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ABSTRACT

We present optical photometric and spectroscopic studies of three supernovae (SNe) SN 2013bz, PSN J0910-+5003 and
ASASSN-16ex. UV-optical photometric data of ASASSN-16ex obtained with Swift-UVOT are also analyzed. These
objects were initially classified as 09dc—like type Ia SNe. The decline rate parameters (Amys(B)trye) are derived as
0.92 4+ 0.04 (SN 2013bz), 0.70 £+ 0.05 (PSN J0910+5003) and 0.73 + 0.03 (ASASSN-16ex). The estimated B band
absolute magnitudes at maximum: —19.61 4+ 0.20 mag for SN 2013bz, —19.44 £+ 0.20 mag for PSN J0910+5003 and
—19.78 + 0.20mag for ASASSN-16ex indicate that all the three objects are relatively bright. The peak bolometric
luminosities for these objects are derived as log Li"3* = 43.38 £ 0.07ergs™', 43.26 + 0.07ergs™! and 43.40 +
0.06 ergs™!, respectively. The spectral and velocity evolution of SN 2013bz is similar to a normal SN Ia, hence it
appears to be a luminous, normal type Ia supernova. On the other hand, the light curves of PSN J0910+5003 and
ASASSN-16ex are broad and exhibit properties similar to 09dc—like SNe Ta. Their spectroscopic evolution shows
similarity with 09dc-like SNe, strong C1I lines are seen in the pre-maximum spectra of these two events. Their
photospheric velocity evolution is similar to SN 2006gz. Further, in the UV bands, ASASSN-16ex is very blue like
other 09dc-like SNe Ia.

Key words: supernovae: general — supernovae: individual: SN 2013bz — PSN J0910+-5003 — ASASSN-16ex — galaxies:
individual: PGC 170248 — UGC 4812 — SDSS J171023.63-+262350.3 — techniques: photometric — spectroscopic.

1 INTRODUCTION White Dwarf (WD) in a binary system results in a type Ia
explosion (Hoyle & Fowler 1960, see Maoz, Mannucci & Nele-
mans 2014; Jha, Maguire & Sullivan 2019 for reviews). There
are two possible progenitor models suggested for a WD to
explode. In the first one, a WD accretes matter from a non-
degenerate star, known as the single degenerate (SD) model
(Whelan & Iben 1973). In the double degenerate (DD) model,
. . LT . . the explosion results from the merger of two WDs (Iben &
pgo.peftfs. Thelr];;l;ﬁl'nosllty 1.s ch?ﬁ.elated xlml;h the W(;dhth of Tutukov 1984; Webbink 1984). Most SNe Ia are considered to
their light curve (Phillips 1993; Phillips et al. 1999) and hence be an explosion of Chandrasekhar mass WD (Mazzali et al.

are considered standardizable candles. This uniformity and 2007) via delayed detonation (Khokhlov 1991). However, if
high luminosity, make them a vital probe for studying cos- Y L - C. .
: . . the accumulated material is He-rich, the explosion can oc
mic evolutlon.(Rless et al. 1998; Perlmutter et al. 1999). SNe cur at a sub-Chandrasekhar mass through double-detonation.
Ta are the primary source of I.ron G?“ou.p Elements (IGEs), With sufficiently rapid He accretion on the surface of a C/O
hence play an important role in enriching the Inter-Stellar WD, a detonation is first initiated within the helium layer
. . . . ) ) , .
i\/[edn.m}c (1181\2/13 O‘g‘ltﬁ IGEtS (ll\gat‘zteuci. 8&2 (;reg,glo 1982%’11?:/[% The emanating shock wave propagates through the WD and
eucer et ak. ) YOIOTO, Bobayasil ormmnaga )- triggers carbon detonation at the center of the WD (Woosley
Our understanding of the progenitor and explosion mech- & Weaver 1994; Woosley & Kasen 2011; Ruiter et al. 2014:
anism giving rise to these events still needs to be completed. Tanikawa ot al 72018) The donor star co7ul d be either a non—7
From the theoretical and observational work, it is inferred degenerate He .star (S.D channel), another C/O WD with He
that thermonuclear disruption of a carbon-oxygen (C/O) in the outer layer or a He WD ’(DD channel). This mecha-
nism can explain normal and fast declining SNe Ia of different

brightness distributions (Pakmor et al. 2013). Currently, it is

Thermonuclear Supernovae are an important class of super-
novae (SNe), whose progenitors are low-mass stars found in
elliptical as well as spiral galaxies. They are commonly known
as Type-Ia SNe (SNe Ia) and populate the brighter side of
the luminosity distribution of SNe. Most SNe Ia, referred to
as ‘normal SNe Ia’, display uniform spectral and light-curve
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difficult to identify which SN results from which channel (see
Wang 2018; Livio & Mazzali 2018; Soker 2019; Ruiter 2020,
for reviews).

With the increasing number of well-studied SNe Ia, it be-
came clear that there is a considerable spread in the luminos-
ity of SNe Ia. There are objects populating both the higher
and lower luminosity end of normal objects (Li et al. 2011).
Some have extreme properties that are significantly different
from the normal class (Taubenberger 2017).

