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ABSTRACT

Photometric and spectroscopic analyses of the intermediate-luminosity Type Ib su-
pernova (SN) 2015ap and of the heavily reddened Type Ib SN 2016bau are discussed.
Photometric properties of the two SNe, such as colour evolution, bolometric lumi-
nosity, photospheric radius, temperature, and velocity evolution, are also constrained.
The ejecta mass, synthesised nickel mass, and kinetic energy of the ejecta are cal-
culated from their light-curve analysis. We also model and compare the spectra of
SN 2015ap and SN 2016bau at various stages of their evolution. The P Cygni profiles
of various lines present in the spectra are used to determine the velocity evolution of
the ejecta. To account for the observed photometric and spectroscopic properties of
the two SNe, we have computed 12 M, zero-age main sequence (ZAMS) star models
and evolved them until the onset of core collapse using the publicly available stellar-
evolution code MESA. Synthetic explosions were produced using the public version of
STELLA and another publicly available code, SNEC, utilising the MESA models. SNEC and
STELLA provide various observable properties such as the bolometric luminosity and
velocity evolution. The parameters produced by SNEC/STELLA and our observations
show close agreement with each other, thus supporting a 12 My ZAMS star as the
possible progenitor for SN 2015ap, while the progenitor of SN 2016bau is slightly less
massive, being close to the boundary between SN and non-SN as the final product.

Key words: supernovae: general — supernovae: individual: SN 2016bau, SN 2015ap —
techniques: photometric — techniques: spectroscopic
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1 INTRODUCTION

Core-collapse supernovae (CCSNe) are among the most pow-
erful astronomical explosions, occurring during the final stel-
lar evolutionary stages of massive stars (M > 8-10 My; e.g.,
Garry 2004; Woosley 2005; Groh 2017). Extensive reviews of
various types of CCSNe and criteria used to categorise them
are provided by (among others) Filippenko (1997) and Gal-
Yam (2016). CCSNe are broadly classified according to the
presence or absence of hydrogen (H) features in their spec-
tra. SNe showing prominent H features are classified as Type
II, while those lacking them are Type I. These classes are
further divided into various subclasses. Type Ib SNe exhibit
prominent helium (He) features in their spectra, whereas
Type Ic SNe show neither H nor He obvious features. Promi-
nent features of intermediate-mass elements such as O, Mg,
and Ca are also seen in Type Ib and Type Ic SN spectra. Al-
though SNe Ib/c lack obvious H features in their early-time
spectra, few studies have focused on the existence of H in
SNe Ib (e.g., Branch et al. 2002, 2006; Hachinger et al. 2012;
Elmhamdi et al. 2006). Type IIb SNe form a transition class
of objects that link SNe IT and SNe Ib (Filippenko 1988; Fil-
ippenko et al. 1993; Smartt 2009). The early-phase spectra
of SNe IIb display prominent H features, while unambiguous
He features appear after a few weeks.

The main powering mechanism in normal SNe Ib/c is
radioactive decay of °Ni and %°Co, leading to the deposition
of energetic gamma rays that thermalise in the homologously
expanding ejecta (e.g., Arnett 1980, 1982, 1996; Nadyozhin
1994; Chatzopoulous et al. 2013; Nicholl et al. 2017). Some
SNe Ib (e.g., SN2005bf, Maeda et al. 2007) have also shown
evidence for the light curves being powered by the spin-
down of a young magnetar (e.g., Ostriker & Gunn 1971,
Arnett & Fu 1989; Maeda et al. 2007; Kasen & Bildsten
2010; Woosley 2010; Chatzopoulous et al. 2013; Nicholl et
al. 2017). In the post-photospheric phase, when the SN
ejecta become optically thin, the light curves of CCSNe are
powered by energy deposition from the radioactive decay of
56Ni to *°Co and finally to **Fe. In many cases, however,
the SN progenitor is embedded within dense circumstellar
matter (CSM), so when the SN explosion occurs the SN
ejecta may violently interact with the CSM, resulting in the
formation of forward and reverse shocks that deposit their
kinetic energy into the material which is radiatively released
and thus powers the light curve (e.g., Chevalier & Fransson
1982, 1994; Moriya et al. 2011; Ginzberg & Balberg 2012;
Chatzopoulous et al. 2013; Nicholl et al. 2017).

Understanding the possible progenitors of H-stripped
CCSNe is still a challenging task, though a few studies have
been performed. For SNe Ib/c, broadly two scenarios are
proposed. The first involves relatively low-mass progenitors
(> 11 Mg) in binary systems (Podsiadlowski et al. 1992;
Nomoto et al. 1995; Smartt 2009), where the primary star
lost its H envelope through transfer of mass to a companion
star. The second considers massive Wolf-Rayet (WR) stars
(> 2025 M) that lose mass via stellar winds (e.g., Gaskell
et al. 1986; Eldridge et al. 2011; Groh et al. 2013). In one
relatively recent study, Cao et al. (2013) reported a possible
progenitor of SN iPTF13bvn identified in pre-explosion im-
ages within a 20 error radius, consistent with a massive WR
progenitor star. The massive WR progenitor scenario is also
supported by stellar evolutionary models. Based on observa-

tional evidence, from early- and nebular-phase spectroscopy
of SNe Ib, both massive WR stars as well as interacting
binary progenitors are proposed. For SNe IIb, the direct
detections of objects in pre-explosion images of four cases
also indicate either massive WR stars (Mzams =~ 10-28 Me;
Crockett et al. 2008) or more extended yellow supergiants
(YSGs) with Mzams = 12-17 M (Van Dyk et al. 2013; Fo-
latelli et al. 2014; Smartt 2015) as possible progenitors. The
hydrodynamical modelling of the possible progenitors (iden-
tified either via direct imaging as in the case of iptf13bvn
(Cao et al. 2013) or indirect methods which include nebular-
phase spectral modelling (Jerkstrand 2015; Uomoto 1986))
and simulating their synthetic explosions can be vital to
understanding their nature, physical conditions, circumstel-
lar environment, and chemical compositions. Unfortunately,
only a handful of such studies have been performed in the
cases of stripped-envelope SNe, including the Type Ib SN
iptf13bvn (Cao et al. 2013; Bersten et al. 2014; Paxton et
al. 2018), the famous Type IIb SN 2016gkg (Bersten et al.
2018), and the Type IIb SN 2011dh (Bersten et al. 2012).
Our work takes such studies one step further as we perform
hydrodynamical simulations of the possible progenitors of
two SNe Ib and also simulate their synthetic explosions.

In this paper, we explore the photometric and spectro-
scopic behaviour of SN 2015ap and SN 2016bau, primarily
using data obtained using the KAIT, Nickel, and Shane tele-
scopes at Lick Observatory. Based on the analysis, we model
and attempt to place constraints on the properties of the
progenitors of these two SNe. In Sec. 2, details about vari-
ous telescopes and reduction procedures are presented. Sec. 3
provides methods to correct for the Milky Way and the host-
galaxy extinction. Photometric properties of the two SNe,
such as their bolometric light curve, temperature, radius,
and velocity evolution, are also discussed. Sec. 4 includes
the analysis describing the spectral evolution of SN 2015ap
and SN 2016bau, as well as comparisons with other similar
and well-studied SNe; we also model the spectra of these SNe
using SYN++. Quasi-bolometric light-curve modelling is per-
formed and discussed in Sec. 5; light curves corresponding
to various powering mechanisms of SNe are fitted to the ob-
served quasi-bolometric light curves. The assumptions and
methods for modelling the possible progenitors of the two
SNe and their evolution until the onset of core-collapse us-
ing MESA are presented in Sec. 6. We discuss the assump-
tions and methods for producing the synthetic explosions
using SNEC and STELLA in Sec. 7; here, the comparisons
between the parameters obtained through synthetic explo-
sions and observed ones are presented. In Sec. 8, we discuss
the major results and findings of our analysis. Finally, in
Sec. 9, we summarise our work by briefly discussing the ma-
jor outcomes and provide concluding remarks.

2 DATA ACQUISITION AND REDUCTION

SN 2015ap was discovered by KAIT as part of the Lick Ob-
servatory Supernova Search (LOSS; Filippenko et al. 2001),
in an 18s unfiltered image (close to the R band; see Li et al.
2003) taken at 11:16:31 on 2015 Sep. 08 (Ross et al. 2015), at
17.41 £ 0.06 mag. The object was also marginally detected
one day earlier on Sep. 07.47 with 18.07 + 0.22 mag. We
measure its J2000.0 coordinates to be a = 02"05™13.32%,

MNRAS 000, 1-20 (2021)
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Figure 1. Left panel: The discovery image of SN 2015ap using the KAIT telescope in C-filter.The SN is marked inside the red circle. .
Middle panel: A zoomed version of an R-band image with 2’ X 2’ FoV obtained on 6 Oct. 2020 using a 4k x 4k CCD imager mounted
on the 3.6 m DOT. Right panel: A further zoomed, about 6" x 6" FoV of the location of SN 2015ap taken on 12 Aug. 2020 using the
Hubble Space Telescope (HST) in the F814W filter. The SN seems to be fainter than the detection limit of HST at this time. A log of

HST observations is included in the Appendix.

§ = +06°06'08"4, with an uncertainty of 0”5 in each co-
ordinate. SN 2015ap is 28”3 west and 1672 south of the
nucleus of its host galaxy IC 1776, which has a redshift of
z = 0.011375 &+ 0.000017 (Chengalur et al. 1993) and a
barred-spiral morphology (SB(s)d; de Vaucouleurs et al.
1991)). SN 2016bau was discovered by Ron Arbour in an
unfiltered image taken at 23:22:33 on 2016 Mar. 13 (Ar-
bour 2016), at 17.8 mag. Its J2000.0 coordinates are given
as a = 11h20m59.02s, § = +53°10'25”6. SN 2016bau is
35”3 west and 15”2 north of the nucleus of its host galaxy
NGC 3631, which has z = 0.00384 + 0.00014 (Falco et al.
1999) and a morphology of SAc C (Ann, Seo & Ha 2015).
Both of these SNe were classified as SN Ib on the basis of
well-developed features of He I, Fe II (blended), and Ca II,
a few days after maximum brightness.

