8.3
M. Values of vy, and the time since explosion discussed
here correspond to Ej, ~5.4 x 10°! erg. For SN 2012au, the

M., =
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Figure 10. Observed and synthetic spectra of SN 2012au at —2 and
436 d are shown. The contribution of individual ions to generate
the best-matching synthetic spectrum using the SYNAPPS (Thomas
et al. 2011) code is plotted and accounts for He, Hel, O1, Sill,
Ca1i, and Fell elements.

values of r,, and M,; are lower and T¢otq: is higher than for
SLSNe I: SN 2010kd (Kumar et al. 2020) and SN 2019neq
(Konyves-Toth et al. 2020).

5.1.2  Line velocities

The evolution of line velocities in the rest-frame spectra of
SN 2012au is estimated by fitting a Gaussian profile to the
absorption components. The evolution of the velocity for
He1 A5876, Call NIR triplet (rest-frame wavelength is taken
at A8571), and Felr A5169 lines is shown in Fig. 12 (up-
per left panel). The velocities of the Hel and Fell lines are
measured only until ~+450 d, because at later phases their
profiles have blended with other lines. Before the B-band
maximum (at —4 d), the three features have nearly the same
velocity (~ 15000 km s™1). The vy, estimated using SYNAPPS
in the —2 d spectrum (~ 14100 km sfl) is in good agreement
with the value obtained from measuring the position of the
Fe 11 absorption trough. For this reason, we consider the Fe 11
velocities as representative for the evolution of vp,. The Fe11
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Figure 11. The late photospheric phase spectra of SN 2012au from
~+60 to +108 d are plotted. The gray colour bands represent the
rest-frame wavelengths (written on the top) of various elements.
The [O1] doublet and [Ca11] start little later in comparison with
other emission features.

line velocity declines to ~ 12 500 km s~! at maximum, and
exhibits lower velocities than He1 and Ca11 at later phases.
We note that the velocities estimated in this study for the
different ions in the spectra of SN 2012au are closer to those
reported by Takaki et al. (2013).

From peak to ~+60 d, the velocity of Hel decreases
from ~ 15000 to 8000 km s~!. In the case of SN 2012au, it
remains higher than the average He1 velocities estimated for
a sample of SNe Ib by Fremling et al. (2018). Until ~ +45
d, the Ca1r NIR triplet seems to have a similar velocity to
the Her line, but it decays more slowly at later phases, at
a nearly constant velocity of ~ 11 000 km s™*. He1 and the
Ca11 NIR triplet show higher velocities than Fe 11, suggesting
that the former lines are generated in the outer parts of the
ejecta, while Fe 11 lines form in the inner layers. We also note
that, up to ~ 425 d, the vy, (Fe1l line velocity) of SN 2012au
is found to be higher than the average vpn (8000 + 2000 km
s 1) estimated at maximum light for a sample of SNe Ib/c
(Cano 2013).

In the other three panels of Fig. 12, we compare the
Hel, Call NIR, and Fell line velocities of SN 2012au (red
line) with those of SN 2007Y (green: Stritzinger et al. 2009),
SN 2009jf (magenta: Sahu et al. 2011), iPTF13bvn (black:
Srivastav et al. 2014), and SN 2015ap (blue: Prentice et al.
2019; Aryan et al. 2021). The Fe 1 line velocity for SN 2015ap
is not available because of contamination by host galaxy
lines (Prentice et al. 2019). Across the entire evolution, the
Her1 and Ca1l line velocities of SN 2012au remain higher
than those of the other SNe Ib discussed, whereas the Felr
line velocity of SN 2012au is higher only until ~+30 d, and
thereafter it is nearly equal to that of SN 2009jf. In the lower
right panel of Fig. 12, the Fe1I ion velocities of SNe Ib along
with SN 2012au have been compared with those estimated

for SLSNe I (in gray) by Nicholl et al. (2015). Similarly to
Type Ic in Nicholl et al. (2015), SN 2012au and other plotted
SNe Ib exhibit faster decaying FeII velocities in comparison
with SLSNe I.

5.2 Optical spectroscopic evolution in the nebular phase

In the nebular phase, ejecta become optically thin and the
deeper layers are probed, and the available spectral features
are used to investigate the geometry of the ejecta and other
physical parameters (Taubenberger et al. 2009). Therefore,
to trace the evolution of emission lines at late phases, the
spectrum of SN 2012au at +391 d (in green colour) along
with two publicly available spectra at +275 and 4323 d
(in blue colour; taken from Milisavljevic et al. 2013) is in-
vestigated and plotted in Fig. 13. The nebular spectra of
SN 2012au are dominated by the semi-forbidden Mg1] AMd571,
forbidden [O1] AA6300,6364 doublet and [Ca11] AA7300 fea-
tures, along with weaker Fe1 triplet, [O 1] A5577, NaID, and
O1 A7774 lines. All the features discussed above are marked
with vertical dotted lines in Fig. 13. The Mg1], Na1 D, and
[Ca11] lines do not evolve significantly between +323 and
+391 d, in contrast to the [O1] doublet which shows major
evolution. While at +275 and +323 d the [O1] A5577 and O1
A7774 features are evident, those become weaker at +391 d.
The nebular phase spectrum of SN 2012au at +391 d is
also compared with the modelled nebular spectra published
by Jerkstrand et al. (2015) for SNe IIb. After ~+150 d,
the spectra published by Jerkstrand et al. (2015) can also
be compared with SNe Ib because at these late phases the
influence of the H envelope is negligible. We tried to match
the spectrum of SN 2012au at +391 d with all modelled
spectra published by Jerkstrand et al. (2015). However, we
found that the modelled spectrum generated for Mzans of
17 Mg considering strong mixing and dust (in red) matched
well with the +391 d spectrum of SN 2012au (see Fig. 13).
The prominent Mg1], [O1] doublet, and [CaI1] emission lines
in the synthetic spectrum matched the observations well.

5.3 Emission-Line study

The geometry of the SN ejecta can be constrained from the
emission-line profiles and observed fluxes in nebular phase
spectra, mainly using the isolated [O1] doublet (Tauben-
berger et al. 2009; Fang et al. 2019). In Fig. 14, we present
the evolution of Mg1], [O1] doublet, and [Ca1l] lines in the
velocity domain. The zero velocities for Mg1], [O1] doublet,
and [Ca11] lines are taken at A4571, A6300, and A7291, re-
spectively. Up to +108 d, Mg1| has a redshifted maximum,
but from >+275 d it appears to be at zero velocity. The
[Cal1] emission lines are redshifted throughout the nebular
phase (~500-1200 km s™', see Fig. 14), though a possibil-
ity of [Ca11] A blending with [O11] AA7320, 7331 also exists.
As discussed earlier, the [O1] doublet profile is flat-topped
at around ~+90 d, attributed to the blending of A6300 and
A6363 features. However, at later phases (from +275 d), the
core becomes narrower, superposed on a broader base. At
4275 d, the [O1] doublet profile shows two peaks of nearly
equal intensity with dA ~40 A, although at +323 d the red-
der component of the double peak appears suppressed and
6\ decreases to ~30 A. The suppression of the redder com-
ponent increases with time, as can be determined from the
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Figure 12. Upper left: He1, Call NIR, and the Fe1l line velocities of SN 2012au. The line velocities of SN 2012au are also compared with
those of SN 2007Y (Stritzinger et al. 2009), SN 2009jf (Sahu et al. 2011), iPTF13bvn (Srivastav et al. 2014), and SN 2015ap (Prentice

et al. 2019; Aryan et al. 2021) in the other three panels.

spectra at +391 and +2270 d (Milisavljevic et al. 2018). This
suppression of the redder component may point to large-
scale clumps in the oxygen ejecta at late phases. On the other
hand, the blue wing of the [O1] doublet seems blueshifted
by about ~1100 km s~! at +275 d, whereas, with time it
approaches zero velocity and presents blueshiftings of ~750
and 700 km s~! in the spectra at +391 and +2270 d, re-
spectively (Milisavljevic et al. 2018). The blueshifted [O1]
doublet profile indicates that photons were emitted near the
side of the ejecta (Maeda et al. 2008). Plausible reasons be-
hind the blueshifted narrow peak of the [O1] doublet on a
broader base are large-scale clumping, a unipolar jet, or a
single massive blob moving towards the observer (Mazzali
et al. 2001; Maeda et al. 2002, 2006; Taubenberger et al.
2009). The rightmost panel of Fig. 14 shows that in the
spectral profiles, Mg1], [O1] doublet, and [Cal1] features at
4275, +323, and 4391 d are asymmetric around zero ve-
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locity, which indicates clearly that synthesized elements are
being distributed asymmetrically or clumping occurs in the
ejecta of SN 2012au (Taubenberger et al. 2009).