A small group of extreme/peculiar objects (e.g., SN 2003fg:
Howell et al. 2006, SN 2006gz: Hicken et al. 2007; Maeda
et al. 2009, SN 2007if: Scalzo et al. 2010; Yuan et al. 2010, SN
2009dc: Yamanaka et al. 2009; Silverman et al. 2011; Tauben-
berger et al. 2011) are known to have broad light curves and
generally have a brighter peak luminosity than predicted by
their decline rate (Phillips et al. 1999). In most of these, the
ejecta mass inferred through simple analytic modelling, and
hence the progenitor mass is found to be higher than the
Chandrasekhar mass, making them to be termed as super-
Chandrasekhar SNe Ia or 03fg/09dc-like SNe Ia. They are
UV blue and bright in the early phase. Near maximum spec-
tra of 09dc-like SNe are similar to the normal events, charac-
terized by intermediate-mass elements (IMEs) but with rel-
atively narrow/weak spectral features. The photospheric ve-
locity is found to be low, with a slow evolution. The presence
of unburned carbon in the ejecta is often seen in the pre-
maximum spectral sequence.

The light-curve and spectral evolution of SN 2012dn was
similar to 09dc—like objects. However, it had weak carbon, rel-
atively strong features from IMEs, and was fainter compared
to other 09dc-like SNe Ia (Brown et al. 2014b; Chakradhari
et al. 2014; Parrent et al. 2016; Yamanaka et al. 2016; Tauben-
berger et al. 2019). Now it appears that even this group
(with some new members, e.g., ASASSN-15pz, LSQ14fmg,
ASASSN-15hy and SN 2020esm) exhibits diverse observa-
tional properties (Chen et al. 2019; Hsiao et al. 2020; Lu
et al. 2021; Ashall et al. 2021; Dimitriadis et al. 2022). The
luminous type Ia SN 2020hvf (Jiang et al. 2021), SN 2021zny
(Dimitriadis et al. 2023) and SN 2022ilv (Srivastav et al.
2023) were also found to be similar to 09dc-like SNe having
broad light curves and strong carbon features in the early
spectra. Early excess emission was seen in these SNe within
a few hours of the explosion.

In this work, we present a detailed photometric and spec-
troscopic study of three SNe Ia: SN 2013bz, PSN J0910-+5003
and ASASSN-16ex. They were initially classified as 09dc-like
SNe Ia.

The Catalina Real-time Transient Survey discovered SN
2013bz on April 21.28 (time is always in UT), 2013 and classi-
fied it as a normal type Ia SN around the maximum. However,
noted that it could also be an overluminous event (Howerton
et al. 2013). Ochner et al. (2013) reported that the spec-
trum obtained on May 4.96, 2013, matched well with SNe
2006gz/09dc. SN was located at RA = 13:26:51.32, DEC =
-10:01:32.2 (J2000), 7.5 arcsec East and 5.8 arcsec South to
the nucleus of host galaxy PGC 170248 (Fig. 1, top).

The Italian SNe Search Project discovered PSN
J0910+5003 on November 8.17, 2015 (Ciabattari, Maz-
zoni & Petroni 2015). The object was located at RA =
09:10:08.85, DEC = 50:03:39.6 (J2000), 9 arcsec East and
8 arcsec North of the centre of host galaxy UGC 4812
(Fig. 1, middle). A spectrum obtained on November 09.13,
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Figure 1. Identification chart for SNe 2013bz (top), PSN
J0910+4-5003 (middle) and ASASSN-16ex (bottom). The stars used
as secondary standards are marked. North is up and east to the

left. The field of view is 10 x 10 arcmin® each. Images were ob-
tained using 2-m HCT, IAO, Hanle, India.
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2015, matched well with SN 2009dc about ten days before
maximum light (Tomasella et al. 2015).

All Sky Automated Survey for SNe discovered ASASSN-
16ex (SN 2016¢cj) on May 03.43, 2016 (Kiyota et al. 2016).
The SN was located at RA = 17:10:23.92, DEC= 26:23:47.89
(J2000), 1.9 arcsec South and 3.8 arcsec East from the centre
of the host galaxy SDSS J171023.63+262350.3 (Fig. 1, bot-
tom). Spectra obtained by Tomasella et al. (2016); Piascik &
Steele (2016) matched well with SNe 2009dc/06gz, about 10—
12 days before maximum. Prominent C11 lines (6580 A and
7234 A) were also detected in the spectra. The UV colours
and absolute magnitudes of ASASSN-16ex were found to be
blue and bright similar to 09dc-like events (Brown & Milne
2016).

The layout of this paper is as follows. Observations and
data reduction techniques are presented in Section 2. The
light curves and colour curves are discussed in Section 3.
Physical parameters of the SNe, e.g., peak absolute magni-
tude, bolometric luminosity and mass of °Ni, etc., are esti-
mated in Section 4. The spectral evolution and comparison
with other well-studied SNe Ia are presented in Section 5. The
results are discussed and summarized in Section 6. Through-
out this paper, we adopt the Vega magnitude system.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Imaging

SN 2013bz, PSN J0910+5003 and ASASSN-16ex were mon-
itored using the 2-m Himalayan Chandra Telescope (HCT)
of the Indian Astronomical Observatory (IAO'), Hanle, In-
dia. Observations were carried out in Bessell’'s UBV RI
bands using the Himalaya Faint Object Spectrograph Cam-
era (HFOSCQ).