Figure 1 shows finder charts of SN 2015ap obtained with
different telescopes. The B, V', R, and I follow-up images of
SN 2015ap and SN 2016bau were obtained with both the
0.76 m Katzman Automatic Imaging Telescope (KAIT; Fil-
ippenko et al. 2001) and the 1 m Nickel telescope at Lick Ob-
servatory. All images were reduced using a custom pipeline’
detailed by Stahl et al. (2019). Here, we briefly summarise
the process for photometry. The image-subtraction proce-
dures were applied in order to remove the host-galaxy light,
using additional images obtained after the SN had faded
below our detection limit. Point-spread-function (PSF) pho-
tometry was obtained using DAOPHOT (Stetson 1987) from
the IDL Astronomy User's Library?. Three nearby stars were
chosen from the Pan-STARRS1® catalogue for calibration.
Their magnitudes were first transformed into Landolt (1992)
magnitudes using the empirical prescription presented by
Torny et al. (2012, Eq. 6) and then transformed to the

1 https://github.com/benstahl92/LOSSPhotPypeline
2 http://idlastro.gsfc.nasa.gov/
3 http://archive.stsci.edu/panstarrs/search.php
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KAIT/Nickel natural system. Apparent magnitudes were
all measured in the KAIT4/Nickel2 natural system. The fi-
nal results were transformed to the standard system using
local calibrators and colour terms for KAIT4 and Nickel2
(Stahl et al. 2019). In addition, the U-band photometry
was obtained from the Swift Optical/Ultraviolet Supernova
Archive (SOUSA; https://archive.stsci.edu/prepds/sousa/;
Brown et al. 2014).

There are a total of 17 spectra of SN 2015ap; 15 of
them were taken with the Kast spectrograph® (Miler &
Stone 1993) on the 3m Shane telescope at Lick Observa-
tory and the other 2 were taken with LRIS® (Oke et al.
1995) on the Keck-I 10m telescope. Except for the earli-
est spectrum taken on 10.531 Sep. 2015 (UT dates are used
throughout this paper) using the Lick Shane/Kast system,
16 spectra in this paper were published by Shivvers et al.
(2018); refer to that paper for details of the observations.
Also, there are 8 spectra of SN 2016bau, all obtained with
the Lick Shane/Kast system. We used the 600/4310 grism
on the blue side, the 300/7500 grating on the red side, the
d5500 dichroic, and a long slit 2" wide. For LRIS we used
the 600/4000 grism on the blue side, the 400/8500 grating
on the red side, and a 1” slit. The spectra were binned to
2A pixel L.

3 PHOTOMETRIC PROPERTIES

In this section, we discuss various photometric properties of
SN 2015ap and SN 2016bau, including their colour evolu-
tion, extinction, quasi-bolometric light curves, and various
blackbody parameters.

4 https://mthamilton.ucolick.org/techdocs/instruments /kast
5 https://www2.keck.hawaii.edu/inst /Iris/Irishome.html
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Figure 2. UBV RI light curves of SN 2015ap, where BV RI data
were obtained with KAIT while the U-band data were taken from
the UVOT mounted on Swift (https://swift.gsfc.nasa.gov).
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Figure 3. The top panel shows a comparison of the (B — V') colour
of SN 2015ap (corrected for Milky Way extinction) with that of
other Type Ib SNe. The data for SNe other than SN 2015ap are
taken from Stritzinger et al. (2018). The bottom panel shows the
(B—V) colour curves of SN 2015ap and SN 2009jf (both corrected
for Milky Way extinction).

3.1 Photometric properties of SN2015ap

Most of the analysis in this paper has been performed with
respect to B-band maximum brightness. To find its date, we
fit a sixth-order polynomial to the B data which well sam-
ple the photospheric phase. The resulting date of B-band

maximum is MJD 57282.47 + 2.56. To determine the explo-
sion epoch (fexp) of SN 2015ap, we use R-band data. The
R magnitudes are converted into fluxes and a sixth-order
polynomial is fitted. We extrapolate the polynomial and the
epoch corresponding to zero flux is taken as the explosion
epoch, MJD 57272.72 + 1.49, which is in good agreement
with Prentice et al. (2019).

Figure 2 shows the UBV RI light curves of SN 2015ap.
The rise rate for the U-band light curve is faster than that
of other bands, and similarly the U decline rate is faster,
making the U light curve much narrower compared to other
bands. As we go to longer wavelengths, we see that the light
curves become broader, with the I-band light curve being
the broadest.

3.1.1  Colour evolution and extinction correction

Distances are taken from the NASA Extragalctic
Database® (NED), and a cosmological model with
Hy = 73.8kms 'Mpc™, Q,, = 0.3, and Qy = 0.7 is
assumed throughout. For SN 2015ap, we corrected for
Milky Way (MW) extinction using NED following Schlafly
& Finkbeiner (2011). In the direction of SN 2015ap, the
Galactic extinctions for the U, B, V, R, and I bands are
0.185, 0.154, 0.117, 0.092, and 0.064 mag, respectively.

The top panel of Figure 3 shows a comparison of the
(B — V) colour of SN 2015ap with that of other Type Ib
SNe (all corrected for MW extinction). SN 2015ap seems to
be the least reddened and lies below nearly all of the other
SNe Ib.

Following Prentice et al. (2019), the host-galaxy con-
tamination is negligible and hence ignored. To further sup-
port this assumption, the (B — V') colour curve of SN 2009jf
(Sahu et al. 2011) is shown in the bottom panel of Fig-
ure 3, corrected for an MW colour excess of E(B —V)uw =
0.112mag (host extinction is negligible). In order to match
the (B — V) colour curve of SN 2009jf, we need not apply
any shift to the MW-corrected SN 2015ap (B — V') colour
curve.

Figure 4 illustrates the position of SN 2015ap in the
Miller diagram (Richardson et al. 2014). The distance mod-
ulus (u) of SN 2015ap is 33.269 mag; thus, SN 2015ap ap-
pears to be a normal SN Ib. For SN 2016bau, we calculate
1 = 32.65 mag; based on its position in Figure 4, it seems to
be a moderately luminous, normal SN Ib.

3.1.2  Quasi-bolometric and bolometric light curves

To obtain the quasi-bolometric light curves, we made use of
the superbol code (Nicholl M. 2018). We first provided the
extinction-corrected U, B, V, R, and I data to superbol.
Thereafter, it mapped the light curve in each filter to a com-
mon set of times through the processes of interpolation and
extrapolation. It then fit blackbodies to the spectral energy
distribution (SED) at each epoch, up to the observed wave-
length, to give the quasi-bolometric light curve by perform-
ing trapezoidal integration. The peak quasi-bolometric lu-
minosity obtained through integrating the flux over a wave-

6 https://ned.ipac.caltech.edu/

MNRAS 000, 1-20 (2021)



Progenitor mass constraints for two type Ib SNe 5

-2t a o 4
ol o ]
m o °
o -20f 4
g °nm ° 5]
S a 5}
T 1ol g ¢ B g, " ]
g -19F o B i o ® a =]
= a X =
2nn a ° ° L
~ -18| =] 8 ° Q 2 o i
%
[} Em% [}
ab ° . el A SN2015ap |
8 ° * SN 2016bau
8 © type lb SNe
-6 o a @ typelc SNe ]
28 30 32 34 36 38 20 22

Distance modulus, u (mag)

Figure 4. The position of SN 2015ap and SN 2016bau in the Miller
diagram.
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Figure 5. Comparison of quasi-bolometric light curves of
SN 2015ap and SN 2016bau, obtained by fitting a blackbody to
the SED and integrating the fluxes over the wavelength range
of 4000-10,000 A, with that of other stripped-envelope CCSNe.
Symbols are colour coded: red, green, and blue correspond to
Type Ib, IIb, and Ic SNe, respectively.

length range of 4000710,000A is 10(42:548+0.019) ergs™!, in
agreement with Prentice et al. (2019).

Figure 5 shows a comparison of the quasi-bolometric
light curve of SN 2015ap with that of other H-stripped
CCSNe. The code superbol also provides the bolometric
light curve, including the additional blackbody corrections
to the observed quasi-bolometric light curve, by fitting a
single blackbody to observed fluxes at a particular epoch
and integrating the fluxes trapezoidally for a wavelength
range of 100-25,000 A. The top panel of Figure 6 provides
the resulting quasi-bolometric and bolometric light curves
of SN 2015ap.

MNRAS 000, 1-20 (2021)
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Figure 6. The top panel shows the bolometric and quasi-
bolometric light curves of SN 2015ap. Second panel: the tempera-
ture evolution of SN 2015ap. Third and fourth panels: the radius

and velocity evolutions (respectively) obtained using blackbody
fits.

3.1.8 Temperature, radius, and velocity evolution

From superbol, the photospheric temperature (Tss) and
radius (Rpg) evolution of SN 2015ap are also obtained.
During the initial phases, the photospheric temperature is
high, reaching about 11,400 K at —6.18 d. Further, as the SN
ejecta expand, cooling occurs and the temperature tends to
fall, dropping to 4490 K on +21.66 d, then remaining nearly
constant (Fig. 6, second panel from top). A conventional evo-
lution in radius is also seen. Initially, at an epoch of —8d,
the photospheric radius is 4.14 x 10** ¢cm. Thereafter, the SN
expands and its radius increases, reaching a maximum ra-
dius of 3.27 x 10'® ¢cm, beyond which the photosphere seems
to recede into the SN ejecta (Fig. 6, third panel from top).
From the prior knowledge of the explosion epoch and radii
at various epochs, we can estimate the photospheric veloc-
ity evolution of this SN, using vpn, = Rsg/t, where ¢ is the
time since explosion. The bottom panel of Figure 6 shows
the velocity evolution of SN 2015ap.

From the known value of ftexp, a rise time (rise) of
14.8+£2.2d is obtained. The photospheric velocity near max-
imum light is 9000 kms™' (Prentice et al. 2019). With the
known values of tyise, the photospheric velocity near max-
imum light, and a constant opacity (x) of 0.07cm?g™!,
we also obtain the ejecta mass (Me;) and kinetic energy
(Fe) from the Arnett (1982) model by following Equations
(1) and (3) of Wheeler et al. (2015): 2.2 4+ 0.6 My and
(1.0540.31) x 10°* erg, respectively. Our derived ejecta mass
is slightly higher than that of Prentice et al. (2019), but less
than Gangopadhyay et al. (2020). Corresponding to a peak
luminosity of (3.53+0.16) x 10*? ergs™*, the amount of *Ni
synthesised is 0.14 + 0.02 Mg, calculated following Prentice
et al. (2016).
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Figure 7. BV RI and Clear filter light curves of SN 2016bau.

