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Abstract
Supernovae (SNe) are the giant stellar explosions that briefly outshines
the whole galaxy and enhances chemical enrichment. The thesis highlights a group of SNe with diminishing Hydrogen envelope. This mostly
comprises of two groups - the stripped envelope group (SE-SNe, type IIb,
Ib and Ic SNe) which strips off their outer envelopes due to high stellar
winds or accretion with a nearby companion and the interacting SNe
(type IIn, Ibn SNe) group which gains outer envelope due to interaction
with a nearby circumstellar medium (CSM). In this thesis, we studied
in depth the photometric and spectroscopic analysis of this group and
derived a correlation between the members.
Type IIb are the group of SNe that initially shows H features but later
on transitions, showing He features, type Ib SNe shows predominant He
features and type Ic SNe are devoid of both H and He features. Heterogeneous light curves, sometimes double peaked attributing to shock
breakout phase are seen among SE-SNe. The progenitors could be both
single massive stars like Wolf Rayet (WR) or they may be in binary association, however, the exact progenitor scenario is still debatable. Also,
the ejecta shows highly asymmetric configuration indicating either an
asymmetric explosion or dust formation.
In this thesis, we have studied three such members of the SE-SNe group
SNe 2015as (type IIb), 2015ap (type Ib) and 2016P (type Ic). SN 2015as
is a unique type IIb without an early photometric peak. While SN 2015as
(Mv = −16.82 ± 0.18 mag) and 2016P (Mv = −17.53 ± 0.14) lies at

the fainter end in luminosity, SN 2015ap (Mv = −18.04 mag ± 0.11) is
one of the bright member in our type Ib comparison sample. The quasi
bolometric analytical light curve modelling suggests that the progenitor
of SN 2015as has a modest mass (∼ 0.1 M ), a nearly-compact (∼
0.05×1013 cm) H envelope on top of a dense, compact (∼ 2×1011 cm)
and a more massive (∼ 1.2 M ) He core. The bolometric light curve

modelling of SNe 2015ap and 2016P indicated
and 0.10 M

56

Ni masses of 0.26 M

indicating the diversity in the luminosities. Late time

spectroscopic studies of both SNe 2015ap and 2015as indicates a highly
asymmetric ejecta configuration and favour a binary progenitor scenario
with mass between 13 - 20 M .
Type IIn and Ibn SNe, on the other hand, shows narrow H (∼ 100 km
sec−1 ) and He (∼ 1000 km sec−1 ) features due to interaction with a
dense CSM. Light curves of type IIn SNe are heterogeneous while type
Ibn SNe are homogeneous with a few outliers. Spectroscopic studies of
type IIn and type Ibn SNe shows a highly asymmetric ejecta and CSM
configurations. The progenitors of type IIn SNe are generally luminous
blue variable stars (LBV) (type IIn SNe) and type Ibn are WR stars
(type Ibn SNe).
In this thesis, we studied two interacting SNe 2012ab (type IIn) and
2019uo (type Ibn). Both the interacting SNe showed an initial P-cygni
profile which later becomes dominated by narrow emission lines of Hydrogen and Helium. While SN 2012ab shows a multi-stage light curves
evolution, SN2019uo displays a constant decay rate ∼ 0.1 mag d−1 . Spec-

troscopic studies of SN 2012ab revealed a broad component due to freely
expanding ejecta and a narrow component originating from pre-shock gas
which is later overtaken by the intermediate width component generated
due to ejecta-CSM interaction. Spectra of SN2019uo displays flash ionisation features and is the second SN to show such features after SN
2010al. Mass-loss rates of SN 2012ab hints towards a LBV progenitor
while SN 2019uo most likely originated from a WR progenitor.
To conclude the thesis, we summarise the results of both the stripped
envelope and the interacting SNe. We discuss the future prospects that
can be probed using larger telescopes. We aim to derive a correlation between the members of the stripped envelope and interacting SNe group.
Long term monitoring of the stripped envelope group will enable us to
study whether they can show interaction signatures on long term. We
also intend to investigate whether the members of SE-SNe are distinct
or they are linked by a continuum of outer layers. Thirdly, the highly
debatable progenitor scenario of these groups will also be probed using
spectroscopic monitoring campaigns.
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NOTATIONS AND ABBREVIATIONS
The most commonly used notations and abbreviations in the thesis are given below.
If a symbol has been used in a different connection than listed here, it has been
explained at the appropriate place.

Notations
Å

Angstrom

RA

Right Ascension

Dec

Declination

AV

Total absorption in the visual magnitude

c

Velocity of light

CSM

Circumstellar medium

◦

degree

, deg

d

Day

D

Distance

E(B − V )

Color excess in (B − V )

H0

Hubble constant

hr

Hour

hrs

Hours

J2000

Epoch of observation

Jy

Jansky

κ

Opacity

km

Kilometer

kpc

Kiloparsec (unit of distance)

λ

Wavelength

λef f

Effective wavelength of a filter

JD

Julian Date

m

Apparent visual magnitude

Mej

Mass of ejecta

MJD

Modified Julian Date

M

Mass of the Sun

MV

Absolute visual magnitude

Mpc

Megaparsec (unit of distance)

m

Meter

mm

Milli meter

µ
M yr

Micro meter
Million Years

pc

Parsec (unit of distance)

0

Arc minute

, arcmin

00

, arcsec
µm

Arc second
Micro meter

B, V, R, I

Apparent standard magnitudes

(B − V ), (V − I)

Apparent standard colors

(V − R), (R − I)
(B − V )0 , (V − I)0

Apparent standard colors
Intrinsic standard colors

(V − R)0 , (R − I)0

Intrinsic standard colors

vph

Photospheric velocity
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Chapter 1
Introduction
1.1

Supernovae (SNe) : A unique catastrophic
explosion

“Explosion”, itself stands for violent blowing and outbursting events caused by
rapid energy release from nuclear, chemical reactions or escape of gases under pressure. These catastrophic cosmic explosions arise from accretion, collision, merging
and collapse in stellar systems. Some common examples of such explosions include
White-dwarf (WD), Neutron-star (NS) or galaxy-mergers (Sivaram & Manohara
Reddy. A, 2007). Other examples of such explosions include Novae (see for details;
Bode & Evans (2008)) and Gamma-Ray Bursts (GRBs) (Piran, 2004) which emits
energies of the order of 1044 erg and 1052 erg, respectively. Fig 1.1 represents the
wide diversity in luminosity and energies existing among various group of transients.
Supernovae (SNe) are one among such huge stellar explosions that briefly outshines the whole galaxy radiating a huge amount of energy. Fig 1.1 shows that these
transients have luminosities of the order of 1040−43 erg sec−1 and energies of the order of 1051−52 erg. There is approximately one SN occurring in the Universe every
second. SNe are formed as a result of explosive nucleosynthesis reactions yielding a
huge chemical enrichment of the Universe, thus, forming planetary systems and originating life. The shock waves generated in a SN explosion compresses their nearby
interstellar medium leading to star formation. SNe also serve as extra-terrestial
particle accelerators originating cosmic rays. Some SNe also serve as cosmological
indicators which help to constrain the equation of dark matter. All these facts have
made SNe research as a great interest area in the recent past.
1
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Figure 1.1: A pictorial representation of various cosmic explosions and transients
on the luminosity-time (top) diagram and on the energy-time diagram (bottom).
Figures are taken from Kasliwal (2011) and Soker & Kashi (2011).
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Figure 1.2: The figure represents the typical evolution of a type Ia SN and its origin.
Figure courtesy https://www.pinterest.com/pin/144044888051584047/

1.2

Mechanisms triggering supernovae explosions

Based on the explosion mechanism, Hoyle & Fowler (1960) assorted two basic classes
of SNe —

1.2.1

Thermonuclear Supernovae

Thermonuclear SNe are the outcome of thermal detonation or deflagration of WDs
which are the fate of stars having masses ≤ 8 M . Such a star extends up to

redgiant dimensions, shreds off as a planetary nebulae leaving behind a compact

carbon-oxygen WD. Two probable scenarios comes into play at this stage. In a single
degenerate scenario, WD accretes mass from its nearby companion to fill its Roche
lobe. When it exceeds the Chandrasekhar mass limit (1.4 M ), electron-degeneracy
3
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Figure 1.3: This figure represents evolution of a massive star (a) with onion-shell
like structure having Ni-Fe core (b) reaches Chandrasekhar mass-limit and collapses. The inner part is compressed to neutrons (c) infalling matter bounces
(d) propagating outward shock wave. Shock wave stalls at shock front (red) (e)
re-invigorated by neutrino heating (f) leaving compact remnant. Figure courtesyhttp://en.wikipidea.org
/wiki/Corecollapsesupernova
pressure is not able to withstand gravity which causes the WD to disintegrate and
explode as a type Ia SN. Iben & Tutukov (1984) and Webbink (1984) proposed the
double-degenerate scenario in which merging of in-spiral WDs induces explosion,
however, single-degenerate scenario is the widely accepted one. One such typical
representation is shown in Fig 1.2.

1.2.2

Core collapse Supernovae

Core collapse SNe are the result of the collapse of a core of a massive star having mass greater than 8 M . After the red or blue supergiant stage, a series of
nucleosynthesis reactions take place before core-collapse. Several pre-supernova explosion models have been explained in the past [e.g, (Woosley et al., 2002; Woosley
& Weaver, 1988)]. The series starts with Hydrogen burning and leads to an inert
4
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iron core surrounded by an onion shell like structure with Si, O, Ne, C, He and
H with decreasing densities and temperatures (Panel (a) in Fig 1.3). The electron
degeneracy pressure of the newly formed iron core is not able to withstand gravity.
However, the nearby material keeps on increasing the mass of the core and when it
achieves the Chandrasekhar mass limit, it starts to collapse further with increasing
temperatures. At this stage, two energy draining process come into play.
Photo-disintegration: When high energy photons hit the heavy nuclei, He lines, protons and neutrons are formed. This essentially reverses the previous fusion, draining
energy in the form of high-energy photons out of the system.
Neutronization: At densities 1011 g cm−3 , inverse β decay occurs, free electrons are
captured by protons giving rise to neutrons and neutrinos. The core-continues to
become neutron rich, thus, decreasing electron pressure which facilitates the collapse
(Panel (b) of Fig 1.3). The reaction goes as follows e− + p → n + νe ; e− + (A, Z) → νe + (A, Z − 1)

(1.1)

The neutron rich core consecutively reaches the nuclear density of 1014 g cm−3 .
The core become stiff, incompressible and halts the collapse when radius is ∼ 20 km.
Due to infalling matter, core-bounce occurs (Panel (c) of Fig 1.3) which collides with
outer part generating a shock wave outwards. About 20 - 40 ms later, the amount
of matter swept by the shock becomes equal to the amount of matter in the shock
itself resulting in a traffic jam between infalling and outgoing gas and shock stalls
(Panel (d) of Fig 1.3). Colgate & White (1966) gave a model explaining triggering
by neutrino heating. They proposed that neutrinos that were powered from the
host central core are trapped by the dense surrounding gas which leads to rapid
heating and violent convection above the core (Panel (e) of Fig 1.3). The shock
wave is regenerated after 300 ms and a blastwave smashes outwards through the
star leaving a compact remnant as depicted in Panel (f) of Fig 1.3.

1.3

Observational classification of SNe taxonomy

Figure 1.4 presents the classification of SNe based on light curve and spectral features. Supernovae are classified as type II or type I based on the presence and
absence of Hydrogen features (Filippenko, 1997; Minkowski, 1941). SNe of type I
are further classified as type Ia, Ib and Ic. Type Ia SNe show prominent lines of Si
5
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Iax

Associated GRB ??

Figure 1.4: Basic classification scheme of SNe based on light curve and spectral
features. Figure taken from Turatto (2003) is modified.
II in their early time spectrum. Type Ib SNe show prominent He lines in their spectral sequence (Filippenko, 1997; Turatto et al., 2007; Wheeler & Levreault, 1985)
whereas type Ic SNe are devoid of any He features. Some of the type Ic SNe which
have velocities ≥ 20,000 km sec−1 are classified as type Broadlined Ic (Ic-BL). They

are typically called Hypernovae and are sometimes associated with X-ray flashes or
GRBs (e.g. SN 1998bw associated with GRB 980425; Galama et al. (1999)) (see
top panel of Fig 1.5 for basic spectral differences). Type II (see Figure 1.4) are
categorised into type IIb, IIn, IIP and IIL based on spectra and light curve properties. Type IIn are the group of SNe that show narrow Hydrogen lines in their
spectral sequence originating from ejecta-circumstellar-medium (CSM) interaction.
Type IIb SNe initially show H-rich type II features while later on transition to type
Ib showing predominant He features. Amongst this SN zoo, some peculiar events
like Ia-CSM, are also found where thermonuclear SNe interact with dense circum6
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Figure 1.5: A pictorial representation of the typical spectra of different subclasses of
SNe (top panel) along with the typical light curves of different SNe (bottom panel).
The figure in the bottom panel is adopted from Wheeler & Harkness (1990)
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stellar material giving rise to narrow emission lines (Hamuy et al., 2003). Among
CCSNe, lies the type Ibn objects whose ejecta interacts with dense He rich CSM
(prototype SN 2006jc; Pastorello et al. (2007)). Other fascinating members are superluminous SNe (Mv ≤ -21 mag; e.g. SN 2007bi; Gal-Yam et al. (2009)). Finally,

SN imposters (Van Dyk et al., 2000) are the group which are stellar outbursts that
mimic spectrum of type IIn SNe and are a challenge to the SN classification (e.g SN
1961V).
To account for differences in the light curve shape, type II are sub-classified as
II-P (Plateau) and II-L (Linear) (see bottom panel of Fig 1.5). The former shows
a plateau in the light curve due to Hydrogen recombination while the latter show a
linear decline in the light curve. Type IIb and Ib may have single or double peaked
light curves. All other type I light curves show a single peak and are followed by a
flatter decline.

1.4

The stripped envelope group

Stripped-envelope supernovae (SE-SNe) are the group of SNe that strip off their
outer Hydrogen or Helium envelope either due to high stellar winds or due to interaction with a binary companion where mass transfer occurs through a Roche-lobe
overflow. The distinction among this class mainly exists on the basis of spectroscopic features. SE-SNe that lack H are coined as type Ib SNe while those that lack
both H and He features are coined as type Ic SNe. Also, lies among this group are
the transitional type IIb events which initially show type II features but later on
transition to type Ib (for review, see Filippenko, 1997; Matheson, 2001). Although
He traces exist in some SNe type Ic like SN 2016coi (Kumar et al., 2018; Prentice
et al., 2018b), but a vast majority are devoid of He features (Liu et al., 2016; Modjaz
et al., 2016; Taddia et al., 2018).
Prentice et al. (2019) further sub-divided the He-rich in progressively decreasing
order of He as - SNe IIb, SNe IIb(I), SNe Ib(II) and SNe Ib. The strength, velocity
and line blending of Hα was taken into account during this classification while type
Ic classifications are only based upon line blending. The SNe were classified from
broad-line to narrow-line as: SNe Ic-3, SNe Ic-4, SNe Ic-5, SNe Ic-6 and SNe Ic7. SNe Ic-5 are basically the transition between broad-lined (BL) to narrow-lined
(NL) events. The typical transition from ejecta velocities of ≥ 14,000 km sec−1 to

about 9000 km sec−1 categorises these BL and NL events. SNe of type Ic-BL have
8
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gathered interest due to their long association with GRBs and X-ray flashes (see for
review; Hjorth & Bloom (2012)). However, relativistic jets are not always necessary
to power GRBs (e.g. SN 2002ap; Gal-Yam et al. (2002), SN 2003jd; Valenti et al.
(2008a) and SN 2009bb; Pignata et al. (2011)), off-axis GRB’s are still possible
(Mazzali et al., 2005b). These SE-SNe provide a powerful window into the physics
of massive stars.

1.4.1

Light curves of stripped-envelope supernovae

The light curves of SE-SNe are heterogeneous showing wide diversity. The light
curves of SE-SNe are typically governed by nucleosynthesis reactions and thermalisation of 56 Ni → 56 Co → 56 Fe decay (Tominaga et al., 2005). SN 2011kl is a notable
exception to this case being powered by an ultra-long GRB (Greiner et al., 2015).

SE-SNe have relatively low ejecta masses, a fixed compact radii and display bellshaped light curves. Fig 1.6 shows the diversity among the SE-SNe light curves. In
some cases where SE-SNe are discovered within hours after explosion, an early peak
is documented that is followed by a rapid decline of luminosity. This early peak
arises as a result of emission due to shock breakout phase through the progenitor’s
surface or due to extended envelope around the progenitor surface (e.g. Arnett &
Falk (1976); Bersten et al. (2012); Nakar & Piro (2014); Piro (2015); Woosley et al.
(1994)). First evidence of this phase are seen in peculiar type II SN 1987A (Catchpole et al., 1987), type IIb SN 1993J (van Driel et al., 1993), type Ib/c SN 1999ex
(Stritzinger et al., 2002) and the type Ib SN 2008D (Mazzali et al., 2008). With
the growing of amateur astronomers, the detection of SNe which show adiabatic
cooling phase has increased e.g. SN 2009K (Stritzinger et al., 2018), SN 2011dh
(Sahu et al., 2013), iPTF15dtg (Taddia et al., 2016) and many more. However, it
can largely remain unobserved if shock breakout occurs in a low density shell. The
secondary peak is mainly governed by the thermalisation of γ rays and the radioactive decay of

56

Ni →

56

Co →

56

Fe (Arnett, 1982; Hoyle & Fowler, 1960). The light

curve shapes are strongly dependent on the

56

Ni distribution and mixing. While

early shock breakout phase of light curves have shallowest deposition of
56

56

Ni, the

Ni gets more exposed as we move towards the next peak with increasing diffusion

of photons (Piro & Nakar, 2013). The rising part of the secondary peak is governed
by the escape of photons as ejecta cools. SE-SNe typically rise between 10 days to
20 days after explosion (Prentice et al., 2019). However, some extreme energetic
events may take up to 40 days (Mazzali et al., 2006; Olivares E. et al., 2015).
9
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Figure 1.6: The peak normalised light curves of a group of SE-SNe. Figure is
adopted from Lyman et al. (2016).
In the past few years, extensive studies have been done to discern light curve
features. Multi-band light curves of a large sample of SE-SNe have been analysed
(Bianco et al., 2014; Cano, 2013; Drout et al., 2011; Lyman et al., 2016; Prentice
et al., 2019, 2016; Pritchard et al., 2014; Richardson et al., 2006; Taddia et al.,
2015b, 2018). Lyman et al. (2016) have found a wide spread of ∼ 3 mag in the

absolute magnitude light curve of SE-SNe, with SN 2007Y at faint end Mpeak ∼

(−16.3 mag) and SN 2005hg at the brighter end; Mpeak ∼ (−19.2 mag). These

estimates are in agreement with Bianco et al. (2014); Drout et al. (2011). Also,

SNe type Ic and Ic-BL generally have shorter rise times as compared to type IIb
and Ib (Taddia et al., 2015b). Taddia et al. (2018) found uniform slopes in r-band
for SNe type IIb, Ib and Ic ranging as 0.016-0.021 mag d−1 , 0.014-0.018 mag d−1
and 0.017-0.027 mag d−1 , respectively. They found a correlation between late-time
10
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Figure 1.7: The correlation between early and late-time light curve behaviour of
SE-SNe. Figure is adopted from Taddia et al. (2018)
slopes and 4m15 , suggesting that light curves with initial steeper slopes decline
faster at later stages (see Fig 1.7). Investigating the bolometric light curve gives an
idea about the amount of

56

Ni synthesized during the explosion, mass of the ejecta

and the explosion energies. Cano (2013); Prentice et al. (2019, 2016) analysed the
bolometric light curves of a group of SE-SNe. From their studies, it was revealed
that SE-SNe have relatively small ejecta masses Mej ∼ 1-5 M , average explosion
energies of the order of 1051 erg and average

56

Ni masses between ∼ 0.1-0.3 M .

Hydrodynamical modelling for SN 2011dh by Bersten et al. (2012) and Ergon et al.
(2014) indicates similar results with Mej ∼ 1.8-2.5 M , Ek ∼ 0.6-1 x 1051 erg and

56

Ni mass ∼ 0.05-0.10 M . In many cases, strong mixing of

56

Ni in outer ejecta

is depicted (Cano et al., 2014a; Taddia et al., 2015b). For hypernovae, the typical
ejecta masses are between 8-12 M and kinetic energies (Ek ) may exceed 1052 erg
(Mazzali et al., 2006; Olivares E. et al., 2015). The rotational energy of the compact
object is thought to power extreme Ek (Ashall et al., 2017; Mazzali et al., 2014).
A number of analytical models have been developed to fit the bolometric light
curves for estimating

56

Ni mass, ejecta mass (Mej ) and kinetic energy (Ek ). It was

believed that radioactive elements were concentrated at central portion and other
heavy elements are radially stratified (Falk & Arnett, 1977). γ-rays are trapped
inside the optically thick ejecta and re-emitted in the optical regime in the photospheric phase. Post 50 days, γ-rays leak out and ejecta becomes transparent and
this marks the onset of nebular phase. Arnett & Fu (1989); Fu & Arnett (1989)
11
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proposed the concept of

56

Ni mixing and stratification of heavier elements in the

SN ejecta. Wheeler et al. (2015) also found a great heterogeneity in the late time
light curves and estimated opacity using photospheric velocity at peak, rise time
and late-time decay rates. The light curve of a SE-SN can be essentially divided
into photospheric phase (t ≤ 30 days) and nebular phase (t ≥ 60 days). Using the

aforementioned assumptions for t ≤ 30 days, Arnett (1982) gave an analytical model

to estimate diffusion time and physical parameters for type I SNe. The diffusion
time of photons essentially increases with the width of the bolometric light curve
and is estimated by the

56

Ni mass, opacity, Mej and Ek (Woosley et al., 2007). The

basic assumptions of Arnett’s model are spherical symmetry, homologous expansion
of the ejecta, a negligible initial radius, dominance of radiation pressure, electron
scattering as the only source of opacity and validation of diffusion approximation
for photons.
Based on the above assumptions, the luminosity as a functional form of time is
expressed as —
L(t) = MN i e

−x2


Z
× (N i − Co )

x

Z
A(z)dz + Co

0

x


B(z)dz

(1.2)

0

Here, in the above equation
2

A(z) = 2ze−2zy+z ; B(z) = 2ze−2zy+2zs+z

2

where x = t/τ m ; y = τ m /τ N ; s = τ m (τ Co - τ N i )/2τ Co τ N i ,
N i (6.78×1010 erg/sec/gm) and Co (3.90×109 erg/sec/gm) are the energy release
rates of 56 Ni and 56 Co, respectively. τN i (8.77d) and τCo (111.3d) are decay times of
56

Ni and 56 Co. The width of the bolometric light curve is determined by the photon

diffusion time and is expressed as –
τm =

√  κ  12  Mej  12
2
βc
vph

(1.3)

where β ≈ 13.8 is the constant of integration, c and k being velocity of light and

electron scattering opacity.

The kinetic energy is also expressed as –
1
2
Ek = Mej vph
2
where Mej and vph is the ejecta mass and the photospheric velocity.
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Beyond ≥ 60 days post explosion, SN ejecta becomes transparent and optically

thin. The nebular phase light curves are mainly governed by the radioactive decay of
56

Co → 56 Fe. According to the formulation by Cappellaro et al. (1997a); Sutherland

& Wheeler (1984), the expression of luminosity in the nebular phases is given by Co
Lneb (t) = S N i (γ) + S Co (γ) + SeCo
+ (γ) + Se+ (KE),

(1.5)

where S N i (γ) is the Nickel decay source.
S N i (γ) = MN i N i e−t/τN i ,

(1.6)

Other terms account for the energy deposited in the form of
and 19 % as positrons). Rate of energy production by

56

56

Co (81 % as γ-rays

Co decay given as E is

represented as E = MN i Co (e−t/τCo − e−t/τN i ),

(1.7)

The energy S Co (γ) generated by depositions of γ-rays and

56

Co decay is written as

2

S Co (γ) = 0.81 E (1 − e−(F/t) ),

(1.8)

Due to positron annihilation SeCo
+ (γ), the quantified energy deposited by γ-ray can
be written as
2

2

−(F/t)
SeCo
)(1 − e−(G/t) ),
+ (γ) = 0.164 E (1 − e

(1.9)

and due to the kinetic energy of the positrons, the source energy SeCo
+ (KE) is written
as
2

−(G/t)
SeCo
)
+ (KE) = 0.036 E (1 − e

(1.10)

Incomplete trapping of γ rays and positrons also come into play and are ac2

2

counted in the forms (1 − e−(F/t) ) and (1 − e−(G/t) ). Also, the absorption proba-

bility of γ-ray photons and absorption probability of positrons are approximated as
2

(1 − e−(F/t) ) and (1 − e−(G/t)2 ) (Cappellaro et al., 1997a) considering homologous

expansion of ejecta approximation. The parameters F and G as functions of opacity,

kinetic energy and ejected mass (Cappellaro et al., 1997a) are expressed as:
F =

r

2
C(ρ)kγ Mej

13


/Ek ,
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G=

r


2
C(ρ)ke+ Mej
/Ek

(1.12)

where C(ρ) is a functional form of the density ρ. Using a homogeneous density,
√
kγ = 0.027, and ke+ = 7 (Cappellaro et al., 1997a), F ≈ 32Mej / E51 and G ≈
√
515Mej / E51 = 16.1F (see also Colgate et al., 1997) and the above set of equations,
we estimate the bolometric parameters of SE-SNe.
One important caveat to the above models is assumption of constant opacity.
The opacity gradually decreases with increasing transparency of the ejecta. Maeda
et al. (2003) gave a two component model segregating the light curve. Maeda et al.
(2003) considered an outer transparent shell which is of less opacity and an inner
dense core. The inner component is responsible for the linear decline part of the
light curve and is of low velocity configuration. The outer velocity part is associated
with high velocities. They also accounted for thermalisation of γ-rays and used the
formulation by Cappellaro et al. (1997a). The optical luminosity is related as Mopt = M (56 N i)e−td /113 [γ (1 − e−τ ) + e+ ]

(1.13)

where τ is the optical depth and expressed as
τ = τ0 t−2
d
M(56 Ni) is the mass of

56

(1.14)

Ni before the onset of radioactive decay, td ∼ t/1 day

and κγ is the γ ray opacity. γ (6.8 × 109 erg s−1 ) and e+ (2.4 × 108 erg s−1 )
are the γ ray and positron energy input, respectively. The value of τ0 has strong

dependence on energy, geometry and mass. For a spherically symmetric explosion,
τ0 is expressed as
τ0 ∼ 1000 × (M/M )2 /E51

(1.15)

where, M is ejected mass scaled by M and E51 is the kinetic energy in units of 1051
erg.
The light curves of SNe type IIb are also modelled by a two-component ejecta
configuration, with an extended, low-mass, H-rich outer envelope and a denser and
compact He-rich core (Nagy et al., 2014; Nagy & Vinkó, 2016). Thus, the light
curve assumed in this case is a combined effect of shock breakout and
→

56

56

Ni →

56

Co

Fe decay chain. The model by Nagy & Vinkó (2016) solves a set of differential
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Figure 1.8: Figure represents the variation of bolometric light curves as the consequence of variation in parameters. The figures are adopted from Nagy et al. (2014).
equations assuming a residual H in the outer layer with κ = 0.4 cm2 g−1 and a He
rich core with κ = 0.24 cm2 g−1 . Using this model, we are firmly able to constrain
the H-shell and He-core radius along with

56

Ni mass, Mej , Ek , thermal energy and

ionisation temperatures. Since for the cases of SE-SNe, Mej and Ek vary significantly
depending on whether the rise or the tail of the light curve is fitted. Thus, we get
degenerate combinations of Mej κ and Ek κ. The total energy is the combination of
shell and core. The variation of the parameters on the bolometric light curves yields
the following variation in light curve shapes as shown in Fig 1.8.

1.4.2

Spectroscopic features of SE-SNe

Spectra of SNe provides essential information about velocity, ejecta composition,
structure and opacity. While type IIb SNe show prominent Balmer lines which
transition to He features, type Ib are the class that show strong He features and Ic
are devoid of He. Mass-stripping of progenitor star due to stellar wind or accretion
is the prime source of continuity between these sub-classes (Clocchiatti & Wheeler,
1997; Heger et al., 2003; Podsiadlowski et al., 1992). Matheson et al. (2001) was
the first to perform extensive spectroscopic studies on a group of SE-SNe. They
found very weak presence of He in some type Ic SNe. They have broader nebular
phase emission lines implying larger explosion energy and lower retained envelopes
in type Ic. Overall, Matheson et al. (2001) found heterogeneity in the spectroscopic
properties of type Ic SNe while type Ib are mostly homogeneous. Recent efforts
by Liu et al. (2016); Modjaz et al. (2014, 2016) suggest that there is a transitional
“weak helium” population among the SE-SNe which show prominent lines of He i
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Figure 1.9: Early time spectral evolution of a group of SE-SNe. While type IIb
show H features, type Ib has both H and He features and type Ic is mostly devoid
of He. Other prominent lines are also marked in the figure. Figure is burrowed from
Prentice et al. (2019).
6678 and 7065 Å. Liu et al. (2016) found a continuum between type IIb and type
Ib SNe by studying the pseudo-equivalent width of the Hα profile. Their results
discouraged the hidden He concept and favoured He-free type Ic progenitors.
1.4.2.1

Photospheric phase

Early time spectral sequence of type IIb and Ib SNe shows prominent He i lines at
4471, 5876, 6678 and 7065 Å. In addition, other lines in the early spectral features
of SE-SNe are Fe ii lines at 4555, 4924 and 5018 Å, Si ii line at 6355 Å, O i line at
7774 Å and Ca ii NIR triplet at 8498, 8542 and 8662 Å. A pictorial representation
of the early time spectral sequence of SE-SNe is shown in Fig 1.9. Line velocities
of SE-SNe are usually measured from the absorption minima of P-cygni profiles in
16

Line velocity [1000 km s−1 ]

1.4 The stripped envelope group
1.0
22
20
18
16
0.8
14
12
10
0.6
8

Hα

10 0 10 20

25
0.4
20

O I 7774

16
14
12
10
8
6
20

25

Fe II 5169 16

He I 5876 20

14

15

12

10

10

5
10 0 10 20

IIb SN2016gkg
IIb SN2017ixz
IIb(I) SN2013bb
IIb(I) SN2017gpn
IIb(I) SN2017hyh
Ib SN2013ek

15

15
0.2
10

10

5
0.0
0.0 10 0 10 20

5
0.2 10 0 10 20

8

10 0 10 20

Ca II NIR

22
20
18
16
14
12
10
8

Na I D

0.4

10 0 10 20

10 0 10 20

Ib SN2015ah
Ib SN2015ap
Ib SN2016frp
Ib SN2016jdw
Ib SN2017bgu
Ic-7 SN2016iae

0.6

Rest-frame time since bolometric maximum [d]

Si II 6355

Ic-6 SN2013F
Ic-6 SN2016P
Ic-4 SN2017ifh
Ic-4 SN2018ie
Ic-4 SN2018cbz
Ic-3 SN2017dcc

0.8

1.0

Figure 1.10: Velocities of line-forming regions of a group of SE-SNe. Figure is
adopted from Prentice et al. (2019).
velocity space with respect to the rest position of the ion. Fig 1.10 shows the velocity
evolution of ions for a number of SE-SNe. We see that the velocities gradually
decrease with time as the ejecta cools. Fe velocities are tracers of photospheric
velocities, however, considerable line blending exists (Prentice & Mazzali, 2017).
The flat velocity profiles seen in the figure are indicative of high mixing.
1.4.2.2

Nebular phase and associated asymmetries

Fig 1.11 shows the late time spectroscopic evolution of a group of SE-SNe. Prominent emission lines of Mg i] 4571 Å, [O i] 6300, 6364 Å and [Ca ii] 7291, 7324
Å doublet are seen in the nebular phase. Several studies have been done in the recent past to probe ejecta geometry and associated asymmetries using nebular phase
studies (Maeda et al., 2008; Modjaz et al., 2008; Taubenberger et al., 2009). A direct
probe to study asymmetric explosion are polarization measurements which mostly
depend upon the position and orientation of the SN in the sky (Höflich, 1991; McCall, 1984; Shapiro & Sutherland, 1982). Leonard et al. (2006); Wang et al. (2003)
confirmed asymmetries through spectro-polarimetric studies which increase in nebular phases and ascertain higher degree of polarisation. However, as an indirect probe
[O ii] doublet is used due to its fairly isolated and unblended position. Analysis of
nebular phase spectra by Taubenberger et al. (2009) suggested that about 50 % of
17
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Figure 1.11: Nebular phase spectral evolution of a group of SE-SNe showing prominent lines of Mg i] 4571 Å, [O i] 6300, 6364 Å and [Ca ii] 7291, 7324 Å, respectively.
Figure is taken from Prentice et al. (2019).
the explosions are aspherical. They could be either double peaked, multipeaked or
narrow cores profiles. A very small fraction are spherical explosions and fitted by
Gaussian profiles. Taubenberger et al. (2009) suggest that the two peaks are due
to the near and far sides of the ejecta arranged in toroidal geometry. Milisavljevic
et al. (2010), on the other hand, suggest that the two peaks may originate from
two lines of the doublet moving towards the observer. Taubenberger et al. (2009)
also investigated that Mg i] and [O ii] have similar line profiles indicating similar
origin within SN ejecta, but, Mg i] are mostly affected by multitude of Fe transitions. The line profiles of [Ca ii] doublet suggest that they are mostly originated
from pre-synthesised material. Maurer et al. (2010b) estimated the nebular phase
velocities of the inner core by fitting [O i] profiles and found that they show a great
diversity with BL SNe showing higher velocities than normal CC-SNe.
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1.4.3

Progenitor scenario of SE-SNe and host galaxies

The degree of stripping of a progenitor star is largely dependent on the progenitor star and the galaxy that hosted it. For a star to lose its outer envelope, it
must be above 20 M with atleast solar metallicity (Crowther, 2007; Smith, 2014).
The solution is low mass binaries where outer layer is robbed through commonenvelope phase (Eldridge et al., 2013; Yoon, 2015). Metallicities and rotations are
also important factors in driving the mass-loss rates of the progenitors. Analysis
of host-galaxies, their environments, stellar populations among them and SN rates
(Anderson et al., 2012a; Arcavi et al., 2010; Crowther, 2013; Kelly et al., 2014; Kuncarayakti et al., 2013; Li et al., 2011) will give an idea about the exact progenitor
scenario of the SE-SNe sample. In a volume-limited sample NIIb → NIb → 0.8NIc ,

SE-SNe constitutes 30 % (Shivvers et al., 2017a). Strong Hα emission features indicates star from young population for type Ib/Ic, therefore typically have massive
progenitors than type II (Anderson et al., 2012b). While Kuncarayakti et al. (2018)
favoured low-mass binary progenitors for some SE-SNe, Galbany et al. (2018) said
that type Ic has the most massive progenitors, even though both agree with young
stellar populations.
Direct evidences of progenitor detections are very few for the case of SE-SNe
mostly due to the faintness of the WR stars in the optical bands (Groh et al., 2013b).
Direct evidence of progenitors from pre-explosion sites and radio observations is
seen only in three type IIb – SNe 1993J, 2011dh and 2001ig (Folatelli et al., 2014a;
Maund et al., 2011, 2004; Ryder et al., 2018). For type Ib SN, iPTF13bvn is the
first candidate to have pre-explosion Hubble Space Telescope (HST ) images within
a 2σ detection limit. The progenitor is assumed to have MZAM S = 10 - 20 M and
possibly in binary association (Bersten et al., 2014; Cao et al., 2013; Groh et al.,
2013a). Eldridge & Maund (2016) contrained the progenitor to be a He-giant star
within a narrow range of 10 - 12 M . SNe Ic progenitors are mostly WO or WC stars
(Crowther & Hadfield, 2007) which are relatively UV bright and dim in optical and
further gets attenuated due to local dust formation (Crowther & Conti, 2003). Type
Ic’s are therefore very difficult to detect through pre-imaging (Eldridge & Stanway,
2009; Smartt, 2009). SN 2017ein is the only candidate for which pre-explosion
images exist and an estimated MZAM S of 47 - 80 M is obtained, however, there is
uncertainty of the identified object to be a star cluster (Van Dyk et al., 2018).
Nebular phase spectra of SE-SNe serve as an important tool to give an idea
about the indirect evidences of progenitor. Uomoto (1986) gave an analytical form to
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estimate the oxygen mass from the nebular phase spectra. Thielemann et al. (1996),
through their nucleosynthesis simulations correlated the oxygen masses with the
progenitor masses which serves as the powerful tool to indirectly estimate MZAM S .
Kuncarayakti et al. (2015) showed the [Ca ii] 7299,7324 / [O i] 6300,6364 ratio
is independent of density, temperature and can be used as a probe to estimate
progenitor mass. Recently, Jerkstrand et al. (2015) used the late-nebular phase
spectra to estimate progenitor masses constraining the values of MZAM S = 12 - 17
M . This corroborates lack of bright WR stars as progenitors and high rate of
SE-SNe as described above.

1.5

The interacting SNe group

One of the interesting but poorly understood category of SNe are the type IIn and
Ibn that show narrow emission lines due to interaction with a CSM. Interaction
initiates narrow emission lines which indicates pre-explosion CSM velocity or interaction accelerated CSM velocity. Type IIn are the SNe that show narrow emission
lines (≤ 1000 km sec−1 ) of H which may be complex and multi-component (Schlegel,
1990b). Type Ib/Ic SNe that are embedded within a dense-massive He rich shell
gives rise to narrow emission lines of He (∼ 2200 km sec−1 ) are known as type
Ibn SNe (Pastorello et al., 2007). Narrow component is often explained as arising
by the dense CSM photoionised by the initial flash of SN explosion (Chugai, 2001;
Salamanca et al., 1998). While Type IIn constitutes 6 - 9 % of the group of CCSNe (Li et al., 2011; Smith et al., 2011b), there are only 31 type Ibn classified till
January 2019 (Hosseinzadeh et al., 2019). Fig 1.12 depicts the basic scenario when
SN explodes into a thick dense CSM. Under such situation, a forward shock (FS) is
launched outside the CSM and a reverse shock (RS) is launched inside the ejecta,
zone 1 represents the unshocked CSM outside the FS. The FS hits the swept up
CSM in zone 2. RS experienced by the decelerated ejecta is seen in zone 3. Zone
4 represents the freely expanding ejecta which we see for the case of normal SNe.
Any of the four zones can contribute in the case of interacting SNe. Zones 2 and
3 can geometrically converge into a cold dense shell which gets reheated and emits
intermediate width Hα and He i lines as seen in the spectra of type IIn and Ibn
SNe. If the CSM interaction is short-lived, one may actually see the emission from
zone 4 with typical P-cygni features at the end of photospheric phase or emission
lines at the end of nebular phase. The luminosity (L) of CSM interaction depending
20

1.5 The interacting SNe group

Figure 1.12: Basic picture of the CSM interaction SNe. Figure is taken from Smith
(2017).
on the progenitor’s mass-loss rate is expressed as –
1
3
L = wVCDS
,
2

(1.16)

where w = 4πR2 ρ is the wind density parameter, or w = Ṁ /VCSM , and VCDS is the
evolving speed of cold dense shell. VCDS can be obtained from the optical width of
the intermediate width lines, VCSM mostly originates from the pre-shock gas and can
be obtained from the narrow component of the optical spectra. Using the luminosity
L obtained from photometric observations, the progenitor’s mass-loss rates can be
estimated by the relation ṀCSM = 2 L

VCSM
,
(VCDS )3

(1.17)

where t=texp (VCDS /VCSM ) and texp corresponds to the time after explosion.

1.5.1

Light curves of type IIn and Ibn SNe

Type IIn SNe show a great heterogeneity in their light curve properties which can
decline in a few weeks or may last for many months. The narrow P-cygni features
of H-lines are ubiquitous in the light curves of type IIn SNe. They have typically
long rise times (≥ 20 days) with comparatively slow decay rates (0.01 - 0.15 mag
d−1 ) (Kiewe et al., 2012). Fig 1.13 (left panel) shows the diversity in the absolute
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Figure 1.13: Left and right panels of figure represents a group of type IIn and Ibn
SNe. Type IIn light curves are heterogeneous while Ibn’s show homogeneity with
few outliers. Figures are adopted from Kiewe et al. (2012) and Hosseinzadeh et al.
(2017).
magnitude light curve behaviour of a group of type IIn SNe. The typical V -band
absolute magnitude of type IIn SNe is estimated to be Mv = -18.4 ± 1.0 mag (Kiewe
et al., 2012). On the top of the luminosity scale lies SN 2006gy (Mv = -22 mag)

which mostly arises from either pair instability explosion or interaction with dense
CSM. The magnitude variation extends upto -17 mag, mostly for the cases of type
IIn-P SNe. Right panel of Fig 1.13 shows the light curve behaviour of a group of
type Ibn SNe. Hosseinzadeh et al. (2017) in a statistical study showed that there is
a great homogeneity in the shapes of type Ibn light curves. The decay rates for type
Ibn are comparatively faster with a rate of 0.05 - 0.15 mag d−1 . Thus, radioactive
decay cannot alone dominate these fast rise times, so, CSM interaction plays a major
role in powering type Ibn light curves. Moriya & Maeda (2016) quote that the faster
decline rate of type Ibn SNe implies faster ceasing of interaction among them than
type IIn SNe. They also found that the peak magnitudes of type IIn SNe shows a
wider dispersion as compared to type Ibn SNe.
A number of methods have been established to model bolometric light curves
of a group of type IIn and Ibn SNe. The bolometric light curve model given by
Arnett (1982) and magnetar model given by Woosley (2010) gives an estimate of
56

Ni mass, ejecta mass, kinetic energy, spin period and magnetic field .Chatzopoulos

et al. (2013) gave an semi-analytical model relating the SN light curves powered by
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56

Ni and

56

Co decay, forward and reverse shock generated by CSM interaction and

involving the magnetar spin model. The parameters that can be estimated using
this semi-analytical model are mass of ejecta, explosion energy, inner and outer
radii, opacity, CSM density structure and radius.

1.5.2

Spectroscopic features of type IIn and Ibn SNe

The most important distinguishing feature of type IIn and Ibn SNe are their narrow
emission lines, designated with “n”. Type IIn consists of narrow-width components
(NW ∼ 100 km sec−1 ) of H which mostly arise in a photoionised CSM (Chevalier

et al., 1994; Salamanca et al., 1998) as seen in the left panel of Fig 1.14. The Hα

profile seen is narrow as compared to a type IIP SN 2003hn and an imposter SN
2000ch. An intermediate component develops with time (IW ∼ 1000 km sec−1 )

due to either Thompson broadening of NW lines or due to emission of gas that is
shocked by the SN ejecta (Chugai, 2001; Chugai & Danziger, 1994; Dessart et al.,
2009). Due to the strong interaction with dense CSM, these SNe are observed from
X-ray to radio wavelengths and develop an IR excess resulting from re-processed
energy caused due to dust formation (Fox et al., 2009; Gerardy et al., 2002).
Type Ibn SNe on the other hand, show prominent narrow emission lines of He I
(see right panel of Fig 1.14). For t ≤ 20 days, some ubiquitous features are noticed

in the He I features which are mostly flash ionized. Doubly ionised C III and N III
spectroscopic features are seen as flash ionisation signatures in these SNe. Type Ibn
shows a blue continuum as compared to other SNe. Some type Ibn show narrow Pcygni He I lines with velocities ∼ 1000 km sec−1 while others transition from narrow
to intermediate-width features of He emission lines (velocities ∼ a few thousands
km sec−1 ). For t ≥ 20 days, the “P-cygni” group of type Ibn SNe and the emission

group of type Ibn SNe become similar with increasing velocities (Hosseinzadeh et al.,
2017). It is still debated whether these two groups arise from two different CSM
configurations or they are linked through some continuum. Another possibility is
that, all type Ibn SNe have the early P-cygni He feature phase, but our observational
limitations constrains such early detection. Karamehmetoglu et al. (2019) suggest
that the late time emission is not because the CSM is becoming optically thin, but
it is because other lines do not branch into it. UV and X-ray radiation occurring at
shock boundary affects the He I ionisation and recombination, deep in interacting
regions. Even though the ionised region outside the shock largely affects the He I
emissions, P-cygni features usually originate from optical depths ≤ 1. As the X-rays
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Figure 1.14: Left panel shows the spectral sequence of a number of type IIn SNe
plotted along with a type IIP SN 2003hn and an imposter SN 2000ch. Type IIn
show prominent narrow Hα feature. Right panel shows spectral sequence of a
number of type Ibn SNe. Prominent narrow lines of He I are seen along with ionised
C III & N III. Figures are taken from Kankare et al. (2012) and Hosseinzadeh et al.
(2017).

penetrate deep into the P-cygni regions, the absorption features are being overtaken
by the emission with time. Thus, the exact reason behind the origin of the P-cygni
and emission subclass are highly debatable.
SNe that shows strong CSM interaction serves as an evidence of dust formation
that are different from normal SNe. In case of normal SNe, dust formation stops at
the reverse shock front. However, for the case of interacting SNe, dust formation can
occur in dense, post-shock cooling layer. This contributes to the ISM dust budget.
The only event where prominent post-shock dust formation is seen is a type Ibn SN
2006jc. The IR excess is prominent and increasing asymmetry in the blueshifted
emission line profiles is seen.
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Figure 1.15: The potential candidates for type IIn/Ibn progenitors. Dashed and
solid diagonal line represents the lower limit and the moderate values of wind density
parameter required to produce type IIn/Ibn SNe. Figure is taken from Smith (2017).

1.5.3

Progenitor scenario and host galaxies of type IIn and
Ibn SNe

Before probing the progenitor scenario, we must discern what kind of progenitors
give rise to such dense CSM. Fig 1.15 shows the plot of expansion velocities deduced
from pre-shock shell along with the inferred mass-loss rates. The solid diagonal line
shows the line of wind-density parameter that can produce a moderate type IIn/Ibn
SN while dashed diagonal shows the lower limit of wind-density parameter required
to produce a type IIn/Ibn SN. Shaded and coloured portions of the plot show the
potential progenitor candidates with strong winds around them. We can also infer
from the plot that normal YSGs, BSGs and AGB stars do not have strong winds
that can cool the FS and create cold dense shell required to produce intermediate-Hα
features, however, they can create X-ray and radio emissions from CSM interaction.
Only giant LBV eruptions and cool hypergiants have such wind-densities which are
sufficient to produce type IIn’s. Such extreme environments point to episodic mass
loss rates seen in LBVs having mass loss rates less than 1 M yr−1 that exceeds the
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limits of line-driven winds (Smith & Owocki, 2006). Mass loss rates for moderateluminosity SN ranges from 10−4 M yr−1 for Red supergiants (RSGs) (Georgy et al.,
2013), 10−5 M yr−1 for Yellow supergiants (YSGs) (Andrews et al., 2017), ∼10−4

M yr−1 for Wolf-Rayet stars (WR) (Barlow et al., 1981). They have clumpy and

asymmetric winds lasting for decades to centuries. Smith & Arnett (2014), however,
claim that both single massive star and binary associations leads to asymmetric mass
loss rates and are potential progenitor candidates for type IIn SNe.
Direct detections are a bit tricky for interacting SNe. Firstly, we may be detecting a pre-SN eruption rather than a quiescent star. Secondly, for SNe with
long-lasting CSM, we may have to wait decades until the SN has become fainter
than the progenitor. Thirdly, the fainter limits are very inconclusive because a faint
progenitor may be hugely surrounded by dense dusty CSM obscuring progenitor’s
light output.
Still, direct detections of LBV like progenitors has been claimed for SNe 2005gl,
2009ip and 2010jl (Gal-Yam & Leonard, 2009; Mauerhan et al., 2013a; Smith et al.,
2016, 2011c). Pre-explosion HST images for all the three source show a progenitor
star at the location of explosion. For SN 2005gl, the progenitor is mostly proclaimed
to be a LBV, however, for SN 2010jl, a possibility of massive cluster exists but, of
course with a mass above 30 M . SN 2009ip had an LBV progenitor and not an
outburst, because, much brighter outbursts came later on for this event.
SNe Ibn come from very massive stars where strong winds around them eject
masses in the nearby surroundings which flash ionize and collisionally excite into
slower moving CSM. H-poor SNe Ibn are mostly attributed to WR stars (Hosseinzadeh et al., 2019). The only direct evidence of a progenitor in the case of type
Ibn is SN 2006jc. For SN 2006jc, an outburst occurred two years before the actual
explosion at the SN site. The SN explosion which occurred two years later was
marked as a type Ibn with narrow He emission lines (Pastorello et al., 2007). The
scenario is a LBV-eruption in a WR progenitor star that has almost stripped off
their outer H-envelope. The typical CSM speeds are also ∼ 1000 km sec−1 which

is consistent with a WR star rather than a LBV. Sanders et al. (2013) first intro-

duced a type Ibn SNe that occurred in a non-star forming galaxy. The probable
host is thought to be elliptical galaxy. Sanders et al. (2013) also explored scenarios
where WDs can explode as type Ibn. Previous results by Pastorello et al. (2015b)
and Taddia et al. (2015a) studied the host-galaxy morphologies and metallicities of
a number of type IIn/Ibn SNe and found that they all emerged in spiral galaxies
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except PS1-12sk. The probable reasons could be a massive star ejected or tidally
stripped from a nearby ultra-compact object or it was a rare massive star occurring
in low star-formation region. The third probability is that the star itself was a
low-mass star which is a big question to the progenitor scenario of type Ibn SNe.