Photometric monitoring of SN 2013bz started on May 02,
2013 and continued until July 04, 2013. Standard star fields
PG 1633+099, PG 2213-006, PG 1525-71 and PG 1323-086
from Landolt (1992) were observed on six photometric nights
(May 02, May 14, May 21, May 30, June 04 and July 04,
2013) to calibrate a sequence of secondary standards in the
SN field.

Photometric observations of PSN J0910-+5003 were carried
out from November 10, 2015, to March 13, 2016. Standard
star fields PG 0231+051, PG 0918+029, PG 2213-006, PG
10474003 and PG 0942-029 were observed on five photomet-
ric nights (November 17, November 20, November 28, 2015;
December 01, 2020; and March 01, 2021).

Photometric monitoring of ASASSN-16ex began on May
07, 2016, and continued till September 17, 2016. Standard
star fields PG 1633+099, SA 110, PG 2213-006, PG 0231+051
and PG 2331+055 were observed on seven photometric nights
(May 14, June 03, June 18, June 26, July 06, July 31 and
October 04, 2016). Several bias frames and twilight flats nec-
essary for pre-processing were also obtained during each ob-
servation.

The observed data were processed in a standard manner us-
ing the Image Reduction and Analysis Facility (IRAF?) pack-
age. The observed Landolt standards were used to calibrate

I https://www.iiap.res.in/?q=iao.htm
2 https://iraf-community.github.io/

a sequence of secondary standards in the SNe field, follow-
ing the procedures of Chakradhari et al. (2014); Chakrad-
hari, Sahu & Anupama (2019). The mean UBV RI magni-
tudes of secondary standards in the field of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex (marked in Fig. 1) are listed
in Table 1.

The host galaxy background significantly contaminated SN
2013bz and PSN J0910+5003. Template subtraction photom-
etry was performed for these SNe to remove contribution from
the host on the SN flux. Deep UBV RI template frames of
PGC 170248 and UGC 4812 fields were obtained in good see-
ing condition with the same instrumental setup on March
15, 2016, and March 01, 2021, respectively. Template image
subtraction was performed in a standard manner using IRAF
cl-script. In the template subtracted frame, aperture pho-
tometry was performed on the SN and calibrated differen-
tially with respect to the secondary standards. The estimated
magnitudes of SN 2013bz and PSN J0910+5003 are listed in
Table 2.

For ASASSN-16ex, profile-fitting photometry was used.
The fitting radius was chosen close to the FWHM of the
stellar profile. A correction factor was obtained from the dif-
ference between the aperture and profile fitting magnitudes
using bright field stars. This correction factor was applied
to the SN magnitude derived using profile fitting, which was
then calibrated differentially with respect to the secondary
standards in the field. The derived magnitudes of ASASSN-
16ex are listed in Table 2. The magnitudes presented in this
paper are not K-corrected.

2.1.1 UV-optical photometry of ASASSN-16ex using Swift
UVOT.

ASASSN-16ex was also observed with the Ultraviolet /Optical
Telescope (UVOT; Roming et al. 2005) onboard the Neil
Gehrels Swift Observatory. Raw imaging data in the three
broad-band UV filters (uvw2: 1928 A, uom?2: 2246 A, wowl:
2600 A) and three broad-band optical filters (u: 3465 A, b:
4392 A, v: 5468 A) were accessed from the Swift database.
Data processing was done using various packages available
in the High Energy Astrophysics Software (HEASOFT?), fol-
lowing methods outlined in Poole et al. (2008), Brown et al.
(2009, 2014a) and Breeveld et al. (2011). The UV-optical
magnitudes of ASASSN-16ex are listed in Table 3.

2.2 Spectroscopy

Medium resolution (~7A) spectra of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex were obtained using the
HFOSC-HCT. Two grisms, Gr7 (3500-7000A) and Gr8
(5200-9200 A), were used to cover the optical wavelength
range. A log of spectroscopic observation is given in Table 4.
Besides bias and flat frames, spectra of FeNe and FeAr arc
lamps were taken for wavelength calibration. Spectra of spec-
trophotometric standards were obtained to correct for the
instrumental response.

Spectroscopic data were reduced using IRAF in a standard
manner, as discussed in Chakradhari et al. (2014, 2019).

3 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Table 1. Magnitudes of secondary standards (marked in Fig. 1) in the field of SN 2013bz, PSN J0910+5003 and ASASSN-16ex.