5.8.1 [O1] A5577 and [O1] AN6300, 6364 doublet

The [O1] emission lines in the nebular spectra are used to
constrain Mo, Mzams, and Mg.. We derived Mo in units
of Mg using the following formula from Uomoto (1986):

Mo = 10° x D* x F([O T]) x exp(2.28/T4). (5)

Here, D represents the host galaxy distance in Mpc
(23.5 for NGC 4790; Milisavljevic et al. 2013), F([O1]) is
the total flux of the [O1] doublet in units of erg s™! cm™2,
and T4 is the temperature of the oxygen-emitting region
in 10* K. The formula discussed above is applicable in the
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Figure 13. The nebular phase spectrum of SN 2012au at +391 d
is plotted along with two published spectra at +275 and +323 d
(taken from Milisavljevic et al. 2013). The dotted vertical lines
represent the rest-frame wavelengths of various elements. The
modelled spectrum generated using Mz ans = 17 Mg is also
shown in red for comparison (Jerkstrand et al. 2015).

high-density and low-temperature regime, and the ejecta
of SNe Ib favour these conditions (Leibundgut et al. 1991;
Elmhamdi et al. 2004). The flux ratio of [O1] A5577 and the
[O1] doublet is dependent on the temperature and optical
depth (Osterbrock 1989), hence the assumption of an opti-
cally thin regime is used to calculate the O 1 temperature. In
the case of SN 2012au, [O1] A5577 is not detected clearly in
the spectrum at +391 d; however, the spectrum at +323 d
(taken from Milisavljevic et al. 2013) exhibits significant [O 1]
A5577 emission and can be used to estimate the O 1 temper-
ature. Before calculating the flux values, the spectrum has
been scaled to the photometric flux. We infer F([O1] A5577)
~(1.18 + 0.56) x 10~** and F([O 1] doublet) ~(1.12 %+ 0.07)
x 107 erg s7! em 2. Using the flux values estimated above
and equation 2 of Jerkstrand et al. (2014), we confer an O1
temperature of ~4098.39 + 309.15 K assuming SBratio = 1.5
(Jerkstrand et al. 2014). This corresponds to Mo =~ 1.62 +
0.15 Mg, which is higher than the values for Type Ib SNe
tabulated in Table 1, and also higher than the Mo range
(0.1 to 1.4 M) estimated by Elmhamdi et al. (2004) for a
sample of SESNe.

From Mo, we can also derive Mzams and Mpy.. As
proposed by Nomoto et al. (2006), for Mo =0.16, 0.77, 1.05,
2.35, 3.22, and 7.33 M@, Mzams will be 15, 18, 20, 25,
30, and 40 Mg, respectively, whereas, Mzans of 13, 15,
and 25 Mg produce My of 3.3, 4, and 8 Mg, respectively
(Thielemann et al. 1996). As a consequence, a Mzans of
~20-25 M and My, of ~4-8 Mg are inferred for SN 2012au.

5.8.2 [Cau] N7300 and [O1] AN6300, 6364 doublet

Mz ans can also be constrained using the flux ratio between
[Ca11] A7300 and the [O1] doublet. The [Ca11]/[O 1] flux ratio
is weakly dependent on density and temperature, whereas
its lower value indicates a higher core mass and hence a
higher Mz ans (Fransson & Chevalier 1989; Elmhamdi et al.
2004; Fang & Maeda 2019; Fang et al. 2019). In the case of
SN 2012au, [Ca11]/[O1] increases from 0.5 to 0.7 spanning
between +108 and 4323 d, thereafter decreasing to ~0.3 at
+391 d. These [Ca11]/[O1] values for SN 2012au are close to
those estimated for SN 1998bw (Patat et al. 2001; Kuncar-
ayakti et al. 2015), SN 2002ap (Modjaz et al. 2014; Kuncar-
ayakti et al. 2015), and SN 2009jf (Sahu et al. 2011). In the
case of SN 2012au, the [Ca1]/[O1] ratio of ~0.3 at +391 d
indicates a relative abundance of Ca11/O1 =(0.3 to 1.0) x
1073, as suggested by Fransson & Chevalier (1989). The the-
oretical values of [Ca11]/[O1] were estimated by Fransson &
Chevalier (1989) for My, and Mz anms values from 2.68-5.83
Mg and 15-25 Mg, respectively. For SN 2012au, the range of
[Ca11]/[O1] supports M. ~5.83 Mg and Mzams ~25 Mg
under Model 1b of Fransson & Chevalier (1989). Throughout
the evolution (from +108 to +391 d), the [Ca11]/[O1] ratio
values for SN 2012au are lower in comparison with those
estimated for most of the SLSNe I and also suggest a M.
of x5.9 Mg via comparison with the ratio from the SESN
models of Jerkstrand et al. 2015 (see fig. 20 of Nicholl et al.
2019). Based on the [Ca11]/[O1] values, Kuncarayakti et al.
(2015) conjectured a demarcation of SNe progenitors as bi-
nary (if [Ca1]/[O1] >0.7) or a single WR star (if [Ca11]/[O1]
<0.7). The range of [Ca11]/[O1] flux ratio for SN 2012au is
in agreement with the range of [Ca1]/[O1] (~0.3-0.7) for
SNe Ib/c that are possibly produced by the explosion of a
single massive WR star (Kuncarayakti et al. 2015).

5.8.8 Mg1] \571 and [O1] AXN6300, 6364 doublet

Fig. 15 shows the evolution of the Mg1] and [O 1] doublet flux
ratios estimated using the nebular spectra of SN 2012au from
~+100 to +390 d. The Mg1]/[O1] evolution of SN 2012au
is also compared with that of Type Ib/c SNe (taken from
Hunter et al. 2009 and references therein) and some of the
well-studied SLSNe I (taken from Nicholl et al. 2019 and
references therein); see Fig. 15. A higher Mg1]/[O1] ratio is
indicative of a higher degree of outer envelope stripping, as
more of the O—Ne—Mg layer is exposed (Foley et al. 2003).
From ~+100 to +275 d, the Mg1]/[O1] ratio of SN 2012au
increases from ~0.52 to 0.9, which is high in comparison
with all Type Ib/c SNe and comparable to the sample of
SLSNe I presented. However, at +323 d, SN 2012au exhibits
the highest value of Mg1]/[O1] ratio (~0.93). The increasing
trend of Mg1]/[O1] ratio of SN 2012au up to +323 d may
be attributed to an Mgi/O1 abundance effect, symmetric
ejecta, or non-symmetric ejecta viewed equatorially (Foley
et al. 2003). On the other hand, from 4323 to +391 d, the
Mg1]/[O1] ratio decreases to ~0.27, which is comparable to
that of the other SESNe presented (see Fig. 15). The plausi-
ble reasons behind the decreasing Mg1]/[O 1] trend observed
at later epochs could be attributed to lack of high-density
enhancements due to clumping, mixing, or asymmetry in the
ejecta (Jerkstrand et al. 2015). However, dust formation and
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blending of Mg1] with Fell ions may also be other possible
reasons.