1.6

Outline of the thesis

This thesis is composed of seven chapters. The highlights of the thesis are photometric and spectroscopic studies of a group of SE-SNe and the interacting SNe that
show narrow emission lines due to interaction with CSM. In addition to this, we
have studied the host galaxy properties and the progenitor scenario of these group
of SNe. We discern that there is a physical continuity linking the progenitors of
type Ic — Ibn — Ib — IIn/IIb. A brief summary of the findings and role of Hydrogen/Helium in driving explosion mechanisms are explained in detail in this thesis.
A brief summary of each chapter is given below —
Chapter 1: This chapter describes the basic classification (photometric and
spectroscopic) and the core-collapse scenario of SNe. Later on, we highlight on
the light curve, spectroscopic features, progenitor systems and host galaxies of a
group of SE-SNe and the interacting type IIn/Ibn SNe. We explained in detail the
methodologies adopted in fitting the bolometric light curves, spectroscopic features
and the physics involved in it.
Chapter 2: In this chapter we have explained in detail about the various telescopes, detectors and instrumental set-ups used in optical follow-up campaigns.
Chapter 3: A detailed photometric and spectroscopic analysis of a transitioning
type IIb SN 2015as is briefed in this chapter.
Chapter 4: This chapter comprises of the analysis of two members of SE-SNe
group- a type Ib SN 2015ap and a type Ic SN 2016P.
Chapter 5: This chapter emphasises on the long-term evolution (photometric
and spectroscopic) of a peculiar type IIn SN 2012ab.
Chapter 6: This chapter presents the early time studies of a type Ibn SN2019uo.
Early He-flash spectroscopy is one of the highlights of the chapter.
Chapter 7: A brief summary of the problems addressed in this thesis is presented in this chapter. Role of Hydrogen in driving CSM interaction and the progenitors involved in achieving such densities leading to stripping of envelope and
CSM interaction are prime highlights. Also, we see that all these SNe are linked
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by some continuum of spectral lines and are correlated by their progenitors with
diminishing masses.
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Chapter 2
Observations & Data Reduction
2.1

Introduction

A large number of all sky surveys are dedicatedly involved in the last few decades
to discover and classify new SN. Since SNe are non periodic in nature, dedicated
surveys are quintessential to follow up transients soon after explosion and initiate
dense optical coverage over a year.
As a part of this thesis, we initiated optical follow up of the SNe soon after
the detection. High cadence data sets, both photometric and spectroscopic were
obtained using a number of national and international facilities at regular intervals
spanning for more than a year in some cases. Each SN of our interest were rigorously
monitored until it went beyond the detection limit of our ground based telescopes
or behind the Sun. A brief illustration of the number of telescopes, detectors, filter
systems and the data reduction procedure is presented in this chapter.

2.2

Details of telescopes and instrumental setups

The optical photometric and spectroscopic observations were carried out using the
1) 0.67/0.92 m Ekar Schmidt Telescope, Cima Ekar Observing Station, Italy 2) 0.8
m Tsinghua-NAOC Telescope (TNT), Xinglong Observatory, China 3) 1.00 m LCO,
McDonald Observatory, USA 4) 1.04 m Sampurnanand Telescope (ST), Nainital,
India 5) 1.22 m Gallileo Galilie Telescope, Pennar, Asiago, Italy 6) 1.30 m Devasthal Fast Optical Telescope (DFOT), Nainital, India 7) 1.82 m Copernico Telescope Asiago, Padova Observatory, Mount Ekar, Italy 8) 2.00 m LCO Faulkes Telescope North, Haleakala Observatory, USA 9) 2.01 m Himalayan Chandra Telescope
29

2. OBSERVATIONS & DATA REDUCTION
(HCT), Hanle, India 10) 2.20 m Calar Alto Telescope, Spain 11) 2.40 m Lijiang
Telescope (LJT), Yunnan Observatories, Chinese Academy of Science, China 12)
2.56 m Nordic Optical Telescope (NOT), Roque de los Muchachos Observatory,
La Palma, Canary Island, Spain 13) 3.58 m Telescope Nazionale Galileo (TNG),
Roque de los Muchachos Observatory, La Palma, Canary islands, Spain 14) 3.58
m European Southern Observatory-New Technology Telescope (ESO-NTT), Atacama Desert, Chile 15) 4.20 m William Herschel Telescope (WHT), Roque de los
Muchachos Observatory, La Palma, Canary Islands, Spain 16) 9.20 m Hobby-Eberly
Telescope (HET), McDonald Observatory, Davis Mountains, Texas, 17) 10.04 m
Gran Telescopio Canarias (GTC), Roque de los Muchachos Observatory, La Palma,
Canary Islands, Spain. The details of the telescopes used are given in Table 2.1.
Table 2.1: Telescopes and instrumental setups used
Telescope
0.67/0.92 m Schmidt
0.8 m TNT
1.0 m ST
1.0 m ST
1.0 m LCO
1.0 m LCO
1.3 m DFOT
1.3 m DFOT
1.82 m Copernico Telescope
2.0 m FTN
2.01 m HCT
2.2 m Calar-Alto telescope
2.4 m LJT
2.56 m NOT
2.56 m NOT
3.58 m TNG
3.58 m TNG
3.58 m ESO-NTT
3.58 m ESO-NTT
4.2 m WHT
4.2 m WHT
9.2 m HET
10.0 m GTC

2.2.1

Detector

Plate Scale
Read out noise
Gain
(arcsecond/pixel)
(e− )
(e− /ADU)
2k×0.5k, B&C
0.87
10
1.6
1.3×1.3K
0.52
8
1.8
2k×2k
0.37
5.3
10.00
1k×1k
0.53
7.0
11.98
SBIG
0.464
13.5
1.4
Sinistro
0.389
12.0
1.0
2k×2k
0.54
7.0
2.0
0.5k×0.5k
0.63
6.0
1.4
AFOSC
0.48
7.1
2.2
Spectral, FLOYDS
0.337
3.7
2.0
HFOSC
0.17
4.8
1.22
CAFOS, 2k×2k
0.53
8
1.7
YFOSC
0.28
9.4
0.35
ALFOSC
0.19
4.2
0.33
NOTCam
0.28
9.0
2.56
Dolores
0.25
9
0.97
NICS
0.25
24
8
EFOSC2
0.12
10.7
1.3
SOFI
0.28
11.3
5.4
ACAM
0.25
3.7
0.92
ISIS
0.22
4.0
0.98
LRS
0.25
7
2.5
OSIRIS
0.13
4.5
0.95

Photometry bands

Spectroscopy

–
U BV RI
BV RI
BV RI
BV gri
BV gri
BV RI
BV RI
BV griz
BV gri
U BV RI
U BV RI
–
U BV RI
U BV RI
U BV RI
JHK
U BV RI
JHK
U BV RI
–
–
–

300 tr/mm
–
–
–
–
–
–
–
Gr04, VPH6, VPH7
Cross disperser
Gr07, Gr08
Gr08
Gr03
Gr04
–
LR-B
–
Gr13
GB
LR-B
R300B, R158R
GR300
R1000B

Compendious description on telescopes used for optical follow up programs

A detailed description of all the telescopes and their corresponding features are
tabulated in Tables 2.2.

2.3

Filter systems

Filter systems are the tool that allow light from a particular waveband to pass
through and restrain the light coming from other wavebands. Photometric filter
30
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Figure 2.1: Figure represents the normalised filter response curves for JohnsonCousin U BV RI and SDSS ugriz. The area under each curve represents the effective
wavelength spaces. The files for the filter response curves are taken from Bessell
(1990) and Doi et al. (2010), respectively.
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Table 2.2: Telescopes and features
Telescopes

Features

0.67/0.92 m Schmidt Ekar

f/3.2, Cima Ekar loaction, Elevation - 1370 m,
FOV - 59 × 59 arcmin2 ,
91 cm spherical mirror, 67 cm corrector

0.8 m Tsinghua-NAOC Xinglong

f/10 equatorial Cassegrain reflector TNT,
primary parabolic mirror, hyperbolic secondary mirror,
FOV - 11.5’ × 11.2’

LCO 1.0 m

f/8, equatorial mount, FOV - 1 x 1 deg2 , two imagers Sinistro: FOV - 26×26 arcmin2 ,
SBIG : FOV - 15×15 arcmin2

LCO 2.0 m

f/10, Haleakala Observatory, alt-az mount,
imager: FOV - 10×10 arcmin2 ,
FLOYDS spectrograph (R = 600)

1.0 m ST

f/13, Equatorial mount, Cassegrain focus,
tracking accuracy - 7 arcsec/hr, 10, 8 and 4 inches
finder telescopes, CCD : 1k×1k Tek, FOV - 6×6 arcmin2 ,
2k×2k Wright, FOV - 13.5×13.5 arcmin2

1.22 m Galileo Galilie

f/10, Ekar Asiago, Boller & Chievens (B&C) spectrograph,
4 diffraction gratings, 2.3 Å/pixel - 0.57 Å/pixel.

1.3 m DFOT

f/4, ARIES, equatorial mount, Andor camera - 2k×2k,
Frequency ∼ 1 MHz.

1.82 m Copernico

Padova, Italy, Two primary back-end instruments :
Asiago Faint Object Spectrograph and Camera (AFOSC),
Echelle spectrograph, FOV - 8.7×8.7 arcmin2 , imaging,
polarimetry, spectropolarimetry, spectroscopy

2.01 m Himalayan Chandra Telescope

f/9, IAO, Hanle, alt-azimuth mount,
Cassegrain focus, HFOSC, CCD - optical and IR

2.2 Calar Alto

Spain, CAFOS, Cases : imaging, spectroscopy with
grisms and long slit, polarimetry, imaging,
Fabry-Peron Etalon.

2.4 m Lijiang

China, Ritchey-Chretain Cassegrain telescope,
f/2.4 Yunnan Faint Object Spectrograph &
Camera, long-slit cross disperser,
f/8 to f/4.1 reduction

2.56 m Nordic Optical Telescope

f/11, La Palma, alt-azimuth mount,
a Ritchey-Chretien primary, Alhambra Faint Object
Spectrograph and Camera (ALFOSC), FOV - 6.4×6.4
arcmin2 Nordic Optical Telescope near-infrared
Camera and spectrograph (NOTCam), FOV 4×4 arcmin2

3.58 m Telescope Nazionale Galileo (TNG)

Alt-azimuth, Ritchey-Chretain mount,
DOLORES: focal reducer, R = 500 - 6000, NICS - multimode imaging, low resolution NIR, R = 2500

3.58 m European Southern Observatory
-New Technology Telescope (ESO-NTT)

Alt-azimuth, Ritchey-Chretain mount,
SUSI2 mounted on Nasymth A,
EFOSC 2 mounted on Nasymth B,
optical imager, spectrograph and Son of ISAAC (SOFI)

4.20 m William Herschel Telescope (WHT)

f/2.5 primary, f/11 Ritchey Chretain
Cassegrain system, FOV - 15 x 15 arcmin2 ,
ACAM - imaging, low resolution spectrography,
FOV - 8 x 8 arcmin2 , ISIS - 4 x 4 arcmin2 ,
R ≤ 10000

9.20 m Hobby-Eberly Telescope (HET)

91 segments of hexagonal array,
fixed at 55deg, rotate around base, 4 reflectors,
FOV - 4 x 4 arcmin2 , low resolution spectrograph.

10.04 m Gran Telescopio Canarias (GTC)

Spain, 36 hexagonal segments,
Secondary, tertiary and primary - collecting area - 73 m2 ,
Effective focal length - 169.9 m, OSIRIS (Optical System for
Imaging and low Resolution Integrated Spectroscopy): imaging, FOV of 7’ x 7’
arcmin2 , spectrograph, FOV of 8’ x 5.2’ arcmin2

systems are generally of three kinds − broad band (δλ ≤ 1000 Å), intermediate

band (70 Å ≤ δλ ≤ 400 Å) and narrow band (δλ ≤ 70 Å). A number of Johnson32
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Cousin-Bessel systems U BV RIJHK are used in this thesis along with Swift UVOT
band uvw2, uvm2, uvw1, u, b, v and SDSS ugriz filters for monitoring the SNe. The
widths and effective wavelengths are given in Table 2.3 and the filter response curves
are shown in Fig. 2.1.
Table 2.3: Detailed description of the filter system
Johnson-Cousins
U
B
V
R
I
J
H
K

2.4

SDSS
λeff (Å)
3663
4361
5448
6407
7980
12200
16300
21900

∆λ (Å)
650
890
840
1580
1540
2130
3070
3900

u
g
r
i
z

λeff (Å)
3596
4639
6122
7439
8896

∆λ (Å)
570
1280
1150
1230
1070

Charged Coupled Devices (CCD) and Spectrographs

Light gathering from celestial objects is the prime concern of all the dedicated all sky
surveys running a bunch of telescopes. Various kinds of optics are involved whenever
we gather light from any celestial object. However, the position and intensity of any
celestial object needs to be focussed at a detector plane. Initially photometric plates
were used to detect celestial sources, however, with the advent of CCDs in 1975s a
breakthrough came when scientists first imaged Uranus at a wavelength of 8900 Å.
Due to its better response, high sensitivity, low readout time and low noise, CCD is
widely recognized as one of the most useful detector now-a-days.
CCDs are mainly made of Silicon. A common analogy of CCD is drawn with rain
bucket system. Let’s conside buckets (pixels) that are arranged and distributed in
a square array across a field (arranged in the focal plane of the telescope). Parallel
conveyor belts are employed to collect rain (photons) in buckets kept across the
field. (during the exposure of CCD) When rain falls, buckets collect it which was
initially stationary. After the rain stops (i.e. the shutter of the camera closes), the
turning of the conveyor belts transfers rain to the nearby buckets one by one to a
measuring cylinder (an electronic amplifier) which is placed at a corner of the field
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Figure 2.2: Analogous representation of CCD in terms of rain-bucket system. The figure is adopted from: https://www.slideshare.net/avcracker/digitalradiographyavinesh-shrestha
(located at a corner of the CCD). A representation of the scenario is shown in Fig
2.2. Thus, whenever, photon strikes a CCD, it is absorbed and an electron-hole pair
is generated. In order to avoid recombination of the electron-hole pairs, voltages are
supplied to input clock registers that prevents recombination and allows charges to
transfer to nearby pixels which are converted to DN using analog to digital converter
and are saved as FITS (Flexible Image Transport System). The main characteristics
of the CCD detectors used in the follow up of various SNe are listed in Table 2.1.
The Faint Object Spectrograph and Camera (FOSC) is a focal reducer instrument with the ability to optimize both the image scale and the spectral resolution
as per the seeing conditions. The focal reducer is a combination of lens without any
mirrors and central obscuration. The main component is collimator which produces
image of telescope entrance pupil in front of the camera. The optical structure of
FOSC is shown in Figure 2.3. After passing through the filter, spectral and calibration lamp unit which is used for both wavelength calibration and flat fielding, it
comes to focus on the entrance aperture wheel located at the focal plane of the telescope. An auxiliary slit viewing unit is sometimes used to guide the beam through
a narrow slit. The optics system consisting of the camera and the collimator are
the main components of the focal reducer system. The collimator optics is placed
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Calibration unit
Aperture wheel
NB filter wheel
Collimator optics Filter wheel

Camera optics
CCD

Input beam

Grism wheel

Slitview unit

Instrument flange

Figure 2.3: Figure represents the typical layout of a Faint object spectrograph and
camera

behind the telescope’s focal plane. A parallel beam is formed while it passes through
the collimator. Between the collimator and the camera, the parallel beam passes
through the prism wheel and the filter wheel. The parallel beam is finally imaged
by the camera mounted on the CCD.
The FOSC-like instruments that are used in this thesis are listed in Table 2.4
along with their characteristics.
Table 2.4: Description of the FOSC-like instruments used in this thesis
Spectrograph
Grism
AFOSC
Gr4, VPH6
HFOSC
Gr7, Gr8
ALFOSC
Gr4
LRS
Gr300
CAFOS
Gr8
EFOSC2
Gr13
ISIS
R158R+R316R
LRS
LR-B
OSIRIS
R1000B
BFOSC
GR4+GR5
YFOSC
GR3

Spectral Range (Å)
Resolution/Resolving power Telescope
3200-9600, 4500-10000
710, 500
EKAR
3800-7800, 5800-9200
1330, 2190
HCT
3630-9120
700
NOT
4200-10200
1500
HET
3300-8850
13
Calar-Alto
3650-9250
27
ESO-NTT
3100-10550
909,1842
WHT
3150-8000
10
TNG
3630-7500
1018
GTC
4000-10000
1953,2349
2m China
3500-8800
2068
LJT
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2.5

Reduction techniques (Photometry)

The FITS image obtained through CCD are not free from noise and needs some
pre-processing. Before extracting the instrumental magnitudes, basic pre-processing
needs to be done to correct magnitudes from noise caused due to pixel to pixel sensitivity, thermal electrons or due to the electronics involved. The standard tasks
in IRAF1 environment were performed for pre-processing of the photometric images. For the photometric reduction part, standard sub-routines of DAOPHOT2
were used. The instrumental magnitudes obtained from different telescopes were
calibrated using Landolt equatorial standards. In the following sections we will
discuss the procedures in detail.

2.5.1

Steps of pre-processing

A brief description of the various steps involved in pre-processing like bias subtraction, flat fielding, cosmic ray removal are described below in brief :
2.5.1.1

Subtraction of bias

To provide an estimate of the unexposed pixel within CCD, calibration measurements of bias level is done. Bias images serve as a measurement of the zero noise
level of the CCD. If a pixel is unexposed, zero collected photoelectrons will translate
upon readout to a mean value which will be a distribution about zero. In order to
avoid negative counts, a positive offset voltage needs to be applied which is typically the bias level of any obtained image. During our observational nights, multiple
bias frames with zero exposures were acquired with CCD and combined using the
task ZEROCOMBINE in IRAF. We preferred MEDIAN combination in order to
avoid any deviation from mean bias level. The master bias frame obtained after
combination is subtracted from the science frames using the task CCDPROC.
2.5.1.2

Correcting flat-fields

In a CCD, there is a huge distribution among the pixel to pixel sensitivity and
quantum efficiencies (QE). To flatten this sensitivity variation and make the relative
1

IRAF stands for Image Reduction and Analysis Facility distributed by the National Optical
Astronomy Observatories which is operated by the Association of Universities for research in
Astronomy, Inc., under cooperative agreement with the National Science Foundation.
2
DAOPHOT stands for Dominion Astrophysical Observatory Photometry
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response uniform to incoming radiation, a flat field image is obtained for calibrating. During the morning and evening twilight time, flat frames were taken in our
observing run. The masterbias image obtained from previous step was subtracted
from flat frames and then the bias subtracted flats were combined using the task
FLATCOMBINE. In all the filters, the median combined files are named as masterflats. The bias subtracted science images are corrected for master flat with the task
CCDPROC in IRAF.
2.5.1.3

Removal of cosmic rays

Cosmic rays are high energy charged particles which react with earth’s atmosphere to
generate showers of secondary particles which sometimes hit the CCD. A bright spot
is formed in the science image in such a scenario due to kicking of a large number
of electrons. Cosmic ray profiles are usually dirac delta functions representing a
sharp peaked profile over a few pixels while the stellar profiles are either Gaussian
or broader point spread functions. Cosmic rays were removed either by the task
COSMICRAYS in IRAF or by using the task L.A. Cosmic (van Dokkum, 2001).

2.5.2

Photometric data reduction

After the image is free from bias, flat and cosmic rays, we need to extract the
instrumental magnitudes of the SN. For extraction of instrumental magnitudes we
have used subroutines of DAOPHOT II. DAOPHOT II is a computer program
designed to measure photometric indices and precise astrometric conditions of stellar
objects. The following tasks are used to estimate the instrumental magnitudes of
the SN.
(i) The first task is ATTACH using which we attached the FITS image of
our interest on which photometry has to be done. The task FIND is then used
for computing the centroids of the stellar sources present in the image that we
have attached. This task takes the readout noise and gain of the CCD inputs and
calculates the actual brightness in data numbers above the sky brightness according
to the significance level. The PHOT routine is then performed which estimates
the sky values and performs photometry over a number of annular rings where first
aperture is taken as full width at half maximum (FWHM) of the stellar source and
other apertures are in increasing order. The aperture magnitudes of the various
stellar sources are extracted using this method.
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(ii) For less crowded field, we had a linearly varying background. For isolated
stars and crowded fields, linearly varying background is not true. But if we have
a crowded field, this linearity does not hold good. Bright stars in crowded field
can affect the faint stars and their associated magnitude. We adopted profile fitting
techniques to estimate and extract the magnitudes of faint sources in crowded fields.
Stellar profiles are mostly Gaussian, Moffat and Lorentzian profiles. Stellar images
on ground are mostly affected by the seeing conditions, camera optics and other
features. Some of the functional forms of the point spread functions are :
Gaussian G(r; a) ∝ e(−r

2 /2a2 )

(2.1)

modif ied Lorentzian L(r; a, b) ∝ (1 + (r2/a )b )−1

2

(2.2)

and M of f at M (r; a, b) ∝ (1 + r2 /a2 )−b

(2.3)

In the above mentioned equations r is the radius and a, b are fitting parameters.
For a good representation of astronomical data, either single functional forms or their
combinations are used. If we have good seeing conditions, estimation of χ2 value by
fitting Gaussian is a better approach than applying other two functions presented
above. However, there are certain advantages and disadvantages associated with
the PSF fitting method. The advantages are - (a) works in crowded fields and fits
the center (b) the regions with high S/N ratio have most weight in determining
the fits (c) one of the additional parameter is background which is also included in
fitting. However, PSF is not described by parametric profiles and their are associated
uncertainties.
Using the task PICK, we select reasonably good number of stars to construct
the PSF profile. PICK sorts the stars by magnitudes and rejects the stars that are
close to the edges or close to a bright star. We use the task PSF to construct the
profiles. An iterative rule on a number of stars in a crowded field is employed for
construction of the profiles. We choose generally 20-30 stars among the crowded
field to construct the PSF profiles.
After the profile fitting is done on 30 stars, we need ALLSTAR routine that
uses the designed PSF to construct and produce stars’ location, magnitudes and
their associated errors, number of iterations required to produce magnitudes. Since
the obtained magnitudes are instrumental, we need to calibrate them with respect
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to Landolt standard fields. The Landolt standard fields are observed in good photometric conditions with a typical seeing of ∼ 2 arc sec. The various steps involved
in the calibration procedure are described below –

(i) Firstly, we performed the aperture and PSF photometry on both Landolt
and SN fields. Since we obtained magnitudes of a number of apertures, we used
DAOGROW to find the aperture with maximum signal-to-noise ratio. In this task,
aperture correction is also accounted because we miss the counts that are left out on
the edges of the stellar profiles while performing PSF photometry. DAOGROW,
thus, performs this correction acquiring correct aperture magnitudes by profile fitting technique.
(ii) Program DAOMATCH is used to cross identify the stars. This program
gives the coordinate transformation equation for different frames with respect to one
reference frame which is chosen by the user. Program DAOMASTER uses the
transformations provided by DAOMATCH and then identifies and cross matches
all the stars in the field by spatial proximity.
(iii) The transformation equations that are used to convert the instrumental
magnitudes to standard magnitudes are:
I1 = V ;
I2 = B-V ;
I3 = V-I ;
I4 = V-R ;
I5 = U-B ;

v = V + A0 + A1 ∗ I2 + A2 ∗ X

(2.4)

b = B + B0 + B1 ∗ I2 + B2 ∗ X

(2.5)

i = I + C0 + C1 ∗ I3 + C2 ∗ X

(2.6)

r = R + D0 + D1 ∗ I4 + D2 ∗ X

(2.7)

u = U + E0 + E1 ∗ I5 + E2 ∗ X

(2.8)
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In the above equations A0, B0, C0, D0 and E0 are the zero points and the colour
coefficients are written as A1, B1, C1, D1 and E1, where X is the associated airmass
and A2, B2, C2, D2 and E2 represents the value of extinction coefficients due to
Earth’s atmosphere. u, b, v, r, i and U, B, V, R, I are the instrumental magnitudes
obtained through aperture photometry and calibrated magnitudes respectively.
As the light rays pass through the Earth’s atmosphere, they collide with with
atoms, molecules, water droplets, grains of dust, and other objects as a result of
which photons are either absorbed or gets scattered in different directions. This
perturbation by the atmosphere and the apparent reduction of flux or intensity is
called atmospheric extinction. The atmospheric extinction X can be estimated using
the formula given by Coulman (1985).

X = secZ−0.00181617(secZ−1)−0.002875(secZ−1)2 −0.0008083(secZ−1)3 (2.9)
where secZ is given by (sin(φ)sin(δ)+cos(φ)cos(δ)cos(h))−1 , and φ and δ are the
latitude and declination of the star and h is the hour angle. The airmass value
typically varies between 0 and 1 and is a measure of the path traversed by light
rays. The plot of aperture magnitudes plotted against the airmass gives an idea of
the extinction coefficients estimated in each night. To determine the transformation
coefficients, COLLECT and CCDSTD routines of DAOPHOT II were used. Both
the tasks construct transformation equations taking the magnitudes from final magnitude files. Using Landolt equatorial standards from Landolt (1992), CCDLIB is
used to list standard magnitudes and colours in a file. Using CCDAVE, local
secondary standards were generated in the SN field. The FINAL task is used
to estimate the final magnitudes of all the stars using transformation coefficients
achieved before. This task provides the photometric zero points which is applied to
all other stars in different frames and is used to mark the position of various stars
in field.

2.5.3

Template image and galaxy subtraction

If the location of the SN is very close to the core of galaxy, the true SN flux is
significantly contaminated by the flux from the host galaxy. The template subtraction technique is employed to estimate the true SN flux from the galaxy flux. The
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template images and spectra are obtained for the host galaxies after the SN has
exceeded the detection limits of the telescopes.
Image subtraction: The obtained template image frames were aligned with
the SN frames using the tasks GEOMAP and GEOTRAN in IRAF. Using the task
GAUSS in IRAF the image with good PSF was degraded and convolved with a bad
PSF image to match the FWHM of the two frames. The PSF convolved images were
background subtracted. We took the intensity ratio of the stars in both the SN and
the template frames using the IMARITH task. Finally, the template image was
subtracted from the SN frame to obtain the final frame with only SN magnitude.
We also used a python code HOTPANTS1 which uses the method of convolution
kernel and matches the PSF of two astronomical images. These images are taken
under different atmospheric conditions and HOTPANT minimises the difference in
convolution of the two image kernels to obtain the subtracted image.
Spectra subtraction: Due to the close location of the galaxy nucleus to the
SN, the spectrum obtained is highly contaminated by the galaxy lines. To remove
the host galaxy lines in the SN spectrum, the resolution of the galaxy spectrum
is matched with the SN spectrum using the task SMOOTH in SPLOT. Then the
intensity ratio of the lines are taken for both the template and the SN spectrum. The
SN spectrum was matched with the host galaxy spectrum and subtracted to obtain
the SN spectrum free from any host galaxy lines. This whole task was performed
in IRAF SPLOT task in arithmetic mode.

2.6

Spectroscopic data reduction

Low resolution long slit spectroscopic data of SNe were obtained with the telescopes
listed in Table 2.1. The spectroscopic observation of an object (SN) is also accompanied by observations of a number of bias frames, flat frames, arc-lamp frames
and standard star frames for wavelength and flux calibration. The light rays that
are incident upon the detector are dispersed in a particular direction known as the
dispersion axis. The dispersion axis can both be along the perpendicular and nonperpendicular directions but are aligned with the axis of the slit. A slit of proper
width mostly equal to the seeing limit FWHM is placed at the SN location to collect
light from it. The spatial profile of the star is governed by the seeing conditions and
are related to flux measurements while the dispersion axis is related to the CCD
1

https://github.com/acbecker/hotpants
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response to the wavelength of the incident light. The respective pixels and the representative counts are analogous to the wavelength and the flux values. Therefore,
the observed arc-lamp frames and the standard star frames are considered to be a
representation of the wavelength and flux calibrations.
The steps that are involved in the spectroscopic data reduction technique are:
basic preprocessing, extraction of apertures, wavelength and flux calibration procedures. For the basic pre-processing, the steps are same as that used in photometric
data reduction. For the Aperture Extraction, Wavelength Calibration and Flux Calibration techniques, we have used the standard routines of SPECRED package in
IRAF which are discussed and elaborated below −

2.6.1

Extraction of apertures

There can be a number of apertures in the cleaned spectrum which need to be
extracted using the task APALL in SPECRED. APALL works in interactive mode
and extracts aperture for both the SN spectrum and the background. Once the
apertures are selected, APALL traces the spectrum and helps to achieve a good
signal to noise ratio with the removal of noise. Cosmic ray hits and geometric
distortions are also removed with the help of the task APALL. The output provides
information on pixel vs intensity distribution. The aperture for the standard star
and arc lamps are also extracted using similar method.

2.6.2

Wavelength Calibration

Arc-lamp frames help in calibrating pixels to wavelength solution for both the standard star and the SN. Arc-lamps have some standard emission lines which are used
to correlate with the arc-lamps we observationally obtain and hence convert pixel to
wavelength scale. The IDENTIFY task in IRAF was used to identify the emission
lines and gives a wavelength solution to all pixels. We then use the task HEDIT to
update the wavelength solution to the SN and standard star’s extracted spectra. To
apply the necessary shifts and solution to our extracted spectra of SN and standard
star, we use the task DISPCOR. Thus, for both the standard star and the SN, we
obtain dispersion corrected spectra. We have some standard atmospheric sky lines
like oxygen lines at 5577, 6300 and 6364 Å. To check whether we have obtained an
accurate correction, we check the wavelength deviations and if there is an optimum
and constant offset, we apply it to the SN spectrum by using task SPECSHIFT.
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We use hydrogen lines at 4861 and 6563 Å for applying the necessary shifts in the
dispersion corrected standard star spectrum.

2.6.3

Flux Calibration

Several standard star frames such as Feige 34, Feige 66, HD 185 etc were observed
during our observational campaigns. To correct for the instrumental sensitivity
calibration and extinction correction, flux calibration is performed. For the spectroscopic standards, IRAF itself gives the flux values. The dispersion corrected
spectrum of standard star is given in the task STANDARD as an input and the observed parameters like standard star’s flux, airmass and exposure time are obtained
in desired bandpass. The extinct task is then applied which uses the extinction function and corrects the spectrum for it which is stored in the output flux file std. From
the calibration directory onedstds, SENSFUNC is used for estimating the standard
flux of the star and also estimates the ratio between the observed and the standard
flux. A sensitivity function is fitted to the flux ratio versus wavelength and stored
in an one-dimensional spectrum named by sens . The CALIBRATE task is finally
used which corrects extinction and applies sensitivity calibration to the dispersion
corrected spectrum of the SN. As an output, flux calibrated spectrum is obtained
which points to the flux distribution over the desired optical wavelength domain.
The photometric and spectroscopic data of the thesis were reduced using the
techniques described above.
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Chapter 3
SN 2015as: A low luminosity
type IIb supernova without an
early light curve peak
3.1

Introduction

As discussed in Chapter 1, SNe IIb, Ib and Ic are collectively known as strippedenvelope SNe (SE-SNe). SNe IIb are limited in number, but they provide an interesting link between H-rich and H-poor core-collapse SNe. In a volume-limited
sample consisting of 81 type II SNe, Li et al. (2011) found that type IIb events
are 11.9

+3.9
−3.6 %.

In a recent study by Shivvers et al. (2017a), stripped-envelope

SNe constitute ∼ 10% among core-collapse SNe. Well studied SNe IIb include SN

1987K (Filippenko, 1988), SN 1993J (Aldering et al., 1994; Barbon et al., 1995;
Baron et al., 1994; Filippenko & Matheson, 2003; Filippenko et al., 1993; Jerkstrand et al., 2015; Matheson et al., 2000b; Richmond et al., 1996a), SN 1996cb
(Deng et al., 2001; Qiu et al., 1999), SN 2001ig (Ryder et al., 2006), SN 2003bg
(Hamuy et al., 2009; Mazzali et al., 2009), SN 2008ax (Chornock et al., 2011; Pastorello et al., 2008a; Taubenberger et al., 2011), SN 2009mg (Oates et al., 2012),
SN 2010as (Folatelli et al., 2014b), SN 2011dh (Arcavi et al., 2011; Ergon et al.,
2015; Sahu et al., 2013), SN 2011ei (Milisavljevic et al., 2013), SN 2011fu (Kumar
et al., 2013; Morales-Garoffolo et al., 2015), SN 2011hs (Bufano et al., 2014) and
SN 2013df (Morales-Garoffolo et al., 2014).
1

The results are published in MNRAS.
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A fraction of SNe IIb (e.g. SNe 1993J, 2011fu and 2013df) show two peaks in their
light curve, while other objects such as SNe 1996cb and 2008ax show only the broad
maximum. The initial peak (observed in ∼ 50 % of SNe IIb, according to Morales-

Garoffolo (2016)), is interpreted as a signature of the rapid cooling phase after the

shock breakout, and lasts from seconds to days (Morales-Garoffolo, 2016). Thus, it
can easily remain unobserved if the shock breakout occurs in a low density shell. The
rapid decline phase is due to adiabatic cooling, and its duration depends primarily
on the progenitor’s size. The secondary peak is governed by the thermalisation of
γ-rays and positrons during the radioactive decay of

56

Ni →

56

Co →

56

Fe (Burger

et al., 1970; Colgate, 1970). The peak luminosities of most SNe IIb indicate that
0.02-0.1 M of 56 Ni is typically ejected during these explosions (Cano, 2013; Prentice
et al., 2016).
SNe IIb have unique spectroscopic features intermediate between those of type
II and type I events. Because SN IIb spectra show H features at early phases
which diminish over time while He features appear and strengthen, extended spectral
sequences are essential to properly classify these transitional objects. Recent studies
have claimed for the presence of some H in SNe Ib (Anupama et al., 2005; Parrent
et al., 2007, 2016). A number of methods are used to draw a line between SNe IIb and
Ib, including the estimate of the pseudo equivalent width of the Hα line profile (Liu
& Modjaz, 2016), evaluating the ratio of the He I λ 5876 to Hα equivalent widths
(Milisavljevic et al., 2013), and through a comparison of the observed spectrum with
type IIb/Ib templates (Parrent et al., 2016).
In SNe IIb, strong stellar winds in single massive stars or mass outflows due to
binary interaction may contribute to strip the outer stellar envelope of the progenitor. type IIb can have compact (cIIb, with R ∼ 1011 cm) or extended (eIIb, with

R ∼ 1013 cm) progenitors. Chevalier & Soderberg (2010) find similar properties of

the radio light curve for IIb SNe that have been associated by other means with
a compact/extended progenitor. They were the first to attempt a separation in
extended and compact IIbs based on radio observations. Their observations indicated compact progenitors for SNe 1996cb, 2001ig and 2008ax, while those of SNe
1993J and 2001gd are extended. However, more recent studies (Bufano et al., 2014;
Romero-Cañizales et al., 2014) claim that the inferred radio properties of a SN do
not properly reflect the progenitor size.
Despite the small number of SNe IIb, direct detection for progenitors of four
objects have been claimed. The progenitors were either WR stars with MZAM S
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= 10 - 28 M in a binary system, like in the case of SN 2008ax (Crockett et al.,
2008; Pastorello et al., 2008a), or more extended yellow supergiants with MZAM S
= 12 - 17 M like in SNe 2011dh and 2013df (Bersten et al., 2012; Folatelli et al.,
2014a; Maund et al., 2015, 2011; Van Dyk et al., 2011, 2013, 2014). For SN 1993J,
the inferred progenitor was a K0Ia star in a binary system, with an early B-type
supergiant companion (Aldering et al., 1994; Filippenko et al., 1993; Maund &
Smartt, 2009). Indirect indicators, such as the early time light curves, spectral
studies of light echos and/or signatures of CSM-ejecta interaction, may also help
constraining the progenitor mass like in the case of SNe 2001ig and 2013df (Kamble
et al., 2016; Krause et al., 2008). The early UV excess, for example, provides a
method to estimate the progenitor radius (Ben-Ami et al., 2015). In the case of
SN 2001ig, both the radio light curves and the spectro-polarimetric observations
support the binary progenitor (Maund et al., 2007; Ryder et al., 2004), including
a massive 10 - 18 M WR star (Ryder et al., 2006). According to an alternative
interpretation given by Kotak & Vink (2006), the modulated late-time radio light
curves would be a signature of a previous LBV-like pulsational phases.
In this chapter, we present a photometric and spectroscopic study of the type IIb
SN 2015as. We provide information on the SN discovery and its host galaxy in Section 3.2. In Section 3.3, we describe the data acquisition and reduction procedures.
In Section 3.4, we study the multi-band light curves, and compare the colours, absolute light curves and bolometric evolution with those of other SNe IIb. The main
explosion parameters are also computed through a basic analytical modelling of the
bolometric light curve. The detailed description of the spectral evolution is presented in Section 3.5, while in Section 3.6 a summary of the main results of this
study is given.

3.2

SN 2015as and its distance

SN 2015as was discovered by Ken’ichi Nishimura1 on three unfiltered CCD exposures
taken on 2015 November 15.778 UT with a 35-cm reflector. The SN is located at RA
= 10h 08m 11s .37 and Decl. = +51◦ 50’ 40.9”, which is 19”.2 east and 2”.9 north of
the center of the SB(rs)d-type host galaxy UGC 5460, which also hosted the type
IIn SN 2011ht (Fraser et al., 2013; Humphreys et al., 2012; Mauerhan et al., 2013b;
Roming et al., 2012). The unfiltered magnitude of the SN reported at the time of
1

http://www.cbat.eps.harvard.edu/unconf/followups/J10081137+5150409.html
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discovery was ∼16 mag. However, the SN was also visible on r-band images taken
with the 182-cm Copernico Asiago Telescope on 2015 November 9, one week earlier

than Nishimura’s discovery during routine monitoring of UGC 5460 (Tartaglia et al.,
2015b). Using the spectrum taken on 2015 November 17.17 UT, it was classified
as a type II SN a couple of weeks after explosion. The spectrum, in fact, showed
prominent Balmer lines, Ca H & K, Fe II and also weak He I features (Tartaglia
et al., 2015b, for a discussion on the explosion epoch, see Section 4). At a redshift
of z = 0.0036 (de Vaucouleurs et al., 1991), the Virgo infall distance of UGC 5460
is 19.2 ± 1.4 Mpc while the 3K CMB distance is 17.5 ± 1.2 Mpc (from NED where
Ho = 73.0 ± 5 km sec−1 Mpc−1 and using the flow model of Mould et al. (2000)).

NED reports the minimum and the maximum estimated redshift-independent TullyFisher distances to be 15.7 Mpc (Bottinelli et al., 1985) and 19.8 Mpc (Tully &
Fisher, 1988), respectively. The latter is in agreement with the Virgo infall distance
(19.2 Mpc), which is the one adopted by Roming et al. (2012), who found for SN
2011ht Mv = -17 mag, which is typical of a core-collapse SNe. Consequently, we

also adopt the same distance, 19.2 Mpc, for SN 2015as in this chapter.
The galactic reddening in the direction of SN 2015as is modest, E(B-V) = 0.008
± 0.001 mag (Schlafly & Finkbeiner, 2011). The low-resolution spectra of SN 2015as

(see Section 5) do not show the presence of the narrow interstellar Na I doublet (Na
ID) absorption feature at the redshift of UGC 5460, suggesting that the extinction
due to host galaxy dust is small. We, therefore, adopt E(B-V) = 0.008 ± 0.001 mag
as the total reddening, corresponding to AV = 0.025 mag adopting the reddening
law RV = 3.1 (Harris, 1973).

3.3
3.3.1

Data acquisition and Reduction
Photometric Observations

Photometric follow-up observations of SN 2015as were carried out a few days after the discovery using four ground-based optical telescopes. The observations were
performed with the 104-cm Sampurnanand Telescope (ST; Sagar, 1999), the 130-cm
Devasthal Fast Optical Telescope (DFOT; Sagar et al., 2012) located in ARIES India, the 182-cm Ekar Asiago Copernico Telescope, Italy1 and the 200-cm Himalayan
1

http://www.oapd.inaf.it/index.php/en/asiago-site/telescopes-and-instrumentations.html
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Chandra Telescope (HCT; Prabhu & Anupama, 2010), Indian Astronomical Observatory (IAO), India. The imaging observations were done using Johnson-CousinsBessell B, V, R, I and SDSS u, g, r, i, z filters. With the 104-cm ST, a 1K × 1K

CCD camera was used, with a pixel scale of 0.37 arcsec pixel−1 , covering a 6.2 ×
6.2 arcmin2 field of view, while for the 130-cm DFOT, a 512 x 512 CCD was used

with a plate scale of 0.63 arcsec pixel−1 and covering 5.4 × 5.4 arcmin2 area in the

sky. The Asiago Faint Object Spectrograph and Camera (AFOSC) in Ekar Asiago
telescope uses a 2K × 2K CCD with a plate scale of 0.26 arcsec pixel−1 . The 4K ×

2K CCD on Himalayan Faint Object Spectrograph and Camera (HFOSC) was used
for imaging with the HCT. The central 2K × 2K pixels on the chip were used for
imaging which covers a 10 × 10 arcmin2 region on the sky.

Photometric monitoring of SN 2015as started on 2015 November 16 and con-

tinued up to 2017 March 28. Along with science frames, several bias and twilight
flat frames were also collected. Bias, flat-field and cosmic ray corrected images
were obtained and reduced using standard packages in IRAF1 . Instrumental magnitudes of the SN and field stars were obtained through aperture photometry (using
DAOPHOT2 package), with an optimal aperture which was usually three times the
full width at half maximum (FWHM) of the stellar profile found using an aperture
growth curve. PSF photometry was also performed, and using the field stars we
obtained a well sampled PSF profile. This modelled PSF profile was used to measure the magnitudes of the SN and field stars. Even though the SN is located in
the outskirts of its host galaxy–well isolated from significant contaminating sources–
we preferred using the PSF magnitudes which minimizes any possible background
contamination.
The Landolt standard fields (Landolt, 1992) PG0918, PG0942, PG1323, PG1633
and SA98 were observed with HFOSC in the same nights as the SN field in the B,
V, R and I bands. These standard fields allowed us to convert the instrumental
magnitudes into apparent magnitudes. Observations were performed under good
photometric conditions, with airmass varying between 1.1 - 1.5 and a typical seeing
of 1.1 arcsec in the V -band. Instrumental and catalogue magnitudes of standard
field stars were used to obtain zero points and colour coefficients of the transformation equation, fitted using the least square regression technique, as described
in Stetson (1992). The average values of the colour coefficients and zero points
1
2

Image Reduction And Analysis Facility
Dominion Astrophysical Observatory + Photometry
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obtained from the least square fits of 2016 April 8 and April 12 resulted in the
following transformation equations
(V - v) = 0.819 - 0.058 (B - V) + kv X
(B - b) = 1.404 + 0.044 (B - V) + kb X
(I - i) = 1.047 - 0.040 (V - I) + ki X
(R - r) = 0.823 - 0.070 (V - R) + kr X
where X is the airmass and kλ are the extinction coefficients. To correct for the
atmospheric extinction, we used the site extinction values kv = 0.12 ± 0.04, kb =

0.21 ± 0.04, ki = 0.05 ± 0.03 and kr = 0.09 ± 0.04 mag airmass−1 (Stalin et al., 2008).
A root-mean-squared (rms) scatter between transformed and standard magnitude
of Landolt stars was found to be between 0.02 – 0.03 mag in the BVRI bands.
Using these transformation equations, we calibrated 15 non-variable local standards
in the SN field. These secondary standards are used to convert the SN instrumental
magnitudes into apparent magnitudes in BVRI filters from EKAR/AFOSC, ST/1K
x 1K CCD and DFOT/512 x 512 CCD. The local secondary standards in the SN
field are marked in Fig 3.1, and their magnitudes are listed in Table 3.1. For
each night, precise zero points were determined using these secondary standards
in order to correct for non-photometric conditions. The errors due to calibration
and photometry were added in quadrature to estimate the final error in the SN
magnitudes. The final SN magnitudes and their associated errors are listed in Table
3.3.
The SN magnitudes in the ugriz bands, obtained with the 182cm Ekar Asiago
telescope were differentially calibrated using secondary standards obtained from
SDSS DR12 (Eisenstein et al., 2011). We selected seven out of the 15 standard
stars that are marked in Fig 3.1 with known Sloan ugriz magnitudes. They are
listed in Table 3.2, while the Sloan-band SN magnitudes are listed in Table 3.3.