ID U B \% R I
SN 2013bz
1 14.34 £ 0.02  14.22 £ 0.03 13.51 £0.02 13.20 £ 0.03  12.81 £ 0.02
2 15.64 + 0.02 15.61 &+ 0.03 14.92 + 0.02 14.60 + 0.02  14.18 + 0.02
3 15.60 + 0.02  15.78 £ 0.03 15.16 £ 0.02 14.85 £ 0.02 14.43 £+ 0.01
4 14.92 + 0.01 15.08 &+ 0.03  14.47 + 0.02 14.18 £ 0.02 13.78 + 0.02
5 15.20 + 0.01  15.36 £ 0.02  14.75 £ 0.02  14.46 £ 0.02  14.06 £ 0.01
6 16.51 + 0.03 16.28 &+ 0.02 15.52 + 0.02 15.17 £ 0.02  14.73 + 0.02
7 17.14 £ 0.05 16.63 £ 0.02 15.73 £ 0.02 15.30 £ 0.02 14.77 £ 0.01
8 15.66 &+ 0.03  15.36 &+ 0.02  14.54 + 0.02 14.19 £ 0.03  13.71 + 0.02
9 17.65 £ 0.05 16.92 £ 0.03 15.96 £ 0.02  15.50 £ 0.02  14.98 £ 0.01
10 16.76 £ 0.03 16.74 £0.02 16.05 £ 0.02 15.73 £0.02 15.31 £ 0.02
PSN J09104-5003
1 14.43 £ 0.04 14.51 £0.04 13.94 £0.02 13.59 £ 0.02 13.35 £ 0.02
2 16.11 + 0.04 15.80 £ 0.02  15.02 £ 0.01  14.56 £ 0.02  14.17 £ 0.04
3 17.58 + 0.01  16.50 £ 0.04 15.39 £ 0.02 14.73 £ 0.02 14.16 £+ 0.01
4 17.44 £ 0.01 16.61 £ 0.04 15.62 £ 0.03 15.05 £ 0.02  14.57 £ 0.02
5 17.02 £ 0.04 16.49 £ 0.04 15.62 £0.02 15.12 £ 0.02 14.66 £+ 0.03
6 19.10 £ 0.05 18.06 £ 0.04 16.92 £ 0.03 16.29 £ 0.03  15.73 £+ 0.03
7 19.57 + 0.08 18.54 £ 0.03 17.04 £0.03 16.12 £ 0.01  15.25 £ 0.03
8 18.65 + 0.01 18.19 £ 0.04 17.32 £0.02 16.86 £ 0.04 16.44 £+ 0.04
9 19.90 + 0.02 18.92 £ 0.03 17.45 £0.02 16.36 = 0.03  15.01 £ 0.03
10 19.21 £0.02 18.52 £ 0.03 17.51 £ 0.03 16.93 £ 0.03 16.38 £ 0.03
11 19.42 £ 0.01 1854 £0.08 17.51 £0.04 16.87 £0.04 16.27 £ 0.04
ASASSN-16ex

1 15.91 + 0.02 15.89 £ 0.03 15.21 £ 0.02 14.84 £ 0.02 14.50 £ 0.02
2 16.31 + 0.03 16.04 + 0.04 15.22 + 0.02 14.74 + 0.02 14.29 + 0.03
3 16.36 + 0.02  16.37 £ 0.04 15.70 £ 0.02 15.33 £ 0.03  14.98 £ 0.03
4 16.73 £ 0.04 16.70 &+ 0.03 16.01 + 0.02 15.64 + 0.02  15.28 + 0.03
5 16.88 + 0.04 16.88 £ 0.03 16.19 £ 0.02 15.81 £ 0.01  15.44 £ 0.02
6 16.89 + 0.02 16.30 + 0.04 15.38 + 0.02 14.85 + 0.01  14.36 + 0.02
7 17.02 £ 0.05 16.89 £ 0.04 16.13 £0.02 15.72 £ 0.02 15.33 £ 0.02
8 17.00 + 0.05 17.35 £ 0.02 16.79 + 0.02 16.44 + 0.02 16.09 + 0.02
9 17.15 £ 0.05 17.09 £ 0.04 16.41 £0.02 16.03 £ 0.02 15.65 £ 0.02
10 17.36 £ 0.03 17.70 £ 0.03 17.16 £ 0.02 16.83 £ 0.01  16.49 £ 0.03

All magnitudes are in the Vega system.

The final spectra were corrected for reddening (refer to Sec-
tion 4.1) and redshift using z = 0.019 for SN 2013bz (source
NED), z = 0.034 for PSN J0910+5003 (source NED), and z
= 0.04 for ASASSN-16ex (Foley et al. 2018).

3 LIGHT CURVES AND COLOUR CURVES

The estimated magnitudes of SN 2013bz, PSN J0910+5003
and ASASSN-16ex are plotted in Fig. 2, Fig. 3 and Fig. 4,
respectively. UV-optical data of ASASSN-16ex from Swift
UVOT are also plotted in Fig. 4. In order to understand the
characteristics of these SNe; we derived various photometric
parameters from their light curves and are listed in Table 5
and Table 6.

Our observation of SN 2013bz started in the post-
maximum phase; hence we used max-model of SNooPy
(Burns et al. 2011) package to fit templates and derive light
curve parameters. The best-matching template light curves
are over-plotted onto the observed light curves (Fig. 2). SN
2013bz reached maximum brightness in the B band on JD
2456409.5 + 0.8 with an apparent brightness of 15.71 +
0.04 mag. Similar to the normal and 91T-like SNe Ia, in SN
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2013bz, the maxima in U and I bands precede, and those in
the V and R bands follow the B band maximum (refer to Ta-
ble 5). The decline in the B band brightness 15 days after the
maximum is estimated as Ami5(B) = 0.91 £+ 0.04 mag and
Amas(B)irue = 0.92 £+ 0.04 (Phillips et al. 1999; Folatelli
et al. 2010). The estimated decline rate parameter for SN
2013bz is smaller than the normal SNe Ia, suggesting it to be
a luminous event (Phillips et al. 1999). The decline rates in
other bands are listed in Table 6. A distinct and pronounced
secondary peak in the I band light curve, a characteristic
feature of normal and 91T-like SNe Ia, is seen ~ +30d. A
small hump is also seen in the R band light curve at a sim-
ilar phase. The I band secondary maximum timing agrees
with its derived Ami5(B) (Hamuy et al. 1996; Kasen 2006;
Folatelli et al. 2010). The light curves of a typical Ia event
SN 2003du (Anupama, Sahu & Jose 2005) are also plotted
along with SN 2013bz in Fig. 2. From a quick comparison, it
is apparent that the light curves of SN 2013bz are similar to
a normal a event.