3.2 Photometric properties of SN 2016bau

Following a method similar to that for SN 2015ap, the B-
band maximum and the explosion epochs of SN 2016bau
were determined to be MJD 57477.37 £ 1.99 and MJD
57462.54 +0.97, respectively. Figure 7 shows the BV RI and
Clear (C) filter light curves of SN 2016bau. Light curves
in the shorter-wavelength bands are narrower compared to
those in the longer-wavelength bands, following a trend sim-
ilar to that of SN 2015ap. Also, the C filter almost exactly
replicates the R-band light curve, as expected (Li et al.
2003).

3.2.1 Colour evolution and extinction correction

Similar to SN 2015ap, we corrected for MW extinction using
NED following Schlafly & Finkbeiner (2011). In the direc-
tion of SN 2016bau, the Galactic extinction for the B, V, R,
and I bands is 0.060, 0.045, 0.036, and 0.025 mag, respec-
tively. The top panel of Figure 8 shows a comparison of the
(B — V) colour of SN 2016bau with that of other SNe Ib.
SN 2016bau seems to be heavily reddened and lies above
nearly all of the other SNe Ib. To correct for the host-galaxy
extinction, we made use of the colour curve of SN 2009jf.
We calculated the differences in the colours of the two SNe
and took their weighted mean. In this calculation, we made
use of data only in the range 0 to +20d for the reasons men-
tioned by Stritzinger et al. (2018). The resulting host-galaxy
extinction is E(B — V)host = 0.566 & 0.046 mag. Thus, in or-
der to match the SN 2009jf (B — V') colour curve, we need to
shift the MW-corrected (B — V') colour curve of SN 2016bau
downward by 0.566 mag, as shown in the bottom panel of
Figure 8.

8.2.2  Quasi-bolometric and bolometric light curves

To obtain the quasi-bolometric and bolometric light curves
of SN 2016bau, we used superbol, as in the case of
SN 2015ap. The extinction-corrected B, V, R, and I data
were given as input to superbol. The top panel of Figure 9
shows the quasi-bolometric and bolometric light curves of
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Figure 8. The top panel shows a comparison of the (B — V) colour
of SN 2016bau with that of other SNe Ib (all corrected for MW
extinction). The data for the other SNe are taken from Stritzinger
et al. (2018). The bottom panel shows the (B—V') colour curves of
SN 2016bau and SN 2009jf, both corrected for MW extinction. To
match the SN 2009jf colour curve, a shift of 0.566 mag is required
for the SN 2016bau colour curve.

SN 2016bau. Figure 5 shows the comparison of the quasi-
bolometric light curve of SN 2016bau obtained by integrat-
ing the flux over the wavelength range 4000710700&& with
other H-stripped CCSNe from Prentice et al. (2019). Here,
SN 2016bau also seems to lie on the moderately bright end.

8.2.8 Temperature, radius, and velocity evolution

Figure 9 also shows the evolution of the photospheric tem-
perature (Tgg) and radius (Rgg) of SN 2016bau, obtained
using superbol. During the initial phases, the photospheric
temperature is very high, reaching about 17,000 K near 0d.
Thereafter, as the SN ejecta expand, cooling occurs and the
temperature falls, reaching 6000 K at around +20d, then re-
maining nearly constant (Fig. 9, second panel from top). A
conventional evolution in radius is also seen (Fig. 9, third
panel from top). Initially, at an epoch of around —6d, the
photospheric radius is 0.28 x 105 cm. Following this, the su-
pernova expands and its radius increases, reaching a maxi-
mum radius of 0.96 x 10'® cm, beyond which the photosphere
seems to recede within the SN ejecta.

From the prior knowledge of explosion epoch and radii
at various epochs, we estimate the photospheric velocity evo-
lution of this SN in the same way as for SN 2015ap. The
bottom panel of Figure 9 shows the velocity evolution of
SN 2016bau.

From the prior knowledge of texp, a rise time (tyise) of
17.09 £+ 1.29d is obtained. The photospheric velocity near
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Figure 9. The top panel shows the bolometric and quasi-
bolometric light curves of SN 2016bau. Second panel: the tem-
perature evolution of SN 2016bau. Third and fourth panels: the
radius and velocity evolution (respectively) obtained using black-
body fits.

maximum light is ~ 5000kms™!, obtained from a black-

body fit. With the known values of tise, the photospheric
velocity near maximum light, and a constant opacity (k)
0.07cm?g™!, we obtain the ejecta mass (Me;) and kinetic
energy (Fke) following Equation (1) and Equation (3) of
Wheeler et al. (2015); the results are 1.6 + 0.3 My and
(0.24 % 0.04) x 10°* erg, respectively. Following Prentice et
al. (2016), an amount of 0.055 4 0.006 M, of *°Ni is synthe-
sised, corresponding to a peak luminosity of (1.19 £ 0.08) x
10" ergs™*.

4 SPECTRAL STUDIES OF SN 2015AP AND
SN 2016BAU

In this section, we discuss spectral features of SN 2015ap
and SN 2016bau and further compare their properties with
other similar SNe. We modelled the spectra of these two SNe
at different epochs using SYN++ (Branch et al. 2007; Thomas
et al. 2011) and performed the spectral matching of the 12,
13, and 17 M spectral models given by Jerkstrand (2015)
with the spectra of SN 2015ap and SN 2016bau at phases
around 100 d past explosion. In this section, we also estimate
the velocities of various lines present in the spectra, using
their absorption troughs.

4.1 Spectral properties of SN 2015ap

The top and bottom panels of Figure 10 show the early
phases (—7d to +55d) and late phases (+61d to +147d)
spectral evolution, respectively. It is quite evident from the
top panel of Figure 10 that initially SN 2015ap shows broad-
lined features (at —7d and —2d), which later evolve to spec-
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Figure 10. Top panel: the early-phase spectra up to +55d. Bot-
tom panel: the spectral evolution beyond +55d since Bmax of
SN 2015ap.

tra of a normal Type Ib SN. The characteristic He I line at
5876 A of a typical SN Ib is clearly seen in the spectra of
SN 2015ap. We also see unambiguous He I features at 6678 A
and 7065 A, but these two lines are not as prominent as the
one at 5876 A. In the very early phases (up to +4d), the
He I line at 7065 A is hard to identify. We see that the He I
absorption at 5876 A is stronger than any other absorption
features, and it is present in every spectrum up to +147d.
The Fe II feature near 5169 A is very hard to be identified,
and it seems to be highly blended with He I 5016 A.

The spectral evolution also shows the Ca II near-
infrared (NIR) feature, which is almost absent in the very
early phases (—7d to +4d), but starts to develop very
strongly from 422d onward. It is so strong that each spec-
trum on and after 422 d shows it, even the lowest-SNR spec-
trum at +147d. The forbidden [Ca II] feature near 7300 A
is almost absent at very early phases (—7d to +4d), then
begins to develop very obviously in the spectra from +22d,
and is present up to +89d. This [Ca II] feature can also
get blended with [O II] emission at 7320 A and 7330 A. It
almost disappears in the spectrum at +147d, though its ab-
sence may not be real owing to the very poor SNR of that
spectrum. We also see the Ca II H&K feature near 3934 /UX,
which is present in every spectrum. From the bottom panel
of Figure 10, we see that as the spectra evolve, the absorp-
tion features of different lines tend to disappear and the
emission features become more prominent. We see a very
weak semiforbidden Mg I] line, at 4571 A. However we can
clearly see the forbidden emission lines of [O I] and [Ca IIJ,
which indicates the onset of the nebular phase.
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4.1.1  Spectral comparison

To investigate the spectroscopic behaviour of SN 2015ap,
we compare its spectral features with those of other well-
studied SNe Ib such as SN 2004gq (Modjaz et al. 2014),
SN 2008D (Modjaz et al. 2014), SN 2012au (Pandey et al.
2020), SN 2009jf (Sahu et al. 2011; Modjaz et al. 2014),
iPTF13bvn (Srivastav et al. 2014a), SN 2007uy (Modjaz et
al. 2014; Milisavljevic et al. 2010), SN 2007gr (Valenti et al.
2008; Modjaz et al. 2014), and SN 2005bf (Modjaz et al.
2014).

The top panel of Figure 11 shows the early phase (—7d)
spectral comparison of SN 2015ap with these well-studied
SNe Ib. The spectral features of SN 2015ap look similar
to those of SN 2008D and SN 2012au, compared to other
SNe Ib. We can see that the Ca II H&K feature, the Mg IT
feature, and the He I P Cygni profile match very well with
those of SN 2008D, while in other SNe in the comparison
sample, these features are much more developed. The blue
end of the spectrum matches nicely with SN 2008D, while
the redder part is featureless and much closer to SN 2012au
and SN 2005bf. The He I 5876 A feature of SN 2015ap is
completely different from that of SN 2007uy, but resembles
that of SN 2008D and seems to be less evolved compared
to that of SN 2004gq, SN 2012au, SN 2009jf, and iptf13bvn.
The Fe II profile in SN 2015ap is hard to detect, which may
be due to a very high initial optical opacity. We try to esti-
mate the velocities using the various absorption features. As
the spectrum at this epoch is continuum dominated, only a
few absorption features were visible. The velocity estimated
using He I absorption lines is ~ 14,100 kms™".

Further, we compare the +33d spectrum of SN 2015ap
with our comparison sample (middle panel of Figure 11).
At this epoch, the spectrum of SN 2015ap shows various
P Cygni profiles. We see that it almost exactly replicates
the +22d spectrum of SN 2008D. The blended He I and
Fe II profiles near 5016 A well match those of other SNe Ib,
except for SN 2007uy, where the peak is almost absent, and
for SN 2005bf, where it is double peaked. The He I feature at
5876 A matches well with other SNe Ib except for the cases
of SN 2007uy and SN 2005bf, where the absorption features
seem to be much broader. Here, once again, SN 2007uy seems
to match much less and SN 2008D seems to best match
the +22d spectrum of SN 2015ap. The velocities estimated
using the Ca II NIR triplet and He I absorption features are
~7800kms~* and 10000 kms™!, respectively.