5.4 NIR spectroscopic evolution

NIR spectroscopy and related studies have been performed
for a good number of Type II SNe (e.g., SN 1998dl
and SN 1999em: Spyromilio et al. 2001), but only for a
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handful of SESNe so far (SN 2000ew (Ic): Gerardy et
al. 2002; SN 2007gr (Ic): Hunter et al. 2009; LSQ13abf
(Ib): (Stritzinger et al. 2020); iPTF13bvn (Ib): (Frem-
ling et al. 2016); SN 2013ge (Ib/c): Drout et al. 2016;
SN 2016adj (IIb/Ib): Banerjee et al. 2018; SN 20200i (Ic)
and SN 2020bvc (Ic): Rho et al. 2021). In this section, we
present NIR spectroscopy of SN 2012au based on spectra at
two epochs (at —5 and 421.8 d since maximum) observed us-
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can be seen.

ing SOFT on NTT-3.58m (see Table A5 for the spectroscopic
observations log) along with three published NIR spectra (at
+32, 482, 4319 d) taken from Milisavljevic et al. (2013); see
Fig. 16. The spectra presented are in rest-frame wavelengths
and also corrected for extinction using E(B — V) = 0.063
mag (Milisavljevic et al. 2013), exhibiting a decrease in flux
with wavelength, typically observed in SESNe. Line identi-
fications of NIR spectra were done following Gerardy et al.
(2002), Hunter et al. (2009), Banerjee et al. (2018), and Rho
et al. (2021). The vertical red bands denote regions of poor
atmospheric transparency. The first spectrum (at —5 d) ap-
pears featureless with few lines due to intermediate-mass
elements such as He1, C1, Mgi1, O1, Nal, whereas, in the
post-peak spectra, lines due to iron-group elements begin to
appear. As the continuum flux decreases in late-time spectra,
prominent features of the hydrogen Paschen series, H1, Hel,
Nar, O1, Mgr1, Mgii, Si1, S1, and CaT are traced, highlighted
with vertical dotted lines in Fig. 16. Early spectra (up to +32
d) are mainly dominated by P cygni profiles superimposed

on a blue continuum, whereas in late-time spectra, broad
absorption features start appearing as the continuum fades;
however, the spectrum at 4319 d is mainly dominated by
emission features.

In the J band (~10 000-14 000 A) region of all the
spectra presented, the most prominent absorption feature
near ~10 100 A is identified as very high-velocity He1
A10830, see Fig. 16. From —5 to +82 d, Hel A10830 ab-
sorption features correspond to vy, values from ~20 000-
17 000 km s~ ', respectively. The He1 10830 velocity is
higher for SN 2012au in comparison with that observed for
SN 2016adj (~14000 km s™1) by Banerjee et al. (2018). How-
ever, we caution here that a small contribution from P,, C1
A10686, Mgir 210926, and SiI A10991 to the Her A10830
feature could also be present, as also discussed by Milisavl-
jevic et al. (2013); see also Medhi et al. (1996), and Wheeler
et al. (1998). In the J-band region, all the spectra presented
share nearly similar features except O1 A11291. O1 A11291
is clearly observed in the late-time spectra at +82 and +319
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d, whereas it is absent in the spectra up to +32 d. In the
H-band (~15 000-18 000 A) region, the pre-maximum spec-
trum of SN 2012au is nearly featureless, whereas prominent
features of Mg1 AAA15025, 15040, 15048, and A15750, Fe1l
AA16000 and 16440, a blended feature of C1 A16895 and Mg1
A17110, and H1 A17370 are present in the post-maximum
spectra. In the K-band (~19 000-24 000 A) region also, the
pre-maximum spectrum is almost featureless except for the
prominent Ca1 A19850 line; on the other hand, the post-
maximum spectra are dominated by He1 A20581, a blended
feature of B, and Mg1 A21150, Na1 A22070, S1 A22570, Ca1
A23572, and Mg1 A\24820 elements.

5.4.1 Absence of CO emission

Among SESNe, the first overtone of CO between ~22 900
and 24 000 A was first detected by Gerardy et al. (2002)
in the case of SN 2000ew (Type Ic) and later on in many
others, including SN 2016adj (a Type IIb/Ib SN), showing
CO features as early as ~58 d since discovery (Banerjee et al.
2018). In the NIR spectra of SN 2012au at +82 and +319 d,
a significant rising of the continuum has not been observed in
the K band (see Fig. 16), which indicates an absence of CO
emission. The time-scale of CO formation depends on the
synthesized C/O mass, metal depletion, and level of mixing
in the ejecta (Cherchneff & Lilly 2008). Moreover, based
on previous studies and limited examples (SN 2000ew, SN
2007gr, SN 2016adj, and SN 20200i), the time-scales of CO
formation in the case of SESNe appear to be shorter than
those of Type IIP SNe (Banerjee et al. 2018; Sarangi et al.
2018).

The absence of CO molecule formation in the case of
SN 2012au could be because of the high temperature of
the ejecta (above molecule formation threshold) even at late
phases. Another possible reason could be the higher mix-
ing of ionized helium between ejecta layers, which can also
hinder CO formation, as CO can be quickly destroyed by
the presence of ionized helium (Gearhart et al. 1999; Ger-
ardy et al. 2000; Cherchneff & Dwek 2010). The presence
of ionized helium in Type Ib SNe might therefore also have
hampered CO formation, whereas this is not the case with
Type Ic SNe (Sarangi & Cherchneff 2013), as CO formation
is a density-dependent process and a lower C/O velocity is a
requirement for CO formation. Hence it is possible that, due
to a higher velocity, atmosphere density decreases, resulting
in the prevention of CO formation (Gerardy et al. 2002). As
higher vy, is observed in SN2012au than in other presented
SESNe (see Fig. 12), this may also be a possible reason be-
hind the absence of CO emission in the NIR spectra of SN
2012au. CO emission also appears to be absent in the +79
d spectrum of iPTF13bvn (Fremling et al. 2016).

6 SPECTRAL COMPARISON OF SN 2012AU WITH
OTHER SESNE

Early and late photospheric spectra of SN 2012au (from +4
to 4104 d, red colour) are compared with two well-studied
SNe Ib: SN 2009jf (in green: Sahu et al. 2011; Valenti et
al. 2011) and SN 2015ap (in blue: Aryan et al. 2021), see
Fig. 17. The spectral evolution of the three SNe Ib is sim-
ilar, in particular the P Cygni profile and strength of Hel
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at ~5600 A. Throughout the early photospheric phase, the
absorption troughs of all elements in the SN 2012au spec-
tra are highly blueshifted (higher velocities) compared with
those of SN 2009jf and SN 2015ap. On the other hand,
SN 2009jf seems to have narrower though faster-evolving
features (Sahu et al. 2011). Hel AA6678 and 7065 features
are present in the spectra of SN 2012au and SN 2015ap,
whereas in the case of SN 2009jf He1 A6678 is absent and
He1 A7065 is weaker. Overall, the early photospheric spec-
tra of SN 2012au closely match those of SN 2015ap. The
late photospheric spectra of the three SNe Ib exhibit the
same forbidden lines; see the lower panel of Fig. 17. The
main difference is in the evolution of [O1] AX6300, 6363 and
[Ca11] AAT291, 7324, which are weaker in SN 2012au. The
[O1] doublet and the [Ca11] lines in the spectra of SN 2009jf
and SN 2015ap at ~+80 d seem to be stronger in compar-
ison with SN 2012au at ~+90 d. This indicates that the
photometrically slow-evolving SN 2012au also evolves spec-
troscopically with longer time-scales.

In Fig. 18, we compare the late nebular phase spec-
trum of SN 2012au (at +391 d) with some SNe Ib, Ic, and
slow-decaying SLSNe I. Among SNe Ib, we chose SN 1996aq
(Asiago archive), SN 2007Y (Stritzinger et al. 2009), and
SN 2009jf (Sahu et al. 2011; Valenti et al. 2011); in SNe Ic,
we chose SN 1998bw (Ic-BL + GRB: Patat et al. 2001),
SN 2002ap (Ic-BL: Foley et al. 2003), and SN 2007gr (Ic:
Shivvers et al. 2019) and from the slow-decaying SLSNe I,
SN 2007bi (Gal-Yam et al. 2009) and SN 2015bn (Nicholl et
al. 2016) have been chosen, based on the availability of very
late nebular spectra.