The Swift satellite (Gehrels, 2004a,b), equipped with the Ultra-Violet Optical
Telescope (UVOT; Roming et al., 2005), began observations of SN 2015as on 2015
November 16, and observed the SN field four times spaced two days apart. The Swift
UVOT data were reduced using the procedure for the Swift Optical/Ultraviolet Supernova Archive (SOUSA; Brown et al., 2014). A pre-explosion image from 2012
June was used to subtract the contaminating host galaxy flux. The UVOT magnitudes are given in Table 3.4.
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Figure 3.1: SN 2015as and the local standard stars in the field of UGC 5460. Rband, 300 sec image obtained on 2016 February 24 with the 200 cm HCT.
Table 3.1: Star ID and the magnitudes in BVRI filters of the 15 secondary standards
in the field of SN 2015as
Star ID
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O

α
(h:m:s)
10:07:38.619
10:08:05.918
10:07:46.080
10:08:21.902
10:08:21.899
10:08:22.652
10:08:36.587
10:08:24.906
10:08:33.907
10:08:07.421
10:08:16.957
10:08:32.515
10:08:01.813
10:08:25.579
10:08:27.179

δ
(◦ ’ ”)
+51:54:47.56
+51:54:39.08
+51:54:20.63
+51:54:02.51
+51:54:03.94
+51:48:37.21
+51:48:10.04
+51:47:54.81
+51:47:26.63
+51:46:21.31
+51:46:21.78
+51:46:19.18
+51:50:02.90
+51:50:53.46
+51:50:28.09

B
(mag)
17.91 ± 0.02
19.02 ± 0.02
17.49 ± 0.02
15.29 ± 0.02
17.16 ± 0.02
14.69 ± 0.02
18.53 ± 0.02
15.18 ± 0.02
15.85 ± 0.02
17.11 ± 0.02
19.63 ± 0.03
17.27 ± 0.01
20.02 ± 0.05
20.36 ± 0.06
19.66 ± 0.05
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V
(mag)
16.45 ± 0.01
18.30 ± 0.01
16.77 ± 0.01
14.45 ± 0.01
16.40 ± 0.01
14.01 ± 0.01
18.02 ± 0.01
14.51 ± 0.01
15.32 ± 0.01
16.67 ± 0.01
18.27 ± 0.01
16.68 ± 0.01
18.74 ± 0.03
18.92 ± 0.03
19.14 ± 0.02

R
(mag)
15.24 ± 0.01
17.61 ± 0.01
16.07 ± 0.01
13.68 ± 0.01
15.68 ± 0.01
13.33 ± 0.01
17.40 ± 0.01
13.84 ± 0.01
14.70 ± 0.01
16.10 ± 0.01
17.13 ± 0.01
16.03 ± 0.01
18.17 ± 0.04
18.07 ± 0.06
18.82 ± 0.05

I
(mag)
14.57 ± 0.01
17.50 ± 0.02
15.97 ± 0.01
13.53 ± 0.01
15.56 ± 0.01
13.26 ± 0.01
17.38 ± 0.02
13.78 ± 0.01
14.67 ± 0.01
16.07 ± 0.01
16.64 ± 0.01
15.97 ± 0.01
17.61 ± 0.02
17.27 ± 0.04
18.54 ± 0.06
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Table 3.2: Star ID and the magnitudes in the ugriz filters of 7 secondary standards
(taken from SDSS DR12) in the field of SN 2015as
Star ID
D
E
F
G
M
N
O

3.3.2

α
(h:m:s)
10:08:21.902
10:08:21.899
10:08:22.652
10:08:36.587
10:08:01.813
10:08:25.579
10:08:27.179

δ
(◦ ’ ”)
+51:54:02.51
+51:54:03.94
+51:48:37.21
+51:48:10.04
+51:50:02.90
+51:50:53.46
+51:50:28.09

u
(mag)
16.47±0.18
18.28±0.19
15.62±0.11
16.13±0.15
20.81±0.24
20.39±0.22
22.39±0.28

g
(mag)
14.82±0.13
16.71±0.15
14.24±0.12
14.75±0.16
18.93±0.20
19.30±0.21
19.71±0.23

r
(mag)
14.22±0.13
16.18±0.14
13.81±0.11
14.32±0.10
18.05±0.20
19.01±0.19
18.36±0.18

i
(mag)
13.98±0.10
15.98±0.16
13.64±0.15
14.17±0.12
17.68±0.19
18.93±0.20
17.77±0.18

z
(mag)
13.88±0.11
15.94±0.13
13.60±0.10
14.16±0.13
17.38±0.15
18.90±0.20
17.48±0.15

Spectroscopic Observations

We obtained low and medium resolution optical spectra of SN 2015as at 24 epochs
(from 2015 November 17 to 2016 June 23), using the 182-cm Ekar Asiago telescope
equipped with AFOSC (Grisms Gr 4, VPH 6 and VPH 7) and HCT HFOSC (Grisms
Gr 7 and Gr 8) (see Table 3.5). A combination of grisms was frequently used to cover
the entire optical region. The 2-d spectra were pre-processed using standard tasks
in IRAF, as for the subsequent extraction and calibration of the 1-d spectra. FeNe,
FeAr, HgCdNe arc lamps were used for wavelength calibration, whose accuracy was
checked using night-sky emission lines. When appropriate, rigid wavelength shifts
were applied. The spectroscopic standards GD71, BD+75d325 and Feige34 were
observed for correcting the instrumental response and for flux calibration. The fluxcalibrated spectra in the blue and the red regions were combined after scaling to get
the final spectrum on a relative flux scale. The spectroscopic flux were checked with
the photometric measurements at similar epochs and appropriate scaling factors
were applied. Finally, the spectra were corrected for redshift.

3.4
3.4.1

Photometric Results
Estimation of explosion epoch

The SN was estimated to be 2-3 weeks past explosion from a preliminary spectroscopic analysis of the spectrum taken on 2015 November 17 (Tartaglia et al.,
2015b). Although SN 2015as was discovered on 2015 November 15, a pre-discovery
r-band detection was obtained on 2015 November 9 during routine monitoring of the
galaxy UGC 5460 with the Asiago telescope. From this image, we measured a SN
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Table 3.3: Log of optical observations

†

Date

JD

2015/11/09.18
2015/11/17.18
2015/12/03.16
2015/12/10.08
2015/12/17.21
2016/01/18.91
2016/01/19.93
2016/02/04.05
2016/02/11.07
2016/03/17.92
2016/04/27.90
2016/05/17.94
2016/06/23.92
2016/11/30.09
2017/03/28.96
Date

2457335.68
2457343.68
2457360.64
2457366.56
2457374.69
2457406.53
2457407.43
2457423.52
2457429.58
2457465.39
2457506.42
2457526.40
2457563.39
2457722.58
2457841.44
JD

2015/11/17.17
2015/12/01.94
2015/12/03.16
2016/12/05.95
2015/12/10.08
2015/12/17.24
2015/12/20.88
2015/12/23.83
2016/01/01.85
2016/01/02.85
2016/01/03.93
2016/01/05.83
2016/01/12.83
2016/01/13.84
2016/01/15.89
2016/01/16.96
2016/01/18.05
2016/01/19.06
2016/01/20.94
2016/01/22.88
2016/01/25.83
2016/01/30.80
2016/01/31.78
2016/02/01.81
2016/02/02.75
2016/02/05.05
2016/02/10.75
2016/02/11.86
2016/02/12.83
2016/02/13.88
2016/02/14.90
2016/02/24.71
2016/02/27.75
2016/02/28.84
2016/03/01.81
2016/03/02.75
2016/03/17.91
2016/03/18.83
2016/03/28.76
2016/04/08.66
2016/04/12.74
2016/04/20.75
2016/04/27.94
2016/05/17.97
2016/06/30.68
2016/11/30.10
2016/12/06.18

2457343.67
2457358.43
2457360.64
2457362.42
2457366.56
2457374.69
2457377.38
2457380.31
2457389.35
2457390.35
2457391.41
2457393.31
2457400.36
2457401.33
2457403.38
2457404.44
2457406.52
2457407.42
2457408.43
2457410.36
2457413.31
2457418.27
2457419.28
2457420.29
2457421.22
2457423.52
2457429.25
2457430.34
2457431.31
2457432.36
2457433.37
2457443.19
2457446.25
2457447.30
2457448.29
2457450.25
2457465.39
2457466.31
2457476.24
2457487.14
2457491.23
2457499.22
2457506.43
2457526.40
2457570.18
2457722.57
2457728.68

Phase†
(Days)
3.17
11.18
28.14
34.06
42.20
74.03
74.93
91.02
97.08
132.89
173.93
193.90
230.89
390.08
508.94
Phase†
(Days)
11.16
25.93
28.14
29.91
34.06
42.18
44.87
47.81
56.85
57.85
58.91
60.81
67.85
68.83
70.87
71.93
74.02
74.91
75.93
77.85
80.81
85.77
86.77
87.79
88.72
91.02
96.75
97.83
98.81
99.85
100.87
110.68
113.75
114.79
115.79
117.75
132.89
133.81
143.74
154.64
158.73
166.72
173.93
193.89
237.68
390.06
396.18

u
(mag)
—
16.65 ± 0.01
—
17.18 ± 0.01
18.13 ± 0.02
—
18.60 ± 0.06
18.54 ± 0.04
18.75 ± 0.03
18.80 ± 0.02
—
—
—
—
—
B
(mag)
15.79 ± 0.01
14.92 ± 0.02
15.07 ± 0.01
15.24 ± 0.01
15.77 ± 0.01
16.46 ± 0.01
16.47 ± 0.01
16.78 ± 0.01
—
—
—
—
—
—
—
—
17.02 ± 0.02
17.06 ± 0.01
—
17.09 ± 0.01
17.12 ± 0.01
—
17.19 ± 0.02
—
—
17.23 ± 0.01
17.31 ± 0.02
—
17.34 ± 0.02
17.35 ± 0.02
—
17.46 ± 0.01
—
17.50 ± 0.01
—
—
17.74 ± 0.01
—
—
—
17.95 ± 0.01
18.11 ± 0.02
18.29 ± 0.02
18.58 ± 0.05
—
—
—

g
(mag)
—
—
—
15.42 ± 0.01
15.87 ± 0.01
16.78 ± 0.01
16.77 ± 0.01
16.91 ± 0.01
16.96 ± 0.01
17.42 ± 0.01
17.98 ± 0.02
18.28 ± 0.03
18.42 ± 0.01
19.60 ± 0.03
—
V
(mag)
15.52 ± 0.01
14.55 ± 0.04
14.65 ± 0.05
—
14.95 ± 0.01
15.32 ± 0.01
15.54 ± 0.01
15.58 ± 0.01
15.87 ± 0.01
15.90 ± 0.01
15.92 ± 0.02
15.96 ± 0.02
16.11 ± 0.04
16.11 ± 0.04
16.15 ± 0.05
16.22 ± 0.02
16.27 ± 0.01
16.26 ± 0.01
16.27 ± 0.04
16.28 ± 0.01
16.32 ± 0.01
16.44 ± 0.02
16.45 ± 0.02
16.46 ± 0.02
16.47 ± 0.02
16.48 ± 0.01
16.54 ± 0.01
—
16.62 ± 0.03
16.65 ± 0.01
16.68 ± 0.03
16.73 ± 0.01
—
16.76 ± 0.01
—
—
17.06 ± 0.01
—
—
17.60 ± 0.03
—
17.88 ± 0.01
17.95 ± 0.01
18.32 ± 0.02
19.10 ± 0.01
21.40 ± 0.01
21.50 ± 0.01

r
(mag)
17.49 ± 0.01
15.37 ± 0.01
14.60 ± 0.02
14.71 ± 0.01
14.97 ± 0.01
16.06 ± 0.01
16.04 ± 0.01
16.29 ± 0.01
16.39 ± 0.01
16.85 ± 0.01
17.35 ± 0.01
17.64 ± 0.02
18.13 ± 0.01
19.79 ± 0.06
20.97 ± 0.12
R
(mag)
—
13.97 ± 0.01
—
14.03 ± 0.01
—
—
14.65 ± 0.01
14.70 ± 0.02
15.09 ± 0.01
15.13 ± 0.01
—
15.20 ± 0.01
—
15.33 ± 0.01
15.36 ± 0.01
15.38 ± 0.01
—
—
—
15.47 ± 0.01
15.54 ± 0.02
15.63 ± 0.01
15.65 ± 0.01
—
15.70 ± 0.01
—
15.79 ± 0.01
15.82 ± 0.01
—
15.86 ± 0.02
15.85 ± 0.01
15.90 ± 0.01
16.01 ± 0.01
16.03 ± 0.01
16.06 ± 0.01
16.09 ± 0.01
—
16.32 ± 0.01
16.46 ± 0.01
16.55 ± 0.02
—
16.63 ± 0.01
16.75 ± 0.02
—
17.34 ± 0.02
—
—

i
(mag)
—
15.67 ± 0.01
14.67 ± 0.02
14.77 ± 0.01
14.95 ± 0.01
15.88 ± 0.01
15.87 ± 0.01
16.17 ± 0.01
16.29 ± 0.01
16.88 ± 0.01
17.64 ± 0.01
18.07 ± 0.03
18.94 ± 0.09
20.70 ± 0.01
21.68 ± 0.08
I
(mag)
—
14.26 ± 0.01
—
14.30 ± 0.01
—
—
14.68 ± 0.01
14.70 ± 0.01
15.02 ± 0.01
15.07 ± 0.01
15.06 ± 0.01
15.14 ± 0.01
15.24 ± 0.02
15.25 ± 0.01
15.27 ± 0.01
15.24 ± 0.01
—
—
—
15.49 ± 0.01
15.51 ± 0.01
15.52 ± 0.01
15.52 ± 0.01
15.57 ± 0.01
15.63 ± 0.01
—
15.64 ± 0.01
15.70 ± 0.02
15.70 ± 0.03
15.72 ± 0.01
—
15.86 ± 0.01
15.91 ± 0.01
15.94 ± 0.01
15.95 ± 0.01
—
—
16.22 ± 0.01
16.47 ± 0.02
16.64 ± 0.03
—
16.79 ± 0.02
16.89 ± 0.01
—
—
—
—
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z
(mag)
—
15.88 ± 0.02
—
15.01 ± 0.01
15.07 ± 0.01
15.73 ± 0.01
—
15.91 ± 0.01
16.00 ± 0.01
—
—
17.79 ± 0.02
18.58 ± 0.01
20.53 ± 0.01
—
Telescope
EKAR
DFOT
EKAR
DFOT
EKAR
EKAR
DFOT
HCT
ST
ST
ST
ST
ST
ST
DFOT
DFOT
EKAR
EKAR
ST
HCT
HCT
ST
ST
ST
ST
EKAR
ST, EKAR
ST
DFOT
DFOT
ST
HCT
ST
HCT
ST
ST
EKAR
ST
ST
DFOT
HCT
HCT
HCT, EKAR
EKAR
HCT
EKAR
EKAR

Telescope
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
EKAR
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Table 3.4: Log of UV observations
Phase
uvw2
uvw1
uvm2
(JD)
(mag)
(mag)
(mag)
2457342.82 18.21 ± 0.18 17.33 ± 0.13 19.23 ± 0.27
2457344.62 18.41 ± 0.22 17.17 ± 0.13 18.95 ± 0.31
2457346.05 17.94 ± 0.13 16.98 ± 0.09 19.14 ± 0.29
2457348.84 17.78 ± 0.13 16.80 ± 0.09 19.06 ± 0.26

u
b
(mag)
(mag)
15.75 ± 0.07 15.83 ± 0.06
15.73 ± 0.08 15.54 ± 0.06
15.30 ± 0.06 15.33 ± 0.05
14.87 ± 0.05 15.06 ± 0.05

v
(mag)
15.48 ± 0.07
15.17 ± 0.07
15.09 ± 0.06
14.84 ± 0.06

Table 3.5: Log of spectroscopic observations
Date
(UT)
2015/11/17.17
2015/12/03.23
2015/12/05.82
2015/12/10.88
2015/12/17.82
2015/12/20.73
2015/12/23.45
2015/12/27.32
2015/01/06.56
2016/01/18.21
2016/01/19.14
2016/01/20.05
2016/01/22.08
2016/01/30.81
2016/02/04.22
2016/02/04.12
2016/02/10.19
2016/02/20.33
2016/02/24.12
2016/03/17.09
2016/03/31.02
2016/04/27.01
2016/04/28.08
2016/06/23.66

†

Phase†
(Days)
11.1
27.9
29.8
34.1
42.1
44.9
47.8
51.8
61.9
74.0
74.8
75.0
77.8
85.7
90.7
90.9
97.0
106.7
110.8
132.8
146.7
173.8
174.6
230.8

Grism
Gr04
Gr07,Gr08
Gr07,Gr08
VPH6,VPH7
VPH6,VPH7
Gr07,Gr08
Gr07,Gr08
Gr07,Gr08
Gr07,Gr08
VPH6,VPH7
VPH6,VPH7
Gr07,Gr08
Gr07,Gr08
Gr07,Gr08
Gr07,Gr08
VPH6,VPH7
VPH6,VPH7
Gr07,Gr08
Gr07,Gr08
VPH6,VPH7
Gr07,Gr08
VPH6
Gr07,Gr08
Gr04

Spectral Range
Resolution
(Å )
3360-7740
311
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
4500-10000,3200-7000
500,470
4500-10000,3200-7000
500,470
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
4500-10000,3200-7000
500,470
4500-10000,3200-7000
500,470
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
4500-10000,3200-7000
500,470
4500-10000,3200-7000
500,470
3800-6840,5800-8350 1330,2190
3800-6840,5800-8350 1330,2190
4500-10000,3200-7000
500,470
3800-6840,5800-8350 1330,2190
4500-10000
500,470
3800-6840,5800-8350 1330,2190
3360-7740
311

Exposure Time
(sec)
1800
900
900
1500
1200
1800
600
2400
1800
300
1800
300
1500
2100
2100
1200
1500
1800
2400
1800
2100
2400
1200
2400

Slit Width
(arcsecs)
1.26
0.77, 1.92
0.77, 1.92
1.69, 2.50
1.69, 2.50
0.77, 1.92
0.77, 1.92
0.77, 1.92
0.77, 1.92
1.69, 2.50
1.69, 2.50
0.77, 1.92
0.77, 1.92
0.77, 1.92
0.77, 1.92
1.69, 2.50
1.69, 2.50
0.77, 1.92
0.77, 1.92
1.69, 2.50
0.77, 1.92
1.69
0.77, 1.92
1.26

Telescope
AFOSC, Ekar
HFOSC, HCT
HFOSC, HCT
AFOSC, Ekar
AFOSC, Ekar
HFOSC, HCT
HFOSC, HCT
HFOSC, HCT
HFOSC, HCT
AFOSC, Ekar
AFOSC, Ekar
HFOSC, HCT
HFOSC, HCT
HFOSC, HCT
HFOSC, HCT
AFOSC, Ekar
AFOSC, Ekar
HFOSC, HCT
HFOSC, HCT
AFOSC, Ekar
HFOSC, HCT
AFOSC, Ekar
HFOSC, HCT
AFOSC, Ekar

Phase has been calculated since explosion JD = 2457332.5

flux corresponding to r(AB) = 17.59 ± 0.02 mag. We applied the SNID (Blondin

& Tonry, 2011) spectral cross-correlation tool to the spectra of SN 2015as taken
on 2015 November 17 and December 03. In order to infer the SN explosion epoch,

SNID cross-correlated the spectra of SN 2015as with other type IIb templates, finding that the explosion occurred around 2015 November 5. The other tool GEneric
cLAssification TOol (GELATO) (Harutyunyan et al., 2008), which compares bins
of the spectrum with those of template SNe, suggests the explosion occurred around
2015 November 2. Both results agree with the phase reported by Tartaglia et al.
(2015b). SN 2015as was detected by the Catalina Real Time Transient Survey
(CRTS) (Drake et al., 2009) on 2015 November 8. Assuming the CRTS unfiltered
magnitudes to be close to V band, we combine our V-band data and CRTS data and
perform a parabolic fit. CRTS applies transformations to the observed clear band
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magnitudes and the converted magnitudes are close to V band1 . The magnitudes
are converted to flux and the fit is performed using the data upto nearly 38 days
since discovery. The best-fit coefficients are used to find the roots of the equation i.e
to the value of time for which the flux equals zero. The best fit parabola is shown
with the data in Fig. 3.2 (A) From the best fit coefficients, the roots obtained are
-8.01 days and +35 days. The first data point was on 2015 November 8 which is -6.4
days bfore discovery, so we estimate -8 days i.e 2015 November 6, as the explosion
date.
Drout et al. (2011) estimate that for type IIb and Ib SNe, explosion dates are
usually ∼ 20 days prior to the V -band maximum. Moreover, SNe IIb exhibit the

reddest (B-V) colour ∼ 40 days after explosion (Pastorello et al., 2008a). So, these

two findings could serve as further tools to estimate the explosion epoch. We compared the evolution of (B-V) colours of SN 2015as with a few well-studied SNe IIb.
We matched the maximum of (B-V) colour of SN 2015as and applied a shift in
phase to find the best matching SN from the SN IIb sample. The (B-V) colour
evolution matching suggests (B-V) maximum occurred around 14 ± 1 days from

discovery, thus the explosion epoch is again around 2015 November 6 (± 1) days.
This comparison gives an excellent match of SN 2015as with SNe 2008ax and 2010as
(see Fig 3.2 (B) ) which gives us an explosion epoch around 2015 November 6 (± 1).
Since the overall V-band light curve of SN 2015as is similar to that of SN 2011dh,
we matched the light curve of SN 2015as with SNe 2010as and 2011dh by applying
appropriate shifts in magnitude and phase (see Fig 3.2 (C) ). This cross-matching
of the light curves suggests V max occurred on 15 ± 1 days from discovery, thus the

explosion epoch is again around 2015 November 6 (± 1) days. Accounting for all

the above arguments, we finally estimate the explosion date of SN 2015as as 2015
November 6 (±2) (JD = 2457332.5) and use that date throughout the chapter.

3.4.2

Primary Light Curve Features

The complete multi-band (BVRIugriz filters) light curves of SN 2015as from 3 to
509 days after explosion, and the early Swift UVOT observations are presented in
Fig 3.3.
Several SNe IIb exhibit an early, fast evolving light curve peak. This early peak
is not seen in SN 2015as (in analogy with SN 2008ax) which may be either due
to the late discovery of the SN or its effective absence. Our observations started
1

http://nessi.cacr.caltech.edu/DataRelease/FAQ.html
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Figure 3.2: (A) Plot showing parabolic fit of SN 2015as with others along with
pre-explosion limit. (B) B-V colour comparison plot of SN 2015as with SNe 2008ax
and 2010as. (C) V-band light curve comparison plot of SN 2015as with SNe 2008ax
and 2010as.
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Figure 3.3: BV RI/ugriz light curve evolution of SN 2015as. Inset plot shows
the light curve evolution of the UVOT filters. Explosion epoch is taken as 2015
November 6 (JD=2457332.5). The light curves are shifted arbitrarily for clarity.
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Table 3.6: Light curve parameters of SN 2015as

Band
B
V
r
i

Peak Observed mag Peak abs. mag.
(mag)
(mag)
14.74 ± 0.02
-16.65 ± 0.39
14.63 ± 0.03
-16.82 ± 0.18
14.48 ± 0.01
-17.01 ± 0.39
14.68 ± 0.01
-16.68 ± 0.38

Rise Time
(Days)
20.88 ± 0.30
24.81 ± 0.79
23.53 ± 0.48
26.46 ± 0.49

Table 3.7: Properties of the comparison sample
SNe

Type IIb

Type Ib/Ic

Distance
(Mpc)
SN 1993J 3.63±0.7
SN 1996cb
6.41
SN 2003bg
21.7
SN 2008ax 9.6±1.3
SN 2010as 27.3±4.7
SN 2011dh 8.4±0.7
SN 2011ei 28.5±5.7
SN 2011hs 18.3±0.1
SN 2011fu 77.9±5.5
SN 2013df 16.6±0.4

Extinction
E(B − V )
0.180
0.030
0.024
0.422
0.820
0.035
0.240
0.170
0.218
0.090

MV
Ek
4m15 (V )
(mag)
(1051 erg)
(mag)
-17.59±0.13
0.7-1.4
0.98±0.04
-16.22
–
0.97±0.04
-16.95
5
0.96±0.03
-17.61±0.43
1-6
0.91±0.03
-18.01
0.7
0.94±0.05
-17.12±0.18
0.6-1.0
0.98±0.04
-16.00
2.5
0.75±0.13
-16.59
0.85
1.18±0.06
-18.50±0.24
1.3
0.78±0.04
-16.85±0.08
0.4-1.2
1.32±0.10
-18.07±0.06
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Ni mass
(M )
0.10-0.14
–
0.1-0.2
0.07-0.15
0.12
0.05-0.10
0.03
0.04
0.15
0.10-0.13

Mej
(M )
1.3-3.5
–
4
2-5
2.5
1.8-2.5
1.6
1.8-2.5
3-5
0.8-1.4

Reference†
1,11
2,11,12
3,11,12
4,11
5,11,12
6,11
13
7,11,12
8,11,12
9,11,12
10

†

REFERENCES.–(1) Barbon et al. (1995), Richmond et al. (1994); (2) Qiu et al.
(1999); (3) Hamuy et al. (2009), NED; (4) Taubenberger et al. (2011), Pastorello
et al. (2008a); (5) Folatelli et al. (2014b); (6) Sahu et al. (2013); (7) Milisavljevic
et al. (2013); (8) Bufano et al. (2014); (9) Kumar et al. (2013); (10)
Morales-Garoffolo et al. (2014); (11) Morales-Garoffolo (2016); (12) Drout et al.
(2011); (13) This work

3.1 days after the explosion. The peak magnitudes and epoch of maximum in each
filter was estimated by a cubic spline fit. The errors reported are obtained from the
interpolated measurements around the peak. The B band maximum occurred 22.0
± 0.3 days after the explosion, at an apparent magnitude of 14.74 ± 0.02 mag, while

the V -band maximum occurred 4.0 days after the B-band maximum, at an apparent

magnitude of 14.63 ± 0.03. The r and i bands peaked 2.7 days and 5.6 days after
the B- band maximum, with apparent magnitudes of 14.48 ± 0.01 and 14.68 ± 0.01,

respectively. The rise times to the light curve maxima in each band, their JDs at

peak and their peak magnitudes are tabulated in Table 3.6. The B-band maximum
light is reached 22 days after the first detection, and there is a gradual delay in
reaching the maximum light in the redder pass bands.
The light curve features of SN 2015as are compared with those of other well58
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studied SNe IIb (cf. Fig 3.4 and Fig 3.5). We construct a sample of ten SNe
IIb (SN 1993J (Richmond et al., 1994, 1996a); SN 1996cb (Qiu et al., 1999); SN
2003bg (Mazzali et al., 2009); SN 2008ax (Pastorello et al., 2008a; Taubenberger
et al., 2011); SN 2010as (Folatelli et al., 2014b); SN 2011hs (Bufano et al., 2014); SN
2011dh (Sahu et al., 2013); SN 2011ei (Milisavljevic et al., 2013); SN 2011fu (Kumar
et al., 2013; Morales-Garoffolo et al., 2015) and SN 2013df (Morales-Garoffolo et al.,
2014)) from the literature. The parameters of the comparison sample are listed in
Table 3.7.
SN 2015as shows comparatively larger rise times than other SNe IIb (Table 3.6).
Fig 3.4 shows the light curve evolution of our SN sample up to 100 days. Their
observed magnitudes are normalised with respect to their peak magnitudes, and a
shift in time is applied to match the time of maximum. At early epochs (pre-max
phases), the B and V light curves of SN 2015as clearly resemble those of SNe 2011dh
and 1993J. The decline in magnitude during the first 15 days after maximum are
4m15 (B) = 1.51 ± 0.16 and 4m15 (V ) = 0.68 ± 0.03 mag for the B and V -bands,
respectively. The V -band decline value is smaller than in other SNe IIb (see Table

3.7). Our estimate of 4m15 (V ) for SN 2015as is also smaller than the average value

for type Ib/Ic SNe (4m15 (V ) = 0.8 ± 0.1 mag; Drout et al., 2011). Between 50 and
100 days, SN 2015as declines with rates of 1.10 ± 0.03, 1.85 ± 0.06, 1.87 ± 0.08 and
1.73 ± 0.01 mag (100 days)−1 in the B, V, R and I-bands respectively. The decay

rate of SN 2015as in B-band closely matches that of SN 2011dh whereas it is slower
than SN 2011fu. The V -band decline of SN 2015as is faster than SNe 2011dh and
2011fu, whereas the R-band and the I-band decay rates of SN 2015as are slower
than SNe 2011dh and 2011fu and are faster than SN 1993J (see Table 3.8).
At 100-300 days, the slope of the light curve changes. A steepening is noticed
in the B-band as compared with other SNe IIb, with the decay rate being 1.30 ±

0.08 mag (100 days)−1 , while a softening is noticed in the V -band decline with a

rate of 1.66 ± 0.04 mag (100 days)−1 . The B-band steepening may be due to early

dust formation. Dust formation always shifts the spectral energy distribution to

the redder wavelengths, so early steepening or the fast decay of B-band could be
an indication of early circumstellar interaction leading to dust formation. The R
and I-band light curves show decay rates of 1.13 ± 0.04 and 1.67 ± 0.03 mag (100

days)−1 respectively. The late-time (≥ 100 days) evolution of SN 2015as is shown in
Fig 3.5, along with those of other SNe IIb. The decay rates at comparable epochs

for the IIb SN sample are listed in Table 3.8. The post-maximum light curves of
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Table 3.8: Early and late time decay rates of a sample of Type IIb SNe. The sample
includes four Type IIb SNe 1993J, 2008ax, 2011dh and 2011fu.
Supernova
B
SN 1993J
1.46
SN 1996cb 1.23±0.09
SN 2008ax 1.46±0.02
SN 2010as 0.80±0.10
SN 2011dh 1.09±0.15
SN 2011fu 1.25±0.07
SN 2013df 1.04±0.04
SN 2015as 1.10±0.03
Supernova
B
SN 1993J
1.39
SN 1996cb
–
SN 2008ax 1.74±0.30
SN 2011dh 1.71±0.13
SN 2011hs 1.95±0.12
SN 2011fu
–
SN 2015as 1.30±0.08

Early time (50-100 days) decay rates
in units of mag (100 days)−1
V
1.73
1.96±0.05
2.05±0.06
1.67±0.04
1.76±0.04
1.78±0.04
2.01±0.04
1.85±0.06
Late time (100-300 days) decay rates
in units of mag (100 days)−1
V
1.71
1.02±0.12
1.90±0.10
1.83±0.11
2.30±0.66
–
1.65±0.04

R
1.57
2.15±0.06
2.20±0.07
2.30±0.12
2.16±0.05
2.04±0.04
–
1.87±0.08

I
Reference†
1.77
1,2
–
6
1.90±0.07
6
1.96±0.20
6
1.90±0.05
2
1.97±0.05
5
–
6
1.73±0.09
6

R
1.49
1.17±0.15
1.64±0.90
1.51±0.05
2.03±0.09
–
1.13±0.04

I
Reference†
1.87
1,2
–
6
2.03±0.80
3,4
1.70±0.06
2
–
6
–
–
1.67±0.03
6

†

REFERENCES.–(1) Barbon et al. (1995); (2) Sahu et al. (2013); (3) Pastorello
et al. (2008a); (4) Taubenberger et al. (2011); (5) Morales-Garoffolo et al. (2015);
(6) This work
SNe IIb are steeper in the blue bands, with a gradual flattening observed in red
bands. The late-time decay rates of SNe IIb usually exceed the
−1

56

Co →

56

Fe decay

rate (0.98 mag (100 days) ). This is indicative of incomplete gamma-ray trapping
and/or lower positron deposition and is typical in SE SNe. The B-band light curve
of SN 2015as shows a sort of plateau between 70-100 days after explosion, similar
to SNe 1993J (Lewis et al., 1994) and 2011fu (Kumar et al., 2013) at comparable
epochs.

3.4.3

Colour Curves

The colour evolution of SN 2015as is shown in Fig 3.6. SNe 1993J, 2008ax, 2010as,
2011dh, 2011ei, 2011fu, 2011hs and 2013df are also shown as comparisons. All
colour curves have been corrected for the reddening values given in Table 3.7. The
(B − V ) colours of SN 2015as become bluer from 11 to 25 days after explosion

starting from (B − V ) ∼ 0.26 mag, then becomes redder from about 25 to 50 days
after explosion, reaching (B − V ) ∼ 1.19 mag, and evolves towards a blue colour
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Figure 3.4: A comparison of light curve evolution of SN 2015as and other SNe IIb
in the different bands up to 100 days post explosion. The observed magnitudes are
normalised with respect to their peak magnitudes and a shift in time is applied to
match the epoch of maximum.
reaching (B − V ) ∼ 0.26 mag at ∼190 days. During the first 10 to 20 days prior to

maximum light, the colour of single-peaked SNe IIb like SNe 2008ax, 2010as shows
an early red to blue transition that is not detected for double peaked SNe like SNe
1993J, 2011fu, 2013df etc (Morales-Garoffolo, 2016). SN 2015as shows such early
red to blue (B − V ) colour transition. The (V − R) moves to redder colours until

∼40 days after explosion (reaching 0.86 mag), then becomes bluer from 50 to 90
days. Beyond 170 days, the (V − R) colour grows, and reaches a value of 1.75 mag
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Figure 3.5: Late time (80-400 days post explosion) light curve evolution of SN 2015as
and other SNe IIb. The observed magnitudes are normalised with respect to their
peak magnitudes and shifted in time to match the epoch of maximum.

which is redder than other SNe in the sample. The (V − I) colour becomes redder
from 25 to 70 days post explosion. From 70 to 154 days post explosion, it remains
constant and becomes redder again reaching a value of 1.04 mag at 160 days. At
this stage, the outer ejecta becomes optically thin. The redder colour of SN 2015as
suggests that the SN is intrinsically redder. We see that NaID due to the Milky Way
and the host galaxy are not prominent, hence suggesting very modest extinction.
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Figure 3.6: A comparison of the (B-V), (V-R) and (R-I) colours of SN 2015as and
other representative SNe IIb. The colours are corrected for the reddening values
given in Table 3.7. The inset in the topmost panel shows the (B-V) colours of SNe
2008ax and 2015as upto ∼ 80 days post explosion.

3.4.4

Absolute Magnitude

The absolute magnitudes of the SN sample are estimated using the distance and
reddening values given in Table 3.7. The distances of all the SNe are calculated
assuming H0 = 73.0 ± 5.0 km sec−1 Mpc−1 . The V peak band absolute magnitude
of SN 2015as is -16.82 ± 0.18 mag, obtained by adopting the reddening and distance

values given in Section 2. The peak absolute magnitude of SN 2015as is nearly 0.5
mag fainter than the mean absolute magnitude (-17.40 ± 0.10 mag; Richardson
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Table 3.9: Best fit parameters derived from the analytical modelling of the bolometric light curve using Nagy & Vinkó (2016).
Pseudo-bolometric lightcurve parameters
Parameter
R0 (cm)
Trec (K)
Mej (M )
MN i (M )
ET h
Ekin
Full-bolometric light curve parameters
Parameter
R0 (cm)
Trec (K)
Mej (M )
MN i (M )
ET h
Ekin

Core(He-rich)
(κ =0.24 cm2 g−1 )
2 x 1011
5500
1.0
0.08
0.36 x 1051
0.75 x 1051

Shell(H-rich)
(κ =0.4 cm2 g−1 )
0.05 x 1013
–
0.1
–
0.30 x 1051
0.25 x 1051

Core(He-rich)
(κ =0.24 cm2 g−1 )
2 x 1011
5500
1.2
0.08
0.36 x 1051
0.78 x 1051

Shell(H-rich)
(κ =0.4 cm2 g−1 )
0.05 x 1013
–
0.1
–
0.30 x 1051
0.28 x 1051

Remarks
Initial radius of the ejecta
Recombination Temperature
Ejecta Mass
Initial Nickel Mass
Initial Thermal Energy
Initial Kinetic Energy
Remarks
Initial radius of the ejecta
Recombination Temperature
Ejecta Mass
Initial Nickel Mass
Initial Thermal Energy
Initial Kinetic Energy

et al., 2006) of SNe IIb and 1.25 mag fainter than average peak absolute magnitude
of type Ib/c SNe. It is fainter than SN 1993J (-17.57 ± 0.24 mag ; Richmond et al.
(1994)), SN 2008ax (-17.61 ± 0.43 mag ; Morales-Garoffolo (2016)), SN 2010as

(-18.01 ; Morales-Garoffolo (2016)), SN 2011dh (-17.12 ± 0.18 mag; Sahu et al.
(2013)), SN 2011fu (-18.50 ± 0.24 mag; Kumar et al. (2013)), while it is nearly
0.5 mag brighter than SN 1996cb (-16.22 mag; Qiu et al. (1999)) and SN 2011ei

(-16.0 mag; Milisavljevic et al. (2013)). SN 2015as is of comparable brightness to
SN 2003bg (-16.95 mag; Mazzali et al. (2009)), SN 2011hs (-16.59 mag; Bufano et al.
(2014)) and SN 2013df (-16.85 ± 0.08 mag; Morales-Garoffolo et al. (2014)). SNe

IIb show a moderate range of V -band peak absolute magnitudes (-18 to -16 mag)
with SN 2015as belonging to the faint SNe IIb subgroup.

3.4.5

Bolometric Light Curve

In order to construct the bolometric light curve, the reddening-corrected magnitudes
were converted to fluxes using the flux zero point values provided by Bessell et al.
(1998) and the u band zero point was taken from Fukugita et al. (1996). The
bolometric flux of SN 2015as at different epoch is estimated by integrating the
monochromatic fluxes in the uBV RI bands using the trapezoidal rule. A distance
of 19.2 ± 1.4 Mpc is adopted to convert the flux to bolometric luminosity. Our
u-band observations end at 132 days after explosion. Assuming a constant (u − B)
colour at very late phases, we estimate the u-band magnitudes up to 173 days using
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the constant (u − B) colour equal to the last available one (132 days). We construct

the pseudo-bolometric light curve using uBV RI observations up to 173 days after
explosion. To account for the missing observed flux on some nights, interpolation
of the light curves is done. The pseudo-bolometric light curve of SN 2015as is
shown along with those of other SNe IIb in Fig 3.7. The pseudo-bolometric light
curves of SN 1993J (Richmond et al., 1994), SN 2008ax (Pastorello et al., 2008a;
Taubenberger et al., 2011), SN 2011dh (Sahu et al., 2013), SN 2011ei (Milisavljevic
et al., 2013), SN 2011fu (Kumar et al., 2013), SN 2011hs (Bufano et al., 2014) and
SN 2013df (Morales-Garoffolo et al., 2014) in the optical domain are constructed
with the same method as SN 2015as. The distance and reddening values are given
in Table 3.7. SN 2015as is fainter than most SNe IIb, except SNe 2011hs and 2011ei.
In fact, the brightest SN IIb in our sample, SN 2011fu, has a peak luminosity of
5.2 x 1042 erg sec−1 whereas SN 2015as has a peak luminosity which is a factor 3.2
lower (1.5 x 1042 erg sec−1 ).
Assuming that the radioactive decay of

56

Ni →

56

Co →

56

Fe powers the light

curve of stripped-envelope SNe, at maximum light the radiated luminosity is directly
related to the amount of

56

Ni synthesised during the explosion (Arnett, 1982). Fix-

ing the peak bolometric peak luminosity (Lp ), and assuming the rise time (tp ) being
equal to the diffusion time scale (τm ), we can estimate the mass of

56

Ni using equa-

tion 3 of Prentice et al. (2016), which is based on the formulation given by Stritzinger
& Leibundgut (2005). Using Lp (uBV RI) = 1.5 x 1042 erg sec−1 , we estimate the
56

Ni mass = 0.07 M .
Prentice et al. (2016) also show that the median NIR contribution to the bolo-

metric peak luminosity is 14 % and the flux from other wavelengths contribute 10 %.
The bolometric luminosity increased to 1.7 x 1042 erg sec−1 when the contribution
from NIR and other wavelengths is also considered which results in

56

Ni mass of

0.08 M .
Following Arnett (1982), τm determines the width of the bolometric light curve
and can be expressed in terms of opacity (κ), ejecta mass Mej , and the photospheric
velocity at luminosity peak vph :
τm =

√  k  21  Mej  21
2
βc
vph

(3.1)

where β = 13.8 is a constant of integration (Arnett, 1982) and c is the speed of light.
Additionally, we assume a constant opacity k = 0.07 cm2 g−1 which is justified if
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electron scattering is the dominant opacity source (Chevalier, 1992). The kinetic
energy for spherically symmetric ejecta with uniform density is:
Ek =

3
2
Mej vph
10

(3.2)

In the case of SN 2015as, using τm = 17 days and vph = 7000 km sec−1 , we estimate
Mej = 2.2 M and Ek = 0.656 x 1051 erg. Folatelli et al. (2015) use hydrodynamical
models to fit the bolometric light curves of SNe 2008ax and 2011dh and generate
various model combinations of explosion energy, He core mass and

56

Ni mass. A

comparison with the models of Bersten et al. (2012) and Folatelli et al. (2015)
suggests an He core mass of 3.3 M in SN 2015as for
= 0.656 x 10

51

56

Ni mass = 0.08 M and Ek

erg. The probable ZAMS mass in this scenario is predicted to be

between 12 - 15 M .
The light curves of SNe IIb are usually modelled by a two-component ejecta
configuration, with an extended, low-mass, H-rich outer envelope and a denser and
compact He-rich core (Nagy et al., 2014; Nagy & Vinkó, 2016). The light curve
is thus the combination of radiation coming from the shock-heated ejecta and the
radioactive decay of 56 Ni to 56 Co. However, in SNe IIb without the early light-curve
peak the

56

Ni decay is the dominant source powering the light curve. We assume

that SN 2015as is one of these cases. With the assumption that the outer layer
retained some H (Arnett & Fu, 1989), κ = 0.4 cm2 g−1 is selected as the Thompson
scattering opacity for this layer, while the core is assumed to be composed only by
He, and has κ = 0.24 cm2 g−1 . The model given by Nagy et al. (2014); Nagy & Vinkó
(2016) solves a set of differential equations through simple numerical integration.
As the photon diffusion time scale is much smaller in the outer shell than in the
core, the contribution of the two regions to the overall light curve is well separated.
With the two-component model, we are able to extract information on the radius
of both the H-rich shell and the He-rich core. Using the uBVRI and full bolometric
light curves we find the best-fit model. In order to do so, we vary the shell radius
on a wide scale. The contribution of the core and shell at different values of shell
radius (while keeping other parameters fixed) is shown in Fig. 3.8. The transition
of the shell radius from 0.3 x 1012 cm to 0.5 x 1012 cm includes the contribution of
both the core and the shell to the overall bolometric light curve. Thus, we claim
that for a shell radius of 0.5 x 1012 cm a best fit model to the full bolometric
light curve is obtained (Fig. 3.8 (B)). The best fit values of

56

Ni, Mej (core and

shell), Ek , ET h (Thermal energy), ionisation temperature T and radius of the core
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and shell, using the uBVRI and full bolometric light curve, are given in Table 3.9.
Using the uBVRI and full bolometric light curve, our best-fit model yields

56

Ni

mass to be 0.07 and 0.08 M , respectively, which are consistent with the estimates
obtained using Arnett’s formulation as discussed above. However, these parameters
are uncertain when the light curve is poorly sampled during its cooling phase. We
remark that independent values of opacity, ejected mass and kinetic energy cannot
be obtained with this method. Only degenerate combinations like Mej κ and Ek κ
can be constrained by observations. Secondly, for the case of stripped-envelope SNe,
the values of Mej and Ek may change significantly when the tail or the peak of the
light curves are fitted. The total kinetic energy Ek is the combination of the core
and shell.
Comparing with the results obtained with the Arnett’s approximation, we found
that the estimated values of Ek differ by 0.5 x 1051 erg and Mej is well within comparable range while

56

Ni mass also differs by 0.01 M . However, Arnett’s formulation

works well only when the radius (R) is negligible. For SN 2015as, we estimate a
compact radius of 2 x 1011 cm (∼ 3 R ) for the He-rich core and 5 x 1011 for the Hrich shell. On the other hand to shock heated ejecta, at the H-recombination front,
the thermal energy also contributes in determining the light curve shape (Arnett,
1982; Nagy et al., 2014) or else the assumption that the rise time being equal to
diffusion time scale, would thus lead to a significant under-estimate of MN i and Ek .
Also, a minor difference is noticed in the values of Mej as obtained from Arnett’s
formulation and Nagy & Vinko models, likely due to the discrepant values of κ. Arnett assumes that the electron-scattering opacity is the dominant source of opacity,
we therefore vary the opacity between 0.07 to 0.2 cm2 g−1 and estimate Mej being
between 1.1 to 2.2 M .

3.5

Spectroscopic Results

We present the spectral sequence of SN 2015as from ∼ 11 days to ∼ 230 days after

the explosion. The first spectrum was taken on 2015 November 17. For the sake of
clarity, line identification and spectral evolution at different phases will be discussed
in three separate sections.
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Figure 3.7: Pseudo-bolometric light curves of our sample of SNe IIb. The distance
and reddening values adopted for estimating their bolometric luminosities are given
in Table 3.7.

3.5.1

Pre-Maximum Spectroscopic Features

Fig 3.9 shows the pre-maximum spectrum of SN 2015as, obtained 11 days after the
explosion. The spectrum has dominant absorption features superimposed on the
continuum. The spectrum is dominated by features of Ca II H & K (3968 and 3933
Å), P-cygni absorption profiles of Hα (6563 Å), Hβ (4861 Å), Hγ (4341 Å) and Fe
II (4924 and 5018 Å)/ Mg II lines. The dip at 4882 Å is most likely due to the
combination of He I (4921, 5051 Å) and Fe II (4924 Å) features. We also identify a
weak Fe II absorption line at 5038 Å. The feature seen at 5760 Å is very likely due
to He I 5876 Å.
The observed spectrum is compared with a synthetic spectrum generated using
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Figure 3.8: Bolometric light curves at different values of shell radius. The second
and third panel shows that a small variation in radius incorporates the contribution
of the shell to the bolometric light curve.
.
SYN++ in Fig 3.9. SYN++ is an improved version of the SYNOW code (Thomas
et al., 2011). The basic assumptions of this model are spherical symmetry, local
thermodynamic equilibrium for level populations, resonant scattering line formation
above a sharp photosphere and homologous expansion of the ejecta (v ∝ r). The

line formation is treated using the Sobolev approximation (Jeffery, 1990; Sobolev,
1957). The optical depth of the strongest line is the free fitting parameter, while the
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Figure 3.9: Early spectrum of SN 2015as (11 days after the explosion). The synthetic
spectrum generated using SYN++ modelling is plotted with a dashed line.
optical depths of other lines of the same ion are determined assuming Boltzmann
equilibrium at the excitation temperature Texc . However, one should account for
approximations due to assuming a sharp photosphere emitting like a blackbody, and
no electron scattering.
The main species required to match the observed spectrum are marked in Fig
3.9. The photospheric temperature of the synthetic spectrum at 11 days is 8,000
K. The photospheric velocity obtained from the synthetic spectrum is vph = 8,500
km sec−1 . The H lines are detached from the photosphere by a modest amount
and with a minimum velocity of vmin = 8,800 km sec−1 . The Hβ and Hγ features
are reproduced well with a minimum velocity vmin = 8,800 km sec−1 and maximum
velocity vmax = 15,000 km sec−1 . The broad Hα feature is difficult to fit due to
the possible blend with a nearby component. Barbon et al. (1995) suggest that the
broadness of Hα in SN 1993J could be due to a blend of Hα and Fe II lines whereas
in SN 2000H it could be a blend with C II 6580 Å and Si II 6355 Å line (Elmhamdi
et al., 2006; Mazzali et al., 2009; Silverman et al., 2009). Two components of H with
different velocities reproduce the broad Hα profile in SN 2011ei (Milisavljevic et al.,
2013). However, in SN 2015as spectral modelling shows that a two-component Hα
profile (one being a high velocity component) does not fit well. On the other hand,
a combination of Hα and Si II 6355 Å reproduces the observed features at 6353
Å (see Fig. 3.9). The feature at 5760 Å is due to He I, as also observed in SN
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Figure 3.10: A comparison of the pre-maximum spectrum of SN 2015as with those
of SNe 1993J, 1996cb, 2003bg, 2008ax, 2011dh, 2011ei, 2011fu and 2013df. Even
though He I lines are visible, all spectra show strong Hα features.
2008ax (Pastorello et al., 2008a).
A comparison of the early spectrum of SN 2015as with other SNe IIb is shown
in Fig 3.10. The sample includes SNe 1993J (Barbon et al., 1995; Matheson et al.,
2000a), 1996cb (Modjaz et al., 2014), 2003bg (Hamuy et al., 2009), 2008ax (Crockett et al., 2008; Modjaz et al., 2014; Taubenberger et al., 2011), 2011fu (Kumar
et al., 2013; Morales-Garoffolo et al., 2015), 2011dh (Sahu et al., 2013), 2011ei (Milisavljevic et al., 2013), 2011hs (Bufano et al., 2014) and 2013df (Morales-Garoffolo
et al., 2014). The Hα absorption feature is very prominent in all spectra though
with different shapes. It is important to note that the He I 5876 Å feature is very
weak in SN 2015as as compared to other members of our sample.