For a much clear comparison, we compared the +61d
spectrum of SN 2015ap (bottom panel of Fig. 11) with spec-
tra of other well-studied SNe Ib. At this epoch also, the
spectrum is still much closer to that of SN 2008D compared
to other SNe Ib. The blended Fe IT and He I feature near
5016 A shows an almost similar profile to that of SN 2008D.
However, the 5376 A He 1 profile is narrower in SN 2015ap
compared to SN 2008D. We can see the onset of the ap-
pearance of the [O I line in SN 2015ap, which differs from
SN 2008D. The He I profile is well matched in the cases
of SN 1999dn and SN 2009jf, but the Ca IT NIR triplet of
these SNe differs from that of SN 2015ap. Here the velocities
estimated using the Ca II NIR triplet and He I absorption
features are ~6900kms™' and 8100 kms™ ', respectively.
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Figure 11. Spectral comparison of the spectra of SN 2015ap and
SN 2016bau at epochs —7d (top panel), +33d (middle panel),
and +61d (bottom panel). Various important SN Ib features have
been compared with those of other similar-type SNe.

4.1.2  Spectral modelling

After confidently identifying the features present in the spec-
tra of SN 2015ap and comparing them with those of other
well-studied SNe, we tried to model a few spectra at vari-
ous epochs using SYN++. The top panel in Figure 12 shows
the early-phase (—7d) spectrum of SN 2015ap. This spec-
trum displays weak and broad P Cygni profiles of He I,
Ca Il H&K, and the Ca II NIR triplet, and also some blended
features of Fe II. We also show the best-matching synthetic
spectrum, generated by SYN++. The absorption features due
to Ca II H&K, Ca II NIR triplet, He I, and Fe IT multiplets
are easily reproduced. The photospheric velocity and black-
body temperature associated with the best-fit spectrum are
12,000kms~* and 12,000 K, respectively. We perform SYN++
matching to four additional spectra from epochs —2d to
+33d (Fig. 12). With the passage of time, the SN expands,
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Figure 12. SYN++ modelling of the spectra of SN 2015ap at epochs
—7d,-2d, +4d, +22d, and +33d. Prominent He I features could
be produced nicely.

cools gradually, and its expansion velocity decreases slowly,
so we see a gradual decrease in the values of these fitted
parameters. The photospheric velocities during the phase of
—7d to +33d vary from 13,000kms™' to 6800 kms~*, and
the blackbody temperature varies from 12,000 K to 4500 K,
which are in good agreement with those obtained photo-
metrically from blackbody fits. Owing to the local thermo-
dynamic equilibrium (LTE) approximation, SYN++ does not
work well for the later epochs and cannot be used to fit the
spectra.

To get an estimate of the progenitor mass, we used the
+98.75d post-explosion spectrum of SN 2015ap and plot-
ted it along with the 12, 13, and 17 My model spectra
from Jerkstrand (2015) at 100d, after scaling by a factor
of exp(—2 x At/111.4) (Jerkstrand 2015), where At = 1.25,
is the time difference between the epoch of the model spec-
trum and the epoch of the observed spectrum. We can see
that the 12 My and 17 Mg model spectra seem to reproduce
the observed spectrum of SN 2015ap. The 12 M spectrum
very nicely matches the observed spectrum throughout the
entire wavelength range, while the 17 M spectrum slightly
overproduces the flux near the Ca II NIR triplet close to
8500 A. However, the 13 My model spectrum fails to ex-
plain the observed fluxes throughout the entire wavelength
range. Thus, based on this analysis, a range of 12-17 Mg
is expected for the possible progenitor mass of SN 2015ap,
in agreement with that described by Gangopadhyay et al.
(2020).
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Figure 13. The t = 4+98.75d spectrum of SN 2015ap plotted along
with the 12, 13, and 17 Mg models from Jerkstrand (2015) at
100d scaled with an exponential factor exp(—2 x 1.25/111.4).
The 12 M and 17 Mg models seem to best match the observed
spectrum of SN 2015ap.

4.1.83  Velocity evolution of various lines of SN 2015ap

We used the blue—shifted absorption minima of P Cygni pro-
files and the special-relativistic Doppler formula (Sher 1968)
to obtain the velocities of several lines. Figure 14a shows
the He I and the Ca II NIR triplet velocity evolution of
SN 2015ap. In the initial few days, the line velocities tend
to decrease rapidly. At an epoch of +24d, the velocities es-
timated using He I 5876 A and the Ca II NIR triplet are
~10,600kms~" and 8200kms™*', respectively. The veloci-
ties estimated using these two lines drop to ~9100kms™*
and 7100kms™" (respectively) at an epoch of +49d. In the
late phases, the velocities decline gradually.

Figure 14¢,d, show comparisons of velocities obtained
using the Ca II NIR triplet and He I 5876 A features with
other well-studied SNe. Initially the Ca II NIR line velocity
of SN 2015ap evolves in a manner similar to iptf13bvn, there-
after it decays slowly, attaining a velocity of ~ 7600 kms™*
at +89d. We see that the ejecta velocity of SN 2015ap ob-
tained using He I 5876 Ais higher than that of other SNe Ib
but closer to SN 2008D.

4.2 Spectral properties of SN 2016bau

Figure 15 shows the spectral evolution of SN 2016bau for a
period of —14d to +107d. In the first spectrum (—14d), we
see well-developed He 1 features (5876, 6678, and 7065 A)
Also, the spectrum on this particular epoch displays a weak
and broad Ca II NIR feature, but with the passage of time
(beyond ~ 433d), prominent Ca II NIR features start to
appear. We also see that in the initial phases there is a strong
Ca Il H & K feature, but it becomes progressively weaker at
later phases. As the phase approaches the date of B-band
maximum brightness, the He I features start to appear much
more strongly, as seen in the spectra at —11d, +4d, and
+18d. Beyond —11d, the longer wavelengths exhibit strong
Ca II NIR features. The spectra also display very strong
P Cygni profiles of He I at 5016 A after ¢t = —11d. The
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Figure 14. (a) The temporal evolution of velocities of He I 5876 A and the Ca II NIR triplet for SN 2015ap. (b) Same as (a) but for SN
2016bau. The bottom two panels show the comparison of these line velocities of SN 2015ap and SN 2016bau with SNe 2007Y (Stritzinger
et al. 2009), 2009jf (Sahu et al. 2011), iPTF13bvn (Srivastav et al. 2014a), and 2008D (Modjaz et al. 2014).

emergence of very strong features of He I in the early-time
spectra confirms this SN to be of Type Ib.

4.2.1 Spectral comparison

To investigate the spectroscopic behaviour of SN 2016bau,
we have compared its spectral features with those of other
well-studied SNe Ib. We used a sample similar to that for
SN 2015ap. The top panel of Figure 11 shows the early-
phase (—11d) spectral comparison of SN 2016bau with other
well-studied H-stripped CCSNe. The spectral features of
SN 2016bau look much more similar to those of SN 2012au,
SN 2009jf, and SN 1999dn compared to other SNe. we can
see that the Ca II H&K feature, the Mg II feature, and the
He I P Cygni profile of SN 2016bau match very well those

of SN 2012au, SN 2009jf, and SN 1999dn. The He I 5876 A
feature of SN 2016bau is completely different from that of
SN 2007uy, SN 2015ap, and SN2008D. As with SN 2015ap,
the blended Fe II profile in SN 2016bau is hard to detect,
which may be due to a very high initial optical opacity. The
spectrum at this epoch has nicely developed He I features.
The velocity estimated using the He I 5876 A absorption line
is ~15,600kms™!.

The middle panel of Figure 11 shows the +33 d spectral
comparison of SN 2016bau with other well-studied SNe Ib.
The spectrum at this epoch contains many P Cygni pro-
files of various lines. These spectral features look most sim-
ilar to those of SN 2008D and SN 2015ap, compared to
other SNe Ib. We see that the Ca II NIR feature, the
Fe II feature, and the He I P Cygni profile match very

MNRAS 000, 1-20 (2021)
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Figure 15. Various line identifications in the overall spectral evo-
lution of SN 2016bau. Strong He I features along with other im-
portant lines are indicated.

well those of SN 2008D and SN 2015ap, compared to other
SNe. SN 2009jf also seems to match nicely in the red-
der part of the spectrum. The He I 5876 A feature of
SN 2016bau is completely different from those of SN 2007uy,
SN 2005bf, SN 2004gq, and SN 2007gr, but resembles those
of SN 2008D, SN 2015ap, and SN2009jf. The He I 5876 A
profile of SN 2016bau seems to be more asymmetric and
narrower than that of iptf13bvn. At this epoch, the veloc-
ities estimated using the absorption features of He I and
the Ca IT NIR triplet are ~8100kms~! and 4900 kms™?!,
respectively.

For much clearer comparisons, we also compared the
+61d spectrum of SN 2016bau (bottom panel of Figure. 11)
with other well-studied H-stripped CCSNe spectra. At this
epoch, the bluer part of the spectrum is much closer to
SN 2008D compared to other SNe Ib. Here the blended Fe I1
and He I features near 5016 A show profiles nearly similar to
those of SN 2008D and SN 2009jf. However, the 5876 A He I
profile is broader in SN 2016bau compared with SN 2008D.
We can see that the onset of the appearance of [O I] in
SN 2016bau is slightly different from that of SN 2008D, while
it matches nicely that of SN 2009jf. The He I profile is well
matched in the case of SN 2008D. Here the velocities esti-
mated using the Ca II NIR and He I absorption features are
~3700kms™' and 7600 kms™!, respectively.