In the upper panel of Fig. 18, the nebular spectrum of
SN 2012au is compared with those of the three SNe Ib men-
tioned above. Notably, the [O1] and [Ca11] emission lines of
SN 2012au match closely those of SN 2007Y. The spectra of
SN 2012au and SN 2007Y show a single-peaked [O 1], unlike
SN 1996aq and SN 2009jf, the [O1] features of which have
a double peak with different intensities. The [CalI] emission
peak of SN 2009jf appears to be blueshifted on the other
hand SN 2012au presents a redshifted single emission peak.
The [O1] A7774 feature is missing at these late phases in
all SNe Ib considered here. We also compare the nebular
spectrum of SN 2012au with three SNe Ic, see the middle
panel of Fig. 18. The three SNe Ic show similar lines to
SN 2012au, although these lines are strongest in SN 2002ap
(Ic-BL). SNe Ic exhibit weak emission lines of O1 \7774,
which is nearly absent in the case of SN 2012au. In the
lower panel of Fig. 18, we compare the nebular spectrum
of SN 2012au with two slow-decaying SLSNe I. At such late
phases, SLSNe I appear to share similar spectral features
to SNe Ib/c, as also suggested by Pastorello et al. (2010)
and Quimby et al. (2018). SN 2012au and SLSNe I appear
to have similar emission lines, although they are broader
in SLSNe I. The emission lines evolve faster in the case of
SN 2012au than in SN 2007bi and SN 2015bn, which have
stronger O1 \7774.

7 PROGENITOR MODELLING USING MESA

MESA is a hydrodynamical simulation code that evolves a cer-
tain ZAMS progenitor up to the stage where the core of the
modelled progenitor is about to collapse. Further, the out-
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Figure 17. Early (from peak to ~+50 d) and late (after ~+80
d) photospheric spectra of SN 2012au compared with SN 2009jf
and SN 2015ap at similar epochs in the upper and lower panels ,
respectively.

put of MESA is fed as input to STELLA and SNEC, which solve
the radiative transfer equations and simulate the synthetic
explosion. As a result of the synthetic explosion, supernova
light curves and v, evolution, along with many other pa-
rameters, are generated. The light curves and v, evolution
are then matched with the observed ones. Starting from the
ZAMS, we are able to match the light curves and the pho-
tospheric velocities, so we have replicated the actual super-
nova explosion. Here, the explosions using STELLA and SNEC
are complemented by the parameters obtained using MINIM.
With a certain ZAMS mass progenitor, the explosion param-
eters in STELLA and SNEC are kept close to those obtained
using MINIM. Thus, MESA is very useful to put important con-
straints on progenitor mass and other progenitor properties
like metallicity, rotation, etc.

For SN 2012au, our analysis supports a progenitor mass
of ~20-25 Mg. Following Milisavljevic et al. (2013) and
Kamble et al. (2013) where the metallicity (Z) was deter-
mined using the methods of Sanders et al. (2012), and also
using the N2 diagnostic of Pettini et al. (2004), we assume
the metallicity at the site of SN 2012au to be around 1-2 Zg.
We modelled three non-rotating progenitor scenarios with
Mz anms of 20 Mg, 22 Mg, and 25 M, each of them at three
different Z values of 0.02 Zg, 0.03 Zg, and 0.04 Zg. In all, we
obtain a total of nine models. The model designation con-
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Figure 18. The late nebular spectrum (at +391 d) of SN 2012au
(in red) is compared with some SNe Ib, Ic, and slow-decaying
SLSNe I. The comparison spectra of SNe Ib and Ic are chosen at
similar phases to SN 2012au, whereas the spectra of SLSNe I are
taken at later epochs (>+400 d).

tains the mass and the Z value. For instance, the M20_70.02
model represents a progenitor of Mzanms = 20 Mg and with
7 = 0.02 Ze, while the M25_70.04 model indicates a progen-
itor of Mzams 25 Mg, with Z = 0.04 Zg. One additional
model, designated with the CSM mark, also includes the
contribution of CSMI in the light curve. Using MESA (ver-
sion 11701: Paxton et al. 2011, 2013, 2015, 2018), the mod-
els are evolved up to the stage of onset of rapid infall of the
iron core. After excising the central core mass and when the
shock is near breakout, we provide the corresponding out-
put as input to the public version of STELLA (Blinnikov et
al. 1998, 2000, 2006) included in MESA. STELLA evolves the
model through shock breakout and beyond, generating the
light curves and velocity evolution. Here, we briefly summa-
rize the methods and assumptions for the different models.

Adopting the Ledoux criterion, we model the convection
adopting the mixing theory of Henyey et al. (1965). The mix-
ing length parameter is set to be & = 3.0 in the region where
the mass fraction of H is greater than 0.5, and 1.5 in other
regions. Following Langer et al. (1985), semi-convection is
modelled with an efficiency parameter of as. = 0.01. We fol-
low Kippenhahn et al. (1980) for thermohaline mixing, with
an efficiency parameter of oy, = 2.0. Convective overshoot-
ing is modelled with the diffusive approach of Herwig (2000),
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Figure 19. The panels in the left column represent various light curves obtained with progenitor masses 20 M (top panel), 22 Mg (second
panel from top), and 25 Mg (third panel from top), respectively, and with different metalicities. The leftmost bottom panel shows the
20 M model with Z = 0.04 that best explains the observed light curve. All these models are generated using STELLA, except the case
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models with those obtained through the absorption troughs of the Fell lines in the observed spectra.

MNRAS 000, 1-26 ()



22 S. B. Pandey et al.

Table 3. MESA model explosion parameters.

Model name Mzams Z (w/ve)zams @ fou Mg © M 9 M Mni Eoxp © tocsm My~ T vosm ¢

Mg) Mg) (M)  (Mg)  (Mg) (105! erg) ) (Mgy~™)  (kms™1)
M20_Z0.02 20 0.02 0.0 0.01 6.74 1.78 4.96 0.23 15 0.0 0.0 0.0
M20_Z0.03 20 0.03 0.0 0.01 6.85 1.77 5.08 0.23 15 0.0 0.0 0.0
M20_70.04 20 0.04 0.0 0.01 7.07 2.11 4.96 0.23 15 0.0 0.0 0.0
M20_Z0.04_CSM 20 0.04 0.0 0.01 6.74 1.78 4.96 0.23 15 1.3 0.0001 12.0
M20_Z0.04 MAGNETAR 20 0.04 0.0 0.01 6.74 1.44 5.30 0.00 5.0 0.0 0.0 0.0
M22_70.02 22 0.02 0.0 0.01 7.35 2.35 5.00 0.21 15 0.0 0.0 0.0
M22_70.03 22 0.03 0.0 0.01 7.50 1.86 5.14 0.22 15 0.0 0.0 0.0
M22_70.04 22 0.04 0.0 0.01 7.71 1.64 6.07 0.20 15 0.0 0.0 0.0
M25_70.02 25 0.02 0.0 0.01 8.50 1.97 6.53 0.21 15 0.0 0.0 0.0
M25_Z0.03 25 0.03 0.0 0.01 8.63 1.99 6.64 0.25 15 0.0 0.0 0.0
M25_70.04 25 0.04 0.0 0.01 9.35 1.85 7.5 0.20 15 0.0 0.0 0.0

a initial rotation, b overshooting parameter, ¢ final mass, d mass of the central remnant
e explosion energy. Parameters controlling the extent of CSMI; f wind duration, g CSM velocity.