3.5.2

Transition Phase

The second spectrum was obtained 27 days after the explosion, and is shown along
with the 29 and 34 day spectra in Fig 3.11. The most prominent lines, including the
He features, are marked in the figure. A common property of the three spectra is
the weakening of the blue continuum. We also note a decrease in the strength of Hβ
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Figure 3.11: The 27, 29 and 34 day spectra of SN 2015as are characterised by the
appearance of He I features. Phases are calculated from the explosion date. All
the spectra show strong Hα feature and He I feature with varying strength. The
synthetic spectra generated using SYN++ are marked with dashed lines. Spectra
are vertically shifted by an arbitrary amount for clarity.
and Hγ while He I features now become prominent. In particular, P-cygni features
due to He I lines 4471, 5015, 5876, 6678, 7065 and 7281 Å are now strong. The
appearance and the strengthening of He I 6678 Å and 7065 Å about a month after
the explosion, indicates that the progenitor of SN 2015as was partially stripped.
The Fe II lines between 4300 and 5000 Å become stronger with time. A double
notch in absorption is seen at 5300 Å probably due to Sc II lines. We also see a O I
8448 Å line near the left edge of Ca II NIR triplet. The O I line later on blends with
the increasing Ca II NIR. The Hα absorption line becomes somewhat narrower, and
a double trough is seen in 27 and 29 days spectra. The red component is primarily
due to the P-cygni profile of Hα line while the origin of the blue component is still
not clear. It has been suggested that the blue component is also a part of Hα line,
e.g. due to the presence of non-spherical density distribution of H (Schmidt et al.,
1993) or the existence of a second high velocity Hα layer (Branch et al., 2002; Zhang
et al., 1995). The spectral modelling reveals again that a combination of Hα and Si
II 6355 Å reproduces the observed features at 6353 Å.
A close look at the 27, 29 and 34 day spectra reveals that the H profile becomes
sharper. The synthetic spectra using SYN++ with vmax decreasing from 12,000 km
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sec−1 to 7,000 km sec−1 , and the photospheric temperatures fading from 8,000 to
6,000 K fit the observed spectra well. The He I 5876 Å feature is well fitted, and
the blueshift of its absorption profile indicates velocities decreasing from 8,000 to
7,000 km sec−1 . The O I, Ca II and Mg II lines become prominent, with velocities
7,500, 9,000 and 8,000 km sec−1 , respectively.
Subsequent spectra, in the transition from the photospheric to the nebular phase,
show a weakening of the Ca II H & K feature (see Fig 3.12). The absorption of Hα
decreases in strength with time and, at ∼ 75 days, it marks the metamorphosis of

the SN spectrum from type II to type Ib. Lines of He I 4471, 5015, 5876, 6678, 7065
and 7281 Å are now well observed. The presence of Hα and Hβ absorption features
until ∼ 75 days indicates that the progenitor was still relatively H-rich at the time

of the explosion. A residual Hα emission feature is seen between 75 to 110 days post
explosion. The O I line at 7774 Å is detected, in addition to the absorption due
to Mg II. The He I 5876 Å wing is becoming prominent and the He I absorption
profile shows a notch due to the Na ID feature. This phase is characterised by
the appearance of the Ca II NIR emission feature, which gradually becomes more
prominent from the 50 to 110 days spectra. The spectra now resemble those of a
type Ib event, except for the residual presence of the Hα feature. The forbidden
line of [O I] 5577 Å , and O I at 7774 Å become more prominent with time. Fig
3.13 shows that the spectrum of SN 2015as at this phase match well those of SNe
1993J, 2008ax and 2011dh. The Hα profile at this stage is similar to SNe 2003bg and
1996cb, suggesting a similar progenitor configuration. The Ca II NIR emission of SN
2015as matches those observed in the spectra of SNe 1993J and 2008ax, although
the peaks are more pronounced in SN 2015as.

3.5.3

Nebular Phase

The nebular phase spectral evolution from 132 to 230 days after explosion is shown
in the Fig 3.14. The nebular spectra are dominated by the strong [O I] doublet at
6300, 6364 Å. The 230 days spectrum also shows a prominent [Mg I] 4571 Å line,
which has a similar origin as the [O I] doublet. A broad emission likely due to O I
7774 Å is also seen up to 230 days after explosion. The nebular phase spectra of SNe
IIb are compared in Fig 3.15. We note that Hα has faded in all SN spectra which
are dominated by emission lines of [Mg I] 4571 Å, [O I] 6300, 6364 Å, [Ca II] 7291,
7324 Å, OI 7774 Å, blends of [Fe II] lines near ∼ 5000 Å and the Ca II NIR triplet.
The weakening of [O I] 5577 Å line can be noticed. Although nebular features are
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Figure 3.12: Spectral evolution of SN 2015as from 42 to 110 days after explosion.
The important lines are marked by shaded regions. Dotted lines represents the
prominent He I features at different stages of the SN evolution.
74

Ca II

OI
Mg II

Hα

He I

3.5 Spectroscopic Results

Normalised flux + constant

93J+59
96cb+55
01ig+50
03bg+44
08ax+56
11dh+60
11ei+55
11fu+55
11hs+52
15as+52

4000

5000

6000

7000

Rest Wavelength ( )

8000

9000

10000

Figure 3.13: A comparison of SN 2015as and other SNe IIb at intermediate epochs
(∼ 45-60 days) of their evolutions. The spectra show weakening of H lines along
with dominant Ca II NIR and He I features. The important lines are marked by
shaded regions.
similar for all SNe , differences exist with respect to the relative strengths of emission
lines, and their shapes. The Ca II NIR triplet in SN 2015as is very similar to that
of SN 1993J, although the overall spectrum closely matches those of SNe 2008ax
and 2011dh. The Ca II NIR feature in SN 2015as has a different emission geometry
when compared with SN 2003bg and SN 2011dh (Fig 3.15). Although the He I lines
at 6678, 7065 Å are now relatively weaker, the He I 5876 Å is still pronounced
in SN 2015as and SN 2011dh, most likely due to an increasing contribution of Na
ID. We also estimate the [Mg I]/[O I] flux ratio on the last spectrum of SN 2015as,
and found the value to be 0.23. Sahu et al. (2013) found that at ∼ 280 days post
explosion, the ratio is ∼ 0.2 in SN 2011dh, ∼ 0.15 in SN 1993J and 0.36 in SN

2001ig, which has the strongest [Mg I] line (Silverman et al., 2009). The emission
features of [O I] 6300, 6363 Å , [Ca II] 7291, 7324 Å doublets and [Mg I] 4571
Å singlet are discussed in more detail below.
The Hα absorption is detected up to 146 days in SN 2015as, and completely
disappears thereafter. We notice that Hα is seen in the nebular phases (beyond
150 days) in SN 1993J, which is plausibly a signature of circumstellar interaction
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Figure 3.15: Comparison of the nebular phase spectrum of SN 2015as with other
SNe IIb. Prominent doublet of [O I] is marked.
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(Matheson et al., 2000b; Maurer et al., 2010a), or due to mixing and clumping of H
and He ionised by the radioactive decay (Maurer et al., 2010a) or even blending of
Hα and [N II] 6548, 6584 Å. In the case of SN 2015as, no nebular Hα emission is
observed after 150 days, implying that circumstellar interaction is not significant.
Magnesium Emission at Late Phases: Maeda et al. (2006b), through their
hydrodynamic explosion models, suggest that [Mg I] and [O I] have similar spatial
evolution within the SN ejecta. A direct comparison of the [Mg I] and [O I] 6300,
6364 Å profiles is problematic as the [O I] feature is a doublet. However, we compare
the evolution of the [O I] 5557 Å with [Mg I] 4571 Å. in the case of SN 2015as, the
[Mg I] feature is not as prominent as [O I] in the early nebular spectra. This may be
due to different geometry originating in the stratification of progenitor star and the
hydrodynamics of the explosion. The [Mg I] 4571 Å feature at day 230 shows an
asymmetric profile similar to that of [O I]. In Fig 3.16(A), we present the evolution
of [O I] 5577 Å line profile and compare it with that of [Mg I] at 230 days. The
two lines have very similar profiles in the late nebular phase. This indicates that
the line profiles are governed by the ejecta geometry, and [O I] and [Mg I] have a
similar distribution in the SN ejecta.
Oxygen Emission at Late Phases: The [O I] 6300, 6364 Å usually have a
double-peaked structure. Fig 3.16(B) shows the evolution of the double peaked [O
I] line from 132 to 230 days after explosion. The [O I] line is becoming prominent
and more symmetric with time. The wavelength corresponding to zero velocity is
that of the 6300 Å line. The two peaks of the [O I] feature in the SN 2015as spectra
are separated by 62 Å , and this matches the expectation for the two lines of the [O
I] doublet. The absence of [O I] 5577 Å marks the onset of optically thin regime
(Taubenberger et al., 2009), predicted with an intensity ratio for the two lines of the
doublet of 3:1 (Mazzali et al., 2001; Taubenberger et al., 2009). The observed profile
gives information on the geometry of the emitting region (Taubenberger et al., 2013,
2009). in the case of SN 2015as, the ratio of [O I] 6300, 6364 Å to [O I] 5577 Å line
fluxes is about 7, hence, the contribution of [O I] 5577Å flux is actually negligible.
SN 2015as has one peak close to the rest velocity while the other one is blueshifted
by ∼ -1700 km sec−1 . The possible explanations for the observed blueshift are low
mode convective instabilities (Kifonidis et al., 2006; Scheck et al., 2004) or the sup-

pression of the redshifted part of the emission spectrum caused by dust formation as
the ejecta cool (Elmhamdi et al., 2004; Matheson et al., 2000b). A straightforward
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geometric explanation could be either asymmetric explosions with the emitting oxygen located in a torus or in a disc perpendicular to the line of sight (Maeda et al.,
2006a; Mazzali et al., 2001), or a blob of oxygen moving perpendicularly to the line
of sight. For different SNe, multiple explanations were proposed for the origin of
double peaked profiles. The [O I] line profile, in most cases is the result of clumpy
ejecta with a sawtooth profile (Matheson et al., 2000b), which is supported by the
explosion scenario of SN 1987A (Li et al., 1993) where the O emission originates from
clumps of newly synthesised material, while the Ca emission mainly originated from
pre-existing, uniformly distributed material. Filippenko & Sargent (1989) suggested
that these enhancements come from Rayleigh-Taylor fingers of high speed material
or changes in local density contrasts. Asphericity in the explosion would also result
in asymmetric peaks (Milisavljevic et al., 2010). An alternative explanation for the
double peaked structure of O lines could be a high-velocity (12,000 km sec−1 ) Hα
absorption component, which causes a split in the [O I] peak (Maurer et al., 2010a).
Since there is no late-time Hα emission in SN 2015as, the contribution of H to the
[O I] split can be ruled out. The asymmetric profile of SN 2015as is very similar
to that observed for SN 2008ax, that was attributed to a thin O torus viewed from
equatorial direction in addition to a spherically symmetric mass of O, or an aspheric
distribution of

56

Ni exciting the O layers (Taubenberger et al., 2009).

Calcium Emission at Late Phases: As shown in Fig 3.15, the [Ca II] 7291,
7324 Å emission in SN 2015as matches that of SN 1993J. The [Ca II] emission line
in SN 2015as has a round peak unlike SN 2008ax and SN 2011dh which exhibit
sharp peak. Fig 3.16(C) shows the [Ca II] evolution from 132 to 230 days after
the explosion, with the feature increasing in strength with time. The pre-existing
envelope excites the Ca mixed in the atmosphere to reach the temperature required
to produce the [Ca II] emission, as H and He do not radiate efficiently (Li et al.,
1993; Matheson et al., 2000a). Calcium clumps are formed during explosion but
they do not contribute significantly to the [Ca II] emission. They intercept γray radiation, however, as the mass fraction is comparatively less, the amount of
radioactive luminosity and temperature achieved is not sufficient for the emission.

3.5.4

Estimates of the O mass and [Ca II] / [O I] ratio

The line strengths in the nebular phase spectra provide key information on the
progenitor mass. Uomoto (1986) derived a relation, showing the minimum mass of
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Figure 3.16: Line profiles of [Mg I] 4571 Å/ [O I] 5577 Å, [O I] 6300, 6364 Å and
[Ca II] 7291, 7324 Å during the nebular phase. The first five dashed lines in panel
(A) represent the evolution of the [O I] 5577 Å line, while the last one (solid red
line) is for [Mg I] 4571 Å.
O that can be estimated in the high density (Ne ≥ 106 cm−3 ) limit. This is given
by

MO = 108 × D2 × F ([O I]) × exp(2.28/T4 ) ,

(3.3)

where MO is the mass of the neutral O in M units, D is distance to the galaxy
in Mpc, F ([OI]) is the total flux of the [O I] 6300,6364 Å feature in erg sec−1
cm−2 , and T4 is the temperature of the O-emitting region in units of 104 K. Ideally,
the ratio of [O I] 5577 Å to the [O I] 6300, 6364 Å feature should be considered.
However, the [O I] 5577 Å line is very faint, and the limit of the flux ratio can
be assumed to be ≤ 0.1. In this limit two conditions exist, either high density (Ne

≥ 106 cm−3 ) and low temperature (T4 ≤ 0.4 K), and low density (Ne ≤ 106 cm−3 )
and high temperature (T4 = 1.0 K) (Maeda et al., 2007). The O-emitting region

is found at high density and low temperature (Elmhamdi et al., 2004; Leibundgut
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et al., 1991; Schlegel & Kirshner, 1989). Using the observed flux of 4.1 x 10−14 erg
sec−1 cm−2 of the [O I] 6300, 6364 Å doublet from the 2016 April 27 spectrum, and
adopting T4 = 0.4 K, we estimate MO = 0.45 M . The [O I] 7774 Å line is also
seen in the nebular spectrum, which is mainly due to the recombination of ionised O
(Begelman & Sarazin, 1986). This also indicates the presence of O in ionised form,
thus MO = 0.45 M

can be considered as the lower limit of the O mass ejected

during explosion. For the sample of stripped-envelope SNe considered by Elmhamdi
et al. (2004), the O mass usually ranges from about 0.2 to 1.4 M . The estimated O
mass is 0.5 M for SN 1993J (Houck & Fransson, 1996), 0.1 - 0.3 M for SN 1996N
(Sollerman et al., 1998), 0.2 M for SN 2007Y (Stritzinger et al., 2009), 1.3 M for
SN 2003bg (Mazzali et al., 2009) and 0.22 M for SN 2011dh (Sahu et al., 2013).
The O mass for SN 2015as is hence similar to that of SN 1993J.
The O layer formed during the hydrostatic burning phase is responsible for the
[O I] emission. The ejected mass of O is directly related to the main sequence progenitor mass. Thielemann et al. (1996) made explosive nucleosynthesis calculations
and predicted major nucleosynthesis yields for the progenitor mass of 13-25 M .
For progenitor masses of 13, 15, 20 and 25 M , Thielemann et al. (1996) showed
that the corresponding O masses would be 0.22, 0.43, 1.48 and 3.0 M , respectively.
Thielemann et al. (1996) also estimated He core masses of 3.3, 4 and 8 M , corresponding to progenitors of 13, 15 and 25 M , respectively. Adopting the O mass
estimate for SN 2015as to be 0.45 M , the corresponding progenitor mass would be
a ∼ 15 M with a He core mass ∼ 4 M . The ratio of the [Ca II] 7291-7324 / [O

I] 6300-6364 fluxes serves as an indicator for estimating the main sequence mass of
the progenitor. The O mass primarily depends on the mass of the progenitor, while
Ca is mostly independent of it, so a small ratio of this flux would point to a high
progenitor mass (Nomoto et al., 2006). Indeed, Fransson & Chevalier (1989) have
shown that the variations in the composition of the He core mass lead to substantial
differences in the spectra, especially in the [Ca II] / [O I] emission-line ratio. The
He core masses and thus the progenitor mass can be estimated from such [Ca II]
/ [O I] ratio. For SN 2015as, the ratio of [Ca II] / [O I] at 174 to 230 days is
found to be nearly constant, around 0.44. The value is lower than that measured
for SN 1993J (∼ 0.5) with progenitor mass 14-16 M , SN 1996cb (∼ 2), SN 2003bg
(∼ 0.5) with progenitor mass 22-25 M , SN 2008ax (∼ 0.9) with progenitor mass
18.6 M , SN 2011hs (∼ 1.2) with progenitor mass 11-15 M
0.8) with progenitor mass 13-18 M

and SN 2011dh (∼

at comparable epochs (Bufano et al., 2014;
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Chornock et al., 2011; Deng et al., 2001; Mazzali et al., 2009; Sahu et al., 2013;
Taubenberger et al., 2011). Kuncarayakti et al. (2015) compared this ratio for a
group of stripped-envelope SNe, and found that it is not sensitive to density and
temperature changes, while depends extensively on the progenitor mass. They also
found that this ratio remains nearly constant during the nebular phases, and never
exceeds the value of ∼ 0.7 for type II SNe, while a considerable diversity exists for
type Ib/Ic events (Fransson & Chevalier, 1989; Jerkstrand, 2017). The estimated

value is similar to that measured for SN 1993J and SN 2003bg. The low flux ratio
is indicative of a lower abundance of [Ca II] in the pre-existing envelope. Moreover,
the [Ca II] doublet sometime gets blended with [O II] (as in SN 1995N; see Fransson
et al. 2002) and for such cases the ratio of [Ca II]/[O I] may not be a good proxy
for core mass estimation. The probable progenitor scenario for SN 2015as is either
a 14-15 M star in a binary association like in the case of SN 1993J or a WR star
of 20-25 M mass like SN 2003bg.

3.5.5

Velocity Evolution

The expansion velocity of the ejecta is usually measured from the absorption minima
of the P-cygni profile by fitting a gaussian. We choose the relatively isolated lines
of Hα, Hβ, He I 5876 Å, Fe II 5169 Å, Ca H & K and the Ca II NIR triplet. We
choose 3934 Å as the rest wavelength for Ca II doublet and 8498 Å for the Ca II
NIR triplet. The evolution of the line velocities is shown in Fig. 3.17. The Hα line
velocity is about 11,300 km sec−1 at 11 days after explosion, and fades to ∼8,000

km sec−1 at 80 days after explosion, becoming almost constant thereafter. However,
the late-time velocity estimates are affected by a large uncertainty, as the blue wing
of the absorption profile of Hα is contaminated by the [O I] emission feature. The
velocity of Ca II H & K at day 11 is 10,100 km sec−1 , but has a faster decline until
∼30 days, to become almost constant later on. The velocity trend of He I is similar
to that of Hα but with comparatively lower velocities. The measured velocity of He

I at ∼ 11 days post explosion is 7,000 km sec−1 , drops to 5,500 km sec−1 on day 30
and then remains almost constant. The Ca II NIR feature also has a similar trend
starting with a velocity of 8,000 km sec−1 , decreasing fast and becoming constant
at 6,500 km sec−1 . Hβ follows a gradual decline with an initial velocity of 8,200 km
sec−1 and becomes constant at ∼ 7,000 km sec−1 around 77 days post explosion. Fe

II lines are considered a good tracer for the photospheric velocity. The Fe II line in
SN 2015as has a velocity of 7,900 km sec−1 , and declines to 4,200 km sec−1 at 45
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days past explosion. Mazzali et al. (2009) performed detailed spectral modelling of
SN 2003bg in both photospheric and nebular phases revealing the existence of the
stratified layers of weaker Balmer lines at 10,000 km sec−1 followed by He I lines
at 7,000 km sec−1 . Similarly, it appears that SN 2015as has a three-layer velocity
stratification - an outer layer of H moving with high velocity (∼ 8,000 km sec−1 );
an intermediate Ca-rich layer (7000 km sec−1 ) and a final dense iron core with 4,000
km sec−1 . This scenario can be claimed both from the minima of the absorption
profiles that are evolving with time and also from the velocities obtained from the
SYN++ modelling. SN 2011dh also showed a similar velocity profile (Sahu et al.,
2013), although the velocities in SN 2011dh were slightly higher than in SN 2015as.
It is also important to note that not only stratification but optical depth also plays
a vital role in this division of velocities.
In Fig. 3.18, we compare the velocity evolution of SN 2015as with those of SNe
1993J, 2003bg, 2008ax, 2010as, 2011dh, 2011ei, 2011fu and 2013df. In the present
type IIb sample, SN 2015as has the lowest observed velocities. At about 10 days
after explosion, the Hα velocity for other SNe IIb like 2003bg, 2010as and 2011fu
is 17,000 km sec−1 , while SNe 1993J, 2008ax, 2011dh and 2013df is ∼ 13,000 km

sec−1 , which are about 17-18 % higher than that of SN 2015as, while SN 2011ei has a
similar velocity of 12,500 km sec−1 (see above; and top-left panel of Fig. 3.18). Even
though Hβ and HeI starts with a lower velocity, a similar trend is also observed for
the Hβ (top-right in the figure) and the He I lines (bottom-left), while Fe II follows
a behaviour similar to other SNe IIb (bottom-right). In SN 2015as, Hα remained
visible for a longer time at lower velocities than all the members of the comparison
sample. Iwamoto et al. (1997) showed that the minimum H velocity in SNe IIb
mostly depends on the mass of the H envelope retained at the explosion time. For
different SNe, the hydrogen mass retained is of the orders of 0.1 to 0.9 M for SN
1993J, 0.06 M

for SN 2008ax and 0.1 M

for SN 2011dh (Bersten et al., 2012;

Folatelli et al., 2015; Matheson et al., 2000b). The SNe in the comparison sample
have comparable H mass and similar explosion energy still SN 2015as has lower
expansion velocity than other SNe. This indicates that in the case of SN 2015as,
the SN ejecta has higher density. A significant fraction of the explosion energy of SN
2015as is used in expanding the ejecta, leading to lower velocity of the expanding
ejecta. Indeed, our observations indicate a peak magnitude towards the faint end of
the type IIb SNe sample distribution, although it is brighter than the faintest SNe
2011ei and 2011hs.
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Figure 3.17: The evolution of the expansion velocity of the SN 2015as ejecta measured from different lines.

3.6

Conclusion

In this chapter, we present comprehensive BVRIugriz optical photometric and lowresolution spectroscopic monitoring of the Type IIb SN 2015as. Our photometric
observing campaign started 3 days after the explosion and lasted over 500 days,
while the spectroscopic observations lasted about 230 days. The colour evolution of
SN 2015as have a remarkable resemblance to SN 2008ax, indicating that SN 2015as
probably belongs to the subclass of SNe IIb without an early light curve peak. With
a peak V magnitude of -16.82, SN 2015as is brighter than SNe 1996cb, 2011ei and
comparable with SN 2011hs. The early-time decay rate of SN 2015as in B-band
closely matches that of SN 2011dh whereas it’s slower than SN 2011fu. The V -band
decline of SN 2015as is faster than SNe 2011dh and 2011fu, whereas the R-band
and the I-band decay rates of SN 2015as are slower than SNe 2011dh and 2011fu
and are faster than SN 1993J. The late-time light curve evolution of SN 2015as is
slower than those of other SNe IIb.
The comparison among quasi-bolometric light curves of SNe IIb shows that SN
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Figure 3.18: Evolution of line expansion velocities of SN 2015as and a type IIb SN
sample. SN 2015as has the lowest velocity among the comparison sample.
2015as is one of the faintest events in our sample. In fact, the brightest object,
SN 2011fu, has a peak luminosity of 5.2×1042 erg sec−1 , whereas SN 2015as has a
maximum luminosity a factor 3.5 lower (1.5×1042 erg sec−1 ). Using the formulation
from Arnett (1982), we estimate for SN 2015as MN i = 0.08 M , Ek = 0.65×1051 erg
and Mej = 2.2 M . The semi-analytical model of Nagy & Vinkó (2016), gives MN i =
0.08 M , Ek = 1.0×1051 erg and Mej between 1.1 and 2.2 M . The

56

Ni and ejecta

masses of SN 2015as are similar to that of SN 2008ax, with a comparatively lower
energy budget. The two-component model yields the progenitor radius of SN 2015as
(∼ 0.05×1013 cm), smaller than those of SN 1993J (∼ 1.9×1013 cm; Bersten et al.,
2012), SN 2011fu (∼ 0.3×1013 cm; Morales-Garoffolo et al., 2015) but comparable
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with SN 2008ax (∼ 0.03×1013 cm; Folatelli et al., 2015).
The early spectra of SN 2015as (until 75 days past explosion) show prominent
Balmer lines, and are similar to those of SNe 1993J and 2011dh while the nebular
phase spectra resemble those of SNe 1996cb and 2008ax. The photospheric velocity
obtained from the pre-maximum synthetic spectrum, generated by SYN++ was
found to be 8,500 km sec−1 . The photospheric velocities of the different lines in SN
2015as are found to be the lowest in the SN sample. The Hα line was persistent for
a long time in SN 2015as, which indicates that SN 2015as has more residual mass
and a much slower dilution of the H envelope than other SNe IIb. Since the ejecta
in SN 2015as has a higher density, a significant fraction of the explosion energy is
used in expanding the ejecta which results in lower expansion velocity (as seen in SN
2015as) and also a fainter primary peak. The asymmetric profiles of [OI] 6300, 6364
Å in the 132 days spectrum are well explained by the geometry of the emitting
region. The minimum ejected mass of O (∼ 0.45 M ), estimated using the [OI]
6300, 6364 line flux, together with the information inferred from the [Ca II] 7291,
7324 / [OI] 6300, 6364 line ratio, suggest either a main sequence progenitor mass of
∼ 15 M with a He core of 4 M or a WR star of 20-25 M mass like SN 2003bg.
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Chapter 4
Optical studies of two stripped
envelope supernovae − SN
2015ap (Type Ib) and SN 2016P
(Type Ic)
4.1

Introduction

Massive stars undergoing catastrophic explosions at the end of their life are coined
as core-collapse supernovae (CCSNe; Heger et al., 2003; Smartt, 2009; Woosley &
Weaver, 1986). Classically, type Ib SNe show He features and type Ic are devoid of
He features (Filippenko, 1997). However, studies by Cano et al. (2014b); Dessart
et al. (2012); Woosley et al. (1995) suggest that in type Ic, either Helium is hidden
because of improper excitation due to poor mixing or is completely absent. A small
fraction of type Ic SNe (∼ 4 %; Shivvers et al., 2017b) show broad absorption lines
in their spectra around maximum light with expansion velocities between 15,000 km
s−1 to 30,000 km s−1 . These are known as broad-lined type Ic SNe (BL-Ic). Some
of the BL-Ic SNe are linked with Gamma Ray Bursts (GRBs) and X-ray flashes
(XRFs) (for example SN 1998bw/GRB 980425; Foley et al. (2003), SN 2006aj/XRF
060218; Modjaz et al. (2006)).
A number of studies have been made by several authors to investigate the photometric (Bianco et al., 2014; Cano, 2013; Drout et al., 2011; Lyman et al., 2016;
Prentice et al., 2016; Pritchard et al., 2014; Richardson et al., 2006; Taddia et al.,
1

The results of this chapter are under revision in MNRAS
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2015b) and spectroscopic properties of SE-SNe (Matheson, 2001; Modjaz et al.,
2016; Prentice et al., 2019). These studies have shown a wide diversity in terms of
both light curve shapes and spectral features in SE-SNe. The typical rise time of
SE-SNe is found to be 10−20 days (Prentice et al., 2019). Richardson et al. (2006)
quoted the weighted absolute magnitude of SE-SNe sample to be Mv = −18.03 ±
0.06 mag. Lyman et al. (2016) found a considerable spread of ∼ 3 mag in the absolute magnitude light curves of SE-SNe. Taddia et al. (2018) found a correlation
between late-time slopes and 4m15 , suggesting that light curves with initial steeper
slopes decline faster at later stages.
The 56 Ni mass, ejecta mass and kinetic energy can be measured by modelling
the bolometric light curves. Cano (2013) estimated median 56 Ni mass between
0.15−0.18 M and ejecta masses of 3.9 M and 3.4 M for type Ib and type Ic
SNe respectively. While Taddia et al. (2018) found ejecta masses for SE-SNe to be
between 1.1 – 6.2 M , Prentice et al. (2018a) found the mean distribution to be
2.8 ± 1.5 M . Even though high ejecta masses for type Ic SNe indicates higher
progenitor masses, the distribution of ejecta masses for type Ic SNe hints towards a
wide distribution of progenitor masses. Also, the ejecta mass distribution for both
type Ib and Ic SNe are inconsistent with massive single stars and support moderate
mass stars in binary associations (Lyman et al., 2016). The most common technique
used for direct detection of progenitors involve analysing the pre-explosion images.
So far direct detection has been possible for only one type Ib SN iPTF13bvn (Bersten
et al., 2014; Cao et al., 2013; Eldridge & Maund, 2016; Folatelli et al., 2016; Fremling
et al., 2014, 2016; Groh et al., 2013a; Hirai, 2017a,b; Kuncarayakti et al., 2015) and
one type Ic SN 2017ein (Kilpatrick et al., 2018; Van Dyk et al., 2018). The progenitor
masses of iPTF13bvn and SN 2017ein were found to be 10−20 M (Cao et al., 2013;
Groh et al., 2013a) and 47−80 M (Kilpatrick et al., 2018; Van Dyk et al., 2018)
respectively although the progenitor detection of SN 2017ein is debated (Kilpatrick
et al., 2018; Van Dyk et al., 2018).
Metallicity and rotation largely affects the predicted ratios of type Ib/c SNe,
mass-loss rates and the production of WR stars (Eldridge et al., 2008). Eldridge
et al. (2008) have shown that stars with high ejecta mass come from massive progenitors. However, if fallback occurs, even less massive stars can eject more mass
(for example SN 1999dn, Benetti et al., 2011). Kuncarayakti et al. (2015) favour low
mass binary systems as progenitors of type Ib/c SNe. On the other hand, Galbany
et al. (2018) claimed that type Ic SNe have the most massive progenitors. But,
both Kuncarayakti et al. (2015) and Galbany et al. (2018) suggest the origin of type
Ib/c SNe from young stellar populations. Thus, the exact characterisation of ejecta
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mass, energy and consecutively the progenitor system remains largely uncertain.
In this paper, we present the photometric and spectroscopic study of a type Ib
SN 2015ap and a type Ic SN 2016P. The SNe details are given in section 4.2. The
data acquisition and reduction procedures are described in section 4.3. Temporal
evolution of the multi-band light curves and colour curves are studied in section
4.4 along with the analytical modelling of the bolometric light curve. A detailed
description of the spectral evolution and asymmetry in the nebular phase are presented in sections 4.5 and 4.6 respectively. Section 4.7 summarises the main results
of this study.

4.2
4.2.1

Parameters of SNe
SN 2015ap

SN 2015ap was discovered by Lick Observatory Supernova Search (LOSS) on 2015,
0
00
September 08 by Ross, Zheng, Filippenko at R.A.= 02h 05m 13.3s , Decl.= +06◦ 06 08
(J2000.0). The SN was located 28”.7 west and 16”.4 south of the center of the host
galaxy IC 1776 at a redshift of 0.01138. The classification spectrum was obtained
with Copernico 1.82 m telescope (+AFOSC; range 340-820 nm; resolution 1.4 nm)
operated by INAF Astronomical observatory of Padova in Asiago, Mount Ekar,
Italy, on 2015, September 11 (Tartaglia et al., 2015a) and the spectrum was found
to be similar to those of several broad-lined type Ib/c SNe close to maximum light.
It was re-classified as type Ib SN using the spectrum obtained on 2015 September 21
by Shivvers et al. (2015). We applied SNID (Blondin & Tonry, 2011) spectral crosscorrelation tool to estimate the explosion epoch of SN 2015ap. SNID cross-correlated
the spectra taken on 2015 September 18, September 24 and September 26 to a
number of type Ib/c SNe and found the explosion epoch to be around 2015 August
28 ± 3 day. We also used GEneric cLAssification TOol (GELATO) (Harutyunyan
et al., 2008) to the above mentioned three spectra. GELATO compares bins of
the spectrum to those of template SNe at similar epochs which suggests that the
explosion occurred on 2015 September 02 ± 1 day. We also performed parabolic fit
to the V -band light curve of SN 2015ap upto nearly 9 days post maximum and infer
the explosion epoch to be 2015 September 02. The details and procedure of the
parabolic fit is the same as outlined in Gangopadhyay et al. (2018). The explosion
epoch obtained by bolometric light curve modelling (see section 4.4) is found to be
2015 September 02. Based on the above methods, we conclude that the explosion
occurred between 2015 August 25 and 2015 September 03. We adopt a distance
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modulus of µ = 33.27 ± 0.15 mag for the host galaxy IC 1776 and total Av = 0.115
mag along the line of sight (negligible host extinction) from Prentice et al. (2019).

4.2.2

SN 2016P

SN 2016P was discovered on 2016 January 19, 21”.7 east and 2”.8 north of the
0
00
center of the host galaxy NGC 5374 at R.A. = 13h 57m 31.13s , Dec = +06◦ 05 51.6
(J2000.0). An optical spectrum obtained with YFOSC at Yunnan Astronomical
Observatories on 2015 January 19.9 was found to be consistent with a BL Ic SN a
few days before maximum light (Zhang & Wang, 2016). We estimate the explosion
epoch of SN 2016P using SNID and GELATO on the spectra taken on 2016 January
23, February 01 and February 03 and found the explosion epoch to be 2016 January
15 ± 1 and 2016 January 16 ± 1 respectively. The parabolic fit to the V -band
light curve upto 10 days estimates the explosion epoch to be around 2016 January
15 ± 1. The bolometric light curve modelling (see section 4.4) gives the explosion
epoch to be 2016 January 15. The results of the above methods constrains the
explosion epoch to be between 2016 January 14 − 17. From Prentice et al. (2019),
we adopt a distance modulus of µ = 34.19 ± 0.15 mag for the host galaxy NGC
5374. The galactic E(B-V) along the line of sight of SN 2016P is 0.024 mag (Schlafly
& Finkbeiner, 2011). Using the equivalent width of the NaID line, Prentice et al.
(2019) estimate the host galaxy E(B-V) = 0.05 ± 0.02 mag. Due to the poor
resolution in our observed spectra, we were unable to measure the equivalent width
of the NaID line. We adopt a total extinction of Av = 0.229 ± 0.092 mag along the
line of sight of SN 2016P from Prentice et al. (2019).

4.3

Data Acquisition and Reduction

Photometric observing campaigns were carried out from 2015 September 18 to 2016
August 27 for SN 2015ap and from 2016 January 21 to 2016 June 03 for SN 2016P
respectively using 1.04m Sampurnanand Telescope (ST); 1.30m Devasthal Fast Optical Telescope (DFOT) located in ARIES, Nainital, India; Copernico 1.82m Telescope operated by INAF Astronomical University of Padova (Mount Ekar), Italy;
2.00m Himalayan Chandra Telescope (HCT), IAO, Hanle, India and 2.54m Nordic
Optical Telescope (NOT), La Palma, Canary Island. The imaging observations were
done using Johnson-Cousin-Bessel UBVRI and SDSS ugriz filters. Image reduction
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Figure 4.1: SNe 2015ap and 2016P and the local standard stars in the field of IC
1776 and NGC 5374, R-band, 300 sec image obtained on 2015 September 26 and
2016 January 23 with the 2.0m HCT for SNe 2015ap and 2016P respectively.
and photometry were done using IRAF1 and DAOPHOT2 following the same steps
as outlined in Gangopadhyay et al. (2018). In addition to the ground based telescopes, SN 2015ap was observed with Swift UVOT (Gehrels, 2004a,b; Roming et al.,
2005) from 2015 September 09 to 2015 October 06.
We performed aperture and psf photometry on SN 2015ap field to estimate
the instrumental SN magnitudes. Since SN 2016P is located close to the galaxy
nucleus, template image subtraction was performed, using High Order Transform
of PSF ANd Template Subtraction (HOTPANTS)3 and IRAF, to estimate the SN
magnitudes. Template images were observed on 2017 February 09 using HCT.
PSF fitting photometry was done on the subtracted images to estimate the SN
magnitudes. The SN image before and after template subtraction is shown in Fig
4.2.
The SNe instrumental magnitudes were calibrated with respect to the local standards in the SN field. Three Landolt standard fields PG 2331, PG 0918 and PG 0231
were observed along with the SNe fields with HFOSC/HCT to generate a sequence
of local standards. The observations were carried out at different altitudes with airmass varying between 1.1−2.0 with a typical seeing of ≤ 2 arcsec in V -band. The
1

Image Reduction and Analysis Facility
Dominion Astrophysical Observatory Photometry
3
https://github.com/acbecker/hotpants/blob/master/NOTES
2
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Figure 4.2: The left panel shows the image of SN 2016P taken on 2016 December
23, with 2.0m HCT. The second panel shows the image of SN 2016P ∼ 400 d after
the V -maximum taken with the same telescope. The third panel shows the template
subtracted image of SN 2016P.
instrumental and catalogue magnitudes of Landolt field stars were fitted, using the
least square regression technique, to estimate the zero points and colour term using
a set of transformation equations (Stetson, 1992). Site extinction values, taken from
Stalin et al. (2008), were used for the different filters. A root-mean-squared (rms)
scatter between transformed and standard magnitude of Landolt stars was found to
be between 0.02 – 0.05 mag in the UBVRI bands. Using the above zero points and
colour term, we calibrated the magnitudes of 5 to 6 non-variable local standards
in both the SNe fields (Table 4.1 and Table 4.2). These secondary standards are
used to calibrate the SNe instrumental magnitudes by applying nightly zero-points.
The errors due to calibration and photometric measurement were added in quadrature to estimate the final error on the SNe magnitudes. Whereever required the
uri magnitudes were converted to URI using the equations of Jordi et al. (2006).
The final photometry of SNe 2015ap and 2016P is given in Table 4.3 and Table 4.4
respectively. The LCO data is taken from Prentice et al. (2019).

The SN magnitudes were calibrated with respect to the local standards (Fig
4.1,Tables 4.1 and 4.2). The final magnitudes of SNe 2015ap and 2016P are given in
Table 4.3 and Table 4.4 respectively. The Neil Gehrels Swift Observatory (hereafter
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Table 4.1: Star ID and the magnitudes in UBVRI filters of the 5 secondary standards
in the field of SN 2015ap
Star ID
1
2
3
4
5

α
(h:m:s)
02:05:08.19
02:05:07.31
02:05:06.96
02:05:19.97
02:05:14.45

δ
(◦ ’ ”)
+06:04:32.52
+06:04:29.29
+06:04:49.94
+06:09:48.75
+06:10:41.91

U
(mag)
17.91 ± 0.09
17.47 ± 0.04
17.12 ± 0.03
15.01 ± 0.02
16.97 ± 0.04

B
(mag)
17.843 ± 0.046
16.887 ± 0.097
16.495 ± 0.034
13.685 ± 0.087
15.742 ± 0.088

V
(mag)
16.915 ± 0.056
15.957 ± 0.081
15.558 ± 0.089
13.013 ± 0.091
14.597 ± 0.129

R
(mag)
16.712 ± 0.021
15.604 ± 0.098
15.406 ± 0.071
12.712 ± 0.124
14.106 ± 0.112

I
(mag)
16.392 ± 0.442
15.062 ± 0.101
14.395 ± 0.098
11.780 ± 0.142
13.055 ± 0.073

Table 4.2: Star ID and the magnitudes in BVRI filters of the 6 secondary standards
in the field of SN 2016P
Star ID
1
2
3
4
5
6

α
(h:m:s)
13:57:39.13
13:57:36.18
13:57:30.03
13:57:19.55
13:57:23.44
13:57:48.83

δ
(◦ ’ ”)
+06:07:01.70
+06:02:00.43
+06:08:05.81
+06:07:23.04
+06:09:35.95
+06:06:52.69

B
(mag)
18.07 ± 0.01
16.94 ± 0.01
18.83 ± 0.02
17.39 ± 0.01
16.88 ± 0.01
17.31 ± 0.01

V
(mag)
17.49 ± 0.02
16.29 ± 0.01
17.33 ± 0.01
16.74 ± 0.01
16.34 ± 0.01
16.39 ± 0.01

R
(mag)
17.12 ± 0.01
15.87 ± 0.01
16.34 ± 0.01
16.32 ± 0.01
15.99 ± 0.01
15.83 ± 0.01

I
(mag)
16.79 ± 0.02
15.51 ± 0.01
15.37 ± 0.01
15.94 ± 0.01
15.67 ± 0.01
15.36 ± 0.01

Swift) observed SN 2015ap with the Ultra Violet Optical Telescope (UVOT) and
the magnitudes are reported in Table 4.3.

Low and medium resolution optical spectra of SN 2015ap were obtained with
2.0m HCT and Copernico 1.82m telescope at 14 epochs. For SN 2016P, spectra
were obtained at six epochs with HCT. The spectroscopic reduction was done using
standard packages in IRAF. The spectra were wavelength and flux calibrated following the steps described in Gangopadhyay et al. (2018). The log of spectroscopic
observations is presented in Table 4.5 and Table 4.6.

4.4

Temporal evolution of SNe 2015ap and 2016P

The complete multi-band optical light curve of SNe 2015ap and 2016P are shown
in Fig 4.3 and Fig 4.4 respectively. The date of maximum and brightness at peak
in different bands were determined by fitting a cubic spline to the BVRI light curve
of both the SNe and are listed in Table 4.7. The maximum in V -band for SNe
2015ap and 2016P occurred on MJD 57284.86 ± 0.50 and 57416.75 ± 0.50 at an
apparent magnitudes of 15.23 ± 0.02 mag and 16.64 ± 0.08 mag respectively. The
errors reported are obtained from the interpolated measurements around the peak.
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Table 4.3: Photometry of SN 2015ap
MJD
57274.00
57274.47
57275.81
57276.39
57276.93
57277.81
57278.35
57279.61
57280.66
57282.31
57282.47
57283.42
57283.84
57284.93
57286.02
57287.58
57287.41
57288.63
57289.67
57289.92
57289.54
57290.23
57291.24
57291.97
57292.28
57292.44
57292.19
57293.29
57296.16
57296.30
57297.31
57298.35
57299.35
57298.92
57299.83
57300.53
57301.52
57300.92
57302.44
57308.71
57315.06
57316.22
57317.86
57325.75
57330.25
57330.70
57331.77
57332.78
57334.72
57335.85
57335.86
57336.83
57341.83
56342.15
57342.87
57345.81
57347.79
57353.78
57355.21
57357.83
57361.09
57361.80
57366.95
57367.05
57373.14
57375.87
57378.88
57379.69
57385.49
57386.69
57387.70
57390.62
57390.80
57391.68
57392.68
57397.46
57402.68
57403.68
57406.07
57412.59
57413.04
57415.05
57415.60
57417.64
57420.78
57421.04
57422.04
57423.04
57424.14
57429.59
57433.10
57443.09
57444.09
57628.04

U
(mag)
—16.39 ± 0.10
15.73 ± 0.07
—
—
15.35 ± 0.07
—
—
—
—
15.04 ± 0.07
—
15.17 ± 0.06
—
—
—
15.74 ± 0.07
—
—
—
16.02 ± 0.08
—
—
—
—
—
16.66 ± 0.09
—
17.40 ± 0.15
—
—
—
—
17.84 ± 0.19
—
—
—
—
18.01 ± 0.23
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
19.04 ± 0.04
—
—
19.42 ± 0.07
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
21.93 ± 0.09

B
(mag)
17.31 ± 0.06
17.16 ± 0.01
16.60 ± 0.07
—
16.22 ± 0.04
16.12 ± 0.07
15.91 ± 0.04
15.77 ± 0.04
15.70 ± 0.07
15.53 ± 0.06
15.57 ± 0.06
15.52 ± 0.05
15.63 ± 0.05
—
—
15.78 ± 0.06
15.89 ± 0.06
15.86 ± 0.06
15.95 ± 0.03
15.98 ± 0.03
15.94 ± 0.06
16.43 ± 0.06
16.13 ± 0.06
16.51 ± 0.04
16.27 ± 0.04
16.51 ± 0.01
16.49 ± 0.04
16.40 ± 0.05
16.78 ± 0.04
—
16.90 ± 0.05
—
17.10 ± 0.05
17.28 ± 0.09
17.30 ± 0.17
17.18 ± 0.04
17.27 ± 0.05
—
17.61 ± 0.11
—
—
17.83 ± 0.04
—
—
18.03 ± 0.05
—
—
—
—
18.08 ± 0.08
—
—
18.26 ± 0.01
—
—
—
—
18.29 ± 0.02
18.39 ± 0.04
18.43 ± 0.03
18.51 ± 0.06
18.54 ± 0.08
18.36 ± 0.07
18.48 ± 0.06
18.56 ± 0.05
18.61 ± 0.06
—
—
18.68 ± 0.05
—
—
—
—
—
—
18.78 ± 0.04
18.79 ± 0.09
18.78 ± 0.06
—
18.88 ± 0.02
—
18.97 ± 0.05
—
—
—
—
19.10 ± 0.04
—
—
—
—
—
—
21.50 ± 0.08

V
(mag)
17.15 ± 0.04
16.85 ± 0.13
16.26 ± 0.08
—
16.05 ± 0.04
15.82 ± 0.08
15.68 ± 0.07
15.49 ± 0.01
15.20 ± 0.20
15.28 ± 0.04
15.29 ± 0.09
15.22 ± 0.04
15.23 ± 0.01
15.26 ± 0.02
15.25 ± 0.02
15.32 ± 0.04
15.31 ± 0.06
15.30 ± 0.02
15.38 ± 0.03
15.34 ± 0.03
15.38 ± 0.06
15.39 ± 0.06
15.41 ± 0.05
—
15.50 ± 0.04
15.55 ± 0.07
15.42 ± 0.07
15.59 ± 0.04
16.06 ± 0.08
15.83 ± 0.08
15.94 ± 0.04
—
16.12 ± 0.03
16.12 ± 0.08
16.18 ± 0.01
16.17 ± 0.03
16.28 ± 0.02
16.15 ± 0.01
16.33 ± 0.03
16.66 ± 0.04
16.89 ± 0.05
16.96 ± 0.02
16.89 ± 0.02
17.18 ± 0.36
17.26 ± 0.03
—
17.25 ± 0.05
17.33 ± 0.03
—
17.39 ± 0.03
17.39 ± 0.05
17.45 ± 0.04
—
—
17.66 ± 0.04
17.72 ± 0.02
17.72 ± 0.08
17.494 ± 0.019
—
17.79 ± 0.02
17.60 ± 0.2
17.79 ± 0.05
17.91 ± 0.06
17.97 ± 0.05
18.0 ± 0.3
17.99 ± 0.09
18.21 ± 0.09
18.23 ± 0.08
—
18.28 ± 0.03
18.29 ± 0.16
—
—
18.39 ± 0.09
18.02 ± 0.03
18.49 ± 0.04
18.58 ± 0.13
18.59 ± 0.14
18.62 ± 0.08
18.69 ± 0.03
—
—
—
18.76 ± 0.13
—
18.77 ± 0.09
18.78 ± 0.04
18.53 ± 0.03
18.51 ± 0.03
18.79 ± 0.09
18.67 ± 0.05
—
—
21.09 ± 0.08
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R
(mag)
17.12 ± 0.06
—
—
16.19 ± 0.10
15.99 ± 0.02
—
—
15.50 ± 0.03
—
15.24 ± 0.02
—
15.12 ± 0.05
15.14 ± 0.01
15.14 ± 0.03
15.09 ± 0.02
15.10 ± 0.04
—
15.12 ± 0.03
—
15.18 ± 0.02
—
15.15 ± 0.01
15.21 ± 0.02
15.21 ± 0.01
15.25 ± 0.02
15.23 ± 0.01
—
—
—
—
15.58 ± 0.02
15.65 ± 0.04
15.74 ± 0.03
15.66 ± 0.01
15.72 ± 0.01
15.81 ± 0.02
15.91 ± 0.03
15.92 ± 0.01
15.92 ± 0.02
16.27 ± 0.04
—
16.60 ± 0.03
—
16.82 ± 0.01
17.04 ± 0.03
17.12 ± 0.01
17.16 ± 0.01
17.17 ± 0.02
17.19 ± 0.02
17.16 ± 0.03
17.19 ± 0.01
17.19 ± 0.02
—
17.22 ± 0.05
—
17.28 ± 0.01
—
—
17.24 ± 0.3
17.53 ± 0.02
17.74 ± 0.02
—
17.82 ± 0.06
17.89 ± 0.02
17.74 ± 0.20
17.95 ± 0.08
18.00 ± 0.07
18.18 ± 0.01
18.24 ± 0.20
18.19 ± 0.02
18.19 ± 0.02
18.26 ± 0.03
18.16 ± 0.05
—
18.24 ± 0.04
18.28 ± 0.03
—
18.31 ± 0.05
18.41 ± 0.07
18.50 ± 0.20
18.51 ± 0.04
18.60 ± 0.02
18.48 ± 0.04
18.49 ± 0.05
18.55 ± 0.04
—
—
—
—
18.59 ± 0.05
—
18.54 ± 0.05
18.59 ± 0.04
20.95 ± 0.08