4.2.2  Spectral modelling

After confidently identifying various spectral features, we
tried to model the spectra of SN 2016bau at different epochs
using SYN++. The top panel of Figure 16 shows the early-
phase (—14d) spectrum of SN 2016bau. It contains many
broad P Cygni profiles of He I, Ca II H&K, the Ca II NIR
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Figure 16. SYN++ modelling of the spectra of SN 2016bau at epochs
—14d, —11d, +4d, +18d, and +33d.

triplet, and also some blended features of Fe II. In this figure
we have also presented the best-matching synthetic spec-
trum generated by SYN++. The modelled spectrum easily re-
produces the absorption features of Ca II H&K, Ca II NIR,
He I, and the Fe IT multiplet. The photospheric velocity and
blackbody temperature associated with the best-fit spec-
trum are 16,000kms~! and 9000 K respectively. We per-
formed SYN++ matching for four additional spectra which
covers a period of —11d to 4+33d (subsequent panels of
Fig. 16). With the passage of time, the SN expands and
cools gradually, and its expansion velocity decreases slowly,
so we see a gradual decrease in the fit parameters such as
velocity and temperature in the later phases. The photo-
spheric velocity during the phase of —14d to +33d varies
from 16,000kms~* to 8000kms~! and the blackbody tem-
perature ranges from 9000 K to 4000 K, in good agreement
with values obtained photometrically from blackbody fits.
We also try to match the +4121d spectrum of
SN 2016bau with the 12 Mg, 13 Mg, and 17 M model spec-
tra at +100d from Jerkstrand (2015), scaled with a fac-
tor of exp(—2 x At/111.4) (Jerkstrand 2015), where At =
21, is the time difference of the epoch of model spectrum
and the epoch of observed spectrum. We can see that all
three models over—predict the observed fluxes from 3000 A
to around 6000 /DX, beyond which the 12 M model spectrum
seems to best describe the observed spectrum. It could nicely
explain the [Ca II] emission near 7300 A and the Ca IT NIR
feature near 8500 A. The 13 M model spectrum also pro-
duces the [Ca II] emission but fails to explain the observed
fluxes near the Ca II-NIR triplet. The 17 M model spec-
trum overpredicts the flux throughout the entire wavelength
range and thus fails to explain the spectrum of SN 2016bau.
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Figure 17. The t = +121d spectrum of SN 2016bau plotted along
with the 12, 13, and 17 Mg models from Jerkstrand (2015) at
100d scaled with an exponential factor exp(—2 x 21/111.4). The
12 M model seems to best match the spectrum of SN 2016bau.

Hence, based on our analysis, a slightly low-mass progenitor
(<12 Mp) is expected.

4.2.83  Velocity evolution of Various lines of SN 2016bau

We used the blue-shifted absorption minima of P Cygni pro-
files to obtain the velocities of He I and Ca II NIR lines.
Figure 14b shows the He I and Ca II NIR velocity evolu-
tion of SN 2016bau. In the initial few days, the line ve-
locities tend to decrease rapidly, but in later phases, the
velocities decline gradually. At an early epoch of —14d,
the velocities estimated using He I 5876 A and the Ca II
NIR triplet are ~15,600kms™* and ~11,400kms~*, re-
spectively. The velocities estimated using these two lines
drop to ~7800kms™" and ~4400kms™" (respectively) at
an epoch of +47d. Beyond +47d, the velocities continue
to decline with a slower rate as compared to initial decline
rate. Figure 14¢,d show the comparison of these two line
velocities with other well-studied SNe. Initially, the Ca II
NIR velocity declines very fast but in the later epochs,
only gradual decline is seen. It evolves in a manner very
similar to iPTF13bvn, but in the late phases, the veloci-
ties are slower than other SNe. The velocity obtained using
He I 5876 A of SN 2016bau evolves in a manner similar to
that of other SNe Ib, but much closer to SN 2009jf and
iPTF13bvn. The He I line velocity of SN 2016bau at +33d
reaches ~8200kms~!, nearly equal to those of SN 2009jf
and iPTF13bvn.

5 MINIM MODELLING OF THE QUASI-BOLOMETRIC
LIGHT CURVE

In this section, we fit the radioactive decay (RD) and the
magnetar (MAG) powering mechanisms, as discussed by
Chatzopoulous et al. 2013 (see also Wheeler et al. 2017;
Kumar et al. 2020, 2021), by employing the MINIM (Chat-
zopoulous et al. 2013) code. MINIM is a x*-minimisation fit-
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Figure 18. MINIM modelling of the quasi-bolometric light curve of
SN 2015ap. The inset shows the RD model fitting only for the
early phase (up to +204d).
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Figure 19. MINIM modelling of the quasi-bolometric light curve of
SN 2016bau. The figure in the inset shows the RD model fitting
only for the early phase (up to +20d).

ting code that utilises the Price algorithm (Brachetti et al.
1997). In the RD model, the radioactive decay of 56Ni and
56Co leads to the deposition of energetic gamma-rays that
are assumed to thermalise in the homologously expanding
SN ejecta and thus powering the light curve. In the MAG
model, the light curves are powered by the energy released
by the spin-down of a young magnetar, located in the cen-
tre of the SN ejecta. Following Prentice et al. (2019), we
have adopted a constant opacity, £ = 0.07 cm? g~ !, for both
SN 2015ap and SN 2016bau.

5.1 SN 2015ap

Figure 18 shows the results of RD and MAG model fittings
to the quasi-bolometric light curve of SN 2015ap. All of the
fitted and calculated parameters are listed in Tables 1 and
2. The ejecta mass (M) in the RD and MAG models was
calculated using Equation 1 from Wheeler et al. (2015). Al-

MNRAS 000, 1-20 (2021)



Progenitor mass constraints for two type Ib SNe 13

Table 1. Minimum x?/dof parameters for SN 2015ap and SN 2016bau for the RD model.

My;® tq? A © M;® x?2 /dof
(Mg) (days) (Mg)
SN 2015ap
whole light curve  0.094 + 0.004 8.0 - 2.0 30.05 + 1.05  0.64 £ 0.3 6.2
+20d data 0.181 + 0.006 14.5 + 0.3 5.3 + 0.3 2.1 & 0.09 1.2
SN 2016bau
whole light curve 0.08 £ 0.01 20.5 £ 0.7 7.8 £ 05 2.8 + 0.2 22.7
+20d data 0.065 + 0.001  18.09 + 0.3 9.95 + 0.4 1.81 4 0.07 1.2

a, mass of 56Ni synthesised; b, effective diffusion timescale,

¢, optical depth for the y-rays measured 10d after the explosion;

d, ejecta mass, with x = 0.07cm?g

—1

Table 2. Minimum x?/dof parameters for SN 2015ap and SN 2016bau for the MAG model.

Ro?® Ep° t4¢ Vexp© Me;* P9 B! x2 /dof
(103 cm) (1051 erg) (days) (103 kms—1) (Mg) (ms) (10'* @)
SN 2015ap
0.594 £ 0.003 0.01210 £ 0.00007 8.7 +£ 0.1 12.06 + 0.08 6.03 + 0.02 0.75+ 0.02 40.6 £0.1 25.54+ 0.2 1.54
SN 2016bau
7.9 £ 0.7 0.00403 + 0.00007 8.5 + 0.1 15.1 + 0.1 6.2 + 0.5 1.26+ 0.02 70.4+ 0.6 52.6+ 0.8 1.4

a, progenitor radius; b, magnetar rotational energy; c, effective diffusion timescale (in days); d, magnetar spin-down timescale;

e, SN expansion velocity; f, x = 0.07cm? g~ !

though the RD model seems to reasonably fit the observed
quasi-bolometric light curve, it seems unable to reproduce
not only the observed peak luminosity, but also the light
curve at late phases, after +50d. The nickel mass and ejecta
mass obtained from these models are somewhat smaller than
the ones inferred directly from the observed rise time and
peak luminosity in Sec.3.1.3. As the RD model is the promi-
nent powering mechanism for normal SNe Ib, we tried to fit
the RD model only up to a relatively early phase (~ +20d).
We see in the inset of Figure 18 that the early phase is nicely
fitted in this case. A nickel mass (M) of 0.181 4 0.006 M,
and an ejecta mass (Mej) of 2.1+£0.09 My obtained through
this fitting are close to the observed values listed in Sec.3.1.3.
The fitted and calculated values from the photospheric phase
are collected in Table 1.

The MAG model fits the whole observed light curve,
both around peak brightness as well as during the late phase,
better than the RD model. However, the fitted parameters
seem to be unphysical, particularly the very slow initial rota-
tion (P; &~ 40ms) and the very low initial rotational energy
(E, ~ 10" erg). This is not surprising given that the mag-
netar model contains two timescales, one for the rising part
and another for the declining part of the light curve (Chat-
zopoulous et al. 2013). Thus, the possibility of SN 2015ap
powered by spin-down of a magnetar is less likely.

5.2 SN 2016bau

Figure 19 shows the results of the RD and MAG model fit-
tings to the quasi-bolometric light curve of SN 2016bau.
The fitted and calculated parameters are listed in Tables
1 and 2. The RD model can fit the observed peak luminos-
ity, but huge deviations from the observed light curve are
seen in the later phases. The model also fails to match the
observed stretch factor of the light curve. Like in the case
of SN 2015ap, we also tried to fit only the early part, be-
fore +20d post-peak (see the inset in Fig. 19). In this case,
the fitted parameters, such as the nickel mass of 0.065 +
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is used; g, initial period of the magnetar; h, magnetic field of the magnetar.

0.002 M and the ejecta mass of 1.81 £ 0.07 Mg (see Ta-
ble 1), are very close to the observed values in Section 3.2.3.
Similar to SN 2015ap, the slow rotation (P; ~ 70ms), low
magnetar rotational energy (E, = 1048 erg), and very high
progenitor radius (~ 1200 Ry) make the MAG model phys-
ically unrealistic for SN 2016bau, despite the better fit to
the whole light curve in Figure 19.

5.3 Summary of MINIM modelling

The failure of the semi-analytical RD models to simulta-
neously fit the early and late parts of the light curves of
SN 2015ap and SN 2016bau highlights the issues related to
the validity of such kinds of models in the case of stripped-
envelope SNe. The difficulty in explaining the late-phase de-
cline rate with the assumed diffusion model have already
been explored by Wheeler et al. (2015).

Figures 18 and 19 reveal another issue: the model light
curve is steeper after +30—40d than the observed one. This
indicates that the early- and late-phase data cannot be fit-
ted simultaneously with the same model parameters. Even
though the nickel mass of the second model fits (insets in
Figs. 18 and 19) the observed peak luminosity, the decline
rate, which is related to the ejecta mass (see Eq. 1 of Wheeler
et al. (2015)) is clearly too fast, suggesting an underesti-
mated Me;.