with f = 0.01 and fo = 0.004 for both the convective core
and shells. The DUTCH (Vink et al. 2001; Nugis & Lamers
2000) scheme is used for the stellar wind, with a scaling fac-
tor of 1.0. SNe Ib are assumed to originate from massive
stripped-envelope stars, which have lost their outer H en-
velope via binary interactions (Yoon et al. 2010; Dessart et
al. 2012; Eldridge & Maund 2016; Ouchi & Maeda 2017) or
because of strong stellar winds (e.g., Gaskell et al. 1986; El-
dridge et al. 2011; Groh et al. 2013). To strip the H envelope
artificially, the model evolves until the exhaustion of helium;
we then impose an artificial M > 10"*Mgyr~—! until the to-
tal H mass of the star decreases to 0.01 Mg. On reaching
the specified H-mass limit, we switch off artificial mass loss,
and the model evolves until the onset of core collapse. The
final parameters for all models are listed in Table 3. Fig. 19
shows the STELLA/SNEC results obtained for the models men-
tioned above. Our models with explosion energy of 15x105!
erg and My; in the range 0.2 — 0.3 Mg along with CSMI can
explain the observed peak luminosity fairly well, but fails to
explain the overall light-curve shape beyond the peak light
of SN 2012au. These models could satisfactorily explain the
photospheric velocities (inferred from Fell line velocities) as
shown in the right panels of Fig. 19. The semi-analytical
light curve modelling using MINIM shows the possibility of
SN 2012au being powered by a magnetar. Following Metzger
et al. (2015), the magnetar spin-down luminosity is given by

Lgq = Lsdi (1 + t/tsd)72-

Here, Lgq, is the spin-down luminosity at ¢ = 0, and tsq
is the initial spin-down time. This is the luminosity that
we inject into the whole ejecta above the mass cut uni-
formly in mass. The explosion using the magnetar model is
simulated using another publicly available code SNEC (Mo-
rozova et al. 2015) by following the methods of Aryan et
al. (2021). For the initial spin-down luminosity, we assume
L, = 2.2 % 10*3 ergs™!, while for the initial spin-down
time we assume tsq = 25d (close to the value obtained from
MINIM). The effects of Ni heating are ignored in this model.
Following Metzger et al. (2015) (their equations 2 and 3),
corresponding to Lsa, = 2.2 X 1043 erg s7! and teq = 25 d,
we obtain B ~ 2.0 x 10" G and P; ~ 23ms for the mod-
elled magnetar. These values of B and P; are close to those
obtained using MINIM. We see that a 20 Mo ZAMS progen-
itor with Z = 0.04 could explain the observed bolometric
luminosity and photospheric velocities nicely, assuming the
magnetar powering mechanism. Thus, the inclusion of the

magnetar powering mechanism greatly improves light-curve
matching even in late phases, as shown in the inset plot of
the leftmost bottom panel of Fig. 19.

8 DISCUSSION AND RESULTS

In this work, we present well-calibrated optical photometric
(—0.2 to +413 d), polarimetric (—2 to +31 d) and optical
(=5 to +391 d), NIR (-5 to 422 d) spectroscopic studies
of SN 2012au, based on data obtained using many observa-
tional facilities around the globe. Analysis based on our pho-
tometric observations suggests that SN 2012au appears to be
one of the most luminous SNe Ib (Mp pear = —18.06 + 0.12
mag), though fainter than the threshold limit of SLSNe I
(Mg < —19.8 mag; Quimby et al. 2018). The Mg, pear (~ —
18.67+0.11 mag) of SN 2012au is brighter than the average
values of SNe Ib and Ic, but closer to those reported for SNe
Ic-BL (Drout et al. 2011). Similarly, the peak bolometric lu-
minosity of SN 2012au (~ [6.56 + 0.70] x 10*? erg s7') is
higher than the mean peak luminosities of SNe Ib and Ic,
but still lower than those of SNe Ic-BL (Lyman et al. 2016).
Using the early bolometric light curve of SN 2012au, the es-
timated values of M.;, Ej, Mni, and Ty are ~ 5.1+ 0.7 Mg,
~ (4.8 £ 0.6) x 10°! erg, ~0.27-0.30 My, and ~ 66.04 9.4
d, respectively. These physical parameters of SN 2012au are
close to those inferred for SN 2009jf (a bright SN Ib: Sahu et
al. 2011) and-on average-larger than for classical SNe Ib/c
but smaller than for some SNe Ic-BL. SN 2012au manifests
larger M.; and My; in comparison with most of the SNe IIb,
Ib, and Ic, which may be the prime reason behind the lu-
minous peak of SN 2012au, as seen in the case of SLSNe I
(Nicholl et al. 2015). On the other hand, light-curve decline
rates of SN 2012au (at phases >+40 d) in all the optical
bands are shallower than typically observed in the case of
SNe Ib and slow-decaying SLSNe I, and theoretically pred-
icated for 5°Co — ®®Fe decay. As SN 2012au exhibits com-
paratively larger M.;, a larger optical depth resulting in a
larger diffusion time-scale (for the trapped energy to cross
the outer envelope) could broaden the light curve. There-
fore, high trapping of gamma-rays at late phases or higher
opacity of massive ejecta are among the plausible interpre-
tations for the modest luminosity decline rate of SN 2012au
in comparison with other SNe Ib (Clocchiatti & Wheeler
1997). However, smoothly distributed circumstellar media
up to a larger radius could be another possibility behind
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the late time shallower decay rate for SN 2012au, but an
absence of the CSMI in the late-time spectra ruled out this
scenario (Milisavljevic et al. 2018). The late-time bolometric
light curve of SN 2012au is better constrained by L oct™2, a
conventional magnetic dipole equation. Hence for SN 2012au
the shallower decay of the late-time light curve might be a
potential indicator of a central engine powering source that
is accelerating the inner ejecta.

The analytical light-curve modelling of SN 2012au using
the MINIM code infers that a spin down millisecond magnetar
plausibly powers the observed luminosity of SN 2012au. This
outcome is also consistent with the late-time light-curve re-
produced by the equation of a magnetic dipole. Some of the
physical parameters obtained using the MINIM/MAG model
are Mej =~ 4.724+ 1.03 Mg, Vexp ~ (11.66 £ 0.58) x 10° km
s7', B ~ (8.054 0.15) x 10** G, and P ~ 18.26 &+ 0.01
ms. The MAG model gives reasonable values of M and
Vexp, closer to those obtained from the present photometric
and spectral analysis. For the magnetar powering source of
SN 2012au, B is closer and P, is higher than observed in
the case of Type Ib SN 2005bf (Maeda et al. 2007). On the
other hand, for SN 2012au P; is higher and B lies at the top
of the range of P; and B values (~1-8 ms and ~1-8 x 10
G, respectively) compared with those observed for SLSNe I
(see fig.10 of Kumar et al. 2021).

Following the results obtained using semi-analytical
light curve modelling code MINIM, a magnetar powering
mechanism is built through MESA and SNEC. After imple-
menting the magnetar powering mechanism, a 20 Mg ZAMS
progenitor with Z = 0.04 could reproduce the observed bolo-
metric luminosity and vy reasonably. The 56Ni — %0Co de-
cay and CSM interaction powering mechanisms using MESA
and STELLA, adopting an explosion energy of 15x10%! erg
and Mny; of ~ 0.2 Mg, produced a rather poorer match to
the observed bolometric light curve. We could see that the
inclusion of the magnetar powering mechanism could signifi-
cantly improve the fit even in the later phases (4300 to +400
d). These results enhance the probability of the SN 2012au
explosion being powered by a magnetar.

Our imaging polarimetric data of SN 2012au show sig-
natures of asphericity in the ejecta. The observed polariza-
tion values of SN 2012au are significantly higher than those
of the field stars lying within a 10° radius of the SN location.
Similar to SN 2008D, we observe a variation in the polariza-
tion parameters of SN 2012au. Near the peak, SN 2012au
resembles a %P-value closer to those of SN 2006aj and
SN 2007uy. Among Type Ib SNe, SN 2012au presents higher
%P, Mn;, and E /M, values in comparison with SN 2008D
and iPTF13bvn, but closer to those observed in the case of
SN 2007uy.