I
(mag)
16.98 ± 0.06
—
—
—
15.99 ± 0.04
—
15.24 ± 0.30
15.32 ± 0.03
15.42 ± 0.02
15.03 ± 0.02
—
14.86 ± 0.05
14.87 ± 0.01
14.92 ± 0.03
14.84 ± 0.02
14.72 ± 0.04
—
14.81 ± 0.03
—
14.83 ± 0.02
—
14.82 ± 0.01
14.83 ± 0.02
14.84 ± 0.01
—
14.85 ± 0.03
—
14.85 ± 0.03
—
—
15.10 ± 0.02
15.15 ± 0.06
15.25 ± 0.03
15.24 ± 0.01
15.23 ± 0.01
15.30 ± 0.03
15.40 ± 0.04
15.44 ± 0.01
15.43 ± 0.02
15.72 ± 0.04
—
16.11 ± 0.03
16.44 ± 0.01
16.63 ± 0.01
16.57 ± 0.03
16.84 ± 0.01
16.84 ± 0.01
16.85 ± 0.02
16.95 ± 0.01
16.69 ± 0.03
16.93 ± 0.02
16.94 ± 0.02
—
16.76 ± 0.03
16.96 ± 0.02
17.07 ± 0.02
—
17.24 ± 0.08
16.69 ± 0.3
—
17.19 ± 0.30
17.29 ± 0.01
17.39 ± 0.06
—
17.19 ± 0.30
17.59 ± 0.09
17.42 ± 0.05
17.60 ± 0.04
17.74 ± 0.05
17.70 ± 0.04
17.72 ± 0.05
17.78 ± 0.06
17.84 ± 0.05
17.79 ± 0.05
17.80 ± 0.05
17.85 ± 0.04
17.95 ± 0.05
18.08 ± 0.05
18.04 ± 0.09
18.201 ± 0.07
18.28 ± 0.06
—
18.28 ± 0.06
18.30 ± 0.06
18.20 ± 0.06
—
—
—
18.16 ± 0.02
18.55 ± 0.01
—
—
18.41 ± 0.05
20.86 ± 0.08

Telescope
LCO
Swift
Swift
LCO
LCO
Swift
LCO
LCO
LCO
LCO
Swift
LCO
HCT, Swift
LCO
LCO
LCO
Swift
LCO
LCO
LCO
Swift
HCT
LCO
LCO
LCO
HCT
Swift
LCO
Swift
LCO
LCO
LCO
LCO
ST
ST
LCO
LCO
ST
ST, Swift
LCO
LCO
LCO
ST
ST
LCO
ST
ST
ST
ST
LCO
ST
ST
DFOT
LCO
DFOT
ST
LCO
HCT
LCO
HCT
LCO
ST
Copernico
LCO
LCO
Copernico
LCO
ST
LCO
ST
ST
ST
LCO
ST
ST
LCO
DFOT
DFOT
LCO
HCT
LCO
LCO
ST
ST
LCO
LCO
LCO
LCO
LCO
ST
LCO
LCO
LCO
Copernico
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Table 4.4: Photometry of SN 2016P
MJD
57408.00
57408.98
57409.52
57409.14
57410.18
57410.91
57413.28
57414.29
57416.25
57418.17
57419.19
57419.89
57420.99
57422.10
57422.02
57424.98
57425.23
57427.24
57428.91
57431.07
57432.00
57432.99
57432.23
57433.25
57433.89
57438.98
57448.79
57451.50
57452.16
57454.49
57454.74
57455.09
57457.11
57460.15
57460.52
57461.80
57462.84
57465.90
57466.22
57475.18
57478.32
57479.06
57485.54
57486.00
57488.17
57489.00
57489.50
57491.41
57504.01
57510.77
57513.96
57533.93
57542.67

B
(mag)
17.71 ± 0.05
—
17.73 ± 0.09
17.74 ± 0.05
17.46 ± 0.02
17.47 ± 0.06
17.38 ± 0.04
17.44 ± 0.06
17.54 ± 0.06
17.60 ± 0.02
—
18.05 ± 0.08
—
18.18 ± 0.06
—
—
18.51 ± 0.07
18.74 ± 0.05
—
—
—
—
19.00 ± 0.05
18.99 ± 0.06
19.02 ± 0.01
—
19.43 ± 0.01
19.45 ± 0.01
—
—
—
19.45 ± 0.06
19.44 ± 0.05
19.52 ± 0.07
—
—19.58 ± 0.02
—
19.60 ± 0.06
19.56 ± 0.06
—
—
—
—
—
—
20.12 ± 0.07
20.18 ± 0.06
—
—
—
—
—

V
(mag)
16.98 ± 0.05
—
16.98 ± 0.08
16.97 ± 0.02
16.97 ± 0.03
16.90 ± 0.01
16.68 ± 0.02
16.66 ± 0.02
16.67 ± 0.03
16.70 ± 0.03
16.76 ± 0.01
16.89 ± 0.09
—
17.01 ± 0.04
17.02 ± 0.01
17.21 ± 0.01
17.33 ± 0.02
17.52 ± 0.02
17.57 ± 0.05
—
17.80 ± 0.07
17.83 ± 0.09
17.85 ± 0.03
17.87 ± 0.03
17.89 ± 0.09
18.17 ± 0.01
18.31 ± 0.08
18.37 ± 0.07
—
18.46 ± 0.09
18.49 ± 0.09
18.54 ± 0.03
18.69 ± 0.04
18.74 ± 0.03
18.74 ± 0.09
18.78 ± 0.04
18.81 ± 0.02
—
18.85 ± 0.04
18.99 ± 0.03
19.14 ± 0.01
19.13 ± 0.07
19.46 ± 0.01
—
—
—
19.51 ± 0.07
19.54 ± 0.01
—
—
—
—
20.21 ± 0.08

R
(mag)
16.90 ± 0.03
16.69 ± 0.01
—
16.81 ± 0.05
16.66 ± 0.05
16.63 ± 0.04
16.44 ± 0.02
16.42 ± 0.02
16.40 ± 0.02
16.32 ± 0.10
16.41 ± 0.20
16.41 ± 0.08
16.44 ± 0.01
16.49 ± 0.01
16.49 ± 0.02
—
16.70 ± 0.02
16.84 ± 0.02
16.99 ± 0.01
17.12 ± 0.07
—
17.21 ± 0.08
—
—
17.35 ± 0.01
17.73 ± 0.01
17.88 ± 0.01
17.99 ± 0.01
18.02 ± 0.02
18.05 ± 0.01
18.07 ± 0.01
18.09 ± 0.02
18.16 ± 0.04
18.24 ± 0.02
18.23 ± 0.01
18.26 ± 0.01
18.26 ± 0.01
18.30 ± 0.01
18.35 ± 0.03
18.46 ± 0.06
18.50 ± 0.01
18.55 ± 0.06
18.67 ± 0.01
—
18.73 ± 0.06
18.93 ± 0.01
18.93 ± 0.01
18.99 ± 0.01
19.03 ± 0.05
19.04 ± 0.01
19.16 ± 0.04
19.29 ± 0.06
19.41 ± 0.09
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I
(mag)
16.74 ± 0.02
16.72 ± 0.03
16.64 ± 0.02
16.63 ± 0.06
16.46 ± 0.04
16.43 ± 0.01
16.25 ± 0.03
16.23 ± 0.02
16.22 ± 0.02
16.15 ± 0.10
16.15 ± 0.20
16.19 ± 0.01
16.19 ± 0.01
16.21 ± 0.03
16.24 ± 0.01
16.30 ± 0.01
16.32 ± 0.03
16.44 ± 0.02
16.61 ± 0.03
16.69 ± 0.03
—
16.74 ± 0.06
—
16.75 ± 0.01
16.74 ± 0.01
17.32 ± 0.03
17.81 ± 0.01
17.89 ± 0.01
17.73 ± 0.02
17.81 ± 0.01
17.86 ± 0.01
17.85 ± 0.04
17.94 ± 0.04
18.01 ± 0.03
18.04 ± 0.02
18.07 ± 0.01
18.11 ± 0.08
18.23 ± 0.02
18.21 ± 0.03
18.41 ± 0.04
18.51 ± 0.03
18.51 ± 0.05
—
18.90 ± 0.02
18.74 ± 0.06
18.93 ± 0.03
18.90 ± 0.01
—
19.03 ± 0.06
19.16 ± 0.23
19.20 ± 0.06
19.48 ± 0.09
19.59 ± 0.01

Telescope
ST
ST
ST
LCO
LCO
HCT
LCO
LCO
LCO
LCO
LCO
HCT
HCT
LCO
HCT
HCT
LCO
LCO
ST
LCO
ST
ST
LCO
LCO
HCT
HCT
HCT
HCT
LCO
DFOT
DFOT
LCO
LCO
LCO
HCT
HCT
ST
ST
LCO
LCO
HCT
LCO
HCT
DFOT
LCO
LCO
DFOT
HCT
LCO
ST
LCO
LCO
HCT
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Figure 4.3: UgBVRI light curve evolution of SN 2015ap.
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Table 4.5: Log of spectroscopic observations of SN 2015ap. The phase is measured
with respect to V -maximum (MJD=57284.86±0.5).
Date

MJD

2015/09/11
2015/09/18
2015/09/24
2015/09/26
2015/10/08
2015/10/19
2015/10/28
2015/11/09
2015/11/27
2015/12/17
2015/12/20
2015/12/23
2015/12/27
2016/01/22

57276.06
57283.75
57289.90
57291.94
57310.79
57314.67
57323.74
57335.64
57353.64
57373.86
57376.59
57379.57
57383.59
57409.54

Phase

Telescope

Instrument

Range
Å
-8.80 1.82m Copernico
AFOSC+gr04
3360-7740
-1.11
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
5.04
2.0m HCT
HFOSC+gr07
3800-6840
7.08
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
25.93
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
29.81
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
38.88
2.0m HCT
HFOSC+gr07
3800-6840
50.78
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
68.77
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
89.00 1.82m Copernico AFOSC+VPH06/07
3200-10000
91.72
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
94.71
2.0m HCT
HFOSC+gr07
3800-6840
98.73
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350
124.68
2.0m HCT
HFOSC+gr07+gr08 3800-6840,5800-8350

Table 4.6: Log of spectroscopic observation of SN 2016P. The phase is measured
with respect to V -maximum (MJD=57416.75 ± 0.50).

Date

MJD

Phase

Telescope

Instrument

2016/01/23
2016/02/01
2016/02/03
2016/02/05
2016/02/06
2016/02/20

57410.91
57419.92
57421.90
57423.98
57424.91
57438.93

-5.84
3.17
5.15
7.23
8.16
22.18

2.0m HCT
2.0m HCT
2.0m HCT
2.0m HCT
2.0m HCT
2.0m HCT

HFOSC+gr07+gr08
HFOSC+gr07+gr08
HFOSC+gr07+gr08
HFOSC+gr07+gr08
HFOSC+gr07+gr08
HFOSC+gr07+gr08

Range
Å
3800-6840,5800-8350
3800-6840,5800-8350
3800-6840,5800-8350
3800-6840,5800-8350
3800-6840,5800-8350
3800-6840,5800-8350

We notice that there is a gradual delay in reaching the maximum in the redder
passbands. We use days since V -maximum as a reference epoch throughout the
paper.
The light curve features of SNe 2015ap and 2016P are compared with those of
other well-studied SNe Ib/c in Fig 4.5. We construct a sample of SNe Ib/c from
literature and list their parameters in Table 4.8. The comparison sample chosen is
vast and diverse. While SNe 2009jf and iPTF13bvn are fast evolving, SNe 1999dn
and 2007gr are prototypical type Ibs. Type Ic sample consists of both normal and
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Table 4.7: Parameters of SNe 2015ap and 2016P
2015ap
B band
V band
R band
I band
MJD (maximum)
57283.0 ± 0.5 57284.9 ± 0.5 57289.3 ± 0.5 57287.5 ± 0.5
Magnitude at maximum (mag)
15.54 ± 0.03
15.23 ± 0.02
15.16 ± 0.02
14.76 ± 0.04
Absolute magnitude at maximum (mag) -17.71 ± 0.12 -18.04 ± 0.11 -18.15 ± 0.09 -18.54 ± 0.11
∆m15 (mag)
1.73 ± 0.10
1.03 ± 0.07
0.74 ± 0.05
0.58 ± 0.05
2016P
B band
V band
R band
I band
MJD (maximum)
57413.03 ± 0.5 57416.75 ± 0.5 57417.20 ± 0.5 57418.36 ± 0.5
Magnitude at maximum (mag)
17.42 ± 0.05
16.64 ± 0.08
16.36 ± 0.08
16.15 ± 0.05
Absolute magnitude at maximum (mag) -16.88 ± 0.12 -17.53 ± 0.14 -17.81 ± 0.13 -17.92 ± 0.11
∆m15 (mag)
1.47 ± 0.12
1.19 ± 0.06
0.93 ± 0.04
0.63 ± 0.05
†

‡

with respect to Vmax = 57284.86,
with respect to Vmax = 57416.75
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Figure 4.4: BVRI light curve evolution of SN 2016P.
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Figure 4.5: BVRI light curve evolution of SN 2015ap and SN 2016P compared with
other members of the sub-class. All the light curves are shifted in phase and matched
to maximum light.
BL-Ic’s to highlight the diversity in this sub-class. We have also included both fastevolving and slow-evolving type Ic which enables us to make a perfect comparison
with SN 2016P.
Fig 4.5 shows the light curve evolution of our SN sample up to 150 days post
V -maximum. The observed SN magnitudes are normalised with respect to their
respective peak magnitudes, and a shift in the time is applied to match the time
of maximum. To compare the light curve evolution of type Ib/c SNe, we estimated
decline of the light-curve in the first 15 days after peak (4m15 ) and late phase
decline rate between 50−100 days. The decline rates are listed in Table 4.9.
Drout et al. (2011) states that the average value of 4m15 (V ) and 4m15 (R)
from a literature sample of type Ib/c SNe are 0.94 ± 0.31 mag and 0.74 ± 0.21
mag respectively. Moreover, the 4m15 (R) for a sample of type Ib, Ic and Ic-BL
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Table 4.8: Properties of the comparison sample
SNe
SN 1999dn
SN 2007gr
SN 2009jf
iPTF 13bvn
SN 1994I
SN 2002ap
SN 2004aw
SN 2007ru
SN 2014ad
ASASSN-16fp

Host galaxy Distance Extinction SN type Peak Absmag‡
MNi
Mej
Ek
Reference†
52
(Mpc)
E(B-V)
V -band
M
M
10 erg
NGC 7714
38.5
0.100
Ib
-16.88
0.09 ± 0.04 5.13 ± 1.82 0.37 ± 0.13 2,11,12
NGC 1058
9.7
0.092
Ib/c
-17.11
0.04 ± 0.01 1.70 ± 0.23 0.08 ± 0.01 3,11,12
NGC 7479
33.7
0.110
Ib
-17.90
0.18 ± 0.04 7.34 ± 1.0 1.05 ± 0.15
4,11
NGC 5806
23.9
0.215
Ib
-17.35
0.09
1.5 − 2.2
0.1
5
M51
NGC 0628
NGC 3997
UGC 12381
MRK 1309
NGC 5806

6.3
9.9
72.8
64.2
26.6
23.9

0.452
0.090
0.092
0.270
0.220
0.074

Ic
Ic-BL
Ic
Ic-BL
Ic-BL
Ic

-17.49
-18.11
-17.30
-18.92
-18.72
-18.36

†

0.06 ± 0.01 0.72 ± 0.04 0.07 ± 0.01
0.09
≥ 1.5
—
0.22 ± 0.08 6.49 ± 2.32 0.90 ± 0.32
0.34 ± 0.09 3.59 ± 1.52 1.43 ± 0.57
0.24
3.3 ± 0.8
1 ± 0.3
0.1
4.5 ± 0.3
0.69

1,11,12
6
7,11,12
8,11,12
9,12
10,12

REFERENCES.– (1)Richmond et al. (1996b); (2)Benetti et al. (2011); (3)Hunter
et al. (2009); (4)Sahu et al. (2011), NED; (5)Srivastav et al. (2014), NED; (6)Foley
et al. (2003); Yoshii et al. (2003), NED; (7)Taubenberger et al. (2006), NED;
(8)Sahu et al. (2009); (9)Sahu et al. (2018); (10)Kumar et al. (2018); (11)Cano
(2013); (12) NED. ‡ Values are scaled with respect to Ho = 73 km sec−1 Mpc−1 .
are 0.7 ± 0.1 mag, 0.9 ± 0.5 and 0.7 ± 0.1 mag respectively (Drout et al., 2011).
The 4m15 (V ) values of SN 2015ap matches well with iPTF13bvn, is faster than
the value quoted by Drout et al. (2011) but is consistent with the values quoted by
Taddia et al. (2018). The 4m15 (R) of SN 2015ap matches well with the estimations
of Drout et al. (2011). The late-time light curves are faster than the average decay
rate of 56 Ni – 56 Co – 56 Fe. Taddia et al. (2018) in their analysis estimated the late
time decay rates between 1.4 – 1.8 mag 100 day−1 and 1.7 – 2.7 mag 100 day−1 for
type Ib and type Ic sample respectively. A steepening is noticed in the light curve
behaviour towards the redder bands which may be due to dust formation. The early
time 4m15 (R) of SN 2016P matches well with the value estimated by Drout et al.
(2011) for type Ic SNe.
Table 4.9 and Fig 4.5, thus, shows that both SNe 2015ap and 2016P shows faster
evolution than the 56 Co – 56 Fe decay rates. This implies inefficient γ-ray trapping
for both the SNe. Both the SNe display a steepening in the light curves as we move
towards the redder bands. This may hint towards the possibility of dust formation.

4.4.1

Colour evolution of SNe 2015ap and 2016P

The colour evolution of SNe 2015ap and 2016P along with other members of the
comparison sample are displayed in Fig 4.6. A diversity exists among the colour
variation due to expansion of photospheric envelope and the changing temperatures.
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Table 4.9: Early and late time decay rates of a sample of type Ib/c SNe.
4m15
V
0.49 ± 0.08
1.31 ± 0.05
0.50
1.01
1.03 ± 0.07

(mag)
R
0.31 ± 0.03
0.46 ± 0.07
0.31
0.90
0.74 ± 0.05

SN 1994I
SN 2002ap
SN 2004aw
SN 2007ru
SN 2014ad
ASASSN-16fp
SN 2016P

1.74 ± 0.02
1.85 ± 0.45
0.62 ± 0.03
0.92
0.95 ± 0.06
0.60 ± 0.02
1.19 ± 0.06

1.46 ± 0.02
—
0.41 ± 0.03
0.69
0.77 ± 0.03
0.42 ± 0.02
0.93 ± 0.04

—
1.70 ± 0.04
1.35 ± 0.18
—
0.89 ± 0.10
—
—

1.84 ± 0.05
2.10 ± 0.02
1.74 ± 0.22
2.1
2.19 ± 0.13
—
1.75 ± 0.22

Type Ib/c, Ic-BL

0.94 ± 0.31

0.74 ± 0.21

—

—

Supernova
SN 1999dn
SN 2007gr
SN 2009jf
iPTF13bvn
SN 2015ap

†

(100 days)−1 )
I
1.15 ± 0.07
1.64 ± 0.04
1.71 ± 0.11
—
1.88 ± 0.17

Reference

—
1.60 ± 0.01
1.36 ± 0.14
2.8
2.17 ± 0.05
—
1.78 ± 0.18

—
1.70 ± 0.01
1.53 ± 0.19
3.0
2.04 ± 0.11
—
2.09 ± 0.21

2
3,6
5
7
3,8
3,9
3

—

—

11

Late time (50-100 days) decay rates (mag
B
V
R
1.07 ± 0.19 1.54 ± 0.09 1.32 ± 0.09
1.11 ± 0.06 1.70 ± 0.05 1.94 ± 0.07
0.89 ± 0.14 1.36 ± 0.07 1.61 ± 0.02
—
—
—
1.10 ± 0.15 1.55 ± 0.14 2.14 ± 0.18

3
3,1
4,5
10
3
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All the colour curves have been dereddened by the value reported in Table 4.8. The
pre-maximum (B −V )o colours of all the SNe are similar and bluer which occurs due
to the increase in photospheric temperatures as SN brightens. From −11 day to 2
day, the (B −V )o colours of SN 2015ap increases from 0.12 mag to 0.61 mag. During
the maximum light, the (B − V )o colour remains around 1.1 mag and becomes bluer
between 100 to 300 day reaching upto a value of 0.36 mag. The (B − V )o colour
evolution of SN 2015ap is similar to all the SNe of type Ib comparison sample. A
similar trend is noticed for the (V − R)o colours of SN 2015ap which is blue (∼ 0.03
mag) at pre-maximum and becomes redder with time. Drout et al. (2011) found
that the average (V − R)o colour 10 days post V -maximum should be around 0.26 ±
0.10 mag for type Ib/c SNe, if the estimated extinction are well within errors. The
(V − R)o colour of SN 2015ap is between 0.25 mag to 0.35 mag around 10 days post
V -maximum which is well in agreement with the values of Drout et al. (2011). A
similar trend is noticed for the (V − I)o colours of SN 2015ap which becomes redder
as we move to maximum and remains, constant thereafter.
The (B − V )o colour evolution of SN 2016P increases from 0.6 mag to 1.2 mag
10 days after V -maximum. The (V − R)o colours of SN 2016P becomes redder
increasing from 0.2 to 0.6 mag. Dessart et al. (2016) and Drout et al. (2011) have
found that the (V − R)o colours 10 days post V -maximum shows an average scatter
ranging between 0.18 to 0.34 mag. At similar epochs, our value of (V − R)o ∼ 0.62
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Figure 4.6: A comparison of the (B-V)0 , (V-R)0 and (V-I)0 colours of SNe 2015ap
and 2016P with other representative SNe Ib/c. The colours are corrected for the
reddening values given in Table 4.8.

mag indicates the SN to be intrinsically redder. The (V − I)o colours of SN 2016P
follows similar trend as (V − R)o which increases upto 1 mag. Post 100 days, the
(V − I)o colour is bluer as compared to all other members of the comparison sample
as seen in Fig 4.6. SN 2016P is redder than most of the type Ic SNe comparison
sample. This indicates either presence of absorbers in the system or the galaxy is
intrinsically extincted.
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Figure 4.7: Absolute magnitude V -band light curves of SNe 2015ap and 2016P
compared to other members of the sub-class. The light-curves have been corrected
for distance and extinction given in Table 4.8.
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4.4.2

Absolute magnitude and Bolometric light curves

Figure 4.7 shows the absolute magnitude light curves of SNe 2015ap and 2016P
along with other members of the sub-class which are corrected for extinction and
reddening values reported in Table 4.8. The peak absolute magnitudes of SNe
2015ap and 2016P are listed in Table 4.7. The absolute magnitudes of SN 2015ap in
V and R-bands are −18.04 ± 0.11 mag and −18.15 ± 0.09 mag, which are brighter
than the average distribution of type Ib SNe (−17.98 ± 0.13 mag; Richardson et al.,
2006, −17.9 ± 0.9 mag; Drout et al., 2011). The V -band absolute magnitude light
curve of SN 2015ap shows that it is one of the bright member among the type Ib
SNe used for comparison. The R-band absolute magnitude of SN 2016P is ∼ 0.5
mag fainter than the sample of type Ic SNe (−18.3 ± 0.6; Drout et al., 2011). The
V -band absolute magnitude is also fainter than the sample of type Ic by 1 mag
(−18.51 ± 0.10 mag; Richardson et al., 2006). Table 4.8 shows that SN 2015ap
lies among the brighter end of the type Ib comparison sample while SN 2016P lies
among the fainter end of the type Ic comparison sample.
We constructed the bolometric light curves of SNe 2015ap and 2016P using blackbody (BB) fitting model. The bolometric lightcurves were constructed by using the
photometric data of at least 3 filters to fit black-body spectral energy distribution
(SED). For SN 2015ap, however, we also used the pre-peak data of 2 filters since
we need pre-peak bolometric lightcurve to pose more stringent constraint on the
explosion epoch. Neglecting the dilution effect of the ejecta (Dessart et al., 2012)
and assuming that the SN emission is mostly blackbody, we estimated the blackbody
temperature (T) and photospheric radius (Rph ) as free parameters of our code.
We neglect the blue-ultraviolet (UV) suppression that yields lower UV and bright
optical luminosities. Using the values of T and Rph , obtained through BB fitting
and considering the contribution of far-UV and far-IR emission, we estimated the
bolometric luminosities using the formula 4πR2ph σT4 . In order to fit the bolometric
light curves of SNe 2015ap and 2016P, we used Markov Chain Monte-Carlo (MCMC)
simulations on the light curves to obtain the best-fit parameters. The optical opacity
is fixed to be 0.07 cm2 g−1 .
56

Ni model: With the assumption that the peak bolometric luminosity is powered by the 56 Ni to 56 Co decay, we fit the bolometric light curves by 56 Ni model.
The employed parameters of the 56 Ni model are the ejecta mass Mej , the initial scale
velocity of the ejecta vsc0 , the 56 Ni mass MN i , the gamma-ray opacity of 56 Ni decay
photons κγ,N i and explosion time texpl . Adopting the formulation of Wang et al.
(2019), the initial kinetic energy of the ejecta is neutrino driven and is considered to
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Figure 4.8: The bolometric light curves of SN 2015ap reproduced by the 56 Ni model
(the left panel), and the magnetar + 56 Ni model (the right panel). The abscissa
represents time since the explosion in rest frame. The open circles are derived using
two band data while filled circles are derived using three or four band data.
be Ek = 0.3 Mej vsc0 2 . The best-fit parameters of the model are tabulated in Table
4.10 and the best-fit models of SNe 2015ap and 2016P are displayed in the left panel
of Fig 4.8 and Fig 4.10 respectively. The associated corner plots showing confidence
level of different parameters using contours are also shown in Fig 4.9 and Fig 4.11
respectively. We see that SN 2015ap is one of the most luminous type Ib with high
56
Ni mass of 0.26 M and ejecta mass of 5.26 M , however, their ratio does not
necessarily imply a high mass progenitor. The comparison of the bolometric light
curve of SN 2015ap with other SNe indicates that it lies in the brighter end of the
type Ib SNe with ejecta mass comparable to SN 1999dn (see Table 4.8). SN 2015ap
has a comparatively narrow light curve similar to SN 1999dn with shorter rise time
which in turn implies a moderate mass progenitor. The obtained high ejecta mass
is most likely linked with terminal fallback. SN 2016P is mostly a 56 Ni driven explosion with a 56 Ni mass of 0.06 M and a lower ejecta mass of 1.36 M . For SN
2016P, we see 56 Ni masses comparable with SN 1994I, however, the ejecta mass lies
in between SN 1994I (type Ic) and SN 2002ap (type Ic-BL).
Magnetar and 56 Ni + Magnetar model: Nomoto et al. (2013) proposed
that the most energetic SN explosions can only produce a 56 Ni mass ≤ 0.2 M .
Since the estimated luminosity is high and the obtained 56 Ni mass is 0.26 M , we
investigate whether there is an additional energy source. We suspect that a newly
born strongly magnetised neutron star could be another possible energy engine.
We try to fit both SNe 2015ap and 2016P using magnetar model (Inserra et al.,
2013; Wang et al., 2015b) and 56 Ni + magnetar model (Wang et al., 2015a). The
free parameters of the magnetar model are κ, Mej , vsc0 , the magnetic field Bp and
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Figure 4.9: Corner plot of SN 2015ap showing the parameters (Mej , MN i , vsc , κγ ,
texpl ) of the 56 Ni model.
Table 4.10: Parameters of the various models. The uncertainties are 1σ.
κ
(cm2 g−1 )

Mej
(M )

MNi
(M )

Bp
(1014 G)

P0
(ms)

vsc0
(109 cm s−1 )

κγ,Ni
(cm2 g−1 )

κγ,mag
(cm2 g−1 )

texpl ?
(days)

χ2 /dof

SN 2015ap
56 Ni
magnetar
magnetar+56 Ni

0.07
0.07
0.07

5.27+1.30
−1.70
5.00+1.56
−2.17
4.98+1.44
−1.83

0.26+0.01
−0.01
0.01+0.00
−0.00

15.55+0.49
−0.46
27.19+1.57
−1.84

25.61+0.29
−0.30
25.92+0.53
−0.68

2.23+0.55
−0.72
2.09+0.66
−0.91
2.01+0.58
−0.74

0.04+0.01
−0.01
0.38+0.45
−0.17

1.59+1.14
−0.73
8.63+23.86
−7.51

−15.91+0.24
−0.26
−15.12+0.28
−0.29
−13.34+0.23
−0.26

114.96/71
31.31/70
11.31/68

SN 2016P
56 Ni
magnetar
magnetar+56 Ni

0.07
0.07
0.07

3.59+1.14
−1.03
4.65+3.00
−2.32
4.71+2.42
−1.99

0.10+0.00
−0.00
0.001+0.002
−0.000

23.87+1.28
−1.19
26.52+1.94
−2.20

38.46+1.83
−1.80
39.14+2.73
−1.61

2.23+0.45
−0.56
2.10+0.65
−0.99
2.02+0.58
−0.73

0.05+0.02
−0.02
0.99+10.79
−0.96

6.61+35.82
−5.69
4.61+21.94
−3.95

−16.92+1.24
−1.25
−17.42+2.11
−1.69
−17.50+1.52
−1.30

13.67/37
6.36/36
6.18/34

? The value of texpl is with respect to V -maximum.
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Figure 4.10: The bolometric light curves of SN 2016P reproduced by the 56 Ni model
(the left panel), and the magnetar + 56 Ni model (the right panel). The abscissa
represents time since the explosion in rest frame.
initial rotational period P0 , the gamma-ray opacity of magnetar photons κγ,mag and
texpl . We find that magnetar model alone cannot suffice the energy demands of SN
2015ap and the combination of 56 Ni + magnetar best-fits our observed light curve.
For SN 2016P also, we see that the bolometric light curve fits well (right panel of Fig
4.10). The best-fit light curves are shown in Fig 4.8 and Fig 4.10 respectively and
the parameters are tabulated in Table 4.10. Even though 56 Ni + magnetar model
well fits the bolometric light curves, the obtained 56 Ni mass is unrealistically low
as compared to its kinetic energy. Thus, we conclude that 56 Ni mass is the main
source driving the luminosity for both SNe 2015ap (at the brighter end) and 2016P
(at the fainter end) among the group of type Ib/c SNe.

4.5

Spectroscopic evolution

Our spectroscopic observations of SN 2015ap started 14 days before V -maximum and
continued upto 125 days post-maximum while the spectral coverage of SN 2016P is
limited to 28 day after V -maximum. We explain in detail the spectroscopic features
of these two events below.

4.5.1

Spectral evolution of SNe 2015ap and 2016P during
early phase

The pre-maximum spectral evolution of SN 2015ap is shown in Fig 4.12. The early
time spectral sequence of SN 2015ap shows a blue continuum. Initial few spectra
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Figure 4.11: Corner plot of SN 2016P showing the parameters (Mej , MN i , vsc , κγ ,
texpl ) of the 56 Ni model.

show distinct, blueshifted and broad P-cygni profiles which is indicative of very high
velocities. In the −1.1 day spectrum of SN 2015ap, He I 5876 Å absorption feature
expanding with a velocity of ∼ 15,500 km s−1 is seen. Other prominent spectral
features noticed in the early time spectra are Fe II between 4100 and 5000 Å; Si
II/Hα at ∼ 6250 Å and OI 7774 Å. The He I 4471 Å line is present but with a
possible blend of Fe II complexes and Mg II 4481 Å. Except 5015 Å feature, all
other He I lines at 4471, 5876, 6678 and 7065 Å are prominent. The spectra taken
at 5 day and 7 day of SN 2015ap in Fig 4.12 show “W” shape absorption feature
around 4000 Å. Similar kind of feature was observed in type II SN 2005ap (Quimby
et al., 2007), type Ib SN 2008D (Modjaz et al., 2009), SN 2009jf (Sahu et al., 2011)
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Figure 4.12: Early time spectral evolution of SN 2015ap. Prominent He features
are seen in early spectra. The bottom panel shows the −2.1 day spectrum plotted
along with the best fit model generated by SYN++(dotted lines).

and type IIb SN 2001ig (Silverman et al., 2009) but at very early epochs (between
−14 day to −10 day). While Mazzali et al. (2008) claim the origin of this feature
due to Fe complexes, Modjaz et al. (2009); Silverman et al. (2009) consider this
feature to be originated due to C III, N III and O III lines at high velocities. Since
we see the feature in post-maximum phases, we consider the feature to be originated
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due to Fe complex with a blend of Mg II. The observed spectrum of SN 2015ap is
compared with a synthetic spectrum generated using SYN++ (Thomas et al., 2011)
as shown in the bottom panel of Fig 4.12. The synthetic spectrum with photospheric
temperature of 13,000 K and photospheric velocity vph = 16,000 km s−1 reproduces
the spectrum of SN 2015ap obtained at −1.1 day. The He I lines are moving with
an expansion velocity of ∼ 15,500 km s−1 . Prentice et al. (2019) also estimated the
He I 5876 Å line velocities between − 10 days to 20 days post bolometric maximum
which varied between 16,000 km s−1 to 11,000 km s−1 which is in agreement with
our results. We performed a blackbody fit on the − 1.1 day spectrum of SN 2015ap
resulting in a temperature estimate of 12,000 ± 2,000 K. Prentice et al. (2019) also
estimated the temperature variations between −10 days to 40 days post bolometric
maximum and found those to vary between 11,000 K to 5,000 K. Their estimated
value of temperature are well within the errors of our estimates using blackbody fit.
Fig 4.13 shows the evolution of SN 2015ap from 26 day to 124 day post maximum.
We see that the broad He I absorption feature has decreased with time. Also, the
blue continuum has decreased implying a decrease in photospheric temperature. All
other spectral lines become prominent and well-developed. The He I line around
5876 Å may be blended with Na ID 5890, 5896 Å. Post 90 day, we see distinct [O I]
6300, 6364 Å doublet in the spectra of SN 2015ap which marks the onset of nebular
phase. We notice prominent [O I] 6300, 6364 Å and [Ca II] 7291, 7324 Å doublet
feature in Fig 4.13 after this phase. Other identified lines in the spectra include Mg
I] 4571 Å feature, OI 7774 Å blended with contributions from OI 8446 Å. We see
multipeaked [O I] in the nebular phase spectra of SN 2015ap which is indicative of a
highly asymmetric ejecta configuration which will be discussed in detail in Section
4.6.
Fig 4.14 shows spectral sequence of SN 2016P covering a phase range of -5 to 22
days post V -maximum. The 0.1 day spectrum shows a blue continuum. Prominent
lines of Mg II, multiplets of Fe II, Si II, O I and Ca II NIR features are seen in the
spectrum. In the spectral sequence, we see two shallow absorption feature at 5100
Å and 5500 Å. The shallow absorption at 5150 Å was noticed as an unidentified
feature for type Ic SN 2004aw (Taubenberger et al., 2006). The broad absorption
feature post 6000 Å is believed to have several origins. The feature is thought to be
associated with Si II 6355 Å (Foley et al., 2003; Hunter et al., 2009; Kumar et al.,
2018; Pignata et al., 2011; Sahu et al., 2009; Valenti et al., 2008a). This absorption
feature is also seen in SN 2007gr (Valenti et al., 2008b), SN 2004aw (Taubenberger
et al., 2006) and SN 2013ge (Drout et al., 2016). For SNe 2004aw and 2013ge, the
feature is considered due to C II 6580 Å. The absorption dip at 5500 Å may result
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Figure 4.13: Spectral evolution of SN 2015ap between 25 to 124 day post V maximum. Post 70 days, the [O I] and [Ca II] features start dominating.
from a possible blending of Na ID along with He I features (Pandey et al., 2003;
Sahu et al., 2009; Valenti et al., 2008a). To the first three spectra of SN 2016P, we
fit SYN++ model. The dotted lines in Fig 4.14 shows the best-fit SYN++ model
that is moving with a photospheric velocity of vph = 15,000 km s−1 and temperature
of 8000 K. As we move to the third spectrum, vph = 13,000 km s−1 is achieved with
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Figure 4.14: Spectral evolution of SN 2016P. Dotted lines in the first three spectra
show the best fit SYN++ model.

temperatures reaching upto 7000 K. Prentice et al. (2019) also show that at similar
epochs, photospheric temperature of SN 2016P is 8,000 K. Prominent lines of Si II,
Fe multiplets and Ca lines are also well reproduced. Si II lines show a velocity of
10,000 km s−1 well in agreement with Prentice et al. (2019).
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Figure 4.15: Spectral comparison of SN 2015ap along with other type Ib SNe. SN
2015ap shows a distinct blue continuum.

4.5.2

Spectral comparison among SE-SNe

The comparison of the pre-maximum spectrum of SN 2015ap is shown in Fig 4.15.
The −1.1 d spectrum of SN 2015ap shows a distinct blue continuum as compared
to all other SNe indicating higher temperatures. This is also in agreement with the
results reproduced by SYN++ fitting. He I absorption lines are well established in
all the spectra.
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Figure 4.16: Spectral comparison of SNe 2015ap and 2016P at ∼ 25 day post V maximum with other SNe. The overall spectrum of SNe 2015ap and 2016P shows
resemblance with SNe 2009jf and 2012ap respectively.
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We compare the ∼ 25 day spectra of SNe 2015ap and 2016P with a number of
Ib, Ic, Ic-BL and transitional Ic SNe in Fig 4.16. The spectrum of SN 2015ap bears
a close resemblance with SN 2009jf. Prominent He I 5876 Å features are seen in
the whole sample of type Ib SN. The He I features in SN 2015ap are very similar
to SN 2009jf. The overall spectrum of SN 2016P (at 22 day) is quite similar to
SN 2012ap. Prominent Mg II features at other wavelengths along with Mg II +
O I at 9000 Å is well-developed as compared to all other SNe of the comparison
sample. The absorption dip close to 6200 Å is also found to be similar to that of
SN 2012ap. Ca II NIR features of SN 2016P bears resemblance with ASASSN-16fp
and are narrower than other type Ic-BLs. The overall spectra of SN 2016P shows
lines having width in between type Ic and Ic-BL SNe.
Fig. 4.17 shows the nebular phase comparison spectra of SN 2015ap along with
other type Ib SNe. SN 2015ap shows a very unique multi-peaked emission profile
of [O I] as compared to other SNe. Also, the [Ca II] doublet is broad and dispersed
than others. This has several implications on the physical scenario which we will
explain in detail in Section 4.6.

4.6

Asymmetry in the nebular phase emission of
SN 2015ap

As the nebular phase probes deeper into the ejecta, several studies on the ejecta
geometry and associated asymmetries have been done in the past (Maeda et al., 2008;
Mazzali et al., 2005a; Milisavljevic et al., 2010; Modjaz et al., 2008; Taubenberger
et al., 2009). The most-prominent lines in nebular phase to study ejecta geometry
are [O I] 6300, 6364 Å doublet, [Ca II] 7291, 7324 Å doublet and the Mg I]
4571 Å lines. However, [O I] is best to probe asymmetry as [Ca II] lines may be
contaminated with [O II] 7320, 7330 Å lines and Mg I] line is contaminated by
Fe lines. Also, [O I] is the most abundant element in the SN ejecta and forms in
a wavelength region where sensitivity of most of the spectrographs is maximum.
The ratio of [O I] 6300/6364 Å lines changes from 1:1 to 3:1 for H-rich SNe when
density limit approaches 1010 cm3 (Chugai, 1992; Leibundgut et al., 1991; Pinto &
Spyromilio, 1991). While Taubenberger et al. (2009) suggested that during nebular
phase, the ratio is always 3:1 for type Ib SNe but Milisavljevic et al. (2010) argued
that the ratio may be close to 1:1 in order to explain the dominance of double peak
in type Ib rather than type Ic. Maeda et al. (2006a) used a ratio of 3:1 for their
nucleosynthesis models which was observationally confirmed by Hunter et al. (2009)
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Figure 4.17: Nebular phase comparison of SN 2015ap shows less prominent emission
peaks than other SNe. SN 2015ap shows distinct multi-peaked profiles of [O I]
different from all other SNe.

for SN 2007gr. Maurer et al. (2010a) showed that high velocity Hα absorption
feature can be superimposed on the oxygen emission profiles giving rise to double
peaks.
SN 2015ap has a complex oxygen profile with multiple peaks shifted from 6300
Å as shown in Fig 4.18. We do not detect any Hydrogen features in SN 2015ap,
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Figure 4.18: Line profiles of [O I] 6300, 6364 Å and [Ca II] 7291, 7324 Å shows
multi-peaked profiles of [O I] and blueshifted profile of [Ca II] for SN 2015ap.

so the high velocity feature as the reason for multi-peaked profile is ruled out. We
reproduced the [O I] profile by fitting a number of Gaussians to the profile. With
the assumption that the [O I] mass at a particular velocity is proportional to the
emitted flux at same velocity, the observed [O I] profile may show an asymmetric
behaviour with the material ejected away from the observer (Taubenberger et al.,
2009). We see two peaks in [O I] at two sides of 6300 Å centered at 6258 Å and
6321 Å, respectively. The two peaks have signal-to-noise ratio greater than 10. The
full-width at half maxima of the two peaks are greater than 10 Å i.e, ≥ 457 km
s−1 , hence, we can say that they are completely resolved. Fig 4.19 shows the overall
oxygen profile. The two profiles (left and right) of 6300 Å are blueshifted and
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Figure 4.19: [O I] doublet shows multipeaked profiles in SN 2015ap. The two peaks
separated by 64 Å and centered around 6300 Å are seen. Dotted lines represent
the fitted Gaussian profiles. Blueward and redward of the zero velocity Gaussian
profiles are the blobs of ejected clumps.
redshifted by −1800 km s−1 and 700 km s−1 with FWHMs of 762 km s−1 and 965
km s−1 , respectively. These are off-center dense cores with ratio slightly less than
3:1 indicating high density blob. This geometry shows a close resemblance with SN
2009jf (Valenti et al., 2011). Separated by 30 Å from off-center core (both blue
and redwards), we see further blobs of oxygen-rich material which may be thought
to be originated from clumps (mostly dust). The remaining oxygen is carried by
uniformly distributed material that is fit by the broad Gaussian of FWHM ∼ 9233
km s−1 . Taubenberger et al. (2009), however, in his sample of SE-SNe has found
blueshifted off-center dense line cores but no redshifted line core has been found so
far which is quite puzzling. They have explained asymmetric profiles originating
due to large-scale clumping of a massive blob or unipolar jet.
Fig 4.18 also displays the Ca II profile. We see a blueshifted prominent peak in
the doublet. This could be either due to residual opacity or dust formation as the
ejecta cools (Taubenberger et al., 2009). In SN explosions Ca lumps do form but
they do not achieve the temperatures and luminosity to produce [Ca II] emission.
They intercept γ ray radiation in proportion to their mass fraction which is less
and hence, do not contribute to emission. Thus, the Ca mostly originates from
pre-existing envelope (Li et al., 1993; Matheson et al., 2000a).
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4.6.1

Estimates of the O mass and [O I] / [Ca II] ratio

The line strengths in the nebular phase spectra provide key information on the
progenitor mass. Uomoto & Kirshner (1986) derived a relation, showing the minimum mass of O that can be estimated in the high density (Ne ≥ 106 cm−3 ) limit
(Elmhamdi et al., 2004; Schlegel & Kirshner, 1989). This is given by
MO = 108 × D2 × F ([O I]) × exp(2.28/T4 ) ,

(4.1)

where MO is the mass of the neutral O in M units, D is distance to the galaxy
in Mpc, F ([OI]) is the total flux of the [O I] 6300, 6364 Å feature in erg s−1
cm−2 , and T4 is the temperature of the O-emitting region in units of 104 K. Ideally,
the ratio of [O I] 5577 Å to the [O I] 6300, 6364 Å feature should be considered.
However, the [O I] 5577 Å line is very faint, and the limit of the flux ratio can
be assumed to be ≤ 0.1. Using the observed flux of 3.0 x 10−14 erg s−1 cm−2 of
the [O I] 6300, 6364 Å doublet from the 2016 January 22 spectrum, and adopting
T4 = 0.4 K, we estimate MO = 0.90 M . A very weak OI 7774 Å emission
feature is seen in the nebular spectra. Since the amount of O I 7774 Å mass
is mostly in the ionised form (Begelman & Sarazin, 1986), the O mass required
to produce the [O I] doublet and the O I 7774 Å line is higher than the mass
required to produce the doublet (Mazzali et al., 2010). Therefore, 0.90 M can be
considered as a lower limit of total oxygen mass ejected in the explosion. [O I] layer
is mostly produced by hydrostatic burning of oxygen. Thielemann et al. (1996)
made explosive nucleosynthesis calculations and predicted major nucleosynthesis
yields for the progenitor mass of 13 − 25 M . For progenitor masses of 13, 15,
20 and 25 M , Thielemann et al. (1996) showed that the corresponding O masses
would be 0.22, 0.43, 1.48 and 3.0 M , respectively. Also, Thielemann et al. (1996)
estimated He core masses of 3.3, 4 and 8 M , corresponding to progenitors of 13,
15 and 25 M , respectively. Thus, we conclude that the progenitor of SN 2015ap is
most likely a star between 15 − 20 M and He core mass between 4 − 8 M .
Kuncarayakti et al. (2015) estimated the value of [O I]/[Ca II] ratio for a group
of core-collapse SNe and found that this ratio is highly dependent on temperature,
density and progenitor mass. Kuncarayakti et al. (2015) considered a demarcation
of SNe progenitors as binary and single if this ratio was lower or higher than 1.5
respectively. However, this ratio is close to 0.7 for type IIP SNe. In the case of SN
2015ap the [O I]/[Ca II] ratio is ∼ 0.71 indicating that the progenitor is a low mass
star in a binary system.
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4.6.2

Progenitor mass from oxygen line luminosities

The observed strength of the nebular lines can serve as an important diagnostic
of the progenitor mass. Jerkstrand et al. (2012, 2014) generated nucleosynthesis
models for progenitor masses of 12, 15, 19 and 25 M , assuming 56 Ni mass to be
0.062 M and distance of 5.5 Mpc for a group of type IIP SN. Jerkstrand et al.
(2015) extended this for a group of SE-SNe by implementing minor modifications
in the code. In Fig 4.20, we compare the 144 day post explosion (or 124 day since
V -maximum) spectrum of SN 2015ap with the 150 day and 12, 13 and 17 M model
generated by Jerkstrand et al. (2015) for type IIb/Ib SNe. It is to be noted that
the model assumes elemental abundances which are higher than the estimates of
Thielemann et al. (1996) for lower progenitor mass.
We modelled the spectra of SN 2015ap adopting a ratio of (0.31/0.062) to correct
Ni mass and rescale the model flux (150 d) to the distance and phase of the (144 d)
nebular spectrum of SN 2015ap. The SN spectrum is de-reddened and de-redshifted
to avoid any flux loss before comparison. We see that the overall spectrum matches
better with a 13 M progenitor star. The overestimated strength of Ca II NIR
feature (see Fig 4.20) is due to high density envelope used in the model thereby
scattering Ca II 8498 Å and 8542 Å features in Ca II 8662 Å. The He I peak is
also overestimated due to high He mass assumed in the model. The [O I] feature
matches well with a 13 M progenitor star. Our obtained value of Lnorm = 0.012
which is a good tracer of L[OI] (Jerkstrand et al., 2015) matches well with the value
estimated by Prentice et al. (2019). Comparing the line luminosities of [O I] and
the fitted nebular spectral modeling indicates that the progenitor of SN 2015ap is
in the range of 13 − 20 M which is most likely in a binary association.
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4.6.3

Host galaxy metallicity

Metallicity is a key parameter driving mass-loss rates in single stars and influences
the relative number of type Ib/c SNe. It’s also important for binary models (Eldridge
et al., 2008) and affects the ratios of type Ib/c SNe. In order to estimate the
host galaxy metallicity, we used the Sloan Digital Sky Survey (SDSS) spectrum
of IC 1776; the host galaxy of SN 2015ap. The DR12 SDSS image was taken on
2010 November 131 . Narrow emission lines of [O III] 5007 Å and the [N II] 6583
Å lines are clearly visible in the host galaxy spectrum. Several diagnostics are
used to estimate the host galaxy metallicity (Kewley & Dopita, 2002; McGaugh,
1

https://dr12.sdss.org/spectrumDetail?mjd=55514&fiber=999 &plateid=4402
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Figure 4.20: The 144 day since explosion spectrum of SN 2015ap plotted along with
the 12, 13 and 17 M models of Jerkstand et al. 2015 at 150 day. The 13 M model
best matches our observed spectrum of SN 2015ap.
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1991; Pettini & Pagel, 2004; Pilyugin & Thuan, 2005). We used the O3N2 index
calibration given by Pettini & Pagel (2004) to estimate the host galaxy metallicity.
The value of 12 + log(O/H) is found to be 8.8 ± 0.6 dex. For SN 2016P, the SDSS
DR12 image of the galaxy NGC 5374 was taken on 2007 March 161 . In this spectrum
also, narrow emission lines of [O III] 5007 Å and the [N II] 6583 Å were seen. The
value of 12 + log(O/H) for NGC 5374 is found to be 8.7 ± 0.5 dex. Several authors
have estimated the solar metallicity values to be 8.69 ± 0.05 dex, 8.69 dex and 8.76
± 0.07 dex, (Allende Prieto et al., 2001; Asplund et al., 2009; Caffau et al., 2011)
The obtained metallicity value for IC 1776 is slightly super-solar while NGC 5374
has nearly solar metallicity. Wolf-Rayet progenitor could be one of the favourable
scenario as the number of WR stars increases with increasing metallicity due to the
strong metallicity dependence on stellar winds (López-Sánchez & Esteban, 2010;
Vink & de Koter, 2005). The progenitors could be in the form of either single WR
stars or in binary association.