This issue is very probably related to the assumption
of the constant ejecta density profile (and also the constant
opacity). The less steep late part of the light curve needs
more ejecta mass to trap the heating gamma-rays originating
from the Ni and Co decay. The early part, however, suggests
ejecta that dilute much faster than what can fit the late
part. Within the context of the constant-density model, this
dichotomy means that fitting only the early part results in
a lower ejecta mass compared to fitting only the late part
(Fig.20).

Since this issue cannot be solved self-consistently with
the constant-density model, and it can plague the mass es-
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Figure 20. Detailed MINIM modelling to the quasi-bolometric light
curve of SN 2015ap. All of the models with different M; and Mny;
are shown together. The models with Mc; = 1.6 M and 10.7 Mg
show the RD model fittings considering only the early- and late-
phase data, respectively. The other two models show the effect of
the amount of nickel present.

timates that consider only the early or late part of the light
curve, we investigate it further in the following sections by
applying more realistic models for the progenitors and the
SN light curves.

6 MESA MODELLING OF A 12 My ZAMS
PROGENITOR STAR

Adoption of a 12 Mg ZAMS progenitor star for SN 2015ap
is primarily based on the results of comparison of the three
models from Jerkstrand (2015) and also in the literature; in
addition, it supports the observed amount of ejecta mass for
SN 2015ap. The ejecta mass for SN 2016bau was calculated
to be ~ 1.6 Mg. On account of such an ejecta mass and
the result of Jerkstrand (2015) spectral model matching, we
also choose a 12 Mg ZAMS star as a possible progenitor for
SN 2016bau.

We first evolve the 12 Mg ZAMS star until the on-
set of core-collapse, using the one-dimensional stellar evo-
lution code MESA, version 11701(Paxton et al. 2011, 2013,
2015, 2018). We do not consider rotation and assume an
initial metallicity of Z = 0.02. Convection is modelled us-
ing the mixing theory of Henyey et al. (1965), adopting the
Ledoux criterion. We set the mixing-length parameters to
a = 3.0 in the region where the mass fraction of hydrogen
is greater than 0.5, and set it to 1.5 in the other regions.
Semi-convection is modelled following Langer et al. (1985)
with an efficiency parameter of asc = 0.01. For the thermo-
haline mixing, we follow Kippenhahn et al. (1980), and set
the efficiency parameter as atn = 2.0. We model the con-
vective overshooting with the diffusive approach of Herwig
(2000), with f = 0.01 and fo = 0.004 for all the convective
core and shells. We use the “Dutch” scheme for the stellar
wind, with a scaling factor of 1.0. The “Dutch” wind scheme
in MESA combines results from several papers. Specifically,
when T.g > 10*K and the surface mass fraction of hydro-

gen is greater than 0.4, the results of Vink et al. (2001) are
used, and when Teg > 10* K and the surface mass fraction
of hydrogen is less than 0.4, the results of Nugis & Lamers
(2000) are used. In the case when Teg < 10* K, the de Jager
et al. (1988) wind scheme is used.

SNe Ib have been considered to originate from massive
stars which lose almost all of their hydrogen envelope, most
probably due to binary interaction (e.g., Yoon et al. 2010;
Dessart et al. 2012; Eldridge & Maund 2016; Ouchi & Maeda
2017). Here, in order to produce such a stripped model, we
artificially strip the hydrogen envelope, mimicking the bi-
nary interaction. Specifically, after evolving the model until
the exhaustion of helium, we impose an artificial mass-loss
rate of M > 107 Mg yr~" until the total hydrogen mass
of the star goes down to 0.01 M. After the hydrogen mass
reaches the specified limit, we switch off the artificial mass
loss and evolve the model until the onset of core-collapse.
At the time of core-collapse, our model has a total mass of
3.42 M.

7 EXPLOSIONS OF MODELLED PROGENITORS
USING SNEC AND STELLA

In this section we briefly discuss the assumptions and setups
to produce artificial explosions using SNEC (Morozova et al.
2015) and STELLA (Blinnikov et al. 1998, 2000; Branch et al.
2006) for SN 2015ap and SN 2016bau.

7.1 SN 2015ap

Using the progenitor model on the verge of core-collapse
obtained through MESA, we then carried out the radiation
hydrodynamical simulations. For this purpose, we use the
publicly available codes SNEC and STELLA.

SNEC is a one-dimensional Lagrangian hydrodynamic
code, which also solves radiation energy transport with the
flux-limited diffusion approximation. The code generates the
bolometric light curve and the photospheric velocity evolu-
tion of the SN, along with other observed parameters. The
setup for the calculation using SNEC closely follows Ouchi &
Maeda (2019). Here, we briefly summarise the important pa-
rameters and modifications made to Ouchi & Maeda (2019).
First, we excise the innermost 1.4 M before the explosion,
assuming that it collapses to form a neutron star. The num-
ber of cells is set to be 70. Although this number is relatively
small, we have confirmed that the light curve and photo-
spheric velocity of the SN are well converged in the time
domain of interest. We tried following two possible power-
ing mechanisms for SN 2015ap using SNEC, as follows.

7.1.1 Ni—Co Decay

The radioactive decay of Ni and Co is considered to be
the most prominent mechanism for the powering of light
curves of SNe Ib (e.g., Karamehmetoglu 2017). SNEC incor-
porates this model by default. Here, we provide the setup
of the explosion parameters to incorporate the Ni—-Co de-
cay model. The code does not include a nuclear-reaction
network, and 3°Ni is given by hand. We considered two sce-
narios of nickel distribution. In one case, the mass of Ni is
set to be Mn; = 0.135 My and distributed from the inner
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Figure 21. Comparison of quasi-bolometric light curve of
SN 2015ap with those obtained using SNEC by taking into ac-
count the Ni and Co decay model and the magnetar model. This
figure also depicts the result of the Ni-Co decay model obtained
using STELLA.
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Figure 22. Comparison of the observed velocity evolution of
SN 2015ap with that produced by SNEC using two models. We
also show a comparison of the observed velocity evolution pro-
duced with STELLA.

boundary up to the mass coordinate m(r) = 3.3 Mg. For
this model the explosion is simulated as a piston, with the
first two computational cells of the profile boosted outward
with a velocity of 4.0x10° cms ™! for a time interval of 0.01s.
The total energy (Eiot) of the model is 3.7 x 105t erg. For
the second case, the mass of Ni is set to be Mn; = 0.1 Mg
and distributed near the centre, from the inner boundary
up to the mass coordinate of m(r) = 1.45 M. The explo-
sion is simulated as a piston, with the first two computa-
tional cells of the profile boosted outward with a velocity
of 5.0 x 10°cms™! for a time interval of 0.01s. The total
energy of the model in this case is 6.5 x 10°* erg. Thus, our
results provide a range of My; and total energy, depending
on the distribution of nickel mass.
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7.1.2  Spin-down of a magnetar

We also tried a magnetar-powering mechanism for the light
curve as SN 2015ap; it shows some resemblance to SN 2008D,
which has broader features in its early-time spectra and also
some X-ray emission in the later phases. A few SNe Ib are
also explained by magnetar models, one such example be-
ing SN 2005bf (Maeda et al. 2007). For this model, the
explosion is the piston type, with the first two computa-
tional cells of the profile boosted outward with a velocity
of 3.3 x 10°cms™? for a time interval of 0.01s. The total
energy of the model in this case is 2.2 x 10°" erg. The most
important change made to Ouchi & Maeda (2019) is that
we add the magnetar heat to the ejecta.

Following Metzger et al. (2015), the magnetar spin-
down luminosity is given by

Lsd = Lsdi(l + t/tsd)_2~

Here, Lgq; is the spin-down luminosity at ¢ = 0, and tsq is
the initial spin-down time. We inject this luminosity into
the whole ejecta above the mass cut uniformly in mass. For
the initial spin-down luminosity, we assume Lgsq; = 1.3 X
10%% ergs™!, while for the initial spin-down time, we assume
tsa = 12d. In this model, we do not include the effect of Ni
heating. Following Metzger et al. (2015) (Equations 2 and
3), corresponding to Lggq, = 1.3 X 1043 erg sl and teq = 12 d,
we obtain a magnetic field (B) of 5.1 x 10'* G and an initial
period (P;) of 43.06 ms for the modelled magnetar. These
values of B and P; are very close to those obtained using
MINIM.

We also use the public version of STELLA, available with
MESA. The default radioactive decay of **Ni and *®Co as a
powering mechanism is used for SN 2015ap. Nearly similar
parameters as in the case of SNEC are used for STELLA. The
MESA setups are unchanged for STELLA calculations. We use a
total energy after explosion of 3.6 x 10°! erg and a °Ni mass
of 0.193 M, which is slightly more than the **Ni mass used
in SNEC. In order to avoid the numerical problem caused by
the high-velocity material, we removed the outer layer of the
progenitor where the density is less than 107 °gcm ™3 (see
also Moriya et al. 2020).

7.1.8 Summary of the modelling

Figure 21 shows the comparison of the observed quasi-
bolometric luminosity with that produced by SNEC. We find
that the radioactive decay models with *°Ni mass in the
range 0.1-0.135 Mo and total energy in the range (3.7-
6.5) x10°! erg could nicely explain the light curve. Our re-
sults also signify that the distribution of *°Ni mass plays
an important role for explaining the observed light curves.
The magnetar model could also explain the quasi-bolometric
light curve, but we do not see very strong evidence that
SN 2015ap is powered by a magnetar. This figure also shows
the results of STELLA calculations. We see that, although
the explosion energy is similar, we need a slightly higher
amount of nickel to properly match the observed light curve
of SN 2015ap.

Figure 22 illustrates a comparison of observed photo-
spheric velocity evolution produced by blackbody fitting
with that produced by SNEC. We see that the Ni—Co de-
cay and magnetar models initially show higher velocities,



16 Aryan et al.

but in the later epochs they well replicate the observed pho-
tospheric velocities. This figure also shows the Fe 11 5169 A
velocity evolution produced by STELLA. Owing to the un-
ambiguous absence of Fe II 5169 A features in SN 2015ap,
we used the photospheric velocity obtained through a black-
body fit for our comparison of Fe II 5169 A line velocities.
We can see a very good match between the STELLA veloc-
ities and observed ones. The modelling parameters, along
with the observed values, are listed in Table 3.