Spectroscopic observations of SN 2012au reveal that
it shares spectral features with a typical SNe Ib. The ab-
sence of the prominent W-shaped O 11 features in the near-
peak spectra of SN 2012au confirm its spectral divergence
from SLSNe I (Quimby et al. 2011, 2018). The emergence of
O 1 features generally requires a photospheric temperature
of 212 000 K, which could be obtained very easily in the
hot ejecta of SLSNe I. On the other hand, near the peak,
SN 2012au presents a photospheric temperature of ~9000
K for the near-peak spectra. In the hot photospheric phase,
SN 2012au, like other classical SNe Ib, exhibits prominent
He1 (AA5876, 6678, and A7065) features from the start of
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our spectral observations (from —5 d). Near the maximum
light of SN 2012au, expansion velocities of He1 and Call NIR
are ~ 14500 km s~ ', whereas Fe1 displays slightly lower
velocity (~12 500 km s™'), while these line velocities are
higher than those of typical SNe Ib. The photospheric ve-
locity (Fe1l ion velocity) of SN 2012au decays faster than
that of SLSNe I (Nicholl et al. 2015). Using the v, obtained
from the SYNAPPS spectral fitting to the near-peak spectrum
of SN 2012au, we constrained values of rp, ~1.8 x 10*° cm,
Ttotal ~63.8, Me; ~8.3 Mg, and Ey ~5.4 x 10°! erg.

The [O1] AA6300, 6363 doublet and [Cal1] AA7291, 7324
emerge later (from +90 d) in the nebular phase compared
with O1 A7774, Na1 D, Mg1], Can H&K, and NIR, and the
Fe11 triplet features can be seen from +60 d. In the spectra
at +275, 4323, and +391 d, profiles of Mg1], the [O1] dou-
blet, and [Cal1] features are asymmetric which is indicative
of synthesized elements being distributed asymmetrically or
mixing and clumps in the ejecta of SN 2012au. The plau-
sible reasons behind the asymmetric blueshifted [O1] line
profile as a narrow peak on a broader base are large-scale
clumping, a unipolar jet, or a single massive blob moving
towards the observer. These findings about asymmetry are
in conformity with those obtained using the imaging polari-
metric observations discussed above. The nebular spectrum
of SN 2012au at +391 d is closely matched with the mod-
elled spectrum produced for a progenitor with Mzans of
17 M@ by Jerkstrand et al. (2015), considering strong mix-
ing and dust in the ejecta. From the spectrum at +323 d
of SN 2012au and equation 2 of Jerkstrand et al. (2014),
we infer F([O1] A5577) ~(1.18 £ 0.56) x 10~'* and F([O1]
doublet) ~(1.12 4 0.07) x 107*% erg s™* cm™2, which con-
fers O1 temperature ~4098.39 + 309.15 K and Mo ~ 1.62
4+ 0.15 M. The Mo of SN 2012au is higher than the one
observed for SN 2009jf (1.34 Mg: Sahu et al. 2011) and also
higher than the Mo range (0.1-1.4 M) estimated for a sam-
ple of SESNe by Elmhamdi et al. (2004). Using this Mo, we
also constrained values of Mzanms (~20-25 M) and Mpe.
(~4-8 M). The Mzams of SN 2012au is higher than those
for well-studied SNe Ib (except SN 2009jf) but lower than
for the SLSNe I tabulated in Table 1.

In nebular spectra of SN 2012au, there are no signa-
tures of CSMI up to +391 d. Additionally, Milisavljevic et
al. (2018) also did not notice any signatures of CSMI in
a very late-time (at 42270 d) spectrum of SN 2012au. On
the other hand, a pulsar wind nebula as a heating source
that could be generated by the spin-down power of a cen-
tral pulsar was proposed by Milisavljevic et al. (2018), which
is in agreement with the results from analytical light-curve
modelling as described above. Based on the [Cal1]/[O1] ra-
tio of SN 2012au and the findings of Kuncarayakti et al.
(2015), we suggest that the progenitor of SN 2012au is a sin-
gle WR star with Mzams ~25 Mg. SN 2012au displays a
higher Mg1]/[O1] flux ratio in comparison with typical Type
Ib/c events, though comparable to some of the well-studied
SLSNe I. A higher value of Mg1]/[O1] ratio of SN 2012au up
to +323 d indicates a higher degree of outer envelope strip-
ping (Foley et al. 2003). From +320 to +390 d, the Mg1]
and [O1] flux ratio of SN 2012au decreases sharply to ~0.27,
which indicates a lack of high-density enhancements due to
clumping, mixing, and asymmetry in the ejecta (Jerkstrand
et al. 2015). However, dust formation and blending of the
Mg1] from Fell ions may be other plausible reasons.
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In addition to optical spectral observations, our first
NIR spectrum at —5 d appears featureless with a few lines
of He1 A10800 (the most prominent one), C1, Mg1, O1, and
Nal. The strength of absorption features reduces over time
and is superseded by other prominent emission lines. The
late-time spectra up to +319 d exhibit prominent features of
the hydrogen Paschen series, H1, He1, Na1, O1, Mg1, Mg1i,
Si1, S1, Cal, and Fe11. The first overtone of CO between ~22
900 and 24 000 A is absent in the NIR spectra of SN 2012au
(up to +319 d). The CO emission was also absent in the
+79 d spectrum of iPTF13bvn (Fremling et al. 2016). The
absence of CO molecule formation in the case of SN 2012au
could be because of the temperature being higher than the
molecule formation threshold, higher mixing of ionized he-
lium between ejecta layers, or a higher vy, of SN 2012au.
The absence of CO emission in the spectra of SN 2012au up
to +319 d confirms the lack of emission signatures by heated
dust.

In both hot and cool photospheric phases, SN 2012au
shares an overall spectral similarity with SN 2015ap, though,
absorption features in the spectra SN 2012au have a higher
blueshift than in the case of SN 2009jf and SN 2015ap,
which is in agreement with the comparatively higher vy,
of SN 2012au. In the nebular phase, some of the spectral
features, in particular, the [O1] and the [Cal] doublets,
evolve at later times than those observed in other SNe Ib.
In the late phases (>+250 d), the [O1] and [CalI] emission
lines of SN 2012au match closely those observed in the case
of SN 2007Y. Overall, the spectral comparison performed
in the present study reveals that the photometrically slow-
decaying SN 2012au also evolves spectroscopically on longer
time-scales.

9 CONCLUSION

In this study, we present well-calibrated photometric, po-
larimetric, and spectroscopic studies of SN 2012au spanning
from 5 d before the B-band maximum to nearly one year
post-maximum. SN 2012au exhibits higher peak luminosity
in comparison with typical Type IIb, Ib, and Ic but lower
than those observed for Type Ic-BL: and SLSNe 1. The peak
bolometric luminosity of SN 2012au implies a synthesis of
~0.27-0.30 M of ®Ni during the explosion. For SN 2012au,
Me; values constrained using photometric light-curve anal-
ysis (~ 5.1 M@ ), semi-analytical modelling (~ 4.7 Mg ), and
spectral analysis (~ 8.3 M) hinted a range of Mc; ~4.7—8.3
Mg for SN 2012au. The Mc; (~4.7 - 8.3 M) and Ej, (~ [4.8
—5.4] x 10°" erg) of SN 2012au are also higher in comparison
with most Type IIb, Ib, and Ic SNe, but lower than those of
Ic-BL/GRB-SNe and SLSNe I. Therfore, based on the peak
brightness and inferred physical parameters, SN 2012au ap-
pears more like a bridge between normal Ib/c and Ic-BL,
rather than Ib/c and SLSNe I. Comparatively higher values
of Mni and Me; could explain the rather luminous peak of
SN 2012au. SN 2012au presents the most shallow post-peak
decay rate in comparison with Type Ib and slow-decaying
SLSNe I, which indicates high trapping of gamma-rays or
higher opacity of the massive ejecta.