In the case of PSN J0910+5003 and ASASSN-16ex, our
observations started well before the maximum phase. We fit-
ted a cubic spline function to the data points around the
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Table 2. Optical UBV RI photometry of SN 2013bz, PSN J0910+5003and ASASSN-16ex with HCT.

Date JD Phase® U B \% R I
SN 2013bz
02/05/2013  2456415.22 5.72 1549 + 0.02 15.90 &+ 0.01 15.55 + 0.01 15.52 &+ 0.01  15.72 + 0.01
03/05/2013  2456416.16 6.66 15.93 £+ 0.01 15.54 £ 0.01 15.54 £+ 0.01 15.79 £ 0.03
05/05/2013  2456418.18 8.68 16.09 & 0.01 15.65 &+ 0.01  15.66 & 0.01  15.94 + 0.02
06/05/2013  2456419.22 9.72 15.77 + 0.01 16.11 4+ 0.01 15.71 £ 0.01 15.74 £+ 0.02 16.01 £+ 0.02
08/05/2013  2456421.24 11.74 1594 + 0.02 16.30 &+ 0.02 15.83 = 0.01 15.96 + 0.01  16.19 + 0.01
14/05/2013  2456427.13 17.63 16.91 4+ 0.01 16.17 4+ 0.01 16.19 £+ 0.01 16.19 £+ 0.02
18/05/2013  2456431.21 21.71 17.36 +£ 0.01 16.32 £ 0.01 16.17 &= 0.01  16.03 £ 0.01
20/05/2013  2456433.21 23.71 17.77 £ 0.17 17.56 4+ 0.02 16.40 £+ 0.01 16.10 £+ 0.02 16.01 £+ 0.01
21/05/2013  2456434.26 24.76 17.85 + 0.02 16.55 + 0.02 16.34 & 0.05 16.16 + 0.08
27/05/2013  2456440.18 30.68 18.25 4+ 0.02 16.80 £+ 0.02 16.44 £+ 0.01 16.08 £+ 0.02
28/05/2013  2456441.23 31.73 16.87 & 0.01  16.53 & 0.02  16.09 £ 0.01
29/05/2013  2456442.22 32.72 18.37 + 0.05 18.34 + 0.01 16.89 4+ 0.01 16.52 £+ 0.01 16.06 £+ 0.02
30/05/2013  2456443.23 33.73 1842 £ 0.03 1840 £ 0.01 16.96 £ 0.01 16.57 £ 0.01 16.14 £ 0.02
31/05/2013  2456444.19 34.69 18.40 +0.04 18.43 +£0.01 16.97 +0.01 16.66 + 0.01  16.28 4+ 0.02
04/06/2013  2456448.21 38.71 18.69 £ 0.04 18.66 £ 0.01 17.30 £0.01 16.89 £ 0.02 16.47 £ 0.02
13/06/2013  2456457.23 47.73 18.72 + 0.03 17.57 +£ 0.05 17.35 + 0.02 16.94 + 0.03
04/07/2013  2456478.17 68.67 18.98 & 0.05 19.17 £ 0.02 18.19 & 0.01 18.13 & 0.02 18.15 4 0.03
PSN J0910+5003
10/11/2015  2457337.46 —9.54 17.71 +£0.04 17.65 + 0.03 17.54 + 0.02 17.55 + 0.02
17/11/2015  2457344.38 —2.62 16.70 £ 0.11 17.16 = 0.03 17.02 £ 0.02 16.89 + 0.02 16.93 + 0.02
19/11/2015  2457346.49 —0.51 17.15 +£ 0.05 16.99 + 0.04 16.82 + 0.06 16.94 + 0.03
20/11/2015  2457347.42 0.42 17.12 £ 0.03 16.95 + 0.02 16.79 & 0.02  16.97 + 0.02
22/11/2015  2457349.45 2.45 16.69 + 0.04 17.18 + 0.07 16.92 + 0.03 16.71 £+ 0.02 16.80 + 0.05
27/11/2015  2457354.44 7.44 17.07 £0.17 17.32 £0.04 16.91 & 0.04 16.73 & 0.04 16.89 & 0.04
28/11/2015  2457355.42 8.42 17.49 + 0.08 16.95 + 0.03 16.79 & 0.10  16.80 4 0.04
01/12/2015  2457358.46 11.46 17.57 £+ 0.04 17.03 £ 0.03 16.80 £ 0.02 16.91 £ 0.04
09/12/2015 245 7366.39 19.39 18.13 £ 0.03  17.31 & 0.02 17.06 & 0.02 16.97 4+ 0.04
20/12/2015  2457377.52 30.52 19.12 £+ 0.11 17.75 £ 0.02 17.32 £+ 0.02 17.02 £ 0.06
23/12/2015  2457380.43 33.43 19.17 £ 0.12 17.87 +£0.03 17.35 + 0.03  16.98 + 0.02
19/01/2016  2457407.50 60.50 18.64 £ 0.03 18.28 £ 0.03 17.86 £+ 0.05
25/01/2016  2457413.27 66.27 18.80 + 0.04 18.30 & 0.04 17.96 4+ 0.04
20/02/2016  2457439.21 92.21 18.98 £ 0.06 18.40 £ 0.06
13/03/2016  2457461.22 114.22 20.39 £ 0.10 19.71 £ 0.04 19.53 £ 0.05 18.93 + 0.06
ASASSN-16ex