4.7

Summary

In this paper, we present the temporal and spectral evolution of a type Ib SN
2015ap and a type Ic SN 2016P. The early decline rates of SNe 2015ap and 2016P
are consistent with the other type Ib/c SNe while the late time light curves for both
the SNe shows steepening which may be indicative of dust formation. The colours of
SN 2015ap are similar to most type Ib comparison sample while the colour evolution
of SN 2016P is redder than most of the members indicating presence of host-galaxy
extinction or absorbers in the system. The absolute magnitude (Mv = −18.04 ±
0.11 mag) of SN 2015ap indicates that it lies on the brighter end of type Ib SN
among the comparison sample while SN 2016P lies towards the fainter end (Mv =
−17.53 ± 0.14 mag) among type Ic sample. The bolometric light curve modelling
of SNe 2015ap and 2016P indicates that the lightcurves can be best fit by a 56 Ni
model with 56 Ni masses of 0.26 M and 0.06 M and ejecta masses of 5.26 M
and 1.36 M respectively. We suspected an aditional energy source from a newly
born magnetar and tried fitting 56 Ni + magnetar model for both the SNe, however,
the unphysical 56 Ni values confirmed that the bolometric light curves are mostly
powered by 56 Ni. The narrow light curve and short rise time for SN 2015ap implied
that the high ejecta mass is most likely a resultant of terminal fallback. Also, the
moderate 56 Ni to ejecta mass ratio for both the SNe hints towards a moderate mass
1

https://dr12.sdss.org/spectrumDetail?mjd=54176&fiber=301 &plateid=1808

122

4.7 Summary

progenitor.
Early time spectral sequence of SN 2015ap shows prominent He I absorption lines
with a blue continuum and high photospheric temperature. SYN++ modelling of
the early time spectra of SN 2015ap indicates a photospheric temperature of 13,000
K and a photospheric velocity of 16,000 km s1 . Initial spectral sequence shows a
“W” like feature arising due to Fe complexes. SN 2016P shows prominent lines of
Ca II H & K, Mg II, Fe II and Ca II NIR features. The broad absorption blueward
of 6000 Å mostly arises due to a blend of Si II and C II. SYN++ modelling gives
an initial photospheric velocity vph = 15,000 km s−1 and temperature of 8000 K.
The [O I] profile of SN 2015ap is unique, multipeaked with blueshifted and redshifted components indicating dense off-center cores and blobs of oxygen originated
from clumps. The [Ca II] doublet shows a blueshifted peak originating from residual
opacity or dust formation. The estimated O mass is found to be 0.90 M . The [O
I]/[Ca II] ratio and the Jerkstrand modelling indicates a progenitor of mass between
13 − 20 M and most likely in binary association (Sana et al., 2011).
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Chapter 5
Photometric and spectroscopic
evolution of the peculiar Type
IIn SN 2012ab
5.1

Introduction

Type IIn supernovae (SNe IIn; Schlegel, 1990a) constitute 6 - 9 % of core-collapse
SNe (Cappellaro et al., 1997b; Li et al., 2011; Smartt et al., 2009; Smith et al.,
2011a), and their spectra are characterised by prominent lines of H and He I with
emission components and composite profiles, although typically without showing
broad P-cygni absorption troughs. Type IIn spectra show narrow-width (NW, ∼
/100 km sec−1 ) components arising in the photoionised circumstellar medium (CSM)
(Chevalier et al., 1994; Salamanca et al., 1998), along with intermediate-width (IW,
∼ 1000 km sec−1 ) components due to either Thompson broadening of NW lines,
or due to emission from gas shocked by the SN ejecta (Chugai, 2001; Chugai &
Danziger, 1994; Dessart et al., 2009). Due to the dominance of strong CSM interaction, these SNe can be observed from X-ray to radio wavelengths, and may develop
at later stages an IR excess resulting from re-processed energy by pre-existing or
newly formed dust (or a combination of the two processes, Fox et al., 2009; Gerardy
et al., 2002). Type IIn SNe are luminous in comparison with other core-collapse SNe
(typical peak Mv = −18.4 mag; (Kiewe et al., 2012)), and have in general a relatively
long rise time (≥ 20 d), followed by a slow decline (Kiewe et al., 2012). Extended
follow-up campaigns revealed a great observational diversity, probably the reflection
of different conditions of the CSM (e.g. structures, clumpiness, orientation) and SN
1
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parameters (e.g. energy, mass of the ejecta, mass loss history). This adds interest
to these objects.
On the top of the SNe type IIn luminosity scale (Mv ∼ −22 mag; Gal-Yam,
2012) lie objects like SN 2006gy (Agnoletto et al., 2009; Ofek et al., 2007; Smith
et al., 2007; Smith & McCray, 2007), SN 2006tf (Smith et al., 2008a) and SN
2008iy (Miller et al., 2010). SN 2017hcc is another peculiar, bright event (Mv =
−20.8 mag) which is highly polarised (Kumar et al., 2019; Mauerhan et al., 2017;
Prieto et al., 2017). The origin of this high luminosity is debated. SN 2006gy
was proposed to originate from a very massive star (≥ 50 M ; Smith et al., 2007)
that possibly exploded because of pair-instability and ejected a huge 56 Ni mass.
Agnoletto et al. (2009) favoured CSM-interaction as source of the high luminosity,
a scenario discussed by Moriya et al. (2013) along with pulsational instability of a
zero-age main sequence 80 - 130 M star. SN 2006tf and SN 2008iy are thought to
arise from ejecta interaction with dense circumstellar shells ejected during Luminous
Blue Variables (LBV) eruptions. At lower luminosity (Mv −17 to −19 mag) lies SN
1988Z (Aretxaga, 2000; Stathakis & Sadler, 1991; Turatto et al., 1993), which is
thought to be powered by X-ray emission coming from the interaction of the SN
blast wave with asymmetric and clumpy CSM. At this luminosity we can also find
the so-called SNe IIn-P, such as SNe 1994W, 2009kn and 2011ht (Chugai et al., 2004;
Dessart et al., 2009; Kankare et al., 2012; Mauerhan et al., 2013b) that may originate
from 8 – 10 M stars undergoing core collapse as a result of electron capture after a
brief phase of enhanced mass loss, or from more massive (25 M ) progenitors, which
experience substantial fallback of the metal-rich radioactive material.
Narrow emission line spectra, somehow recalling SN type IIn, are shown also by
objects of different nature like the so-called “SN impostors” (Van Dyk et al., 2000)
that are non-terminal eruptions of massive LBV stars. Sometimes these objects are
followed by genuine core-collapse as SN 2009ip (e.g., Fraser et al., 2015; Graham
et al., 2014; Margutti et al., 2014; Martin et al., 2015; Mauerhan et al., 2013a; Pastorello et al., 2013; Smith et al., 2014). Some objects with moderate brightness (Mv
∼ −18 mag) may result from intrinsically sub-luminous SN explosions interacting
with CSM (Chugai et al., 2004) or objects like SN 1997cy that have been linked
with Gamma Ray Bursts (Germany et al., 2000; Rigon et al., 2003; Turatto et al.,
2000).
The progenitor scenario of type IIn SNe is not fully established. Since type IIn
SNe have dense CSM draining kinetic energy from the blast wave, the most luminous
SNe will have higher mass loss rates, of the order of 0.01 M yr−1 (Chugai et al.,
2004; Smith & McCray, 2007). Such extreme environments point to episodic mass
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loss rates reminiscent of the eruptions as seen in η−Carinae and other LBVs having
mass loss rates less than 1 M yr−1 far exceeding the limits of line-driven winds
(Smith & Owocki, 2006). The detection of their LBV like progenitors was claimed
in the past for SNe 2005gl, 2009ip and 2010jl (Gal-Yam & Leonard, 2009; Mauerhan
et al., 2013a; Smith et al., 2016, 2011c). This opens the way to much consistently
large mass loss rates with respect to conventional CC-progenitors, ranging from 10−4
M yr−1 for Red supergiants (RSGs), 10−5 M yr−1 for Yellow supergiants (YSGs)
(Andrews et al., 2017), ∼10−4 M yr−1 for Wolf-Rayet stars (Kiewe et al., 2012).
Also, it is important to remark that about 75 % of the stars lie in close binary systems
(de Mink et al., 2012; Sana et al., 2012). Both instabilities of single massive stars
and binary interaction leading to asymmetric mass loss can be potential progenitor
candidates for SNe IIn (Smith & Arnett, 2014).
It is interesting to note that even thermonuclear SNe have been associated to
narrow emission line spectra as in the case of SNe 2002ic and 2005gj (Aldering
et al., 2006; Hamuy et al., 2003), although Benetti et al. (2006) argued against this
scenario suggesting the core-collapse of a stripped-envelope star interacting with
a dense CSM as a plausible explanation. However the type Ia PTF-11kx (Dilday
et al., 2012) (and more recently SN 2015cp, Graham et al., 2019 and ASASSN-18tb,
Kollmeier et al., 2019) showed beyond a reasonable doubt that also SN Ia can be
surrounded by multiple shells of CSM.
In the nuclei of galaxies has been discovered in the recent past a class of transients, called Tidal Disruption Events (TDEs), that show well defined characteristics, like blue continua and strong lines of He II and H (Gezari et al., 2012; van
Velzen et al., 2011). These have been interpreted as the result of the tidal disruption of stars by massive BH in the galaxy nuclei (e.g. Rees, 1988). More recently
another population of highly energetic transients in the centres of active galaxies
has been proposed. Important members of this class are PS1-10adi, SN 2006gy,
CSS100217:102913 +404220, ASASSN-15lh (Dong et al., 2016; Drake et al., 2011;
Kankare et al., 2017; Smith et al., 2007). The origin of these bright nuclear transients in the past was overlooked because incorrectly associated with black hole
activity, is debated. PS1-10adi is the most energetic and one of the best studied
representative of the group of nuclear SNe. Kankare et al. (2017) suggest that the
high energy originates from shock interaction between expanding material and large
quantities of surrounding dense matter. The expanding material mostly arises from
a star that has been tidally disrupted by the central black hole or a SN. However,
such bright transients may also originate from reprocessed emission from an active
galactic nuclei.
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Recently, Bilinski et al. (2018) reported the photometric, spectroscopic and spectropolarimetric study of SN 2012ab which exploded close to the nucleus of the host
galaxy. The study extends up to ∼ 300 d post discovery. SN 2012ab was a high
luminosity (M∼ −19.4 mag) SN type IIn showing strong intermediate-width features due to CSM interaction, along with absence of broad absorption features.
Spectropolarimetry suggests a strong asymmetry in the CSM structure, with the
progenitor being an eccentric binary system undergoing eruptive mass loss stages.
In this paper, we extend the photometric and spectroscopic study of SN 2012ab
until ∼ 1000 d post maximum. We provide information on the SN discovery and its
host galaxy in Section 5.2. Section 5.3 describes the data acquisition and reduction
procedures. In Section 5.4, we study the multi-band light curves, and compare the
colours, absolute light curves and bolometric evolution with those of other type IIn
SNe. The spectroscopic evolution is described in Section 5.5. Section 5.6 discusses
the radius and temperature evolution of SN 2012ab and section 5.7 shows the evolution of Hα profile. In Section 5.8, we discuss about the mass-loss rates and the
plausible progenitor scenario for SN 2012ab. We also discuss the AGN-TDE scenario
for this event and draw the conclusions in this section.

5.2

SN 2012ab and its host galaxy

SN 2012ab was discovered by J. Vinko and the ROTSE collaboration, at ∼ 15.8
mag (unfiltered) on 2012 January 31.35 UT (MJD = 55957.86) with the 0.45m
ROTSE-IIIb telescope at the McDonald Observatory. The object was located at
0
00
R.A.=12h 22m 47.6s , Decl.=+5◦ 36 25.0 (J2000.0), in the proximity of the center of
the host galaxy SDSS J122247.61+053624.2, at a redshift of 0.018 (Vinko et al.,
2012). The details of the host galaxy are given in Table 5.1. No source was detected
at the SN location before 2012 January 29.28, down to a limiting magnitude ∼ 18.7
mag.
Mould et al. (2000) simulated a velocity field model to estimate the recessional
velocity of the host galaxy. The velocity model corrects the influences of Virgo
cluster, the Great Attractor and the Shapley supercluster, and gives the velocity as
6010 ± 40 km sec−1 . Assuming Ho = 73 ± 5 km sec−1 Mpc−1 , this corresponds to
a distance of 82.3 ± 5.8 Mpc, the value also used by Bilinski et al., 2018.

In order to estimate the contribution of the host galaxy to the total reddening,
we measured the equivalent width of the NaID 5890, 5896 Å doublet at the host
galaxy redshift in a couple of fairly well resolved spectra (2012 May 26, 2012 June
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Table 5.1: General information about SN 2012ab and the host galaxy. The unfiltered
magnitude of the SN is scaled to the R band photometry.
SN 2012ab
Discovery Date
2012 Jan. 31.35
(MJD)
55957.86
SN type
IIn
RA (J2000.0)
12h 22m 47.60s
0
00
Dec (J2000.0)
+05◦ 36 25 .0
Discovery Magnitude
16.3 (Unfiltered)
E(B-V)tot
0.079 mag
HOST GALAXY
Galaxy Names
SDSS J122247.61+053624.2
2MASXJ12224762+0536247
LEDA 1286171
Morphology type
Spiral
RA (J2000.0)
12h 22m 47.61s
0
00
Dec (J2000.0)
+05◦ 36 24.3
redshift (z)
0.018
−1
vV irgo+Shapley (km s )
6010±40
mB
16.60
MB
-17.84
12+log(O/H)
8.5±0.5
d (Mpc)
82.30±5.8
µ (mag)
34.57

08 and 2012 June 27; resolutions are listed in Table 5.6). A number of relations
have been proposed to correlate the equivalent width of the NaID lines to the dust
extinction (Munari & Zwitter, 1997; Poznanski et al., 2012; Richmond et al., 1994;
Turatto et al., 2003). The average value of equivalent widths for the D1 and D2
lines are estimated to be 0.24 ± 0.03 Å and 0.30 ± 0.05 Å , respectively. Using
the Poznanski et al. (2012) relation and the equivalent widths, we estimate the host
galaxy extinction along the line of sight to be Av = 0.19 ± 0.10 mag, assuming Av
= 3.08 × E(B-V) (Pei, 1992). All other methods given by various authors results
within error bars. The galactic reddening (Schlafly & Finkbeiner, 2011) in the
direction of SN 2012ab is Av = 0.057 mag. The total reddening value is Av = 0.24
mag i. e. (E(B-V) = 0.079 mag), in good agreement with (Bilinski et al., 2018).
Several diagnostics are used to estimate the host galaxy metallicity (Kewley &
Dopita, 2002; McGaugh, 1991; Pettini & Pagel, 2004; Pilyugin & Thuan, 2005). We
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used the SDSS spectrum of the host galaxy taken on 13 February, 20081 . Both the [O
III] 5007 Å and the [N II] 6583 Å lines are clearly visible. We used the O3N2 index
calibration given by Pettini & Pagel (2004) to estimate the host galaxy metallicity.
The value of 12 + log(O/H) is found to be 8.5 ± 0.5 dex. As a comparison, Allende
Prieto et al. (2001); Asplund et al. (2009); Caffau et al. (2011) estimated the solar
metallicity values to be 8.69 ± 0.05 dex, 8.69 dex and 8.76 ± 0.07 dex, respectively.
Thus, the host galaxy metallicity in the case of SN 2012ab is nearly solar.

5.2.1

SN Location

To determine the exact location of the SN in the host galaxy, we performed astrometric calibration of the SDSS DR14 image of the host galaxy taken on November
2001, and the galaxy-subtracted SN image taken on September 2012 with 1.0m
ST, ARIES using astrometry.net (Barron et al., 2008). We use the same technique
as Bilinski et al. (2018) for determining the SN and the host galaxy location by
performing radial profile fits to the Moffat distribution. The uncertainty is determined by refitting the centroid 100 times. The precise location of the SN is α =
0
00
12h 22m 47.60s , δ = +05◦ 36 25 .00 and the host galaxy core is at α = 12h 22m 47.60s ,
0
00
δ = +05◦ 36 24 .30 (J2000). The estimated differences for the α and δ values are
00
00
0.01s ± 0.09s and 0.70 ± 0.088 , respectively, in close agreement with those found
00
by Bilinski et al. (2018). So, we conclude that the position of SN 2012ab is 0.7
(about 280 pc) away from the host galaxy center and not coincident with the nucleus. This formally rules out that SN 2012ab is a nuclear transient, such as an
AGN flare or a tidal disruption event.

5.3
5.3.1

Data Acquisition and Reduction
Photometric Observations

Photometric follow-up observations of SN 2012ab were carried out for about 3 years,
from 2012 February 20 to 2015 June 11, using a large number of ground-based optical
telescopes listed in Tables 5.2 and 5.3.
1

http://skyserver.sdss.org/dr14/en/get /SpecById.ashx?id=3242705331930818560
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Table 5.2: Log of optical observations
Date

MJD

2012/02/20
2012/02/21
2012/02/22
2012/03/05
2012/03/10
2012/03/12
2012/03/12
2012/03/13
2012/03/14
2012/03/14
2012/03/17
2012/03/24
2012/03/26
2012/03/28
2012/03/28
2012/03/28
2012/04/01
2012/04/01
2012/04/03
2012/04/04
2012/04/08
2012/04/13
2012/04/14
2012/04/19
2012/04/24
2012/04/24
2012/04/27
2012/04/29
2012/04/30
2012/05/07
2012/05/13
2012/05/15
2012/05/17
2012/05/26
2012/05/26
2012/06/08
2012/06/09
2012/06/25
2012/06/27
2012/07/07
2012/07/18
2012/11/28
2012/12/10
2013/01/13
2013/01/14
2013/02/03
2013/02/09
2013/02/21
2013/03/16
2013/04/11
2014/04/25
2015/02/12
2015/06/11

55977.820
55978.770
55979.775
55991.815
55996.160
55998.115
55998.990
55999.967
56000.075
56000.865
56003.170
56010.945
56012.845
56014.913
56014.935
56014.955
56018.020
56018.730
56020.765
56021.770
56025.600
56030.795
56031.165
56036.705
56041.830
56041.985
56044.897
56046.605
56047.995
56054.725
56060.720
56062.965
56064.690
56073.740
56073.930
56086.000
56087.730
56103.665
56105.855
56115.955
56126.845
56259.955
56270.982
56305.915
56306.985
56326.865
56332.145
56344.965
56367.150
56393.810
56771.993
57065.165
57184.925

U
B
V
(mag)
(mag)
(mag)
15.100 ± 0.056 15.976 ± 0.027 15.771 ± 0.018
—
—
—
15.055 ± 0.127 15.932 ± 0.025 15.691 ± 0.029
15.554 ± 0.081 16.438 ± 0.040
—
—
16.403 ± 0.048 15.915 ± 0.047
—
16.451 ± 0.013 15.976 ± 0.007
—
16.579 ± 0.040 16.127 ± 0.040
—
—
16.021 ± 0.017
16.003 ± 0.023 16.534 ± 0.017
—
15.934 ± 0.061 16.522 ± 0.033 16.046 ± 0.034
—
16.630 ± 0.021 16.096 ± 0.018
16.058 ± 0.033 16.512 ± 0.021 16.076 ± 0.021
16.244 ± 0.052 16.559 ± 0.027 16.166 ± 0.034
—
16.584 ± 0.029 16.116 ± 0.036
16.167 ± 0.054 16.557 ± 0.026 16.237 ± 0.028
16.066 ± 0.024 16.720 ± 0.015 16.127 ± 0.023
—
16.728 ± 0.012 16.241 ± 0.018
16.301 ± 0.145 16.737 ± 0.025
—
16.258 ± 0.098 16.816 ± 0.032
—
—
—
16.418 ± 0.032
16.390 ± 0.100
—
16.641 ± 0.040
16.766 ± 0.070 17.150 ± 0.037 16.778 ± 0.035
16.315 ± 0.020 17.039 ± 0.048 16.843 ± 0.064
17.044 ± 0.100 17.422 ± 0.053 17.118 ± 0.033
17.216 ± 0.133 17.579 ± 0.054 17.052 ± 0.052
—
17.378 ± 0.026 16.887 ± 0.024
—
17.629 ± 0.032
—
17.141 ± 0.131 17.826 ± 0.096 17.241 ± 0.056
—
17.917 ± 0.033 17.235 ± 0.034
—
18.025 ± 0.130 17.395 ± 0.182
17.350 ± 0.123 18.131 ± 0.115 17.398 ± 0.067
17.307 ± 0.100 18.079 ± 0.016
—
17.433 ± 0.097 18.070 ± 0.045 17.539 ± 0.058
17.868 ± 0.160 18.239 ± 0.198 17.330 ± 0.100
17.894 ± 0.022 18.339 ± 0.021 17.549 ± 0.024
17.868 ± 0.020 18.368 ± 0.017 17.610 ± 0.027
18.056 ± 0.376 18.432 ± 0.084 17.500 ± 0.080
—
18.347 ± 0.153 17.740 ± 0.100
—
—
17.742 ± 0.080
18.273 ± 0.077 18.711 ± 0.050 17.895 ± 0.053
—
—
18.034 ± 0.088
—
19.052 ± 0.147 18.463 ± 0.063
18.438 ± 0.208 18.956 ± 0.080 18.531 ± 0.059
—
—
18.624 ± 0.078
18.726 ± 0.160 19.136 ± 0.091
—
—
19.589 ± 0.15 18.903 ± 0.150
18.958 ± 0.172 19.749 ± 0.085 18.818 ± 0.041
—
19.629 ± 0.130 18.880 ± 0.098
—
¿19.943 ± 0.200 19.295 ± 0.075
—
20.001 ± 0.145 19.412 ± 0.107
—
—
19.550 ± 0.101
—
¿20.399 ± 0.200 19.994 ± 0.196
—
¿20.438 ± 0.200 ¿20.177 ± 0.200

R
I
Instrument
(mag)
(mag)
15.502 ± 0.013 15.426 ± 0.022
1
15.396 ± 0.028 15.352 ± 0.041
1
—
—
1
15.576 ± 0.022 15.481 ± 0.033
1
15.574 ± 0.077
—
2
15.599 ± 0.011 15.582 ± 0.013
3
15.670 ± 0.017 15.606 ± 0.030
1
15.621 ± 0.030 15.547 ± 0.020
2
—
—
4
15.631 ± 0.044 15.634 ± 0.041
1
15.611 ± 0.023 15.518 ± 0.034
4
15.623 ± 0.021 15.486 ± 0.015
3
15.674 ± 0.024 15.675 ± 0.040
1
15.766 ± 0.062 15.629 ± 0.027
2
15.851 ± 0.026 15.771 ± 0.028
4
15.766 ± 0.020 15.627 ± 0.017
3
15.912 ± 0.038 15.652 ± 0.048
2
15.873 ± 0.026 15.839 ± 0.059
1
15.959 ± 0.024 15.890 ± 0.036
1
—
—
1
16.159 ± 0.024 16.091 ± 0.037
1
16.212 ± 0.040 16.271 ± 0.037
1
16.131 ± 0.034 16.382 ± 0.030
5
16.429 ± 0.029 16.497 ± 0.051
1
16.483 ± 0.030 16.476 ± 0.045
1
16.631 ± 0.052 16.559 ± 0.042
2
16.409 ± 0.057 16.529 ± 0.044
2
16.587 ± 0.041 16.628 ± 0.046
1
16.886 ± 0.082 16.886 ± 0.035
6
16.845 ± 0.072 17.072 ± 0.166
1
16.745 ± 0.032 16.873 ± 0.056
1
16.843 ± 0.015 17.045 ± 0.090
3
16.800 ± 0.030 17.094 ± 0.085
1
16.912 ± 0.048 17.154 ± 0.081
1
16.997 ± 0.020 17.228 ± 0.046
7
17.060 ± 0.018 17.309 ± 0.029
8
17.068 ± 0.050 17.321 ± 0.119
1
17.114 ± 0.071 17.568 ± 0.194
1
—
—
4
17.196 ± 0.043 17.68 ± 0.057
6
17.192 ± 0.056 17.743 ± 0.092
4
17.726 ± 0.041 18.066 ± 0.241
1
17.624 ± 0.098 18.162 ± 0.150
1
17.810 ± 0.054 18.544 ± 0.161
1
—
—
1
18.032 ± 0.080 18.606 ± 0.244
1
18.084 ± 0.031 18.769 ± 0.108
4
18.051 ± 0.066 18.723 ± 0.142
1
18.238 ± 0.061 18.751 ± 0.108
4
18.483 ± 0.056 19.162 ± 0.214
1
18.953 ± 0.433 19.625 ± 0.250
2
19.649 ± 0.190 20.225 ± 0.407
4
19.932 ± 0.234 ¿20.664 ± 0.200
4

1 ARIES 1.04m ST+2kx2k ccd; 2 Ekar Schmidt 67/92cm; 3 Calar Alto
2.2m+CAFOS; 4 Ekar 1.82m+AFOSC; 5 ESO NTT 3.58m+EFOSC2; 6 NOT
2.54m+ALFOSC; 7 WHT 4.20m+ACAM; 8 TNG 3.58m+LRS
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Figure 5.1: The left panel shows the image of SN 2012ab taken on 2012 March 28
with 1.8m Mt. Ekar telescope. The central panel shows the image of the parent
galaxy taken ∼ 7 years after the explosion with the same telescope. The right panel
shows the template subtracted image of SN 2012ab. On the left of the SN (2012
March 28) is barely visible the residual of the subtraction of the bright star 1 of the
local sequence (cfr. Fig. 5.2).
Table 5.3: Log of the infrared observations. The value reported for the K band
of NICS mounted at the 3.58m Telescopio Nazionale Galileo (TNG), was obtained
0
with the K filter.
Date
MJD
Telescope
Instrument Filter
(dd/mm/yy)
15/03/12 56001.68 ESO-NTT 3.58m
SOFI
J,H,K
03/06/12 56082.53
TNG 3.58
NICS
J,H,K
04/07/12 56113.42
NOT 2.54
NOTCam J,H,K

Table 5.4: Star ID and the magnitudes in UBVRI filters of the 9 secondary standards
in the field of SN 2012ab
Star ID
1
2
3
4
5
6
7
8
9

α
(h:m:s)
12:22:49.98
12:22:52.79
12:22:46.46
12:22:35.55
12:22:31.55
12:22:35.89
12:22:37.67
12:22:44.94
12:22:52.35

δ
(◦ ’ ”)
+05:36:13.74
+05:34:36.87
+05:34:01.88
+05:34:55.02
+05:35:05.26
+05:37:34.51
+05:37:21.39
+05:38:11.86
+05:38:17.58

U
(mag)
15.529 ± 0.060
18.316 ± 0.066
17.361 ± 0.046
20.276 ± 0.194
16.390 ± 0.050
15.604 ± 0.043
16.229 ± 0.007
18.911 ± 0.073
18.852 ± 0.088

B
(mag)
15.120 ± 0.030
18.033 ± 0.015
17.360 ± 0.015
19.297 ± 0.045
15.000 ± 0.020
15.926 ± 0.042
15.960 ± 0.016
17.802 ± 0.018
18.272 ± 0.020
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V
(mag)
14.321 ± 0.009
17.202 ± 0.025
16.666 ± 0.030
18.284 ± 0.034
13.634 ± 0.003
15.422 ± 0.031
15.133 ± 0.065
16.638 ± 0.016
17.350 ± 0.014

R
(mag)
13.809 ± 0.021
16.686 ± 0.055
16.273 ± 0.040
17.645 ± 0.075
12.684 ± 0.027
15.082 ± 0.002
14.571 ± 0.039
15.907 ± 0.061
16.762 ± 0.046

I
(mag)
13.625 ± 0.038
16.299 ± 0.015
15.934 ± 0.011
17.140 ± 0.028
12.170 ± 0.241
14.825 ± 0.056
14.254 ± 0.026
15.427 ± 0.012
16.297 ± 0.016
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N
E

9

8

12:22:38

6

Right ascension (J2000)

7
1

12:22:51

SN

2

4

5

3

+05:35:07

Declination (J2000)

+05:38:11

Figure 5.2: SN 2012ab and the local standard stars in the field of SDSS
J122247.61+053624.2. R-band, 300 sec image obtained on 2012 February 09 with
the 1.04m ST. Displayed in the Fig is a cropped section of 8 x 8 arcmin2 FOV.
+05:41:18

Imaging was done using Johnson-Cousins-Bessell U, B, V, R, I filters. Basic
pre-processing and image reduction were done using IRAF1 as described in detail
in Gangopadhyay et al. (2018). SN 2012ab is embedded near the center of the host
galaxy, therefore template subtraction is necessary for accurate measurements at all
epochs. As templates we used a set of deep images obtained on 26 Feb. 2019 with
the 1.82m Copernico Telescope at Ekar-Asiago equipped with AFOSC, when the
SN was well beyond the limit of detection.
SN and template images were aligned, scaled and subtracted using the SNOoPY2
1

Image Reduction and Analysis Facility
Cappellaro,
E.
(2014).
SNOoPY:
http://sngroup.oapd.inaf.it/snoopy.html
2
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Table 5.5: Apparent magnitudes of SN 2012ab in JHK bands. The value reported
for the K band of NICS mounted at the 3.58m Telescopio Nazionale Galileo (TNG),
0
was obtained with the K filter.
Data
(dd/mm/yy)
15/03/12
04/06/12
04/07/12

MJD

J

56001.68 14.97 ± 0.06
56082.53 15.62 ± 0.04
56113.42 15.88 ± 0.03

H

K

Instrument

14.59 ± 0.08
15.14 ± 0.04
15.18 ± 0.05

14.29 ± 0.11
15.03 ± 0.07
14.99 ± 0.03

9
10
11

Note: 9 = ES0 NTT 3.58m +SOFI; 10 = TNG 3.58m+NICS; 11 = NOT
2.54m+NOTCam.

package which also performs point-spread-function measurements of the SN on the
galaxy subtracted images. The instrumental magnitudes were then calibrated using
colour terms previously determined with the same instruments on a number of
standard fields (Landolt, 1992), while zero-points were determined for each night
with reference to a previously calibrated local sequence of stars (cfr. Fig. 5.2).
The magnitudes of the stars of the local sequence were derived on a number of
photometric nights (see Table 5.4). These resulted in good agreement (∆(m) < 0.03)
with the magnitudes derived transforming the SLOAN AB magnitudes to the Vega
UBVRI ones with the transformations (Chonis & Gaskell, 2008). Only the brightest
star n.1 showed large deviations possibly because of saturation in the SLOAN survey.
The errors due to the calibration and the photometric measurements were added in
quadrature to estimate the final error of the SN magnitudes (cfr. Table 5.2).
ROTSE-IIIb obtained an intensive coverage of the host galaxy field before and
after the SN discovery. The original unfiltered images were converted to R-band
via USNO-B1.0 photometric calibration (Table 1 of Bilinski et al., 2018). We used
our local sequence to check this calibration finding a satisfactory agreement (<
∆(m) >' 0.02). Therefore, in order to describe the SN behaviour short after the
shock-breakout, a period in which we are short of data, we use the early R-band
photometry from Bilinski et al. (2018) (cfr. Fig. 5.3).
Near-infrared (near-IR) photometry (JHK) was obtained with different telescopes. The reduction of IR images needed a few additional steps. After the flat
field correction, sky images were obtained median-combining several science frames.
Sky images were then subtracted to individual science images in order to remove
the contribution of the bright near-IR sky. Finally, science frames were aligned and
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Figure 5.3: Light curve evolution of SN 2012ab. The two panels show the early
(left) and late (right) evolution of SN 2012ab. The adopted reference date is that
of explosion (MJD= 55955.2 ± 0.5; 2012, Jan 29).
.
combined in order to improve the signal-to-noise (S/N). Photometric calibration was
achieved relative to the 2MASS1 magnitudes of the same local sequence stars used
for the calibration of the optical photometry. The IR magnitudes are tabulated in
Table 5.5.

5.3.2

Spectroscopic observations

We obtained low and medium resolution optical and NIR spectra of SN 2012ab at
27 epochs (from 2012 February 7 to 2015 February 27), as tabulated in Table 5.6.
A combination of grisms were frequently used to cover the entire optical region.
The 2-d spectra were pre-processed using standard tasks in IRAF, as well as for the
subsequent extraction and calibration of the 1-d spectra. HeNe, HeAr, HgCdNe arc
1

Two Micron All Sky Survey.
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Table 5.6: Log of the spectroscopic observation. The phase is measured after the
explosion (MJD=55955.20±0.5); the resolution was estimated by the FWHM of the
night-sky lines [O I] at λ5577 Å or [O I] at λ6300 Å.
Date
Phase MJD
Telescope
Range
Resolution
(dd/mm/yy) (d)
(Å)
(Å)
†
07/2/12
9.6
55964.85
HET+LRS+gm300
4200-10200
10.9
†
16/2/12
18.6 55973.82
HET+LRS+gm300
4200-10200
10.9
01/3/12†
32.6 55987.78
HET+LRS+gm300
4200-10200
10.9
07/3/12
38.3 55993.50
Pennar+B&C+300tr/mm
3300-7800
7.5
12/03/12
43.4 55998.63
Calar-Alto+CAFOS+gm8
3300-8850
13.0
14/03/12
45.3 56000.54 Copernico+AFOSC+gm4+gm2 3750-9900
12.5-34.0
15/03/12
46.5 56001.72
NTT+SOFI+GB
9350-24800
17/03/12
48.5 56003.66
Copernico+AFOSC+gm4
3750-8200
11.5
20/03/12
51.4 56006.63
NOT+ALFOSC+gm4
3450-9100
13.5
24/03/12
56.3 56011.46
Calar-Alto+CAFOS+gm8
3350-9900
14.0
28/03/12
60.2 56015.41
Calar-Alto+CAFOS+gm8
3350-8800
13.5
28/03/12
60.2 56015.42
Copernico+AFOSC+gm4
3400-8200
23.0
14/04/12
76.5 56031.74
NTT+EFOSC2+gm13
3650-9250
27.0
25/04/12
86.3 56041.54
Copernico+AFOSC+gm4
3600-8200
24.0
30/04/12
93.3 56048.48
NOT+ALFOSC+gm4
3450-8700
13.5
09/05/12
102.2 56057.38
Pennar+B&C+300tr/mm
3250-7750
7.5
17/05/12
110.2 56065.40
Pennar+B&C+300tr/mm
3300-7750
7.5
26/05/12
119.2 56074.44 WHT+ISIS+R300B+R158R 3100-10550
4.3-7.3
03/06/12
127.2 56082.42
TNG+NICS+IJ+HK
8750-24800
08/06/12
132.2 56087.40
TNG+LRS+LR-B
3150-8000
10.0
27/06/12
151.2 56106.39
Copernico+AFOSC+gm4
3900-8150
24.0
17/07/12
171.1 56126.35
Copernico+AFOSC+gm4
3900-8150
24.0
09/02/13
376.9 56332.09
Copernico+AFOSC+gm4
3900-8150
24.0
16/03/13
411.9 56367.08
Copernico+AFOSC+gm4
3900-8150
24.0
25/04/14
817.3 56772.51
Pennar+B&C+300tr/mm
3300-7750
7.5
27/02/15
1126.9 57080.15
GTC+OSIRIS+R1000B
3630-7500
7.0
† Spectra from Biliniski et al. 2018

lamps were used for wavelength calibration, whose accuracy was checked using nightsky emission lines. When appropriate, minor rigid wavelength shifts were applied.
Spectroscopic standards were observed for correcting the instrumental response,
and for flux calibration. The flux-calibrated spectra in the blue and the red regions
were combined after scaling to get the final spectrum on a relative flux scale. The
spectroscopic fluxes were checked with the photometric measurements at similar
epochs and appropriate scaling factors were applied. Indeed, because of the location
of the SN projected over the bright galaxy nucleus the background subtraction was
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Table 5.7: Decay rates of the light curves of SN 2012ab in mag×(100d)−1 .

time interval
U
B
V
R
I

(20-60d)

(20-100d)

—
2.97 ± 0.20
1.62 ± 0.27
—
1.18 ± 0.13
—
0.59 ± 0.17
—
0.54 ± 0.23
—

(60-100d)
—
3.67 ± 0.23
2.95 ± 0.30
2.72 ± 0.16
3.29 ± 0.17

(130-350d) (350-440d) (440-1110d)
0.17 ± 0.09
0.33 ± 0.07
0.42 ± 0.04
0.34 ± 0.03
0.31 ± 0.03

0.92 ± 0.00
—
0.89 ± 0.03
—
0.93 ± 0.13 0.08 ± 0.02
0.71 ± 0.08 0.17 ± 0.03
0.62 ± 0.15 0.16 ± 0.02

a major problem. During the SN brightest stages, a careful reduction and choice of
the background produced satisfactory results. At late stages (after about day 200)
this was impossible and the spectra, shown in Fig. 5.8, are heavily contaminated by
the underlying galaxy emission. The overall continuum and the unresolved nebular
emission lines are due to the galaxy while the broad emissions (Hα and Hβ) are
those arising from the SN.

5.4

Temporal evolution of SN 2012ab

Optical light curves of SN 2012ab are shown in Fig. 5.3. They include our new
observations (Table 5.2), started on Feb. 20 UT, and the ROTSE-IIIb observations
(cfr. Sect. 5.3.1) describing the early epochs. Since there are relatively deep and
stringent pre-detection limits available and a number of ROTSE-IIIb detections
on the rising branch, we have estimated the explosion epoch to be 2012 January
29.28 ± 1 (MJD 55955.2) that is used throughout the paper as reference date. The
light-curve in R-band shows a rapid rise of ≥ 3.4 mag in the first 4 d reaching a
Rmax = 15.39 on MJD 55960.34. After the rise, as noted by Bilinski et al. (2018)
the light curve remained flat for about 50 d.
In the other bands the observations started only on 2012 February 20. While the
R and I band light curves are qualitatively similar, the flat maximum does not show
up in U, B, and V bands, whose light curves decline monotonically from the early
available observations. The slopes (in mag 100 d−1 ) of the different phases identified
in the light curves are reported in Table 5.7. SN 2012ab shows multi-stage evolution
in different bands. For R and I-bands, the decline during the plateau (20 - 60 d)
is ∼ 0.4 - 0.5 mag 100 d−1 which becomes much faster afterward (2.52 and 3.17 ∼
0.4 - 0.5 mag 100 d−1 between 60 - 100 d). For the bluer bands (UBV) it is possible
to represent the light curves with a single linear decline, slower as the wavelength
137

5. PHOTOMETRIC AND SPECTROSCOPIC EVOLUTION OF THE
PECULIAR TYPE IIN SN 2012AB

1988Z
1998S
1999em

2005ip
2006gy

2007od
2009kn

10adi
2010jl

2013L
2012ab

(B−V)o

2

0

(V−R)o

1

0

(V−I)o

1

0
0

100

200

300

Days since explosion

400

Figure 5.4: Reddening-corrected colour curve evolution of SN 2012ab as compared
with those of the reference sample.
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Table 5.8: Properties of the type IIn comparison sample
SNe

Host Galaxy

Offset from center

SN 1988Z∗
SN 1998S
SN 1999em
SN 2005ip∗
SN 2006gy
SN 2007od
SN 2009kn
SN 2010jl∗
PS1-10adi∗
SN 2013L∗
†

MCG +3-28-22
NGC 3877
NGC 1637
NGC 2906
NGC 1260
UGC 12846
MCG -3-21-6
UGC 5189A
J204244.74+153032.1
ESO 216-G39

11” E,2” S
16” W,46” S
15” W,17” S
2”.8 E,14”.2 N
0.941” W,0.363” N
38” E,31” S
17.75” E,15.27” N
2”.4 E,7”.7 N
center
—

Distance‡
(Mpc)
92.3
15.7
9.8
29.3
79.7
25.6
67.5
48.5
953.4
66.9

Extinction
E(B − V ) (mag)
0.024
0.219
0.1
0.048
0.56
0.126
0.114
0.058
0.091
0.111

Peak MR
(mag)
-18.97
-19.54
-16.93
-17.44
-22.39
-18.61
-18.09
-20.25
-23.16
-18.83

Reference†
1,5,8,17
2,16
18
3
6,10
7,14
9
11,5,15
13
12

REFERENCES.–(1) Stathakis & Sadler (1991); (2) Fassia et al. (2000); (3)
Stritzinger et al. (2012); (4) Stritzinger et al. (2012); (5) NED; (6) Smith et al.
(2007); (7) Andrews et al. (2010); (8) Aretxaga et al. (1999); (9) Kankare et al.
(2012); (10) Agnoletto et al. (2009); (11) Jencson et al. (2016); (12) Andrews et al.
(2017); (13) Kankare et al. (2017); (14) Inserra et al. (2011); (15) Zhang et al.
(2012); (16) Tully et al. (2016); (17) Turatto et al. (1993); (18) Elmhamdi et al.
(2003)
∗ We use days since discovery with the assumption that the discovery date
occurred close to the explosion date.
‡
Distances have been scaled to Ho = 73 ± km sec−1 Mpc−1
increases (2.33, 2.62 and 2.86 mag 100 d−1 for V , B and U bands, respectively). In
the 130-350 d interval, the decline at all wavelengths is definitely slower than the
typical radioactive decay rate of the 56 Co → 56 Fe [0.98 mag 100 d−1 ] indicating the
presence of an energy source in addition to radioactive decay, most likely the energy
released in the interaction between the SN ejecta and the CSM. For a short interval
between 350 - 440 d, all light curves decline fast again (with V band declining at
the 56 Co rate), to slow-down once again afterward in R and I, the only bands with
observations at such late times later.

5.4.1

Comparison sample

The reference sample used to perform a comparison of observables with SN 2012ab
is quite heterogeneous, and comprises 9 objects: SNe 1988Z, 1998S, 1999em 2005ip,
2006gy, 2007od, 2009kn, 2010jl, PS1-10adi and 2013L. The basic parameters of the
comparison SNe are tabulated in Table 5.8. SNe 2006gy and PS1-10adi have been
selected because they are located very close to the nuclei of their host galaxies,
similar to SN 2012ab. This is motivated by the need of checking whether positional
dependency can affect photometric or spectroscopic features. Then we have a group
of type IIn SNe similar to 1988Z-like events: SNe 1988Z, 2005ip, 2010jl and 2013L,
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Figure 5.5: Absolute magnitude light curve (R-band) of SN 2012ab as compared
with those of the reference sample.
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Figure 5.6: Pseudo-bolometric (BVRI) light curve evolution of SN 2012ab as compared with other members of the subclass. The luminosity of SN 1988Z has been
computed using only B, V and R band data and should be considered, therefore,
only as a lower limit. The dashed line shows the expected decline rate of 56 Co.
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whose light curve features are very similar to those of SN 2012ab. In contrast,
we choose the fleeting SN 1998S, the transitional SN 2007od and the type IIn-P
like SN 2009kn, to remark the clear photometric differences with SN 2012ab for
objects showing a rapid luminosity decline. And at last, we compare it with a
normal type IIP to have a clear comparison in brightness between an interacting
and a non-interacting SNe. Thus, the diversity in the comparison sample enables
us to highlight the light curve heterogeneity of SNe type IIn, and the role of CSM
interaction in their photometric evolution.

5.4.2

Colour evolution of SN 2012ab

The colour evolution of SN 2012ab is shown in Fig. 5.4. The reddening-corrected
colour curves of SN 2012ab are compared with sample of SNe IIs as discussed in
Section 5.4.1.
The (B−V) colour of SN 2012ab evolves redward very slowly, from ∼ 0.1 mag
to ∼ 0.7 mag from 22 to 120 d. This reflects in a slow reddening of the spectral
continuum during this period. A similar trend in (B−V) colour evolution is also
noticed for SNe 1988Z, 2005ip, 2010jl, PS1-10adi and 2013L indicating a slow decline
in the gas temperature (Jencson et al., 2016; Smith et al., 2009; Turatto et al., 1993).
At similar epochs, SNe 1998S, 2007od and 2009kn have redder colours. After 120
d, up to the latest epoch (440 d), the (B−V) colour of SN 2012ab remains nearly
constant, with a possible shallow decrease ((B − V ) ∼ 0.35 mag) at intermediate
epochs, in line with the other objects with available photometry at such late epochs.
In the first 4 months the evolution of the (V−R) colour is similar for all objects
of the sample showing a slow reddening, while a significantly different behaviour
afterward. The (V−R) colour of SN 2012ab continues to become redder also after
such an epoch, reaching (V−R)∼ 0.9 mag at 440 d. This is consistent with the
increasing strength of Hα line relative to the continuum at late times (see Section
5.5), possibly indicating an enhanced CSM interaction, in analogy with SNe 1988Z.
Two additional points (not shown in Fig. 5.4) indicate a return to a bluer (V−R)
colour up to day 1100, contrary to SN 1988Z which remained stable at redder values.
Different is the (V−I) behaviour of SN 2012ab, which shows relatively stable
colors throughout the whole evolution with a modest shift to the red in the first
few months, to stay then stable close to (V−R)∼ 0.05 mag up to 440 d. The latest
points (not shown in Fig. 5.4) seems to indicate much bluer (V−I) colors but at
epoch when the photometric errors are quite large.
Adopting the distance 82.30±5.8 Mpc and a total reddening E(B−V) = 0.079
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mag, we can calculate the peak absolute magnitude. The absolute magnitude in
the R band is MR = −19.49 mag, computed by using the early brightest point
from ROTSE-IIIb (MJD 55960.34 R=15.36 mag, cfr. Sect. 5.4). Fig. 5.5 shows the
comparison of the absolute R-band light curve of SN 2012ab with those of other SNe
of the comparison sample. SN 2012ab has a peak luminosity similar to SN 1998S
while the light curve shape appears to be remarkably similar to SN 1988Z (cfr.
Table 5.8).
To better understand the overall photometric properties of SN 2012ab and in particular - the sources of energy at work, we computed its pseudo-bolometric
light curve using the BVRI photometry (see Fig. 5.6). Broad-band magnitudes
were converted into fluxes at the effective wavelengths, corrected for extinction,
and finally the resulting Spectral Energy Distribution (SED) was integrated over
wavelengths. When an observation in one band was missing on a given night,
the magnitude has been obtained by interpolating the light curve with a low-order
polynomial, or was extrapolated assuming a constant colour. The emitted fluxes
were computed at the epochs when R-band observations were available. In Fig. 5.6,
the pseudo-bolometric light curve of SN 2012ab is compared with those of SNe
1988Z, 1998S, 2005ip, 2006gy, 2007od, 2009kn, 2010jl, PS1-10adi and 2013L.
SN 2012ab has average luminosity with respect to the comparison objects. It is
fainter than SNe 2006gy, 2010jl and PS1-10adi, and brighter than others. It reached
a peak luminosity of L ∼ 8.3×1042 erg s−1 . SN 2012ab shows a close resemblance
with SN 1998S. Other SNe are fainter at peak and show a faster decline.
The pseudo-bolometric light curve (computed only with BVRI bands) shows the
rapid rise to maximum, the plateau up to about 2 months, the steep fall from the
plateau. At about 3 months after the explosion the evolution slows down and the
decline remains slower than that of the radioactive decay of 56 Co up to the latest
detection (day 1230), still with significant variation. The fastest late-time decline
occurs in the period 350-440 d with a slope of 0.78 ± 0.08 mag 100 d−1 . Another
energy input is required in addition to the 56 Co radioactive decay to sustain the
light curve. We will discuss in Section 5.5 that the ejecta-CSM interaction provides
a plausible explanation.
Assuming that the luminosity of SN 2012ab in the 350-440 d period, was generated by the radioactive decay of 56 Co, the 56 Ni mass required is ≥ 0.97 M using
the formulation given by Hamuy (2003). This value is much larger than the usual
56
Ni masses produced in normal CCSNe i.e. 0.001 – 0.03 M (Hamuy, 2003).
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Figure 5.7: Spectral evolution of SN 2012ab during the first semester. The first 3
spectra are from Bilinski et al. (2018). All spectra are displayed in the observer
restframe and are not corrected for reddening. The flux scale is relative to the first
spectrum while other spectra have been downshifted by 0.41 × 10−15 erg s−1 cm−2
A−1 for better display. At the bottom is also reported the spectrum of the nucleus of
the host galaxy for reference. For each spectrum the phase is reported with respect
the explosion epoch, to rest frame and reddening corrected as in Sect. 5.2. The
regions of the main telluric absorption features are also marked on the top.