Analytical light-curve modelling insinuates a spin-down
millisecond magnetar with B = (8.05 + 0.15) x 10** G
and P, ~ 18.26 £ 0.01 ms as a likely powering source for

SN 2012au. The late-time light curve of SN 2012au is flatter
than the theoretical 5Co — 5%Fe decay curve and consis-
tent with the equation of the standard magnetic dipole, also
favouring a central engine powering source. Additionally,
results from MESA and SNEC support a magnetar powering
mechanism with a progenitor having Mzanms ~20Mg and
7 = 0.04. However, **Ni — 55Co decay and CSM interac-
tion powering mechanisms produced a comparatively poorer
match in MESA. Based on the absence of narrow H Balmer
lines in the late-time spectrum (at +2270 d), Milisavljevic
et al. (2018) exclude the possibility of CSMI as the primary
powering source of SN 2012au. In addition, Milisavljevic et
al. (2018) propose a pulsar wind nebula as a heating source of
SN 2012au that could be generated by the spin-down power
of a central pulsar. Also, a central engine powering source is
very likely to explain observed asphericity, mixing, and the
comparatively higher vy, of SN 2012au ejecta (Chen et al.
2020). These results together strengthen the probability of
the SN 2012au explosion being powered by a magnetar.

Imaging polarization values of SN 2012au are signifi-
cantly higher than those of field stars, favouring asphericity
in the ejecta. Also, in the nebular spectra of SN 2012au
(>270 d), asymmetric profiles of Mgi], the [O1] doublet,
and [Ca11] features indicate synthesized elements being dis-
tributed asymmetrically and/or clumpy ejecta. However, the
shape of the [O1] line profile is a narrow peak on a broader
base that is blueshifted and suggests large-scale clumping,
a unipolar jet, or a single massive blob moving towards the
observer. The sharply decreasing behaviour of the Mg1]/[O 1]
flux ratio of SN 2012au from +323 to +391 d indicates
clumping, mixing, and asymmetry in the ejecta. The first
overtone of CO is absent in the NIR spectra of SN 2012au,
indicative of high temperature and strong mixing of ion-
ized helium between ejecta layers, and shows a lack of emis-
sion signatures by heated dust. Overall, these observational
signatures favour mixing and asymmetry in the ejecta of
SN 2012au.

The spectral evolution of SN 2012au is similar to that
of other typical SNe Ib. However, spectral comparison re-
veals that the photometrically slow-decaying SN 2012au also
evolves more slowly spectroscopically. The near-peak spectra
of SN 2012au show a clear absence of W-shaped O 11 features,
commonly observed in SLSNe I. SN 2012au shows higher
vpn than other SNe Ib but evolves faster than SLSNe I. Us-
ing the fluxes of the [O1] doublet and [Call], we propose
that the progenitor of SN 2012au is a single WR star, with
Mo and Mgy, of ~1.62 + 0.15 Mg and ~4-8 Mg, respec-
tively. Mzanms values constrained using the 4391 d spec-
trum matching those of the modelled spectrum of Jerkstrand
et al. (2015) (~ 17 Mg), from Mo and the [Ca11]/[O1] dou-
blet flux ratio (~25 M), and also those constrained us-
ing MESA and SNEC modelling (~20 Mg ), suggest a range of
Mzanms ~17—25 Mg for SN 2012au. The above physical pa-
rameters are close to those inferred for some SNe Ic-BL (e.g.,
SN 1998bw and SN 2002ap), but lower than those of SLSNe I
(e.g., PTF12dam and SN 2015bn), favouring SN 2012au as
a bridge between normal Ib/c and Ic-BL.
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Table Al. Calibrated magnitudes (DOT-3.6m and HCT-2m) of the secondary standard stars in the SN 2012au field, as shown in Fig. 1.

Star U B v R T

ID (mag) (mag) (mag) (mag) (mag)
1 16.85 + 0.03  15.95 &= 0.0l  14.98 + 0.01  14.40 &+ 0.01 _ 13.89 &+ 0.01
2 16.40 4+ 0.02  15.50 + 0.01  14.50 + 0.01  13.89 + 0.01  13.37 4 0.01
3 15.38 4+ 0.03  15.35 + 0.01  14.68 + 0.01  14.27 + 0.01  13.88 4 0.01
4 - 18.61 + 0.04  17.71 4+ 0.03  17.14 £ 0.02  16.60 & 0.03
5 17.20 + 0.04  16.12 & 0.01  14.74 + 0.01  13.87 4+ 0.01  12.97 + 0.01

Table A2. Photometric data of SN 2012au in U, B, V, R, and I bands along with one-epoch observations in J, H, and K bands.

MJD Phase ¢ U B 1% R I Telescope Used
d mag mag mag mag mag
56005.81 —0.19 13.71 + 0.02 14.06 £ 0.02 13.67 + 0.02 13.37 4+ 0.02 13.30 4+ 0.02 ST-1.04m
56006.81 0.81 13.69 £+ 0.03 — 13.58 4+ 0.02 13.34 4+ 0.02 13.29 4+ 0.02 ST-1.04m
56007.88 1.88 — 14.11 4+ 0.02 13.58 4+ 0.02 13.37 4+ 0.02 13.24 4+ 0.02 HCT-2m
56009.70 3.70 13.97 £ 0.03 14.18 4+ 0.02 13.60 £+ 0.02 13.35 + 0.02 13.22 + 0.02 ST-1.04m
56010.98 4.98 14.34 + 0.05 14.27 +£0.10 13.60 + 0.04 13.36 4+ 0.08 13.21 + 0.03 CAHA-2.2m
56011.79 5.79 14.50 + 0.02 14.53 + 0.03 13.72 +0.03 13.38 4+ 0.02 13.25 4+ 0.04 HCT-2m
56011.86 5.86 — — 13.62 4+ 0.02 13.35 4+ 0.02 13.23 4+ 0.03 ST-1.04m
56013.73 7.73 — 14.58 4+ 0.02 13.79 4+ 0.02 13.43 4+ 0.02 13.23 4+ 0.03 HCT-2m
56018.70 12.7 14.95 + 0.05 15.15 4+ 0.02 14.06 £ 0.02 13.64 4+ 0.02 13.39 + 0.03 ST-1.04m
56020.80 14.8 15.34 + 0.04 15.34 + 0.03 14.25 + 0.03 13.71 + 0.02 13.41 4+ 0.02 HCT-2m
56020.73 14.73 — 15.45 + 0.03 14.31 +0.03 13.77 4+ 0.02 13.46 4+ 0.03 ST-1.04m
56021.87 15.87 14.21 4+ 0.02 13.77 + 0.02 13.42 4+ 0.04 ST-1.04m
56025.68 19.67 15.33 + 0.07 — — — — ST-1.04m
56029.81 23.81 15.80 + 0.03 15.94 4+ 0.02 14.72 4+ 0.02 14.16 4+ 0.02 13.83 + 0.03 ST-1.04m
56036.72 30.72 16.14 + 0.07 16.11 4+ 0.04 14.91 + 0.02 14.39 + 0.03 14.08 4+ 0.02 ST-1.04m
56037.70 31.7 — 16.17 + 0.03 15.05 4+ 0.02 14.47 +0.03 14.12 4+ 0.03 HCT-2m
56038.68 32.68 16.12 4+ 0.03 14.96 4+ 0.02 14.50 4+ 0.03 14.12 4+ 0.03 ST-1.04m
56040.75 34.75 16.51 + 0.04 16.20 + 0.04 15.06 + 0.02 14.52 + 0.03 14.18 + 0.04 HCT-2m
56042.71 36.71 — 16.25 + 0.04 15.18 + 0.02 14.61 + 0.03 14.22 4+ 0.03 HCT-2m
56043.01 37.01 — 16.12 4+ 0.04 15.17 + 0.02 14.55 + 0.03 14.19 4+ 0.02 BTA-6m
56046.76 40.76 16.76 £+ 0.09 16.28 £+ 0.02 15.19 4+ 0.02 14.68 4+ 0.02 14.31 4+ 0.02 ST-1.04m
56048.64 42.64 — 16.40 4+ 0.02 15.32 4+ 0.02 14.85 4+ 0.02 14.46 4+ 0.02 HCT-2m
56054.69 48.69 — 16.47 + 0.03 15.45 + 0.02 15.04 4+ 0.02 14.41 + 0.03 ST-1.04m
56060.80 54.8 — 16.58 + 0.02 15.50 £ 0.02 15.00 £ 0.02 14.56 4+ 0.03 ST-1.04m
56064.73 58.73 — 16.60 & 0.02 15.52 4+ 0.03 15.11 4+ 0.02 14.72 + 0.04 ST-1.04m
56067.61 61.61 — 16.67 + 0.02 15.57 4+ 0.02 15.10 4+ 0.02 14.66 4+ 0.03 HCT-2m
56070.72 64.72 — — 15.62 4+ 0.02 15.12 4+ 0.02 — DFOT-1.3m
56071.78 65.78 — 16.59 + 0.02 15.52 + 0.04 15.11 4+ 0.03 14.55 + 0.03 BTA-6m
56071.78 65.79 — 16.67 + 0.03 15.57 + 0.02 15.15 4+ 0.02 14.74 + 0.03 HCT-2m
56073.75 67.75 — 16.78 4+ 0.02 15.65 4+ 0.03 15.19 4+ 0.02 14.91 4+ 0.02 ST-1.04m
56074.70 68.7 — 16.69 4+ 0.03 15.64 4+ 0.02 15.37 + 0.03 14.99 4+ 0.03 ST-1.04m
56086.67 80.67 — 16.81 + 0.03 15.74 4+ 0.02 15.50 4+ 0.03 15.14 4+ 0.03 ST-1.04m
56088.71 82.71 — 16.83 + 0.03 15.81 + 0.04 15.43 + 0.03 — DFOT-1.3m
56089.69 83.69 — 16.77 + 0.03 15.77 £ 0.03 15.46 4+ 0.03 — DFOT-1.3m
56090.76 84.76 — 16.76 + 0.03 15.88 4+ 0.02 15.55 4+ 0.03 — HCT-2m
56103.70 97.7 16.83 + 0.04 16.05 4+ 0.02 15.69 4+ 0.03 15.22 4+ 0.04 ST-1.04m
56104.61 98.61 — 16.90 + 0.05 16.12 4+ 0.03 15.65 4+ 0.02 15.25 + 0.03 HCT-2m
56120.63 114.63 — 17.03 + 0.05 16.37 4+ 0.03 16.06 £ 0.02 15.53 4+ 0.03 HCT-2m
56128.64 122.64 — — - = = 16.37 + 0.09 15.80 + 0.12 HCT-2m
56305.90 299.9 — 17.83 + 0.05 17.31 +0.03 17.39 4+ 0.06 16.76 4+ 0.05 ST-1.04m
56392.72 386.72 18.08 4+ 0.04 17.99 4+ 0.04 17.02 4+ 0.05 ST-1.04m
56396.73 390.73 — — 18.00 + 0.04 18.09 + 0.04 17.09 + 0.05 ST-1.04m
56397.93 391.93 — — 18.18 + 0.05 — — BTA-6m
56411.78 405.78 — — — 18.12 + 0.05 17.19 4+ 0.08 ST-1.04m
56419.67 413.67 — — — 18.15 4+ 0.08 17.18 4+ 0.08 ST-1.04m
MJD Phase J H K Telescope Used
d mag mag mag
56001.40 —5 13.40 4+ 0.06 13.33 £ 0.10 12.69 4+ 0.20 NTT-3.58m