07/05/2016  2457516.38 —6.87 16.41 + 0.02 17.07 +£0.02 17.03 +£0.01 17.01 +£0.01 17.16 + 0.03
12/05/2016  2457521.15 —2.10 16.22 +£0.05 16.86 = 0.01 16.81 &+ 0.01 16.79 £ 0.02 16.92 + 0.04
14/05/2016  2457523.25 0.00 16.26 + 0.03 16.84 + 0.01 16.78 + 0.02 16.78 + 0.01  16.95 + 0.03
16/05/2016  2457525.28 2.03 16.28 + 0.03 16.85 = 0.02 16.78 £ 0.01 16.78 £ 0.02 16.95 + 0.04
21/05/2016  2457530.25 7.00 16.59 &+ 0.05 17.04 + 0.03 16.89 + 0.03 16.90 + 0.02 17.12 4+ 0.04
03/06/2016  2457543.36 20.11 17.93 £ 0.01 17.33 £ 0.01 17.21 &+ 0.01 17.27 + 0.02
10/06/2016 245 7550.42 27.17 18.46 + 0.01  17.59 + 0.02 17.30 & 0.01  17.24 + 0.02
18/06/2016  2457558.31 35.06 18.89 £ 0.05 19.04 £ 0.03 17.95 £ 0.02 17.58 £ 0.04 17.40 £ 0.02
21/06/2016 245 7561.25 38.00 19.07 £ 0.08 19.14 + 0.03 18.06 + 0.02 17.65 + 0.02  17.45 4+ 0.02
26/06/2016 245 7566.37 43.12 19.33 £ 0.02 18.26 = 0.01 17.85 & 0.02 17.55 £ 0.02
06/07/2016  2457576.17 52.92 19.47 + 0.02  18.46 + 0.01  18.20 + 0.03  17.94 4+ 0.04
10/07/2016  2457580.16 56.91 18.36 & 0.02

31/07/2016  2457601.13 77.88 19.04 + 0.01  18.87 + 0.02  18.73 4+ 0.02
14/08/2016  2457615.26 92.01 20.01 £ 0.04 19.28 £ 0.02 19.12 £ 0.02 18.99 + 0.04
17/09/2016  2457649.17 125.92 20.48 +£ 0.10 19.96 + 0.04 19.88 £+ 0.08 19.89 + 0.12

%in days with respect to the epoch of the B band maximum. All magnitudes are in the Vega system.

maximum to estimate the date of maximum and magnitude
at maximum. PSN J0910+5003 reached maximum brightness
in the B band on JD 2457347.0 &+ 0.6 with 17.13 4 0.04 mag.
The decline rate parameter is estimated as Amqs(B) = 0.69
+ 0.04 and Amis5(B)true = 0.70 £ 0.04. The decline rate of
PSN J0910-+5003 is slower than the normal SNe Ia. The im-
portant photometric parameters derived for PSN J0910+5003
are listed in Table 6.

ASASSN-16ex reached maximum light on JD 2457523.25
+ 0.5 with 16.84 4+ 0.03mag. The decline rate parameter
for ASASSN-16ex is estimated as Amy5(B) = 0.72 + 0.03
and Amis(B)true = 0.73 £ 0.03. The important light curve
parameters derived for ASASSN-16ex (including data from
UVOT) are listed in Table 6.

The slow declining nature of PSN J0910+5003 and
ASASSN-16ex is obvious from an immediate comparison of

MNRAS 000, 1-19 (2023)
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Table 3. UV-optical photometry of ASASSN-16ex with Swift UVOT.

JD Phase® uvw2 uvm?2 uvwl u b v
2457514.46 —8.79 18.43 +0.18 18.04 +0.12 17.12 +0.10 16.28 + 0.06 17.24 + 0.08 17.32 + 0.18
2457517.70 —5.55 18.05 £ 0.15 17.71 +£0.11 17.02 £ 0.09 16.14 + 0.07 17.01 & 0.08 16.90 + 0.14
2457522.75 —0.50 18.21 +0.17 18.09 + 0.15 17.06 + 0.10 16.10 + 0.07 16.94 + 0.08 16.78 + 0.13
245 7530.21 6.96 18.94 + 0.21 18.71 £ 0.19 18.05 + 0.16 16.54 = 0.07 16.98 & 0.07 16.76 + 0.11
2457532.67 9.42 19.85 + 0.78 19.36 + 0.67 18.19 + 0.26 16.83 + 0.14 17.06 + 0.12 17.02 + 0.23
245 7537.52 14.27  19.75 £ 0.50 19.86 & 0.54 18.94 + 0.35 17.27 +£0.13 17.41 £ 0.10 17.35 & 0.22
2457539.32 16.07 20.01 + 0.55 19.91 + 0.45 18.92 +0.29 17.73 +0.17 17.50 +0.11 17.20 + 0.16
2457541.85 18.60 20.28 & 1.23  19.94 4+ 0.51 18.01 +0.33  17.60 & 0.16  17.19 £ 0.27
245 7544.50 21.25 20.16 £ 0.71 19.88 +£ 0.50 19.17 +£ 0.44 1827 +£0.33 17.80 £ 0.14 17.40 £ 0.26
245 7547.84 24.59 19.15 + 0.24 18.44 +0.15 18.19 £ 0.14 17.74 + 0.56
2457551.21 27.96 19.33 £ 0.18 18.72 + 0.12 18.56 + 0.13  17.66 + 0.14
245 7553.54 30.29 19.49 + 0.31 18.77 £ 0.20 18.86 & 0.24 17.79 + 0.19
245 7557.45 34.20 19.82 + 0.49 18.92 + 0.29 19.00 + 0.30  18.02 + 0.28
245 7565.88 42.63 19.91 4+ 0.43  19.42 +0.35 19.36 & 0.29 18.28 + 0.36
2457572.28 49.03 20.19 +£ 0.35 19.68 +£ 0.25 19.34 + 0.18