5.5

Spectral evolution of SN 2012ab

The early spectral sequence of SN 2012ab is shown in Fig 5.7. The evolution with
time of most relevant spectral features is very slow, although a few noticeable
changes are observed. The spectra are dominated at all epochs by Hα emission
whose complex evolution will be discussed in the forthcoming Section 5.7. Only
broad, shallow P-cygni absorption leftwards of Hα and Hβ are seen in the first
months. However, the Fe II, Ba II, Sc II, Mg I, Ti II, and Ca II features with
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P-cygni profile, characteristic of core collapse SNe at visible wavelengths are not
visible at any time. Narrow lines due to [O II], [O III], [N II] and [S II] are always well visible suggesting that the spectra are heavily affected by host galaxy
contamination.
The first spectrum taken 9.6 d after the explosion is a nearly featureless blackbody continuum at 12600 K with a very shallow Hα absoprtion and the above
mentioned unresolved emission lines of the galaxy nucleus. The continuum rapidly
cools down to 10100 K at 18.6 d and broad asymmetric emissions of Hα and Hβ
emerge.
Only a broad and shallow Hα absorption is visible along with the unresolved
emission (cfr. Table 5.9). With time the temperature decreases and broad asymmetric components of Hα and Hβ clearly emerge.
The first spectra (from Bilinski et al. (2018)) are with narrow unresolved emissions and a few broad lines of the SN growing in intensity with time.
The spectra between 51 d and 60 d show Hβ and Hγ with P-cygni profiles,
although not very distinct.
Fig 5.7 shows the weakening of the blue continuum with time. The narrowwidth (NW) components of Hα diminish with time, while intermediate-width (IW)
and broad width (BW) components become more prominent. Hβ and Hγ show a
P-cygni profile up to 119 d.
The velocity of Hβ as derived from the absorption trough of the 93 d spectrum
is 8200 km sec−1 . The strength of the broad P-cygni component of Hβ decreases
with time as we move from the 132 d to 171 d. The Fe II 42 multiplet (4924, 5018,
5168 Å) appears in the ∼ 93 d spectrum, along with a weak NaID (5890, 5896 Å)
feature, possibly blended with He I 5896 Å. The He I 7065 Å line is also seen in
the 110 d spectrum. The host galaxy spectrum, plotted in Figure 5.7 along with
the SN spectra, shows only narrow lines, while broad features are only visible in the
SN spectra.
Fig 5.8 shows the nebular phase spectral sequence of SN 2012ab. The nebular
emission lines typical of late-time spectra of core-collapse SNe ([OI], [CaII]/[OII])
are not present at any time.
From ∼ 48 d post-explosion, the IW components develop and become stronger
with time, because the NW lines from the photoionised pre-shock CSM are broadenend by multiple scattering with thermal electrons in the opaque gas (Chugai,
2001).
Narrow [N II] and [S II] are not detected in the TNG spectrum obtained under
good seeing conditions, while the narrow H and [O II] and [O III] are still clearly
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Figure 5.8: Late phase spectral evolution of SN 2012ab. All spectra are displayed in
the observer restframe and are not corrected for reddening. The flux scale is relative
to the first spectrum. For better display other spectra have been downshifted by
0.2 × 10−15 erg s−1 cm−2 A− 1 and the spectrum on 1126 d multiplied by 2.5. At the
bottom is also reported the spectrum of the nucleus of the host galaxy for reference.
For each spectrum the phase is reported with respect the explosion epoch.
detected. For this reason, we propose that the narrow H, [O II] and [O III] features
arise both in unrelated interstellar medium (ISM) and in the SN CSM.

5.5.1

Spectral comparison with other SNe IIn

We compare the pre-maximum, mid and nebular phase spectra of SN 2012ab with
sample of type IIn SNe (see section 5.4.1). The comparison plots are made with
respect to the R-band maximum. We plotted the spectral comparison sample along
with both host-galaxy subtracted and unsubtracted spectrum of SN 2012ab. For the
pre-maximum spectral comparison, we selected the SN 1988Z-like event SN 2013L,
the transitional SN 2007od and the fast-declining SN 1998S. All spectra have a
relativey blue continuum at early phases. Fig. 5.9 shows that SN 2012ab has a
broad Hα component, which is more prominent than other SNe type IIn. The host146
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galaxy subtracted broad Hα and Hβ profiles of SN 2012ab are very similar to those
of SN 2007od.
The mid-evolution spectra (Fig 5.10) show a redder continuum of SN 2012ab,
similar to SN 1998S. Other object shown are the SN 1988Z-like events 2005ip, 2008iy
and 2010jl. These exhibit narrow Hα features, while SN 2012ab displays mostly a
IW component over a broad redshifted Hα base. We note that only the spectrum of
SN 2012ab shows a Hβ with P-cygni profile, not visible in other comparison objects.
In contrast with SN 2012ab, SNe 1988Z and 2005ip show He I 7065 Å. The nebular
phase spectrum (Fig 5.11) shows BW and IW components in the Hα profile. There
is a distinct similarity in the asymmetric Hα profiles of SN 1998S and SN 2012ab
(unsubtracted spectrum). The intermediate component is mostly produced in the
shocked interface between SN ejecta and CSM. The interaction between SN ejecta
and CSM produces a blue pseudo-continuum at λ ≤ 5500 Å. Fox et al. (2009) showed
that it is likely composed by a forest of narrow emission lines of Fe, produced in
the interaction. This is clearly visible in our late spectrum of SN 2012ab. The He I
5876 Å line is seen in the nebular spectra of SN 2012ab and other SNe IIn.

5.5.2

Infrared spectrum

The IR spectra are dominated by a blue continuum with superposed broad Balmer
P-cygni features (Fig 5.12). The first spectrum acquired with NTT+SOFI (phase
46 d from the explosion) shows Paschen lines, including Pδ , Pγ and Pβ at 10050 Å,
10938 Å and 12819 Å, respectively. The optical spectrum at a similar phase also
exhibits a broad Hα component. In the TNG+NICS (phase 127 d) spectrum, the
Paschen lines become stronger, and we also identify P (9546 Å) and Brγ (21657
Å). Optical spectra at similar epochs displays Hα with multi-components profiles.
The comparison of the optical and NIR spectra at similar epochs in Fig 5.12 shows
prominent Balmer lines in the optical domain, while Paschen and Brackett lines
dominate the NIR spectra.

5.6

Photospheric radius and temperature

The analysis of the spectra allows to extract a number of physical parameters such
as photospheric radius and temperature.
In order to derive the photospheric radius and temperature evolution, we performed blackbody fittings of spectra up to 62 d, the period during which we are
confident that the blackbody approximation holds. After performing reddening and
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Figure 5.9: Early time spectral comparison of SN 2012ab showing prominent broad
P-cygni Hα components along with NW component. SN 2012ab shows the broadest
base of Hα profile which is absent in other type IIn SNe.
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Figure 5.10: Mid phase spectral comparison of SN 2012ab showing prominent IW
Hα components. The Hα profile for SN 2012ab (unsubtracted) is similar to that of
SN 1998S.
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Figure 5.11: Nebular phase spectral comparison sequence of SN 2012ab showing
prominent IW asymmetric Hα profile. The unsubtracted spectrum of SN 2012ab
shows a similar asymmetric profile as that of SN 1998S.
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Figure 5.12: The optical and NIR spectral energy distribution of SN 2012ab at
two phases. The epochs of the optical and NIR spectra are indicated, respectively.
Spectra have been reported to the galaxy restframe and reddening corrected. For
display the second spectrum has been down-shifted by 0.5×10−15 erg s−1 cm−2 A−1 .
Main line identifications are reported.

redshift corrections to the observed spectra, the fittings were performed selecting
line-free regions in the spectra. Typical standard deviations of repeated fittings
using different continuum criteria are of the order of 200 K or less, to which we
must add in quadrature the uncertainty on the calibration curves and on the galaxy
subtraction where much of the uncertainty resides. We believe that the overall uncertainty on the T determination is of the order of 1000-1500 K. Fig. 5.13 illustrates
the derived temporal behaviour of the temperature.
The blackbody (BB) fit to the 9.6 d spectrum of SN 2012ab gives a temperature
of about 12600 K that quick decreases to 10100 K in less than 10 d. Then the
BB temperature decrease progressively slows down to reach about 8200 K on 43 d.
From this epoch the large uncertainty due to the galaxy contamination leads to a
scatter in the temperature determination which anyhow seems to decrease to 7000
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Figure 5.13: Radius (right y axis) and temperature (left y axis) evolution of SN
2012ab during the first 2 months after the explosion.
K two months past explosion. Afterward the SN enters a fast luminosity decline
(cfr. 5.4). The parent galaxy contamination increases while, at the same time, the
emission lines grow in intensity. The BB fitting, therefore, becomes very uncertain.
Having the temperature T and the bolometric luminosity L (cfr. Sect. 5.4) it
is possible to compute the radius of the emitting region using the formula L =
4πR2 σT 4 . The radius rises rapidly during the first months, then slows to reach
progressively R∼ 100AU at our last epoch (cfr. Fig 5.13, right ordinate). The
scatter in the temperature reflects a scatter in the radius.

5.7

Hα evolution

The inspection of Fig. 5.7 and 5.8 show a clear evolution of the Hα line profile that
carries important information about the ejecta and the CSM.
Before making a quantitative analysis of the line profile it is important to note
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that throughout the evolution most of the spectra of Fig. 5.7 and 5.8 show unresolved emissions (Hα, Hβ, [OII], [OIII], [SII], [NII]) with line ratios typical of HII
regions (Bilinski et al., 2018). During the data reduction the galaxy background
has been removed by subtracting the neighbouring region to the SN. Nevertheless
because of the uneven galaxy background and the variable observing conditions
residual unresolved lines remain. In order to understand if the narrow emissions are
entirely due to contamination from the host galaxy, we have empirically subtracted
the reduced spectra of the host galaxy spectrum retrieved from SDSS and scaled to
remove the [SII] 6717-31 Å lines, after a proper degradation to the resolution of the
SN spectra. This exercise has shown that in general it is possible to remove entirely
the narrow-line contamination of the host galaxy, leaving sometimes just zero-flux
residuals. Significant exceptions are the earliest 3 spectra for which the cancellation
of the [SII] forbidden lines leaves unresolved Hα and Hβ emissions at galaxy rest
frame. We believe, therefore, that such unresolved emissions must be associated to
the SN itself (cfr. Table 5.9). This result is at odd with the conclusions by Bilinski
et al. (2018) based on the evolution of the Hα/ Hβ line ratios, who considered the
narrow lines as host galaxy contamination.
We have, therefore, performed multicomponent line profile fits of the Hα emissions after removal of this residual galaxy contamination. The results are shown in
Fig. 5.14 where we show the the observed spectra along with the individual components used in the fit. The line profiles of all epochs are reproduced with four
components, of which only three (or less) are required for each epoch: an unresolved emission at rest-frame at the earliest epochs, a broad blue-shifted absorption
during the first two months, an intermediate width (IW) emission centered close
to rest-frame during most of the SN evolution, and a red-shifted emission at late
times. The fitting has been performed using both gaussian and lorentzian profiles
that produce similar and equally satisfactory results. In the Figure we show gaussian profiles for the narrow emissions and the broad absorptions, and lorentzian for
the IW and red emissions. The results are reported in Table 5.9 in which for each
component are reported the central position, the FWHM and the line flux. For
the absorption also the terminal velocity (at zero velocity) of the blue wing and
the expansion velocity derived from the position of the minima are reported. The
terminal velocity of the red wing of the red emission is also reported.
In the first spectrum (9.6 d), taken shortly after the rapid rise to maximum,
the Hα line profile is constituted by an unresolved emission at rest-frame, that we
believe due to unshocked CSM associated to the SN (cfr. Sect. 5.8), and by a broad,
shallow absorption centered at about -16000 km s−1 , extending to ∼ −30000 km
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Figure 5.14: Best fit (red continuous line) to the observed Hα line profiles (black
line) and individual components (green dashed) as reported in Table 5.9. The fit
has been performed on background subtracted SN spectra aiming to null the narrow
[SII] emissions of the host galaxy, as described in Sect. 5.7, leaving in some case zeroflux residual (e.g. in the last spectrum) that have not been fitted. Wavelength has
been transformed to velocity with respect to the Hα rest position.
s−1 . Such absorption is very shallow at the first epoch and the line parameters
have been derived by using as initial guess the safer determinations obtained at the
following epoch. In Table 5.9 they are reported with the uncertainty mark (:).
Nine days after (18.6 d) the line profile has changed dramatically. The unresolved
emission is even stronger than before and emerges on the red wing of a much broader
(FWHM ∼ 5600 km s−1 ) blue-shifted component centered at 6511 Å that, together
with a pronounced absorption, lends an overall P-cygni profile to the line. This IW
component, centered close to the Hα rest-wavelength (with significant oscillations
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with time), will remain present during the entire evolution of the SN and closely
matches the analogous IW component by Bilinski et al. (2018). The blue terminal
velocity of the absorptions remains nearly constant (∼ −30000 km s−1 ).
The galaxy contamination subtraction process provides evidence of a SN unresolved emission also on 32.6 d. Beneath it stands a well developed P-cygni profile
with a broad (FWHM ∼ 8200 km s−1 ) emission that is quickly drifting toward the
Hα rest-frame position. The absorption is still very strong and extended to high
velocities (∼ −26600 km s−1 ). The minimum of the P-cygni absorption seems to
indicate an high photospheric expansion velocity of 16600 km s−1 .
In the following spectrum (43.4 d) the narrow emission associated to the unshocked CSM has disappeared for good, leaving at rest-wavelength the zero-flux
residuals of non-optimal galaxy subtraction. From this epoch up to about 60 d (i.e.
during the second part of the plateau observed in R and I bands (cfr. Sect. 5.4)
the line profile is well fitted by two components only, a single lorentzian emission
(but a gaussian works decently as well) in emission and a gaussian absorption. It is
interesting to note that the center of the absorption, as well as the minimum of the
p-Cyg profile and the terminal velocity, change very little with time up to definitive
disappearance that occurs at about 60 d. On the other hand during the same time
interval (43.4 to 60.2 d) the emission reaches its maximum FWHM and luminosity
(on 48.5 d, FWHM=∼ 18000 km s−1 , L( Hα)= 3.36 × 10−13 erg cm−2 s−1 ) and
remains centered to slightly red wavelengths (∼ 6580Å).
Already on 76.5 d, the absorption is no longer required to describe the line
profile. The emission suddenly shrinks to about 6000 km s−1 , i.e. close to the
values required for the second spectrum (18.6 d) and drops in luminosity. At the
same time the line becomes progressively more asymmetric with an extended red
wing. Such red wing can be accounted for with a broad (FWHM ≥ 11000 km
s−1 ) red component centered at about 6800 Å, that will emerge more clearly only
after 119.2 d (cfr. Fig 5.14) and will persist up to 817.2 d. Therefore starting
on 76.5 d, there is clear indication of interaction of very fast ejecta (∼ 25000 km
s−1 red terminal velocity) with a receding blob of CSM. Different from us, Bilinski
et al. (2018) have explained the increases on the red wing by introducing a broad
component extending from −15000 to +20000 km s−1 at zero intensity. We believe
that our profile decomposition is more satisfactory (cfr. our Fig. 5.14 with their
Fig. 8 and 9) especially from 119 d to 817 d. Nevertheless, despite this different
decomposition, we confirm their finding of a significant increase of the flux of the
receding side of the ejecta between 76 d and 817 d extending above 20000 km s−1 .
The last spectrum 1126.9 d consists of only a symmetric IW component centered
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close to the rest wavelength with FWHM∼ 4100 km s−1 . The ejecta are now interacting only with a more symmetric CSM which is entirely embedding the exploding
system.
Top and middle panels of Fig 5.15 shows the evolution of the Hα luminosity
and FWHM of the various components, tabulated in Table 5.9. The luminosities
have been estimated with the distance and reddening discussed in Sect. 5.2. From
9.6 d to 48.5 d, the Hα luminosity of the IW component increases by a factor of
∼ 9. Afterward it is evident a slower, monotonic decline with time that persists up
to the latest detection (1127 d). As mentioned above the red component has been
introduced only after day 76. The scatter in the plot gives an idea of the uncertainty
of the flux determinations of both components at this epoch (±20%). We note that
the Hα luminosity of SN 2012ab is similar to SN 2010jl at similar epochs, as both
increased by a factor of 1.5 (Jencson et al., 2016).
The central panel of Fig 5.15 shows the FWHM evolution of both components
of Hα which is very similar to that the luminosity. The IW component rapidly
broadens reaching its maximum FWHM (∼ 18200 km s−1 ) in correspondence to
the luminosity peak (top panel). Then it monotonically decreases levelling at a
FWHM∼ 4000 km s−1 after 150 d. Note that during the early phase the central
emission is significantly blue-shifted, drifting to the red as the ejecta becomes optically thin. Then, during the spike in luminosity and FWHM (48.5 d) the line
is overall centered at longer wavelengths (∼ 6580 Å). The red component remains
broader than the IW until its last detection (on day 817). The terminal velocity of
the red component is difficult to estimate because of the low signal-to-noise ratio of
the late time spectra. However, there is a clear indication that the red wing extends
to very high velocities, v∼ 25000 km s−1 on 119 d and v∼ 8000 km s−1 on 817 d.
Furthermore, although the Hβ flux is not easy to measure because of line blending, we have attempted to measure Hα to Hβ flux ratio that is shown in panel 3
of Fig 5.15. Despite the large uncertainty (that we have estimated to be ∼ 30%)
a monotonic increase (from ∼ 3 to ∼ 13 in the time interval ranging from 9 d to
411 d) is clearly observed. During the first month the values are rather constant
and similar to Case B recombination, implying that the Hα emitting gas is actually
photoionized, like in the early phases of SN 1996al (Benetti et al., 2016). Already
around 45 d the flux ratio has a rapid rise to about 8 − 9 indicating that probably
the gas becomes more collisionally excited. After a sort of plateau, from 90 d we
observe a continuum raise that levels off at about 13 after 170 d, to remain constant
afterwards, when we believe pure-collisional excitation dominates (Branch et al.,
1981).
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FWHM of the two Hα components. The bottom panel shows the evolution of the
Hα to Hβ flux ratio in SN 2012ab.
157

5. PHOTOMETRIC AND SPECTROSCOPIC EVOLUTION OF THE
PECULIAR TYPE IIN SN 2012AB
Table 5.9: Multicomponent fitting to the Hα profile of SN 2012ab. The main
parameters of the four components (3 in emission and 1 in absorption) are reported
as measured on the observed spectra.
Phase

Narrow emission
Absorption
Central (IW) Emission
Red Component
center
flux
FWHM
center
flux
bleu term. vel. P-Cyg vel. center
flux
FWHM
center
flux
FWHM red term. vel.
−2 −1
−1
−1
−2 −1
−1
−1
−2 −1
−1
−1
(Days)
Å
erg cm s
km s
Å (km s )
erg cm s
km s
km s
Å
erg cm s
km s
Å (km s ) erg cm−2 s−1 km s−1
km s−1
9.6
6565
1.68E-15
¡500
6206: (-16305:) -2.38E-14:
-30900:
—
—
—
—
—
—
—
—
18.6
6566
2.97E-15
¡500
6146 (-19048)
-3.33E-14
-29800
—
6511
3.64E-14
5591
—
—
—
—
32.6
6563
2.39E-15
¡500
6234 (-15039)
-6.12E-14
-26600
-16600
6551
6.71E-14
8195
—
—
—
—
—
—
—
6262 (-13754)
-3.93E-14
-23600
-15550
6572
1.55E-13
13929
—
—
—
—
43.4
45.3
—
—
—
6233 (-15085)
-5.72E-14
-23800
-16000
6581
1.26E-13
10773
—
—
—
—
—
—
—
6291 (-12447)
-7.02E-14
-23200
-16000
6590
3.36E-13
18185
—
—
—
—
48.5
51.4
—
—
—
6266 (-13581)
-5.74E-14
-23200
-14100
6585
2.37E-13
14477
—
—
—
—
56.3
—
—
—
6294 (-12301)
-4.52E-14
-24100
—
6580
2.44E-13
13469
—
—
—
—
60.2
—
—
—
6340 (-10212)
-4.11E-14
-20500
—
6580
2.40E-13
12917
—
—
—
—
—
—
—
—
—
—
6574
1.31E-13
5813
6666:(4713:)
1.00E-13:
12739:
23200:
76.5
86.3
—
—
—
—
—
—
6577
1.31E-13
5813
6730:(7634:)
5.41E-14:
12739:
24100:
—
—
—
—
—
—
6576
1.75E-13
5588
6693:(5947:)
5.18E-14:
10816:
21900:
93.3
102.2
—
—
—
—
—
—
6588
1.11E-13
6619
6804:(11016:)
9.00E-15:
11423:
22700:
110.2
—
—
—
—
—
—
6589
9.90E-14
6619
6804:(11016:)
1.79E-14:
11423:
16500:
—
—
—
—
—
—
6590
8.80E-14
6625
6804 (11016)
2.51E-14
13849
27200
119.2
127.2
—
—
—
—
—
—
6582
1.52E-13
4502
6777 (9796)
4.30E-14
11830
22700
151.2
—
—
—
—
—
—
6582
1.11E-13
5169
6796 (10651)
1.67E-14
7393
18600
—
—
—
—
—
—
6578
8.56E-14
3823
6775 (9691)
1.09E-14
9030
18100
171.1
376.9
—
—
—
—
—
—
6575
3.73E-14
3970
6774 (9631)
2.20E-15
4954
18600
—
—
—
—
—
—
6572
9.84E-15
3918
6655 (4214)
2.23E-15
4012
9600
411.9
817.3
—
—
—
—
—
—
6561
4.17E-15
4031
6669 (4854)
6.42E-16
4269
8500
1126.9
—
—
—
—
—
—
6572
1.50E-15
4102
———
—
—
—

”:” means uncertain determination.

5.8

Discussion

In Sect. 5.2.1 we have shown that our astrometric determination of the SN position
is not coincident with the galaxy nucleus (offset 0.700 ), in agreement with Bilinski
et al. (2018). These authors have discussed the possibility that SN 2012ab is instead
either an AGN or a TDE. AGN nature was ruled out since AGNs vary stochastically
by only a few tenths of magnitude (MacLeod et al., 2012). From 60 to 120 d, we
see a sharp drop of magnitude by about 2 mag in all bands, which makes the AGN
scenario unlikely. From a spectroscopic point of view, forbidden lines, such as [O
I] 6300, 6364 Å and [Fe VII] 5721 Å, are expected in an AGN. Also, the He II
4686 Å line is sometimes more prominent than the Balmer series in AGNs. These
are not detected in the spectra of SN 2012ab. Moreover, high state AGN show a
distinct break in the continuum slope near 5000 Å (Vanden Berk et al., 2001). Such
spectral break is not observed in the case of SN 2012ab. Similarly, the possibility
that SN 2012ab is a TDE was ruled out on the basis of the observed light curve
shape and the spectral features. Moreover, blackbody temperatures estimated for
SN 2012ab are lower and evolve faster than those typically observed in TDEs (see,
e.g., PS1-10adi, Kankare et al., 2017). The spectra of TDEs are either featureless or
show broad emission lines of He I/He II (Gezari, 2012). Such lines are not detected
in the spectrum of SN 2012ab. Gezari (2012) has provided some tool to distinguish
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SNe, AGN and TDEs based on the X-ray and UV data. Unfortunately these cannot
be applied to SN 2012ab as X-ray and UV observations are not available. Based
on the data available, we consider SN 2012ab to be a core-collapse SN with CSM
interaction, in agreement with Bilinski et al. (2018).
The light curves in the five available bands (Fig. 5.3) and the pseudo-bolometric
one (Fig. 5.6) show a behaviour dissimilar from the canonical Plateau or Linear
type II SNe, despite the luminosity remaining nearly constant during the initial
60 d. Indeed the SN never reached a nebular stage sustained by the radioactive
decay of 56 Co (cfr. Table 5.7). Only in the interval between 350 and 440 d the
bolometric slope (0.78 mag×(100d)−1 ) approached the radioactive decay but the
corresponding 56 Ni mass would be an exceptionally large value. After 440 d the
SN slowed again the pace of decline. Overall the light curve of SN 2012ab stays
in the average of the reference sample discussed in Sect.5.4.1 and Fig.5.6 both as
luminosity and evolution. Also the color curves of SN 2012ab behaves as those of
the reference sample (cfr. Fig. 5.4) not showing the early fast reddening due to the
photospheric expansion of normal non-interacting SNII.
Also the spectra do not show the typical evolution of normal SN II. There is a
clear evolution of the SED toward lower temperatures in the first two months (cfr.
Fig. 5.13) not corresponding to a change in the spectral lines that remain basically
the same but show substantial evolution in the line profiles. The spectra never
display the forbidden lines characteristic of the nebular phase. The prevailing role
of interaction is evident.
The presence of the central IW component is a clear indication of the presence
of interaction between the ejecta and the CSM, created by the progenitor before the
final explosion. We can estimate the mass-loss rate of the progenitor star assuming
that the luminosity of the ejecta-CSM interaction is fed by energy imparted at the
shock front. The progenitor mass loss rate Ṁ can be calculated using the relation
of Chugai & Danziger (1994) :
2L vw
(5.1)
Ṁ =
3
 vSN
where  <1 is the efficiency of converting the shock’s kinetic energy into visual
light (an uncertain quantity), vw is the velocity of the pre-explosion stellar wind,
vSN is the velocity of the post-shock shell and L is the bolometric luminosity of SN
2012ab. Unfortunately we do not know the velocity of the wind. Our low-resolution
spectra just provides an upper limit to the unshocked wind velocity vw ≤ 500 km
s−1 , which in turn provide us just an upper limit to the mass-loss. For the postshocked shell we assume the characteristic velocity given by the FWHM of the
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IW component (cfr. Table 5.9) and for the luminosity the bolometric luminosity
computed in Sect. 5.4. Using  = 1, to be directly comparable to Bilinski et al.
(2018), we have computed the mass-loss a four epochs in which we believe the SN
luminosity being dominated by ejecta-CSM interaction, i.e on days 76. 119, 411
and 1127. The inferred mass-loss rates are Ṁ ≤ 0.0025, 0.007, 0.009 and 0.002
M yr−1 , respectively, to be compared to with Ṁ ∼ 0.050 M yr−1 derived by
Bilinski et al. (2018) on 2012 Apr. 17 (day 79 with the explosion date derived in
Sect. 5.4). Note that their value was based on the assumption of vw = 100 km s−1
while we conservatively adopted vw ≤ 500 km s−1 , as provided by the observations.
Our derived mass-loss rates are somewhat lower than the values often required by
normal SNIIn which are of the order of 0.1 M yr−1 (e.g. (Chugai et al., 2004;
Gal-Yam & Leonard, 2009; Kiewe et al., 2012)) as seen in giant eruptions of LBVs,
but still similar to those of other SNIIn (SN 1988Z: 2 − 3 × 10−3 M yr−1 , Chugai
& Danziger (1994); SN 2005ip: 2 − 4 × 10−4 M yr−1 , Smith et al. 2009 Apj 695,
1334). These values are comparable those of yellow hypergiants (10−4 − 10−3 M
yr−1 Smith et al., 2014), to quiescent winds of LBV (10−5 − 10−4 M yr−1 ; Vink,
2018) or to those of the unusual RSG VY CMa (1 − 210−3 M yr−1 ; Smith et al.,
2009).
Bilinski et al. (2018) have provided a general physical picture for SN 2012ab
according to which the SN interacts with a largely asymmetric CSM. In particular,
they claimed to observe firstly ejecta-CSM interaction occurring on the side to the
observer and, later on, on the opposite side. They propose that the CSM lies on
an inclined equatorial plane, seen at an intermediate inclination, and interpret this
as an evidence of non-axisymmetric mass loss in an eccentric binary system. Their
evidence was based on the lack of normal P-cygni features and on the presence of
intermediate-width spectral features.
Our analysis of Sect. 5.7 shows a somewhat different behaviour. For the earliest
epochs we have reanalysed the HET spectra (shown also in Bilinski et al., 2018)) by
applying the method described in Sect. 5.7 for the galaxy contamination correction
and deblending. We conclude that unresolved emission lines associated to the SN
are present and remain up to 32 d. They are due to slow-moving, dense gas ionised
by the Xray-UV flash shock break-out in close analogy to that observed in SN 1996al
(Benetti et al., 2016). This gas does not show any significant narrow absorption even
in the MMT/BC high resolution spectrum obtained on 2012 March 1 (32 d) (cfr.
Bilinski et al., 2018) and is, therefore, either fully ionized and/or aligned out of the
line of sight.
The narrow emission is no longer visible in our subsequent spectrum taken 11
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d after (43.6 d) therefore the unshocked gas either recombined quickly or has been
swept away by this epoch. In any case we can say that the external boundary of
term
− vgas ) × 36d ∼ 1016 cm from the
the unshocked gas is larger than Rout
CSM ≥ (vej
exploding star. It is, therefore, reasonable to conclude that significant interaction
between the ejecta and the CSM already takes place soon after the burst.
In previous Sections we have shown that in the first spectrum a very broad
and shallow absorption can be recognized at wavelengths shorter than the Hα rest
position. Subsequent spectra taken between 19 d and 60 d show much clear evidence
of broad absorptions (Fig. 5.14), extending to very high terminal velocities (vterm ∼
30000 km s−1 at zero intensity, Table 5.9) giving to Hα a very broad P-cygni profile.
There is, therefore, evidence of a photosphere in an expanding envelope that at early
phases appears to be optically thick and obscures the receding ejecta. We note that
during the period in which the broad absorption is visible, the width of the central
emission is unusually broad (with FWHM up to 18000 km s−1 ).
At this stage, the observed spectrum is probably a combination of an highenergy, H-rich expanding envelope of the SN diluted by a continuum emission from
the ejecta-CSM interaction. Anyway, the line profile does not provide evidence for
an asymmetric interaction stronger on the approaching side of the ejecta at early
epoch, as suggested by Bilinski et al. (2018).
The minimum of the P-cygni absorptions, in particular, those of FeII lines, is
often used to determine the photospheric velocity. Lacking the Fe lines, we can get
an upper limit measuring the minimum of the Hα which, being stronger, forms at
higher velocities. On day 32 the Hα absorption is still very broad and the minimum
illdefined. Anyway, using vph (32.6d) = 16600 km s−1 (Table 5.9), we get an upper
limit to the radius of the photosphere four times larger than RBB (cfr. Sect. 5.6).
This is formally compatible, considering the large uncertainties in the photospheric
velocity and in the T determinations, but probably it is an indication that strong
deviation from spherical symmetry is present. Indeed, the polarimetric observations
have shown that the geometry of the system from day 54 d to 78 d is heavily
aspherical (Bilinski et al., 2018). From the similarity with SN 2010jl they suggest a
pole-to-equator desity ratio of ∼ 2.6 in analogy to Dessart et al. (2015). The evidence
of asymmetry, the measurements of exceptionally high expansion velocities and the
presence of unshocked gas not aligned along the line-of-sight are suggestive of an
highly energetic and asymmetric explosion observed along the jet emission.
Soon after 32 d the photosphere becomes optically thin and the red wing rapidly
grows in intensity. Overall the line starts to be skewed to the red and the line centroid is slightly redshifted. Such red drift can indeed signal the onset of interaction
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on the receding fast ejecta that probably at earlier phase was not present or weaker,
indicating asphericity in the emitting material as suggested by Bilinski et al. (2018).
By 76 d the absorption has completely disappeared and the central (IW) emission
has shrunk to FWHM∼ 6000 km s−1 . It is easier, therefore, to identify a bump on
the red wing of the IC component. This excess will appear after 119 d as a well
structured component centered at about 6750–6800 Å (∼ 9700 km s−1 with respect
to the Hα rest velocity) and extending up to vterm ∼ 25000 km s−1 (Table 5.9).
We note that the terminal velocity of the red component, i.e. the fastest expansion velocity of the ejecta in direction opposite to the observer, is comparable to
the terminal velocity observed for the absorption, i.e. the fastest ejecta velocity
in the direction of the observer. This on one side strengthens the identification of
the broad absorption at early phases and the determination of its terminal velocity,
on the other supports the hypothesis that the receding ejecta travelled undisturbed
until the collision producing the red component. The very high measured velocities,
of the order of 25000 − 30000 km s−1 , support the idea that until this epoch we
are observing along the direction of a jet-like ejecta expanding in a region devoid of
CSM, while the interaction giving rise to the IW component must be on the sides
of the jet.
Moreover, the observed terminal velocities also suggest that the emission arises
in the ejecta shocked by the reverse shock. With time (starting fom 127 d up
to 817 d) the terminal velocities decrease because the reverse shock receded into
slower layers. Despite the introduction of this additional red component, the central
(IW) component maintains a slightly redshifted position (corresponding to v∼ 550
km s−1 ). The IW component instead likely arises from shocked CSM in a cocoon
enclosing the jet.
By 1127 d, the red component has disappeared and we are left only with the IW
component.
During the whole evolution the line profile does not show evidence of dust formation inside the ejecta as observed in SN 1987A and other CCSNe.

5.9

Conclusions

This paper presents the photometric and spectroscopic observations of the luminous
type IIn SN 2012ab. The main results inferred from our data and analysis are
summarized as follows:
1. The UBVRI light curves underwent multi-stage evolution with changes syn162
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Figure 5.16: Sketch of the configuration of SN 2012ab and its CSM at about 40 d
(a) and about 80 d past explosion.
chronous. The rise to maximum was very steep (≥ 3.4 mag in 4 d in the R
band). Afterward, while R and I bands showed a sort of flat plateau lasting about 60-70 d, followed by a steeper decline up to about 100d, U, B, V
bands declined monotonically during the same intervals with slopes steeper at
shorter wavelengths. The bolometric light curves of normal type II SNe follow
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the radioactive decay of 56 Co → 56 Fe starting from 4-5 months after maximum.
Those of SN 2012ab remain always flatter than this value. The peak absolute magnitude is MR = −19.49 mag and the pseudo-bolometric luminosity at
maximum is L∼8.3·1042 erg s−1 , making SN 2012ab brighter than a normal
SN II. The late-time luminosity of SN 2012ab, similar to that of SN 1998S,
is much higher than that predicted by the radioactive decay of 56 Co, hence it
requires an input from additional energy such as the CSM-ejecta interaction.
We thus propose that both radioactive decay of 56 Co and CSM interaction
contribute to the high SN luminosity.
2. At all epochs the spectra appear contaminated by unresolved emission lines
typical of H II regions. We have empirically subtracted this residual contamination (Sect. 5.7). We conclude that during the first month part of the
observed unresolved Hα and Hβ flux is due to slowly expanding, ionized gas
in close proximity of the exploding star, while at later epochs the the observed
unresolved lines are due only to galaxy contamination.
3. At the epoch of the first spectral observation (9.6 d after the burst), the spectrum of SN 2012ab is characterized by a black-body continuum of T= 12600
K like normal CCSNe, with shallow undulations, possibly indication of very
fast absorbing material, plus the above mentioned unresolved lines. In the
following spectra broad hydrogen Balmer lines appear with P-cygni profile
−1
due to a very fast expanding envelope (vabs
term ∼ 30000 km s ; Sect. 5.7).
Obscuration by the opaque photosphere produces significant blueshift of the
emission component. With time the photosphere shrinks in velocity coordinates and become transparent and the obscuration rapidly disappears. The
broad P-cygni absorptions and the corresponding broad emission component
(FWHM∼ 18000 km s−1 ) from the scattering envelope are visible for about 2
months. With the decrease of the strength of the broad emission, become visible an IW component (FWHM∼ 6000 km s−1 ) with a gaussian (or lorentzian)
profile that characterizes the line shapes for over 3 years. This is attributed
to ejecta-CSM interaction with an overall symmetric CSM. The other typical
lines of SN II, e.g. Na ID, Ca II, Fe II, Ba II, etc. are not visible. Forbidden
lines, e.g. [O I], [Ca II], [Fe II], are never detected even at very late times.
In other words SN 2012ab does not experience the nebular phase typical of
normal non-interacting SNe.
4. Starting already on day 43, the Hα emission component is slightly moved to
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the red with respect to the rest-wavelength. With the progressive reduction of
the emission FWHM a red component stands out on the red wing of an overall
symmetric central emission of intermediate width (IW) that we attribute to
the onset of interaction of the receding ejcecta with CSM. The red component
maintains the same central position and FWHM for about 100 d. The (reced−1
ing) terminal velocity of the red component (vem
term ≥ 25000 km s ) is similar
to the (approaching) terminal velocity of the absorption observed at early
time, an indication that (at least a substantial part of) the ejecta in direction
opposite to the observed travelled undisturbed until this new interaction.
5. The long-lasting presence of very fast material along the line of sight, that
we observe approaching and producing the broad absorption for the first two
months, and then receding, and interacting with the CSM, on the receding
side from several months more, is suggestive of the fact that we observe the
SN along the axis of a jet-like ejection devoid of CSM in the innermost regions.
The simultaneous presence of an IW component (FWHM∼ 4000 − 6000 km
s−1 ), on the other side, tells that ejecta-CSM interaction with a more symmetric CSM takes place on the sides of the jet. A sketch of a possible configuration
visualizing the findings above is shown in Fig. 5.16).
6. We measured the mass-loss rate of the progenitor star to be ≤ 0.20 − 0.016
M yr−1 at epochs between day 76 and 1127, similar to the value derived by
Bilinski et al. (2018). These values are consistent with the slow winds of LBVs
or a yellow hypergiant.
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Chapter 6
Flash ionization signatures in
type Ibn supernova SN 2019uo
6.1

Introduction

Supernovae (SNe) undergoing interaction with a circumstellar medium (CSM) provide a unique window in the evolutionary phases of stars. Interaction, in general,
produces narrow emission lines — broader than H ii regions but narrower than lines
arising from the outer ejecta of the supernova (Hosseinzadeh et al., 2017). However,
in some cases interaction happens below the photosphere without any observable
narrow emission lines (e.g. Andrews & Smith, 2018; Morozova et al., 2017). SNe IIn
(Schlegel, 1990a) and SNe Ia-CSM display narrow H lines indicative of interaction
with a H-rich CSM. Approximately 1% of core-collapse SNe (CCSNe) show little
H and narrow He features (∼2000 km s−1 ). With the discovery of SN 2006jc, Pastorello et al. (2007) introduced this class as SNe Ibn, whose spectral features show
interaction signatures between SN ejecta and a He-rich CSM. This is defined in analogy with SNe IIn, which show narrow H features (Schlegel, 1990a). SNe that are
embedded in dense CSM may also show short-lived narrow high ionization emission
lines (≤10 days) owing to the recombination of the CSM following the shock breakout flash. These features are known as “flash features” (e.g. Gal-Yam et al., 2014).
Hosseinzadeh et al. (2017) analysed a sample of SN Ibn light curves and showed that
unlike SNe IIn, SNe Ibn are rather uniform in their light curve shape with rapid
decay rates of 0.05–0.15 mag d−1 . SNe Ibn may have double-peaked light curves
like SNe IIn, but they show a faster rise than SNe IIn (Hosseinzadeh et al., 2017).
On the other hand, Pastorello et al. (2016) showed that the class is heterogeneous
1
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with many outliers: OGLE-2012-SN-006 (Pastorello et al., 2015d) has a very slow
decline; LSQ13ccw (Pastorello et al., 2015b) is faint and fast-declining; SNe 2005la
and 2011hw (Pastorello et al., 2015a) are transitional type IIn/Ibn events; SN 2010al
(Pastorello et al., 2015a) is the earliest detected SN Ibn with a slow rise and decline. Karamehmetoglu et al. (2019) recently identified a rapid evolving SN 2018bcc.
SNe Ibn have bluer continuum than other CCSNe. Some SNe Ibn show P-cygni He i
emission, while others transition from narrow to intermediate-width He i emissions
(Hosseinzadeh et al., 2017).
So far, only indirect progenitor constraints for SNe Ibn are available. Pastorello et al. (2007) suggest Wolf-Rayet (WR) H-free atmospheres generate the
He-rich CSM. The best studied case for unstable mass loss from a WR progenitor is SN 2006jc, for which an optical transient was detected at the SN location
two years prior to explosion (Foley et al., 2007; Pastorello et al., 2007; Smith et al.,
2008b). Alternatively, CSM can be produced by stripping material from envelopes
of massive binaries (Foley et al., 2007). However, a low-mass progenitor has been
suggested for PS1-12sk, which occurred in a non-star-forming host (Hosseinzadeh
et al., 2019; Sanders et al., 2013) — unlikely for a CCSN (≤0.2%; Hakobyan et al.,
2012). A very recent study by Sun et al. (2019) for SNe 2006jc and 2015G implies an
interacting binary progenitor scenario, based on late time UV/optical HST images.
In this paper we study the evolution of one such type Ibn SN 2019uo which was
discovered on 2019 January 17.8 UT (JD 2458501.3) by Koichi Itagaki at R.A. =
12h 02m 36.5s , Decl. = +41o 030 4200 (J2000.0). The SN location is 0.”4 east and 27.”2
north of the center of the galaxy UGC 7020 at a redshift of 0.020454 (Zhang et al.,
2019). SN 2019uo was classified on 2019 January 19.9 UT as a SN II (Zhang et al.,
2019) with the spectrum obtained with the Yunnan Faint Object Spectrograph
and Camera (YFOSC) mounted on the 2.4 m LiJiang Telescope (LJT) at Yunnan
Observatory (YNAO). Zhang et al. (2019) reported that the spectrum depicted a
blue continuum and highly ionized “flash features” such as N V, He ii and O V.
However, this classification of type II SN was modified later by Fremling et al.
(2019) and SN 2019uo was classified as a type Ibn. Prominent narrow emission
lines of He i in the initial spectra of SN 2019uo indicating a P-cygni velocity of
650 km s−1 justified the type Ibn classification. SN 2019uo is the second SN Ibn to
show these features after SN 2010al. Adopting H0 = 73 km s−1 Mpc−1 , we obtain
a luminosity distance of 88.8 Mpc for SN 2019uo. The Milky Way extinction along
the line of sight of SN 2019uo is AV = 0.035 mag (Schlafly & Finkbeiner, 2011).
For estimating the extinction along the line of sight within host galaxy, we estimate
equivalent widths of the Na iD line in the first three spectra of SN 2019uo. Using the
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6.2 Data Acquisition and Reduction
Table 6.1: Photometry of SN 2019uo
Date
JD
Phase†
(yyyy-mm-dd) (2458000+) (day)
2019-01-18
501.8
-6.8
2019-01-20
503.9
-4.7
2019-01-20
504.3
-4.3
2019-01-21
505.3
-3.3
2019-01-21
505.2
-3.4
2019-01-22
506.2
-2.4
2019-01-23
506.8
-1.8
2019-01-23
507.3
-1.3
2019-01-24
507.8
-0.8
2019-01-25
508.1
-0.6
2019-01-25
508.3
-0.3
2019-01-25
508.8
0.1
2019-01-28
511.4
2.7
2019-01-28
511.8
3.1
2019-01-30
513.1
4.5
2019-02-01
515.7
7.1
2019-02-02
516.3
7.6
2019-02-04
518.4
9.8
2019-02-04
518.8
10.2
2019-02-05
519.2
10.5
2019-02-06
520.3
11.7
2019-02-08
523.4
14.8
2019-02-09
524.4
15.7
2019-02-12
527.0
18.4
2019-02-20
535.2
26.6
2019-02-21
536.2
27.6
2019-02-23
538.1
29.5
2019-03-02
544.3
36.2

†

U
(mag)
—
16.452±0.033
—
—
—
—
16.122±0.074
—
16.252±0.075
—
16.015±0.020
16.199±0.051
—
16.331±0.028
—
17.334±0.049
—
—
18.262±0.082
—
—
19.787±0.041
—
—
—
—
—
—

B
(mag)
17.865±0.107
16.937±0.027
16.817±0.052
16.623±0.013
—
—
—
16.654±0.036
16.731±0.031
—
16.825±0.031
16.740±0.026
—
17.156±0.017
—
17.447±0.026
17.547±0.016
18.275±0.016
18.276±0.029
18.754±0.031
18.862±0.024
19.058±0.027
19.224±0.069
19.487±0.053
—
—
—
21.231±0.274

g
V
r
i
Telescope
(mag)
(mag)
(mag)
(mag)
17.637±0.097 17.927±0.146 17.936±0.139
—
LCO
16.785±0.013 17.052±0.026 17.039±0.019 17.353±0.033
LCO
16.908±0.162 17.262±0.050
—
17.423±0.052
TNT
16.768±0.018 17.014±0.030 16.901±0.029 17.328±0.038
TNT
—
16.882±0.08
—
—
0.7m
—
16.777±0.063
—
—
0.7m
16.613±0.039 16.883±0.051
—
—
LCO
16.699±0.022 16.991±0.034 16.821±0.034 17.187±0.042
LCO
16.532±0.015 16.669±0.027 16.676±0.022 17.215±0.022
LCO
—
16.673±0.024
—
17.037±0.015
LJT
16.655±0.019 16.616±0.101 16.782±0.022 17.027±0.0272 LJT,TNT,0.7m
16.565±0.017 16.685±0.028 16.654±0.023 17.003±0.055
LCO
—
16.732±0.143
—
—
0.7m
—
16.749±0.0153 16.646±0.010
—
DFOT
—
16.786±0.085
—
—
ST
17.281±0.009 17.307±0.019 17.237±0.011 17.430±0.021
LCO
17.257±0.011 17.655±0.022 17.532±0.016 17.696±0.013
TNT
—
—
17.847±0.017 17.948±0.014
ST
17.921±0.016 17.882±0.025 17.835±0.021 17.938±0.030
LCO
—
17.885±0.024 17.856±0.017
—
ST
—
18.141±0.025 18.479±0.027 18.592±0.033
ST
—
18.316±0.031 18.900±0.001 18.808±0.052
HCT
—
18.598±0.029 18.911±0.037 19.091±0.033
ST
19.169±0.037 18.946±0.043 19.012±0.048 19.136±0.075
LCO
20.037±0.218
—
—
20.287±0.115
TNT
20.228±0.214
—
—
—
TNT
20.265±0.312
—
—
—
TNT
20.726±0.138 20.526±0.178 21.032±0.305 21.096±0.215
LCO

with respect to JDmax = 2458508.65.

formulation by Munari & Zwitter (1997) and Poznanski et al. (2012), we estimate
AV = 0.2517 mag. This estimate also brings the B−V colors of SN 2019uo into close
agreement with SNe 2006jc and 2010al. Thus, we adopt a total AV = 0.287 mag.
The temporal and spectral evolution of SN 2019uo and the detailed modeling of the
bolometric light curve is discussed in the sections to follow.

6.2

Data Acquisition and Reduction

We observed SN 2019uo with Las Cumbres Observatory (LCO) in the UBVgri filters
from ∼2 to 106 days after discovery. Augmenting the LCO data, photometric observations in UBVRI/ugri were also taken with 0.7m BITRAN-CCD Imaging System
located in Japan; 0.8m Tsinghua-NAOC Telescope (TNT), Xinglong Observatory,
China; 1.04m Sampurnanand Telescope (ST); 1.30m Devasthal Fast Optical Telescope (DFOT), ARIES, India; 2.00m Himalayan Chandra Telescope (HCT), IAO,
Hanle, India and Lijiang 2.4m Telescope (LJT), Yunnan Observatories (YNAO),
China. We performed image subtraction using High Order Transform of PSF ANd
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Table 6.2: Log of spectroscopic observations of SN 2019uo.
Date
JD - 2458000 Phase† Telescope Instrument Range (Å)
2019-01-19
503.4
-5.2
2.4 m LJT
YFOSC
3500-8800
2019-01-20
503.9
-4.7
2.0 m FTN FLOYDS 3200-9000
2019-01-21
504.9
-3.7
2.0 m FTN FLOYDS 3200-9000
2019-01-23
506.9
-1.7
2.0 m FTN FLOYDS 3200-9000
2019-01-24
508.3
-0.3
2.4 m LJT
YFOSC
3500-8800
2019-01-28
512.4
3.8
2.0 m FTN FLOYDS 3200-9000
2019-02-05
519.9
11.3
2.0 m FTN FLOYDS 3200-9000
2019-02-08
523.8
15.2 2.2 m China
BFOSC
4000-10000
2019-02-14
529.2
20.6
2.4 m LJT
YFOSC
3500-8800
†
with respect to JDmax = 2458508.65.