7.2 SN 2016bau

Using a similar progenitor model on the verge of core-
collapse, obtained through MESA, as in the case of SN 2015ap,
we carried out the radiation hydrodynamical simulations us-
ing SNEC and STELLA. For calculations using SNEC, the setup
closely follows that of Ouchi & Maeda (2019). First, we ex-
cise the innermost 1.53 M before the explosion, assuming
that it collapses to form a neutron star. The number of cells
is set to 70. We try two possible powering mechanisms for
SN 2016bau using SNEC, as follows.

7.2.1 Ni—Co Decay

The setup for the calculation using SNEC is similar to that
of SN 2015ap. Considering the radioactive decay of Ni—Co
the most prominent mechanism for powering light curves of
SNe Ib, we employed this model as the powering mecha-
nism for SN 2016bau. Here we briefly describe the setup of
the explosion parameters incorporated in the Ni—Co decay
model.

We considered two cases of **Ni mass distribution. In
the first case, the mass of ®°Ni synthesised is set to be
Mni = 0.045 M. Then, it is distributed from the inner
boundary up to the mass coordinate of M(r) = 3.3 M.
Thereafter, we simulate the explosion as a piston, with the
first two computational cells of the profile boosted outward
with a velocity of 4.2 x 10°cms™! for a time interval of
0.01s. The model has a total energy of 1.3 x 10°! erg. For
the second case, the mass of 55Ni synthesised is set to be
Mni = 0.03 My and distributed from the inner boundary
up to the mass coordinate of M(r) = 1.57 M. Thereafter,
we simulate the explosion as a piston, with the first two
computational cells of the profile boosted outward with a
velocity of 4.9 x 10° cms™! for a time interval of 0.01s, and
the model has a total energy of 1.93 x 10°! erg. We find
that, depending on the Mn; distribution, the radioactive de-
cay models with ®®Ni mass in the range 0.03-0.045 My and
total energy in the range (1.23-1.93) x10°' erg can nicely
explain the light curve.

7.2.2  Spin-down of a magnetar

We also tried the magnetar powering mechanism for
SN 2016bau. The explosion is simulated as a piston, with
the first two computational cells of the profile boosted out-
ward with a velocity of 3.6 x 10°cms™! for a duration
of 0.01s and a total model energy of 0.8 x 10°! erg. Like
SN 2015ap, we inject Leq, = 0.4 x 10*3ergs™ to the
ejecta above the mass cut uniformly in mass. We assume
tsa = 16.0d and do not include the effect of Ni heating.
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Figure 23. Comparison of the quasi-bolometric light curve of
SN 2016bau and light curves produced by SNEC and STELLA, con-
sidering the radioactive decay model.

T T T T T T T
fon % SN 2016bau

Im 30000 - —— SNEC Nickel model, Nickel upto m(r)= 3.3My ]
E —— SNEC Nickel model, Nickel upto m(r)= 1.58Mq
é —— SNEC Magnetar model

< 25000 MESA/STELLA Nickel model 1

Q
>

= 20000 B
£

[
o

Q 150001 B
>
L

< 10000 E
()
<

Q

&8 sooof ) .
< W w
o oF

| | | |
30 40 50

=20 7‘10 0 1‘0 2‘0
Days since B-band max

Figure 24. Comparison between the observed velocity evolution of
SN 2016bau and the photometric velocity evolution produced by
SNEC and STELLA, considering the radioactive decay model.

Corresponding to Leg; = 0.4 X 1043 ergsf1 and tsg = 16d,

we obtain a magnetic field (B) of 7.9 x 10 G and an ini-
tial period (P;) of 71.8 ms for the modelled magnetar. These
values of B and P; are very close to those obtained using
MINIM.

We also perform STELLA calculations for SN 2016bau,
by employing the default radioactive decay of **Ni and *¢Co
powering mechanism. We used similar parameters as in the
case of SNEC and STELLA. The MESA setups are unchanged for
STELLA calculations. We used a total energy after explosion
of 1.6 x 10%! erg and a 5°Ni mass of 0.065 M, slightly above
the 5°Ni mass used in SNEC.

7.2.8 Summary of the modelling

Figure 23 shows the comparison of the observed quasi-
bolometric luminosity with that produced by SNEC for the
radioactive decay and magnetar spin-down models. We find
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Table 3. Observed and modelled parameters for SN 2015ap and SN 2016bau

M Mej Etot
(Mg) (Mg) 10! erg
SN 2015ap
Arnett’s model® 0.14 4+ 0.02 2.2 + 0.6 *
SNEC (Ni distributed up to M(r) = 3.3 M) 0.135 2.02 3.7
SNEC (Ni distributed up to M(r) = 1.45 M) 0.1 2.02 6.5
SNEC Magnetar model 0.0 2.02 2.2
From STELLA 0.193 1.92 3.6
SN 2016bau
Arnett’s model® 0.055 £ 0.006 1.6 + 0.3 Hk
SNEC (Ni distributed up to M(r) = 3.3 M) 0.045 1.89 1.23
SNEC (Ni distributed up to M(r) = 1.57 M) 0.03 1.89 1.93
SNEC Magnetar model 0.0 1.89 0.8
From STELLA 0.065 1.89 1.6

a: Calculated using tyise, & = 0.07cm2g~1, and Lpeak-
*: Instead, a kinetic energy of the ejecta (Ex) = 1.05 x 105! erg is obtained.

++: Instead, a kinetic energy of the ejecta (Ei) = 0.24 x 1

that the radioactive decay model from SNEC could success-
fully explain the light curve. The magnetar model also shows
a good match, but we do not see any significant signs of
SN 2016bau being powered by a magnetar. This figure also
shows the results of STELLA calculations; they also match the
observed light curve of SN 2016bau nicely, with parameters
similar to those of SNEC.

Figure 24 shows a comparison of the observed pho-
tospheric velocity evolution produced by blackbody fitting
with that produced by the radioactive decay model and the
magnetar spin-down model using SNEC. Here, the models
show high initial velocities which drop at later epochs. We
see that the velocities produced by the models initially de-
viate from the observed photospheric velocities, but tend to
follow velocities similar to the observed ones at later epochs.
The figure also shows a comparison the Fe II 5169 A line
velocity obtained using STELLA with the photospheric veloc-
ity obtained through blackbody fits. Similar to the case of
SN 2015ap, this SN also lacks unambiguous features of the
Fe 11 5169 A line.

From Figure 24, it is evident that our model overesti-
mates the velocity by a factor of nearly two. The M; from
Arnett’s model is ~ 1.6 M. The diffusion time is given
by (M?3/E)'/*. Since this combination is fixed, M®/E is
roughly constant. But M?/E ~ M3/(Mv?) = M?/v* ~
constant. Thus, we have M ~ v to meet the observational
constraints. So, if we need to decrease the velocity by a
factor of two, the ejecta mass would also decrease by the
same factor. Then the He star mass is likely ~ 2-2.5 Mg,
which is at the boundary between a SN and a non-SN. Since
E ~ Mv? ~ v*, the energy may go down quite substantially
in this case.

8 DISCUSSION

We present a detailed photometric and spectroscopic analy-
sis of two Type Ib SNe, namely SN 2015ap and SN 2016bau.
From our analysis, SN 2015ap is an intermediate-luminosity
normal SN Ib, while SN 2016bau is highly extinguished by
host-galaxy dust. In this section, we discuss the major out-
comes of our present analysis.

The photometric properties of both the SNe were anal-
ysed by determining the bolometric luminosity of their
light curves. For SN 2015ap, we calculate a 5°Ni mass
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05! erg is obtained.

of 0.14 + 0.02 My and an ejecta mass of 2.2 + 0.6 Mg,
while for SN 2016bau, the °Ni mass and ejecta mass were
0.055 4 0.006 M and 1.6 = 0.3 M, respectively. The pho-
tospheric temperature, radius, and velocity evolution for
both SNe were also explored. Based on the derived physi-
cal quantities from the temporal evolution of these two SNe,
we tried to constrain possible powering mechanisms using a
semi-analytical model called MINIM. We found that the semi-
analytical RD model failed to simultaneously fit the early
and late phases of both SNe, raising issues related to the va-
lidity of such models in the case of stripped-envelope SNe.
One solution to such a situation is to fit the early-phase and
late-phase data with different sets of model parameters. An-
other cause for the failure of the RD model can be attributed
to the assumption of the constant ejecta density profile. For
the MAG model, the fitted parameters seemed to be unphys-
ical in both SNe, especially the very slow initial rotation (for
SN 2015ap, P; ~ 40ms, and for SN 2016bau, P; ~ 70 ms)
and the very low initial rotational energy (for both SNe,
E, ~ 10%° erg). Also, no signs of these SNe powered by a
magnetar mechanism were evident either from photometry
or spectroscopy, so this possibility was discarded.

The spectroscopic behaviour of both SNe was also stud-
ied using the present and archival data. These SNe showed
unambiguous He I features from very early to late phases,
confirming them to be SNe Ib. Their spectral features
match with those of other well-studied SNe Ib. Addition-
ally, SN 2015ap closely resembled SN 2008D, which had
shown X-ray emission. The spectra of our two SNe at various
epochs were modelled using SYN++. For SN 2015ap, the
spectral modelling indicated a range of photospheric tem-
peratures and velocities from 13,000kms~! to 6800 kms™*
and from 12,000 K to 4500 K (respectively) during the time
interval —7d to +33d. For SN 2016bau, these two param-
eters ranged from 16,000kms™! to 8000kms~! and from
9000 K to 4000K (respectively) during the time interval
—14d to 4+33d. The spectra of these two SNe at particu-
lar epochs were compared with model spectra of 12, 13, and
17 Mo progenitor stars. For SN 2015ap, the 12 My and 17
M model spectra showed reasonable matches, indicating
a progenitor in the mass range 12—-17 M ; for SN 2016bau,
the 12 M model spectrum could explain the observed spec-
trum to some extent better than other models, indicating a
< 12 M progenitor.
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Based on the photometric and spectroscopic properties
described above, a 12 Mg ZAMS star was chosen as the pos-
sible progenitor for both SNe. This 12 M ZAMS progenitor
was evolved up to the onset of core collapse using MESA. The
MESA outputs on the onset of core collapse were fed as input
to SNEC and STELLA, which simulate the synthetic explosions.
The RD and MAG models were employed using SNEC while
only the RD model was employed in STELLA. Here also, the
models failed to fit the late part of the light curve simul-
taneously. The cause can be attributed to the various as-
sumptions, including the spherically symmetrical explosions
and the use of constant ejecta density profiles throughout.
Similar to the case of MINIM, the MAG model provided un-
physical parameters during the SNEC analysis.