%in days with respect to the epoch of the B band maximum. All magnitudes are in the Vega system.

Table 4. Log of spectroscopic observations of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex.

Date JD@ Phase? Range (A)
SN 2013bz
30/04/2013  6413.30 3.80 3500-7000
02/05/2013  6415.16 5.66  3500-7000; 5200-9100
03/05/2013  6416.18 6.68  3500-7000; 5200-9100
06/05/2013  6419.26 9.76 35007000
09/05/2013  6422.19 12.69  3500-7000; 5200-9100
14/05/2013  6427.14 17.64  3500-7000; 5200-9100
20/05/2013  6433.25 23.75  3500-7000; 5200-9100
21/05/2013  6434.34 24.84 35007000
27/05/2013  6440.22 30.72  3500-7000; 5200-9100
29/05/2013  6442.24 32.74  3500-7000; 5200-9100
31/05/2013  6444.22 34.72  3500-7000; 5200-9100
PSN J0910+5003
17/11/2015  7344.42 —2.58  3500-7000; 5200-9100
20/11/2015  7347.44 0.44  3500-7000; 5200-9100
27/11/2015  7354.39 7.39  3500-7000; 5200-9100
28/11/2015  7355.36 8.36  3500-7000; 5200-9100
09/12/2015  7366.41 19.41  3500-7000; 5200-9100
20/12/2015  7377.45 30.45  3500-7000; 5200-9100
19/01/2016  7407.41 60.41  3500-7000; 5200-9100
22/01/2016  7410.24 63.24  3500-7000; 5200-9100
ASASSN-16ex
06/05/2016  7515.42 —7.83 35007000
08/05/2016  7517.41 —5.84  3500-7000; 5200-9100
13/05/2016  7522.17 —1.08  3500-7000; 5200-9100
14/05/2016  7523.16 —0.09 3500-7000; 5200-9100
21/05/2016  7530.27 7.02  3500-7000; 5200-9100
11/06/2016  7551.18 27.93 3500-7000
19/06/2016  7559.35 36.10  3500-7000; 5200-9100
26/06/2016  7566.30 43.05 3500-7000

@2450000+; bin days from the B band maximum.

their light curves (refer to Fig. 3, 4) with the light curves
of the normal Type Ia SN 2003du. It is interesting to note
that for both PSN J0910+5003 and ASASSN-16ex, Am15(B)
is close to 09dc-like SNe Ia: SN 2009dc (Amis(B) = 0.71;
Taubenberger et al. 2011), SN 2007if (Amis(B) = 0.71;
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Figure 2. UBV RI light curves of SN 2013bz. The light curves are
shifted vertically by the amount indicated in the legend. The phase
is measured in days from the B band maximum. The dotted lines
represent the template light curves obtained using the SNooPy
code. The dashed lines represent the light curves of the normal
Type Ia SN 2003du.

Scalzo et al. 2010), SN 2006gz (Ami5(B) = 0.69; Hicken
et al. 2007), ASASSN-15pz (Ami5(B) = 0.67; Chen et al.
2019, and ASASSN-15hy (Amis(B) = 0.72; Lu et al. 2021).

Timing of maximum brightness in U, V, R and I bands
for PSN J0910+45003, ASASSN-16ex and some other well-
studied SNe Ia are listed in Table 5. In PSN J0910+5003,
the I band peak appears much later (6d) than the B band,
similar to 09dc-like SNe Ia. In contrast, the I band peak in
ASASSN-16ex follows the trend of normal SNe Ia.

In Fig. 5, BVRI light curves of SN 2013bz, PSN
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Figure 3. UBV RI light curves of PSN J0910+5003. The light
curves are shifted vertically by the amount indicated in the legend.
The dashed lines represent the light curves of the normal Type Ia
SN 2003du.
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Figure 4. UBV RI and Swift UVOT light curves of ASASSN-16ex.
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in the legend. The dashed lines represent the light curves of the
normal Type Ia SN 2003du.
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Figure 5. BV RI light curves of SN 2013bz, PSN J0910+5003 and
ASASSN-16ex are compared with those of some other well-studied
SNe Ia. The light curves are shifted to match their peak brightness
and the epoch of the B band maximum.