@ with reference to d since B-band maximum.

Table A3. Log of polarimetric observations using the AIMPOL instrument and estimated parameters of SN 2012au during early phases.

UT Date MJD Phase? Observed Intrinsic (ISP subtracted)
(2012) (d) Pr top, Or oo, Pr+topg, Or * o0,
(%) ) (%) )
March 16 56003.77 —2.24 1.434+0.34 42.9046.67 1.2040.34 43.9047.90
March 26* 56013.87 +7.86 1.02 - 68.60 — 1.02 - 79.40 —
March 28 56015.85 +9.84 1.134+0.20 15.79+5.04 0.98+0.20 11.10+£ 5.80
March 29 56016.85 +10.84 1.55+0.12 39.2242.29 1.3240.12 39.50+ 2.70
April 16* 56034.73 +28.72 1.18 — 26.00 — 1.18 — 18.10 —
April 18 56036.76 +30.70 0.34+£0.11 31.3249.32 0.13+0.11 19.50+£25.20

@ with reference to d since B-band maximum.

* The estimated parameters on these dates are limiting values.
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Table A4. Observational detail of nine isolated field stars selected to subtract the interstellar polarization. Observations of all field stars
were performed on 2013 January 20 in R-band with the ST-1.04m. All these stars were selected with known distances and within 10°
radius around SN 2012au. The distance mentioned in the column 6 and 7 have been taken from van Leeuwen (2007) and Gaia DR2
catalogue (Gaia Collaboration 2018), respectively.

Star RA (J2000) Dec (J2000) Prtopy Or oo, Distance® Distance®
id (°) (°) % (°) (in Plx) (in Plx)
HD 111384 192.252621 -09.220328 0.25 +0.07 40.18 £ 7.26 4.37+ 0.67 5.53 + 0.06
HD 111595 192.643571 —10.571688 0.16 £0.12 82.29 £21.64 6.22+ 1.00 6.42 £ 0.05
HD 111678 192.787005 -11.267007 0.10 +0.12 109.26 £33.23 9.32+ 1.50 8.92 + 0.06
HD 111999 193.331293 -10.921184 0.18 £0.06 58.98 £ 9.07 4.78+ 1.09 3.70 £ 0.04
HD 112050 193.423944 —09.618172 0.24 +0.04 54.36 £ 5.16 2.69+ 1.03 1.81 £ 0.09
HD 112464 194.241065 —10.882960 0.34 £0.03 72.62 £ 2.54 8.12+ 0.95 6.87 £ 0.05
HD 112708 194.712469 —11.504578 0.47 +£0.07 77.47 £ 4.01 2.58+ 1.61 3.80 + 0.04
HD 112806 194.878196 —11.548831 0.26 £0.01 30.77 £ 1.08 5.26+ 1.79 1.89 £+ 0.09
HD 112325 194.011930 -11.309629 0.22 +0.05 53.03 £ 6.01 2.36+ 1.27 1.15 £ 0.06

@ van Leeuwen (2007) distance.
b Gaia distance.

Table A5. Optical and NIR spectroscopic data of SN 2012au obtained using the Galileo-1.22m, HCT-2m, CAHA-2.2m, NTT-3.58m, and BTA-6m.

Date MJD Phase Spectral Range Telescope used
20120315 56001.0 —5 3484-9284 HCT-2m
20120315 56001.4 —5 9400-24990 NTT-3.58m
20120316 56002.0 —4 3270-7780 Galileo-1.22m
20120318 56004.0 -2 3484-9284 HCT-2m
20120321 56007.0 +1 3484-9286 HCT-2m
20120324 56010.0 +4 3335-8766 CAHA-2.2m
20120327 56013.0 +7 3484-9268 HCT-2m
20120330 56016.0 +10 3484-9284 HCT-2m
20120403 56020.0 +14 3484-9282 HCT-2m
20120411 56028.2 +22 9365-25080 NTT-3.58m
20120413 56030.0 +24 3484-9284 HCT-2m
20120414 56031.0 +25 3356-9996 NTT-3.58m
20120425 56042.0 +36 3484-9283 HCT-2m
20120501 56048.0 +42 3355-9992 NTT-3.58m
20120508 56055.0 +49 3484-9283 HCT-2m
20120520 56067.0 +61 3484-9283 HCT-2m
20120524 56071.0 +65 3660-7871 BTA-6m
20120601 56079.0 +73 3484-9283 HCT-2m
20120618 56096.0 +90 3484-9281 HCT-2m
20120626 56104.0 +98 3485-7837 HCT-2m
20120702 56110.0 +104 3484-9281 HCT-2m
20120706 56114.0 +108 3484-7836 HCT-2m
20130415 56397.0 +391 36547867 BTA-6m
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