Our analysis favours a 12 Mo ZAMS star as a possi-
ble progenitor for SN 2015ap based on outputs of the mod-
els reasonably explaining the bolometric luminosity light
curve and the photospheric velocity. However, in case of
SN 2016bau, the model velocities are higher by a factor of
almost 2, demanding that the ejecta mass be lower by simi-
lar factor. This would imply an He star of mass ~ 2-2.5 M,
which is at the boundary for exploding as an SN. Thus, a
slightly lower mass ZAMS star could also be the possible
progenitor of SN 2016bau. Hydrodynamical evolution mod-
els of such low-mass stars to reach the stage of core collapse
and then undergo synthetic explosions are extremely diffi-
cult to perform, but this can be taken as a challenge for the
future.

9 CONCLUSIONS

Photometric and spectroscopic analyses of the Lick/KAIT-
discovered Type Ib SN 2015ap and another Type Ib
SN 2016bau, both having extensive follow-up observations
made with various telescopes, are discussed. For both SNe,
photometric data corrected for the Milky Way and host-
galaxy extinction were used to estimate the quasi-bolometric
luminosity light curves and study the photospheric radius,
temperature, and velocity evolution. Spectral properties of
SN 2015ap and SN 2016bau were then explored in detail.
We modelled the spectra, studied the spectral evolution, and
compared the spectra at various epochs with those of other
well-studied SNe Ib, which further confirmed that these two
SNe are Type Ib SN.

We attempted to determine the progenitor masses of
SN 2015ap and SN 2016bau. Our results support 12 Mg
progenitors for these two SNe. The 12 My ZAMS progen-
itor was evolved up to the onset of core-collapse using MESA.
The output of MESA was incorporated as input to SNEC and
STELLA, which produced the artificial explosions replicat-
ing the actual SN explosions. Considering the decay of Ni
and Co to be the most prominent powering mechanism for
SNe Ib, we tried this powering mechanism for SN 2015ap
and SN 2016bau, using SNEC and STELLA. We found that the
quasi-bolometric luminosity could nicely be explained by our
models, while the velocity evolution obtained from SNEC and
STELLA satisfactorily agrees with the observed one. We also
explored the effect of the distribution of nickel mass near
the centre and up to near the surface. Lower amounts of
nickel were required to match the light curve for the case of
centrally distributed nickel in comparison to the case where

the nickel was distributed up to near the surface. Based on
the above conclusions, our analysis supports a star having
Myzams = 12 Mg as the possible progenitor for SN 2015ap.
For SN 2016bau, a slightly lower ZAMS progenitor is ex-
pected.
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Table Al. Spectroscopic observations of SN 2016bau.

Note: All spectra were taken with the Kast spectrograph on the 3.0 m Shane telescope at Lick Observatory.

Progenitor mass constraints for two type Ib SNe

UT Date MJD

2016/03/16 57463.719

2016/03/19 57466.919

2016/04/03 57481.671

2016/04/17 57495.902

2016/05/02 57510.671

2016/05/16 57524.860

2016/05/30 57538.741

2016/07/15 57584.710

Table A2. Photometry of SN 2015ap.
MJD B \% R 1 Telescope

(mag) (mag) (mag) (mag) (mag)
57274.4258 17.35 £ 0.09 17.28 £ 0.07 17.07 £ 0.05 16.75 + 0.06 KAIT
57275.3867 16.94 £ 0.09 16.83 £ 0.06 16.67 £ 0.05 16.39 &+ 0.06 KAIT
57276.3516  16.40 + 0.17 16.40 £ 0.11  16.39 £ 0.08 16.05 + 0.07 KAIT
57279.4336  15.79 £ 0.11  15.84 £ 0.06 15.64 £ 0.05 15.39 + 0.05 KAIT
57283.4375 15.44 + 0.01 15.26 £ 0.01 15.14 £ 0.01 14.93 + 0.01 Nickel
57285.5078 15.64 £ 0.08 15.44 £ 0.04 15.20 £ 0.03 14.90 + 0.03 KAIT
57286.4062 15.70 + 0.04 15.48 £ 0.03  15.14 £ 0.02 14.87 + 0.02 KAIT
57287.4375 1591 £ 0.05 15.47 £ 0.03 15.18 £ 0.03 14.87 + 0.03 KAIT
57288.4102 15.89 + 0.05 15.51 £ 0.03  15.17 £ 0.03 14.86 + 0.03 KAIT
57290.3555  16.07 £ 0.07  15.55 £ 0.05 15.20 £ 0.03 14.87 + 0.03 KAIT
57291.3594  16.30 + 0.09 15.58 + 0.04 15.19 £+ 0.03  14.88 £ 0.013 KAIT
57297.4023 17.06 £ 0.20 16.27 £ 0.07 15.71 £ 0.04 15.19 + 0.04 KAIT
57298.3906  17.30 + 0.12  16.20 £ 0.04 15.75 £ 0.03 15.23 + 0.03 KAIT
57299.5039 17.35 £ 0.15 16.53 £ 0.05 15.91 £ 0.03 15.22 4+ 0.03 KAIT
57301.4258 17.52 + 0.11  16.48 £ 0.04 15.98 £ 0.03 15.35 + 0.03 KAIT
57302.3125 17.43 £0.01 16.37 £ 0.01 15.86 £ 0.01 15.33 + 0.01 Nickel
57302.3672  17.47 £0.08 16.52 £ 0.04 16.05 £ 0.03 15.46 + 0.03 KAIT
57304.4727 17.68 £ 0.12 16.76 £ 0.07 16.19 £ 0.04 15.57 + 0.03 KAIT
57305.3828 17.90 £ 0.12 16.76 £ 0.05 16.27 £ 0.03 15.61 + 0.03 KAIT
57306.3516  17.88 £ 0.18 16.84 £ 0.06 16.26 £ 0.04 15.65 + 0.04 KAIT
57307.3438 17.74 £0.01 16.72 £ 0.01 16.18 £ 0.01 15.63 + 0.01 Nickel
57307.3945 17.82 £ 0.13 16.86 £ 0.04 16.27 £ 0.03 15.76 + 0.04 KAIT
57308.3633 17.82 £0.12 16.83 £ 0.05 16.34 £ 0.03 15.75 + 0.04 KAIT
57309.4609 1791 £0.16 16.89 £ 0.08 16.35 £ 0.04 15.73 + 0.04 KAIT
57317.3047 1798 £0.02 17.10 £ 0.01 16.64 £ 0.01 15.99 + 0.01 Nickel
57317.4492 18.31 £0.24 17.25 £ 0.08 16.75 £ 0.05 16.02 + 0.04 KAIT
57318.3008  18.19 £ 0.27 17.30 £ 0.09 16.72 £ 0.05 16.12 + 0.05 KAIT
57319.3984 18.22 £ 0.20 17.48 £0.12 16.80 £ 0.05 16.12 + 0.07 KAIT
57325.4297 18.25 £0.38 17.14 £ 0.14 17.15 £ 0.09 16.19 + 0.07 KAIT
57326.3594 18.42 £ 0.29 17.43 £0.07 17.03 £ 0.05 16.35 + 0.04 KAIT
57327.4297 1798 £ 0.26  17.40 £ 0.12 - - KAIT
57330.3906  18.37 £ 0.22 17.58 £ 0.08 17.20 £ 0.06 16.46 + 0.05 KAIT
57331.3359 18.63 £ 0.22 17.72 £ 0.08 17.16 £ 0.04 16.59 &+ 0.05 KAIT
57332.3047 18.21 £0.01 17.47 £0.01 17.11 4+ 0.01 16.47 + 0.01 Nickel
57332.3555 18.31 £ 0.18 17.57 £ 0.07 17.21 £ 0.04 16.56 + 0.04 KAIT
57333.3477 18.19 £ 0.17 17.73 £0.09 17.23 £ 0.06 16.56 + 0.05 KAIT
57334.3789  18.35 £ 0.16 17.66 £ 0.08 17.25 £ 0.06 16.51 + 0.05 KAIT
57337.3281 18.33 £ 0.20 18.01 £ 0.18 17.33 £ 0.05 16.85 + 0.06 KAIT
57338.2852  18.62 £ 0.28 17.79 £ 0.12 17.30 £ 0.05 16.73 + 0.05 KAIT
57339.3125 18.45 + 0.22 17.83 £ 0.08 17.46 £ 0.05 16.75 + 0.06 KAIT
57339.3438  18.28 £ 0.02 17.64 £ 0.01 17.27 £ 0.02 16.66 + 0.01 Nickel
57340.3594 18.52 + 0.18 17.76 £ 0.07  17.40 £ 0.06 16.73 + 0.06 KAIT
57343.3906  18.31 £ 0.02 17.66 £ 0.01 17.38 £ 0.02 16.64 + 0.01 Nickel
57347.3164 18.51 £ 0.03 17.73 £ 0.01 17.51 £ 0.02 17.02 + 0.02 Nickel
57361.2656  18.55 £ 0.02 18.14 £ 0.01  17.93 £ 0.02 17.19 + 0.01 Nickel
57425.1641 19.22 + 0.06  19.63 £ 0.07 - - Nickel
57431.1250 19.51 £ 0.10 19.48 £ 0.10 19.05 £ 0.34 - Nickel
57444.1328  19.67 + 0.09  20.06 £ 0.10 19.82 £ 0.09 18.93 + 0.06 Nickel
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Table A3. Log of HST observations of SN 2015ap.

Note: All exposures were 710s and there were no detections.

UT Date Filter
2017/08/16  F555W
2017/02/19 F814W
2016/04/03  F555W
2016/04/17 F814W
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Table A4. Photometry of SN 2016bau

Progenitor mass constraints for two type Ib SNe

MJD

B
(mag)

%
(mag)

R
(mag)

clear
(mag)

T
(mag)

Telescope

57462.384
57463.381
57464.338
57465.324
57466.310
57467.330
57470.385
57471.397
57472.397
57473.355
57474.383
57476.373
57477.367
57478.332
57479.395
57480.345
57481.338
57482.341
57485.358
57491.352
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