Template Subtraction (HOTPANTS)1 (Becker, 2015). The instrumental magnitudes
were estimated using IRAF2 (Tody, 1986, 1993) and DAOPHOT3 (Stetson, 1987).
The LCO photometry was done using lcogtsnpipe4 (see Valenti et al., 2011, 2016)
on the difference images. The instrumental SN magnitudes were calibrated using
the standard magnitudes of a number of local stars in the SN field obtained from
the Sloan Digital Sky Survey (SDSS) catalog for the gri bands and the Landolt
standard fields taken on the same night by the same instrument as the science images for UBV. Wherever required, the RI magnitudes were converted to ri using the
equations of Jordi et al. (2006). The photometry of SN 2019uo is presented in Table
6.1.
The spectroscopic observations were taken at 9 epochs spanning up to ∼88 days
after discovery. The 1D wavelength- and flux-calibrated spectra were extracted
using the floydsspec pipeline (Valenti et al., 2014) for the LCO data. Spectroscopic
data reduction of the 2.2 m and 2.4 m telescopes was done using the APALL task
in IRAF followed by wavelength and flux calibration. The slit loss corrections were
done by scaling the spectra to the photometry. Finally, the spectra were corrected
for the heliocentric redshift of the host galaxy. The log of spectroscopic observations
is given in Table 6.2.

1

https://github.com/acbecker/hotpants
Image Reduction and Analysis Facility
3
Dominion Astrophysical Observatory Photometry
4
https://github.com/svalenti/lcogtsnpipe
2
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Figure 6.1: UBVgri light curve evolution of SN 2019uo.

6.3

Photometric Evolution of SN 2019uo

The complete multi-band light curve of SN 2019uo is shown in Figure 6.1. With our
available observations, we were able to trace the epoch of maximum in all the bands.
The date of maximum and its brightness were determined by fitting a cubic spline to
the UBVgri light curves. The maximum in r-band occurred on JD 2458508.6 ± 0.5
at an apparent magnitude of 16.66 ± 0.03 mag. The errors reported are obtained
from interpolated measurements around the peak. We use days since r-maximum
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(rmax ) as a reference epoch throughout the paper. Assuming that the discovery date
is close to explosion, we estimated a rise time of 8.7 ± 1.3 days. This is similar to
iPTF14aki and iPTF15akq (c.f. Table 4; Hosseinzadeh et al., 2017).
The r-band light curve, between 0–36 days, decays with a rate of 0.126 ±
0.005 mag d−1 . The g, B, V and i bands follow approximately the same decline rate.
The sample of SNe Ibn in Hosseinzadeh et al. (2017) are fast-evolving with a typical decline rate of 0.1 mag d−1 during the first month post-maximum. SN 2019uo
follows the same decline rate.
Figure 6.2 shows the absolute magnitude light curve of SN 2019uo along with
other SNe Ibn after correcting for distance and extinction. The peak r-band absolute
magnitude of SN 2019uo is −18.30 ± 0.24 mag, which is at the fainter end of SN Ibn
sample. The blue band in Figure 6.2 shows the average light curve (comprising of
95% of the SN Ibn data) of SNe Ibn taken from Hosseinzadeh et al. (2017). The
average light curve was generated by using a Gaussian process to fit a smooth curve
to the combined light curves on the sample of Hosseinzadeh et al. (2017). The fit was
performed in log-log space to ensure consistency and smoothness between the early
and late time light curves. The average light curve, thus, generated also uses the
Gaussian process to fit positive and negative residuals. It is to note that SN 2019uo
is ∼1.2 mag fainter than the normalized SNe Ibn light curve.

We compare the B − R/r color evolution of SN 2019uo with a number of type
Ibn SNe, which usually show heterogeneity in their color evolution. The B − r color
of SN 2019uo increases up to 0.64 mag ∼20 days post rmax , subsequently becoming
blue at ∼36 days. Similarly, for SN 2010al and iPTF14aki the B − r color increases
up to ∼1 mag, ∼30 days post Rmax . Thus, SN 2019uo shows a color evolution similar
to SN 2010al and iPTF14aki. At similar epochs, the color evolution of SN 2006jc
was extremely blue (−0.5 mag). SN 2006jc, then shows an overall flatter color
evolution. The early blue colour are typical of type Ibn SN (Pastorello et al., 2016).
The transition to redder colours for SNe 2019uo and 2010al places their behavior
between SNe Ib and most extreme SNe Ibn. SN 2006jc (Pastorello et al., 2007) and
OGLE-2012-SN-006 (Pastorello et al., 2015d) show redder colours post 50 days.

6.4

Spectral evolution

The spectral evolution of SN 2019uo from −5.2 days to 20.6 days post maximum is
displayed in Figure 6.3. The early spectral sequence shows a unique blue continuum
similar to SN 2010al. Blackbody fits to the first three spectra (−5.2, −4.7, and −3.7
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Figure 6.2: R/r-band absolute magnitude light curve and B−R/r colour curve of SN
2019uo. The comparison sample includes SNe2006jc (Foley et al., 2007; Pastorello
et al., 2007), 2010al (Pastorello et al., 2015b), OGLE-SN-006 (Pastorello et al.,
2015d), 2011hw (Pastorello et al., 2015b), iPTF14aki (Hosseinzadeh et al., 2017),
2015U (Hosseinzadeh et al., 2017; Shivvers et al., 2016) and 2015G (Hosseinzadeh
et al., 2017).
days) show that the photospheric temperature varies between 13,000 K and 10,000
K. A very narrow H emission line (≤137 km s−1 ; unresolved) in the early spectrum
of SN 2019uo is most likely due to interstellar gas in the host galaxy. Prominent
emission features in the first three spectra (−5.2 to −3.7 days) of SN 2019uo are
seen around ∼4660 Å. The emission components are double-peaked, with the blue
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Figure 6.3: Spectral evolution of SN 2019uo from −5.2 days to 20 days post rmax .
Prominent He features are seen in the early spectra. Flash ionization signatures of
He ii, C iii and N iii are also seen.
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Figure 6.4: Spectral comparison of SN 2019uo at −5.2days to SNe1998S (Fassia
et al., 2001) and 2010al (Pastorello et al., 2015b). Prominent flash ionization features
are marked.
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component peaking at 4643 Å and the red component peaking at 4682 Å. The red
component at 4682 Å is due to He ii at 4686 Å, whereas the blue component arises
from a blend of C iii 4648 Å and N iii 4640 Å. Another interesting feature is the
possible identification of a doubly ionized C iii feature at 5696 Å. Pastorello et al.
(2015a) interpreted these as flash ionization signatures in a He-rich CSM (also see
Gal-Yam, 2014). Although C iii features were found in PTF12ldy and iPTF15ul
(Hosseinzadeh et al., 2017), SN 2010al is the only previous SN Ibn where flash
ionization signatures of C iii and He ii, typical of SNe II, are both seen. Cooke
et al. (2010) and Silverman et al. (2010) identified such lines to be originating from
a WR wind, previously noted in SNe IIn (e.g., SN 1998S; Fassia et al. (2001) and
SN 2008fq; Taddia et al. (2013)). We also identify a He ii 5411 Å feature with a
velocity of 1483 km s−1 at −5.2 days. In the spectrum at −5.2 days, we see a deep
absorption feature at ∼4000 Å and a small dip around 8200 Å, which is likely due
to the presence of O ii and He ii features, respectively.
Figure 6.4 shows the spectra of SNe 1998S (type IIn) and 2010al (type Ibn) in
comparison with SN 2019uo. These two SNe have previously shown flash ionization
signatures. While the spectrum of SN 2010al shows C iii features around 4650 Å
only, SN 2019uo shows C iii features around 4650 Å and at 5696 Å. The inset in
Figure 6.4 highlights these features.
As the SN evolves further (3.8 days), the narrow He i P-cygni feature is superimposed on a broader base (the continuum is not flat). The flash ionization spectral
features vanish completely during this epoch. From 11–21 days, features of Ca ii, Si
ii, and Na iD also start developing (see Figure 6.3). Figure 6.5 shows the comparison of SN 2019uo with a group of SNe Ibn between 3 – 10 days after peak. The He i
5876 Å feature of SN 2019uo is similar to that identified in SN 2010al. However, the
He i P-cygni feature of SN 2019uo is narrower, and is superimposed over a broader
emission line. On the other hand, the He i P-cygni profile in SN 2010al is over a flat
continuum. Flash ionization signatures in SN 2010al are still visible at this phase,
but these features have vanished in SN 2019uo. The line evolution of SN 2019uo
shows that it belongs to the “P-cygni” subclass (following the interpretation of Hosseinzadeh et al. 2017). The P-cygni He i features are narrow but gradually broaden
with time. The physical explanation behind the origin of the “P-cygni” subclass
could be a shell of He around the progenitor star surrounded by a dense CSM. As the
optically thick shell is lit by the explosion, the narrow P-cygni features transition
to broader emission as the shell is swept up by the SN ejecta. The viewing angle
dependence could also affect this scenario; if the CSM is asymmetric and we have
a He rich torus, then P-cygni features would only be visible if the system is viewed
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Figure 6.5: Comparison of the spectrum of SN 2019uo to other SNe Ibn. SN 2019uo
and SN 2010al show distinct narrow P-cygni He i spectroscopic features. The data
for this are taken from — SNe 2010al (Pastorello et al., 2015a), 2011hw (Pastorello
et al., 2015a), PTF11rfh (Hosseinzadeh et al., 2017), PTF12ldy (Hosseinzadeh et al.,
2017), LSQ13ccw (Pastorello et al., 2015b) and iPTF14aki (Hosseinzadeh et al.,
2017)
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Figure 6.6: Evolution of line velocities and equivalent widths of He i emission lines
is shown in top and bottom panels, respectively. The data for this are taken
from — SNe 2006jc (Foley et al., 2007; Pastorello et al., 2008b), 2010al (Pastorello et al., 2015a), 2011hw (Pastorello et al., 2015a), PTF11rfh (Hosseinzadeh
et al., 2017), LSQ12btw (Pastorello et al., 2015b), OGLE12-006 (Pastorello et al.,
2015d), PTF12ldy (Hosseinzadeh et al., 2017), iPTF13beo (Gorbikov et al., 2014),
LSQ13ccw (Pastorello et al., 2015b), iPTF14aki (Hosseinzadeh et al., 2017), 2014av
(Pastorello et al., 2016), 2014bk (Pastorello et al., 2016), iPTF15akq (Hosseinzadeh
et al., 2017), ASASSN-15ed (Pastorello et al., 2015c), and 2015G (Hosseinzadeh
et al., 2017).
edge-on, while emission features can be seen only if it is viewed face-on. However,
this scenario was questioned by Karamehmetoglu et al. (2019) which suggested that
He i line fluxes are largely dependent on density, temperature and optical depths.
Karamehmetoglu et al. (2019) suggest that dominance of emission at late phases is
not because of being optically thin, but because they lack other lines to branch into
it. He ionisation and recombination are mostly caused by UV and X-ray, occurring
at shock boundary, deep in interacting regions. Even though most of the emission
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and the electron scattering are produced by the ionised region outside the shock, Pcygni features usually originate from optical depths ≤ 1. X-rays penetrating further
into the P-cygni producing regions will fill in the absorption and lead to emission
features. Thus, this provides an alternative scenario to the transitioning of P-cygni
to emission features of He i lines for type Ibn SNe.
We measured expansion velocities and equivalent widths (EWs) of three neutral
He lines (5876, 6678, and 7065 Å), wherever visible. We fit the emission lines of He i
using a Gaussian on a linear continuum. The EW is estimated through the integral
of the flux normalized to the local continuum. We do not measure the EW of the
P-cygni lines. The velocities reported are estimated from the absorption minima of
P-cygni profiles. Figure 6.6 shows the evolution of velocity and EW for a sample
of SNe Ibn taken from Hosseinzadeh et al. (2017) with time. We see that both the
line velocities and EW of the He lines gradually increase with time and the velocity
estimates of SN 2019uo lie in the lower range of SNe Ibn. However, SN 2019uo shows
a faster evolution in line velocities, reaching broader emission profiles as seen in the
P-cygni subclass (Hosseinzadeh et al., 2017) while the emission subclass shows very
little velocity evolution.
To ascertain the origin of the SNe Ibn, we collected a sample of 12 SNe II
(including SNe IIb and IIP, IIn) and Ibn from Khazov et al. (2016) that showed
signatures of flash ionization within 10 days of explosion. Since the H lines are
usually contaminated by the host galaxy, we selected the relatively unblended He ii
4686 Å line. Since the He ii lines are much narrower than lines from the SN ejecta,
they can serve as a good tool for probing the flash-ionized CSM. When measuring
the luminosities, we removed the continuum by fitting a linear function. Figure 6.7
shows that the typical luminosity of the He ii line for SN 2019uo is similar to the
type IIn SNe 1998S and PTF13ast.

6.5

Modeling the bolometric light curve of SN
2019uo

To construct the bolometric light curve of SN 2019uo, the measured flux values were
corrected for distance and reddening as given in Section 6.1. Spectral energy distributions (SEDs) were constructed accounting for the flux coverage between UV to IR
bands using the SuperBol (Nicholl, 2018) code. The lack of UV and NIR data was
supplemented by extrapolating the SEDs using the blackbody approximation and
direct integration method as described in Lusk & Baron (2017). A linear extrapo179
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Figure 6.7: He ii luminosity of a sample of SNe II, IIn, and Ibn (Khazov et al.,
2016) with flash ionization signatures. Blue symbols: type IIn, Black symbols: type
II (IIb,IIP and IIL), Red symbols: type Ibn.

lation was performed in UV regime at late times. The estimated peak bolometric
luminosity of SN 2019uo is 8.9 × 1042 erg s−1 . We used different models to fit the
bolometric light curve at a fixed optical opacity of 0.1 cm2 g−1 . A Markov Chain
Monte Carlo (MCMC) technique was used to obtain the best-fit parameters.
56

Ni model: Assuming that the peak bolometric luminosity is powered by the
decay of 56 Ni to 56 Co, we fit the bolometric light curve using 56 Ni model (Arnett,
1980, 1982). The parameters of the 56 Ni model are the ejecta mass Mej , the initial
scale velocity of the ejecta vsc0 , the 56 Ni mass MNi , the gamma-ray opacity of 56 Ni
decay photons κγ,Ni and explosion time texpl . The initial kinetic energy of the ejecta
2
is neutrino-driven and is considered to be Ek = 0.3Mej vsc0
. The best-fit parameters
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Figure 6.8: Best-fit light curves of SN 2019uo using a
Table 6.3: Parameters of the

56

Ni

Mej
(M )
0.81+0.19
−0.18

MN i
(M )
+0.02
0.24−0.02

P0
Bp
(ms) (1014 G)
—
—

56

56

Ni model.

Ni model. The uncertainties are 1σ.

vsc
(10 cm s−1 )
2.24+0.19
−0.30
9

κγ,N i
κγ,mag
t?expl
2 −1
2 −1
(cm g ) (cm g )
(days)
0.01+0.00
—
−9.21+0.28
−0.00
−0.30

χ2 /dof
6.67/19

? The value of texpl is with respect to rmax .

are tabulated in Table 6.3 and the best-fit model is displayed Fig. 6.8. The corner
plot showing the covariance of the estimated parameters are represented in Fig. 6.9.
We note that the 56 Ni mass obtained from the powering mechanism of Arnett (1982)
are in concordance with the values quoted for several stripped envelope SNe (Lyman
et al., 2016; Prentice et al., 2019, 2016). Although the 56 Ni mass inferred from the
model is ∼ 0.24 M which is comparable to that of normal CCSNe, the opacity
for the gamma ray κγ,Ni emitted from the cascade decay of 56 Ni is 0.01 cm2 g−1 ,
which is significantly smaller than the canomical lower limit which is 0.025-0.027
cm2 g−1 . Therefore, the 56 Ni model is not a good model in explaining the light curve
of SN 2019uo and other models must be employed.
The CSI model and the 56 Ni + CSI model: The narrow He emission lines
appearing in the spectra of SN 2019uo indicate a potential source of circumstellar
interaction (CSI) with a nearby He-rich shell. Thus, the nearby He-rich wind or
shell surrounding the progenitor could be the essential powering source of the bolometric light curve of SN 2019uo. We take into account the ejecta-CSM interaction
model (i.e., the CSI model) (Chevalier, 1982; Chevalier & Fransson, 1994; Chugai
& Danziger, 1994; Ginzburg & Balberg, 2012; Liu et al., 2018) and the 56 Ni + CSI
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Figure 6.9: The corner plot of the
parameters.

56

Ni model displaying covariance of estimated

model (Chatzopoulos et al., 2012). To fit the bolometric light curve of SN 2019uo,
we adopt the formulation given in Wang & Li (2019).
The ejecta can be broadly distinguished into two zones, the inner part (ρej ∝ r−δ )
and the outer part (ρej ∝ r−n ). The density profile of the CSM can typically be
described as a power law where ρCSM ∝ r−s , where s = 0 corresponds to shells of
the CSM and s = 2 corresponds to winds. Assuming δ = 1 and n = 10, the adopted
parameters of the CSM model are the energy of the SN (ESN ), the mass of the ejecta
(Mej ), the mass of the CSM (MCSM ), the density of the innermost part of the CSM
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Table 6.4: Parameters of the CSI model and the CSI plus
tainties are 1σ.
s

ESN

Mej

MN i

CSI

(1051 erg) (M )
+0.71
2 0.87+0.06
−0.04 8.83−0.99

(M )
—

CSI

+3.91
0 0.40+0.31
−0.14 13.51−5.19

—

MCSM

ρCSM,in

RCSM,in



56

Ni model. The uncer-

x0

t?expl

κγ,N i

χ2 /dof

(M ) (10−12 g cm−3 ) (1014 cm)
(cm2 g−1 ) (days)
+3.33
+0.91
+0.01
+0.08
0.40+0.04
3.34
1.76
0.11
0.35
—
−7.24+0.09
−0.03
−1.72
−0.55
−0.01
−0.10
−0.08 3.95/16
1.28+0.41
−0.44

0.15+0.12
−0.04

+0.29
+0.20
19.05+6.66
−7.98 0.51−0.25 0.67−0.22

−7.89+0.07
−0.07 13.44/16

—

+2.25
+0.003
+0.08
CSI+56 Ni 2 1.67+0.18
−0.23 15.99−2.98 0.01−0.002 0.41−0.07

20.96+4.73
−4.83

+0.14
+0.25
+10.15
+0.00
8.04+1.49
−1.39 0.64−0.12 0.51−0.19 0.95−0.88 −6.42−0.00 2.79/14

+2.09
+0.003
+0.12
CSI+56 Ni 0 1.78+0.13
−0.19 16.30−2.72 0.01−0.002 0.73−0.11

25.05+2.75
−3.58

+0.12
+0.22
+10.40
+0.00
14.16+1.85
−2.00 0.71−0.12 0.43−0.14 0.90−0.82 −6.40−0.00 3.17/14

? The value of texpl is with respect to rmax .
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Figure 6.10: Best-fit light curves of SN 2019uo fitted with a CSI model and a
combination of 56 Ni and CSI. The forward shocks, reverse shocks, and 56 Ni models
are plotted with different lines.
ρCSM,in , the radius of the innermost part of the ejecta RCSM,in , the efficiency factor
which converts kinetic energy to radiation (), the dimensionless x0 parameter1 ,
and texpl . Two additional parameters are used in the 56 Ni + CSI model, MNi and
1

x≡

r(t)
R(t) ,

where x ≤ x0 and x ≥ x0 are inner and outer parts of the ejecta.
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Figure 6.11: The corner plot of the CSI wind model displaying covariance of estimated parameters.

κγ,Ni . The best-fit parameters of the model are tabulated in Table 6.4 and the bestfit models are displayed in Fig. 6.10. The corner plots describing covariance of the
parameters are shown in Fig. 6.11, Fig. 6.12, Fig. 6.13 and Fig. 6.14 respectively. The
tabulated values of ejecta masses of the four models are reasonable if the progenitor
is a WR star of mass ∼ 25 M and the metallicity is nearly solar (Crowther &
Smartt, 2007). We adopted the 56 Ni, CSI model, and the 56 Ni + CSI models to fit
the bolometric light curve of SN 2019uo. The 56 Ni model provides a favourable fit
to the light curve, but this model cannot explain the He i emission lines present in
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Figure 6.12: The corner plot of the CSI shell model displaying covariance of estimated parameters.

the spectrum of SN 2019uo. These lines are likely generated because of the CSI.
We therefore invoke CSI as the more favourable model to model light curve. For
+0.71
the CSI model, the estimated ejecta masses for s = 0 and s = 2 are 8.83−0.99
M
+3.91
and 13.51−5.19 M respectively. This model, however, did not take into account the
role of 56 Ni. Using the combination of both 56 Ni + CSI, the estimated Mej for s = 0
+2.09
and s = 2 is 15.99+2.25
−2.98 M and 16.30−2.72 M , respectively, which are consistent
with a WR progenitor scenario. The mass-loss rate is given by Ṁ = 4πvw q (where
2
q = ρCSM,in RCSM,in
). The velocity of the wind vw = 100-1000 km s−1 for WR systems.
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Figure 6.13: The corner plot of the 56 Ni + CSI wind model displaying covariance of
estimated parameters.
Considering the wind CSI model (s = 2), we find that the estimated mass-loss rate
lies between 0.195-1.95 M yr−1 , which is comparable with the values obtained for
iPTF13z (0.1–2 M yr−1 ; Nyholm et al., 2017) and PS15dpn (1–10 M yr−1 ; Wang
& Li, 2019). Using the combination of 56 Ni + CSI model (s = 2), the estimated
mass loss rate lies between 25.5-255.4 M yr−1 which is significantly higher than the
value obtained for iPTF13z, PS15dpn, and this model can be excluded. Neverthless,
the 56 Ni+CSM shell is reasonable.
For the CSM shell and the 56 Ni + CSM shell model, the expelled shell mass prior
186
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Figure 6.14: The corner plot of the
estimated parameters.

56

Ni + CSI shell model displaying covariance of

to explosion are ∼1.3 M and 0.73 M , respectively. The radius of the inner shell
for the 56 Ni + CSI model, as seen from Table 6.4, is 14 × 1014 cm and the typical
velocity of WR winds is between 100 and 1000 km s−1 (107−8 cm s−1 ); so the time at
which the shell is expelled prior to explosion is estimated to be between 1.4 × 106 s
and 1.4 × 107 s, i.e., between 163.8 and 1638.8 days.
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6.6

Summary

In this paper, we present the photometric and spectral evolution of the type Ibn
SN 2019uo. The typical light curve decay rate of SNe Ibn is ∼0.1 mag d−1 in
all bands which is in agreement with the decline rates of the SNe Ibn discussed by
Hosseinzadeh et al. (2017). The color evolution of SN 2019uo is similar to SN 2010al
and iPTF14aki which places it between SNe Ib and SNe Ibn. This is in good
agreement with the P-cygni spectroscopic features that transition from narrow to
broad, indicating a He-rich circumstellar shell around the progenitor star along with
V
=
optically thick CSM (Hosseinzadeh et al., 2017). The absolute magnitude (Mmax
−18.30 ± 0.24 mag) indicates that SN 2019uo lies at the fainter end of the group.
We fit the bolometric light curve of SN 2019uo with 56 Ni model. However, the 56 Ni
model alone does not take into account the CSM interaction that is evident from the
narrow emission lines in the spectra of SN 2019uo. Thus, we also fit the light curves
with a CSI model and a 56 Ni + CSI model. The 56 Ni + CSI wind (s=2) model
can be excluded since an unrealistic value of mass loss rate (25.5-255.4 M yr−1 )
is required and the 56 Ni + CSI shell model is reasonable. The combination of 56 Ni
+ CSI shell well fits our observed light curve, with ejecta masses consistent with a
WR star. The spectroscopic features of SN 2019uo indicate that it is the second
SNe Ibn with flash ionization signatures. Prominent lines of He ii, C iii, and N iii
are detected in the spectra, similar to SN 2010al. SN 2019uo shows initial P-cygni
He i features that broadens after 11 days post-maximum. This can originate from
a He-rich shell around progenitor surrounded by dense CSM, or it may be due to
viewing angle dependency. This is also validated by the equivalent widths of He i
features. Alternatively, P-cygni spectroscopic features usually originate from optical
depths ≤ 1. As X-rays penetrate into the P-cygni producing regions absorptions
are filled leading to subsequent emission features. The estimated line velocities are
lower than the average SN Ibn, but they show a faster evolution compared to the
group of SNe that show prominent emission features from the beginning.
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Chapter 7
Summary and future prospects
7.1

Summary

The thesis focusses on the detailed photometric and spectroscopic analysis of a group
of SNe with diminishing Hydrogen envelope. A few common issues like basic light
curve features, reason behind shredding and gaining of Hydrogen envelope mass,
asymmetries in nebular phase emission and progenitor channels are investigated.
High cadence data sets with well sampled light curves and spectra are studied in
depth to discern the characteristics of these rare SNe. The results and inference of
each SN are described below individually −

(i) Chapter 3 discusses the photometric and spectroscopic evolution of a type IIb
SN 2015as upto 500 days post explosion. The colour evolution of SN 2015as shows
a remarkable resemblance to SN 2008ax, indicating that SN 2015as belongs to the
subclass of SNe IIb without an early light curve peak. With a peak V magnitude
of −16.82 mag, SN 2015as is brighter than SNe 1996cb, 2011ei and comparable
with SN 2011hs. The estimated bolometric luminosity of SN 2015as (1.5×1042
erg sec−1 ) indicates that it is one of the faintest member of the type IIb subclass.
The estimated value of explosion parameters using the Arnett’s formulation (Arnett,
1982) indicates a 56 Ni mass of 0.08 M , Ek = 0.65×1051 erg and Mej = 2.2 M . The
semi-analytical model of Nagy & Vinkó (2016), gives MN i = 0.08 M , Ek = 1.0×1051
erg and Mej between 1.1 and 2.2 M . The 56 Ni and ejecta masses of SN 2015as are
similar to that of SN 2008ax, with a comparatively lower energy budget. The early
spectra of SN 2015as (until 75 days past explosion) show prominent Balmer lines
and then resembles a type Ib SN. However, the Hα line was persistent for a long
time in SN 2015as, which indicates that SN 2015as has more residual mass and a
much slower dilution of the H envelope than other SNe IIb. SN 2015as is the lowest
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velocity member among the comparison sample of type IIb SNe. Since the ejecta
in SN 2015as has a higher density, a significant fraction of the explosion energy is
used in expanding the ejecta which results in lower expansion velocity and also a
fainter primary peak. The minimum ejected mass of O (∼ 0.45 M ), estimated
using the [OI] 6300, 6364 line flux, together with the information inferred from the
[Ca II] 7291, 7324 / [OI] 6300, 6364 line ratio indicates the existence of either a
main sequence progenitor mass of ∼ 15 M with a He core of 4 M or a Wolf-Rayet
(WR) star of 20-25 M mass.
(ii) Chapter 4 discusses the temporal and spectral evolution of a type Ib SN
2015ap and a type Ic SN 2016P. The early decline rates of SNe 2015ap and 2016P
are consistent with other type Ib/c SNe among the comparison sample while the
late time light curves of both the SNe shows steepening which may be indicative of
dust formation. The colours of SN 2015ap are similar to other type Ib SNe while
the colour evolution of SN 2016P is redder than most of the members indicating
the presence of host-galaxy extinction or absorbers in the system. The absolute
magnitude (Mv = −18.04 ± 0.11 mag) of SN 2015ap indicates that it lies on the
brighter end of type Ib SNe sample while SN 2016P lies towards the fainter end
(Mv = −17.53 ± 0.14 mag) among the type Ic sample. The bolometric light curve
modelling of SNe 2015ap and 2016P indicates that the lightcurves can be best fit
by a 56 Ni model with 56 Ni masses of 0.26 M and 0.10 M and ejecta masses of
5.26 M and 3.59 M , respectively. We suspect an aditional energy source from a
newly born magnetar. The 56 Ni + magnetar model fits to the SNe yields unphysical
56
Ni values confirming that the bolometric light curves are mostly powered by 56 Ni.
The narrow light curve and short rise time for SN 2015ap implied that the high
ejecta mass is most likely a resultant of terminal fallback. Also, the moderate 56 Ni
to ejecta mass ratio for both the SNe hint towards a moderate mass progenitor.
Early time spectral sequence of SN 2015ap shows prominent He I absorption lines
with a blue continuum and high photospheric temperature. Initial spectral sequence
shows a “W” like feature arising due to Fe complexes. SN 2016P shows prominent
lines of Ca II H & K, Mg II, Fe II and Ca II NIR features. The broad absorption
blueward of 6000 Å mostly arises due to a blend of Si II and C II. The [O I] profile
of SN 2015ap is unique, multipeaked with blueshifted and redshifted components
indicating dense off-center cores and blobs of oxygen originated from clumps. The
[Ca II] doublet shows a blueshifted peak originating from residual opacity or dust
formation. The estimated O mass is found to be 0.90 M . The [O I]/[Ca II] ratio
and the nebular phase modelling indicates a progenitor of mass between 13 − 20
M and most likely in binary association (Sana et al., 2012).
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(iii) Chapter 5 is based on the extensive photometric and spectroscopic analysis of a type IIn SN 2012ab. The UBVRI light curves of SN 2012ab shows a
multi-stage evolution with flattening at later stages mostly due to CSM interaction.
The peak absolute magnitude of MR = −19.49 mag and decay rates higher than
56
Co → 56 Fe hint that SN 2012ab is one of the brightest type IIn and dominated
by CSM interaction. At early times, the spectra of SN 2012ab are characterized
by a blue continuum. The Balmer lines in the early spectra of SN 2012ab (upto
32 d) shows a distinct P-cygni profile (BW; 4000 – 22,000 km sec−1 ) along with
a narrow component (NW; 450 - 500 km sec−1 ) which indicates pre-shocked circumstellar features originated due to optical/UV shock breakout. Post 43 d, the
intermediate width (IW) emission line dominates the spectra along with a shallow
absorption, and the continuum shows excess blue flux at λ <5500 Å. Between 48 –
60 d, an IW (FWHM ∼ 4200 – 13,900 km sec−1 ) component starts developing due
to shock-interaction with an asymmetric CSM. At this stage, the observed spectrum
is probably a combination of a high-energy, H-rich expanding envelope of the SN
diluted by a continuum emission from the ejecta-CSM interaction. Post 76 d, the
SN ejecta on the receding part travels undisturbed and collides with an asymmetric
CSM, giving rise to a redshifted broad emission. The very high measured velocities,
of the order of 25,000 – 30,000 km sec−1 , support the idea that till this epoch we
are observing along the direction of a jet-like ejecta expanding in a region devoid of
CSM, while the interaction giving rise to the IW component must be on the sides
of the jet. At 1200 d, the shocked gas completely engulfs the SN ejecta and only
the IW component arising from the interaction with a spherical CSM is now visible.
The estimated mass-loss rates are indicative of the quiscent winds of Luminous blue
variable (LBV) progenitor or a yellow hypergiant.
(iv) Chapter 6 discusses the muti-band photometric and spectroscopic evolution
of a type Ibn SN 2019uo from −7 day to 36 days post maximum. The typical light
curve decay rates of ∼ 0.1 mag d−1 in all bands are in concordance with the values
quoted by Hosseinzadeh et al. (2017). The colour evolution of SN 2019uo is similar
to SN 2010al and iPTF14aki which places its behaviour between type Ib and most
extreme type Ibn SNe. This is in good agreement with the P-cygni spectroscopic
features transiting from narrow to broad, indicating a He-rich circumstellar shell
around the progenitor star along with optically thick CSM. The absolute magnitude
(Mv = −18.30 ± 0.24 mag) and bolometric light curves indicate that SN2019uo lies
at the fainter end of the group. The spectroscopic features of SN2019uo indicates
that it is second in the line among type Ibn SNe with flash ionisation signatures.
Prominent lines of He II, C III and N III are detected in the spectra similar to
191

7. SUMMARY AND FUTURE PROSPECTS
SN 2010al. SN 2019uo belongs to the class of type Ibn SNe which shows initially
P-cygni He I feature and becomes emission dominated post 11 d after maximum.
This can originate from a He-rich shell around the progenitor surrounded by dense
CSM, or it may be due to viewing angle dependency. This is also validated by the
equivalent widths of He I features. Alternatively, P-cygni spectroscopic features
usually originate from optical depths ≤ 1. As X-rays penetrate into the P-cygni
producing regions, absorptions are filled leading to subsequent emission features.
The estimated line velocities are lower than the average SN Ibn, but they show
a faster evolution compared to the group of SNe that show prominent emission
features from the beginning.

7.2

Future prospects

In this thesis, we focused on a group of SNe with diminishing Hydrogen envelope
and that developed outer Hydrogen envelope mass due to interaction with CSM.
Some of the properties of these sub-classes, their diversities in spectral properties
and progenitor channels have been discussed in this thesis, however, there are many
open questions that remains unanswered. We discuss the future prospects and
highlight the unanswered questions.
We studied in detail the stripped-envelope SNe (SE-SNe) and the interacting
SNe. The next task will be to investigate whether there exists any correlation
between these two groups. Signatures of interaction with CSM have been seen in
the past over a wide variety of time-scales. SN 2014C was one such type Ib which
transformed to a typical type IIn within a year after explosion (Milisavljevic et al.,
2015). SN 2004dk which was a He poor type Ic showed He signatures consistent
with a type Ib (Modjaz et al., 2014) and eventually showed H features years after
the explosion due to the interaction with a H rich CSM. Long term monitoring
of the stripped envelope group can be used to investigate whether they can be
interacting with a dense CSM and hence, infer their progenitor scenarios. The
narrow emission lines appearing can hint whether the progenitor suffered a sudden
mass-loss transition. A sudden development of a WR wind or a development of CSM
due to external radiation of a massive nearby star can lead to such scenarios. There
are several implications of this assertion. Firstly, we can correctly imply the kind
of the progenitor star that is giving rise to interaction signatures. Pastorello et al.
(2007) suggests that WR Hydrogen free atmospheres usually generate narrow He
emission lines and are progenitors for type Ibn SNe. On the other hand, the narrow
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H features hints towards LBV progenitors for type IIn SNe. Stellar evolutionary
theory says that LBVs on later stages evolve as WR stars and explode as SN. Thus,
long term spectroscopic monitoring of the SE SNe group and their corresponding
H/He features will also enable us to discern the number of type IIn and type Ibn
SNe ocurring in different host galaxies.
Moriya & Maeda (2016), in their sample of type Ibn SNe lightcurves have found
that the luminosity contrast between peak and tail is much larger than that obtained
for the 56 Ni driven stripped envelope explosions. Also, the 56 Ni masses and obtained
energies are lesser than those of type Ib’s which is most likely due to the fallback and
dominated by CSM interaction. However, the sample used by them are very limited
in number. A large collection of SNe light curves for both the stripped envelope
and the interacting group SNe will enable us to cross-check and firmly constrain the
results.
We studied a group of SE-SNe. Spectroscopic studies of SE-SNe reveals that
the outer envelope is getting stripped away with time. However, the exact scenario
whether they are linked by a continuum of H layer or they are distinct is an open
question. For this, we need to investigate a sample of the SE-SNe group. A large
spectroscopic data set will enable us to estimate the pseudo equivalent width of
Hydrogen and Helium envelopes for a group of type IIb, Ib and Ic. Some of the
previous type Ib SNe (e.g. 1999dn; Benetti et al., 2011) and type Ic SNe (e.g.
2016coi; Prentice et al., 2016) gave evidence of H and He in their outer spectra.
This also hints towards the fact that their may be residual layers that links the
different sub-classes of SE-SNe. This assortment can have a larger implications over
the whole SE SNe classification scheme. We may then re-classify the previously
categorised SNe for different sub-types.
An open question also lies in understanding the respective origins of SNe Ib and
Ic. It has been widely debated whether SNe Ic are truly devoid of He or their is
some hidden/transparent He present in the ejecta of type Ic SNe. Piro & Morozova
(2014) suggested that photospheric velocities can serve as an important tool to
discern the presence of transparent He. If SNe are truly devoid of He, then they
should occur in high opacity regions and large velocities (v ∼ 10,000 km sec−1 15,000 km sec−1 ). On the contrary, presence of transparent He would lead to low
photospheric velocities (≤ 8000 km sec−1 ). No further studies have been done in
this respect so far. A large spectroscopic data sample of type Ib and Ic SNe and
their velocity estimations can help us to probe presence of transparent He in type
Ic SNe. This will in turn clarify the fact whether these two are distinct groups or
they are sub-divisions of same group of SNe.
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The progenitor scenarios of type IIb, Ib and Ic SNe are also largely unexplored
and debated. Our investigation of progenitor scenarios for SN 2015as hints both
towards a binary progenitor or a single WR progenitor of similar mass range while
SN 2015ap points explicitly towards a binary scenario. The available tools are
pre-explosion HST images, light curve analysis and nebular phase spectroscopic
analysis. A major step forward in this direction was taken by Fang et al. (2019)
whose results claim that progenitors of type IIb and Ib SNe are indistinguishable
except for residual amount of the H-rich envelope. Also, the progenitors of SNe Ic
are more massive than type IIb/Ib based on C-O core. They suggest that binary
interaction may be efficient to strip outer H layer but would be inefficient to strip
further He layers. However, caveats of this work lies on their heavy reliability on
the [O I]/[Ca II] ratio and exclusion of the outliers in different sub-classes. Large
macroscopic mixing can ocur at the C+O and He envelope interface. Moreover, if
microscopic mixing occurs, then [Ca II] being a coolant will dominate [O I] and the
ratio becomes dependent on thermal conditions. Thus, the outliers of these SESNe group must be taken into account which may have signatures of these mixings.
Not only optical, but UV spectroscopy of binary He stars can be proposed with
Swift UVOT and AstroSat UVIT which can constrain the progenitor scenario and
can complement our optical analysis. An unbiased, statistically significant sample
of companion-star characteristics (including deep upper limits) can constrain the
binary fraction, having direct implications on the theoretical physics of both single
star and binary evolution. A revisit of the optical analysis by Fang et al. (2019)
with an unbiased spectroscopic sample and the UV spectroscopy will enable us
to exactly conclude about the progenitor scenario and can contribute to the long
unsolved origin of SE-SNe.
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Fouqué P., 1991, Third Reference Catalogue of Bright Galaxies. Volume I: Explanations and references. Volume II: Data for galaxies between 0h and 12h . Volume
III: Data for galaxies between 12h and 24h . 48
Deng J., Qiu Y., Hu J., 2001, ArXiv Astrophysics e-prints 45, 81
Dessart L., Audit E., Hillier D. J., 2015, MNRAS, 449, 4, 4304 161
Dessart L., Hillier D. J., Gezari S., Basa S., Matheson T., 2009, MNRAS, 394, 21
23, 125, 126
Dessart L., Hillier D. J., Li C., Woosley S., 2012, MNRAS, 424, 2139 87, 104
Dessart L., Hillier D. J., Woosley S., et al., 2016, MNRAS, 458, 1618 101
Dilday B., Howell D. A., Cenko S. B., et al., 2012, Science, 337, 942 127
Doi M., Tanaka M., Fukugita M., et al., 2010, AJ, 139, 4, 1628 xxxvi, 31
Dong S., Shappee B. J., Prieto J. L., et al., 2016, Science, 351, 257 127
Drake A. J., Djorgovski S. G., Mahabal A., et al., 2009, ApJ, 696, 870 54
Drake A. J., Djorgovski S. G., Mahabal A., et al., 2011, ApJ, 735, 106 127
Drout M. R., Milisavljevic D., Parrent J., et al., 2016, ApJ, 821, 57 110
Drout M. R., Soderberg A. M., Gal-Yam A., et al., 2011, ApJ, 741, 97 10, 55, 58,
59, 87, 99, 100, 101, 104
Eisenstein D. J., Weinberg D. H., Agol E., et al., 2011, AJ, 142, 72 50
Eldridge J. J., Fraser M., Smartt S. J., Maund J. R., Crockett R. M., 2013, MNRAS,
436, 774 19
Eldridge J. J., Izzard R. G., Tout C. A., 2008, MNRAS, 384, 1109 88, 120
201

REFERENCES

Eldridge J. J., Maund J. R., 2016, MNRAS, 461, L117 19, 88
Eldridge J. J., Stanway E. R., 2009, MNRAS, 400, 1019 19
Elmhamdi A., Danziger I. J., Branch D., Leibundgut B., Baron E., Kirshner R. P.,
2006, A&A, 450, 305 70
Elmhamdi A., Danziger I. J., Cappellaro E., et al., 2004, A&A, 426, 963 77, 79, 80,
119
Elmhamdi A., Danziger I. J., Chugai N., et al., 2003, MNRAS, 338, 4, 939 139
Ergon M., Jerkstrand A., Sollerman J., et al., 2015, A&A, 580, A142 45
Ergon M., Sollerman J., Fraser M., et al., 2014, A&A, 562, A17 11
Falk S. W., Arnett W. D., 1977, ApJS, 33, 515 11
Fang Q., Maeda K., Kuncarayakti H., Sun F., Gal-Yam A., 2019, Nature Astronomy,
3, 434 194
Fassia A., Meikle W. P. S., Chugai N., et al., 2001, MNRAS, 325, 907 xliii, 175, 176
Fassia A., Meikle W. P. S., Vacca W. D., et al., 2000, MNRAS, 318, 1093 139
Filippenko A. V., 1988, AJ, 96, 1941 45
Filippenko A. V., 1997, ARA&A, 35, 309 5, 6, 8, 87
Filippenko A. V., Matheson T., 2003, ArXiv Astrophysics e-prints 45
Filippenko A. V., Matheson T., Ho L. C., 1993, ApJ, 415, L103 45, 47
Filippenko A. V., Sargent W. L. W., 1989, ApJ, 345, L43 78
Folatelli G., Bersten M. C., Benvenuto O. G., et al., 2014a, ApJ, 793, L22 19, 47
Folatelli G., Bersten M. C., Kuncarayakti H., et al., 2014b, ApJ, 792, 7 45, 58, 59
Folatelli G., Bersten M. C., Kuncarayakti H., Benvenuto O. G., Maeda K., Nomoto
K., 2015, ApJ, 811, 147 66, 82, 85
Folatelli G., Van Dyk S. D., Kuncarayakti H., et al., 2016, ApJ, 825, L22 88
Foley R. J., Papenkova M. S., Swift B. J., et al., 2003, PASP, 115, 1220 87, 100,
110
202

REFERENCES

Foley R. J., Smith N., Ganeshalingam M., Li W., Chornock R., Filippenko A. V.,
2007, ApJ, 657, 2, L105 xlii, xliii, 168, 173, 178
Fox O., Skrutskie M. F., Chevalier R. A., et al., 2009, ApJ, 691, 650 23, 125, 147
Fransson C., Chevalier R. A., 1989, ApJ, 343, 323 80, 81
Fransson C., Chevalier R. A., Filippenko A. V., et al., 2002, ApJ, 572, 350 81
Fraser M., Kotak R., Pastorello A., et al., 2015, MNRAS, 453, 3886 126
Fraser M., Magee M., Kotak R., et al., 2013, ApJ, 779, L8 47
Fremling C., Dugas A., Sharma Y., 2019, Transient Name Server Classification
Report, 2019-188, 1 168
Fremling C., Sollerman J., Taddia F., et al., 2014, A&A, 565, A114 88
Fremling C., Sollerman J., Taddia F., et al., 2016, A&A, 593, A68 88
Fu A., Arnett W. D., 1989, ApJ, 340, 414 11
Fukugita M., Ichikawa T., Gunn J. E., Doi M., Shimasaku K., Schneider D. P., 1996,
AJ, 111, 1748 64
Gal-Yam A., 2012, in Death of Massive Stars: Supernovae and Gamma-Ray Bursts,
edited by P. Roming, N. Kawai, E. Pian, vol. 279 of IAU Symposium, 253–260
126
Gal-Yam A., 2014, in American Astronomical Society Meeting Abstracts #223,
vol. 223 of American Astronomical Society Meeting Abstracts, 235.02 176
Gal-Yam A., Arcavi I., Ofek E. O., et al., 2014, Nature, 509, 7501, 471 167
Gal-Yam A., Leonard D. C., 2009, Nature, 458, 865 26, 127, 160
Gal-Yam A., Mazzali P., Ofek E. O., et al., 2009, Nature, 462, 624 8
Gal-Yam A., Ofek E. O., Shemmer O., 2002, MNRAS, 332, L73 9
Galama T. J., Vreeswijk P. M., van Paradijs J., et al., 1999, A&AS, 138, 465 6
Galbany L., Anderson J. P., Sánchez S. F., et al., 2018, ApJ, 855, 107 19, 88
203

REFERENCES

Gangopadhyay A., Misra K., Pastorello A., et al., 2018, MNRAS, 476, 3611 89, 91,
93, 133
Gehrels N., 2004a, in APS Meeting Abstracts 50, 91
Gehrels N., 2004b, in Gamma-Ray Bursts: 30 Years of Discovery, edited by E. Fenimore, M. Galassi, vol. 727 of American Institute of Physics Conference Series,
637–641 50, 91
Georgy C., Ekström S., Saio H., Meynet G., Groh J., Granada A., 2013, in EAS
Publications Series, edited by P. Kervella, T. Le Bertre, G. Perrin, vol. 60 of EAS
Publications Series, 43–50 26
Gerardy C. L., Fesen R. A., Nomoto K., et al., 2002, ApJ, 575, 1007 23, 125
Germany L. M., Reiss D. J., Sadler E. M., Schmidt B. P., Stubbs C. W., 2000, ApJ,
533, 320 126
Gezari S., 2012, in European Physical Journal Web of Conferences, vol. 39 of
European Physical Journal Web of Conferences, 03001 158
Gezari S., Chornock R., Rest A., et al., 2012, Nature, 485, 217 127
Ginzburg S., Balberg S., 2012, ApJ, 757, 2, 178 181
Gorbikov E., Gal-Yam A., Ofek E. O., et al., 2014, MNRAS, 443, 1, 671 xliii, 178
Graham M. L., Harris C. E., Nugent P. E., et al., 2019, ApJ, 871, 62 127
Graham M. L., Sand D. J., Valenti S., et al., 2014, ApJ, 787, 163 126
Greiner J., Mazzali P. A., Kann D. A., et al., 2015, Nature, 523, 189 9
Groh J. H., Georgy C., Ekström S., 2013a, A&A, 558, L1 19, 88
Groh J. H., Meynet G., Georgy C., Ekström S., 2013b, A&A, 558, A131 19
Hakobyan A. A., Adibekyan V. Z., Aramyan L. S., et al., 2012, A&A, 544, A81 168
Hamuy M., 2003, ApJ, 582, 905 143
Hamuy M., Deng J., Mazzali P. A., et al., 2009, ApJ, 703, 1612 45, 58, 71
Hamuy M., Phillips M. M., Suntzeff N. B., et al., 2003, Nature, 424, 651 8, 127
204

REFERENCES

Harris D. H., 1973, in Interstellar Dust and Related Topics, edited by J. M. Greenberg, H. C. van de Hulst, vol. 52 of IAU Symposium, 31 48
Harutyunyan A. H., Pfahler P., Pastorello A., et al., 2008, A&A, 488, 383 54, 89
Heger A., Fryer C. L., Woosley S. E., Langer N., Hartmann D. H., 2003, ApJ, 591,
288 15, 87
Hirai R., 2017a, MNRAS, 466, 3775 88
Hirai R., 2017b, MNRAS, 469, L94 88
Hjorth J., Bloom J. S., 2012, The Gamma-Ray Burst - Supernova Connection, 169–
190 9
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