J0910+5003 and ASASSN-16ex are compared with those of
well-studied normal SNe Ia: SN 2003du (Ami5(B) = 1.04;
Anupama et al. 2005), SN 2005cf (Ami5(B) = 1.11; Pas-
torello et al. 2007), SN 2011fe (Amis(B) = 1.07; Richmond
& Smith 2012; Vinkoé et al. 2012; Brown et al. 2012), the lu-
minous SN 1991T (Amis(B) = 0.95; Lira et al. 1998), and
09dc-like SNe Ia: SN 2006gz (Hicken et al. 2007), SN 2007if
(Scalzo et al. 2010), SN 2009dc (Taubenberger et al. 2011),
ASASSN-15pz (Chen et al. 2019), SN 2012dn (Am;s5(B) =
0.92; Chakradhari et al. 2014) and SN 2011laa (Ami5(B) =
0.59; Dutta et al. 2022). All the light curves are shifted to
match their peak brightness and the epoch of the B band
maximum.

The comparison shows that SN 2013bz closely follows the
light curves of normal type Ia SNe 2003du/05cf/11fe in
BV RI bands. The trough in between I band primary and
secondary maxima, the strength of the I band secondary
maximum, and the shoulder in the R band also match those
of normal SNe Ia (refer to Fig. 6 for a zoomed view). Though
the decline rate parameter, Amis(B), is lower than that of
a typical SN Ia, SN 2013bz appears to be a perfectly normal
type la event.

On the other hand, BV RI light curves of PSN J0910+5003
and ASASSN-16ex are broad and closely follow the 09dc-like
events. Similar to 09dc—like SNe, I band light curves of PSN
J0910+5003 and ASASSN-16ex appear flat during the early
post-maximum phase (till ~ 40d); in the later phase they
also follow 09dc—like SNe. An enhanced fading is seen in the
light curves of 09dc-like SNe in the nebular phase. In some
events, e.g., SN 2012dn, ASASSN-15pz and LSQ14fmg, it was
observed quite early (1-3 months from the maximum phase).
This is not observed in PSN J0910+5003 and ASASSN-16ex

MNRAS 000, 1-19 (2023)
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Figure 6. A zoomed view of the light curve comparison. Left: R
and [ band light curves during secondary maximum. Right: BV RI
light curves during the late phase.

until our last observations (~ 126d, refer to Fig. 6, right
panel).

The decline rates of ASASSN-16ex and PSN J0910-+5003
in BV RI bands during 50-100d are estimated by a linear
fit and listed in Table 6. The late phase decline of ASASSN-
16ex and PSN J0910+4-5003 light curves are comparable to
SNe 2007if/09dc.

In Fig. 7, the UV light curves of ASASSN-16ex in wvu,
wvw?2, wvm?2, and wvwl bands are compared with normal
and 09dc-like SNe Ia. It is clear that the light curves of
ASASSN-16ex in all the UV bands are distinct from nor-
mal SNe 2005cf/11fe and closely follow the 09dc—like SNe.
Similar to 09dc-like SNe, the UV light curves of ASASSN-
16ex in wvw2, uvm?2, and wvwl reached maximum light a few
days before the normal SNe 2005cf/11fe. Also, the UV light
curves of ASASSN-16ex and 09dc-like SNe are broader than
the normal events.

The reddening (refer to Section 4.1) corrected (uvwl — v),
(U-=1B), (B-V), (V—-R)and (R— I) colour curves of
SN 2013bz, PSN J0910+5003 and ASASSN-16ex are plot-
ted in Fig. 8. Colour curves of well-studied SNe Ia (used in
the light curve comparison) are also plotted in Fig. 8. They
are corrected for reddening, as mentioned in their respective
references.

The (uvwl—v) colour evolution of ASASSN-16ex is similar
to 09dc-like SNe. The normal SNe 2005cf/11fe are redder in
the early phase and evolve to blue with the bluest value a few
days before the B band maximum. Their (vvwl — v) colour
evolution makes a characteristic ‘V’-shape pattern (Milne
et al. 2013; Brown et al. 2014b). However, ASASSN-16ex is
bluer by ~1mag in the early phase and reddens monotoni-
cally, similar to other 09dc-like SNe. Milne et al. (2013) have
divided normal SNe Ia into NUV-blue and NUV-red cate-
gories based on the (near-UV — optical) colour evolution.
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Figure 7. UV light curves of ASASSN-16ex are compared with
some well-studied SNe Ia. The light curves are shifted to match
their peak brightness and the epoch of the B band maximum.

The shaded region in Fig. 8 (top panel) shows the colour evo-
lution of normal SNe Ia (which includes NUV-blue and NUV-
red objects; Milne et al. 2013; Brown et al. 2014b). With a
significantly blue (near-UV — optical) colour, ASASSN-16ex
and 09dc-like SNe Ia are clearly distinguishable from nor-
mal SNe Ia. This colour criterion can be used to separate
09dc—like objects from the SNe Ia sample with a precise host
extinction estimate. The (U — B) colour of SN 2013bz, PSN
J0910+4-5003 and ASASSN-16ex is bluer relative to normal
events.

The (B — V) colour of SN 2013bz follows those of nor-
mal SNe Ia, while ASASSN-16ex follows the evolution of
09dc-like SNe 2006gz,/09dc/ASASSN-15pz in the complete
phase range. The 09dc-like SNe 2006gz/09dc/ASASSN-15pz
have a bluer curve during 0 to +50d, while normal SNe
2003du/05cf/11fe and 91T have a relatively red colour. PSN
J0910+5003 appears to follow the redder path similar to nor-
mal SNe Ia.

The (V —R) colour of ASASSN-16ex is similar to SN 2009dc
up to ~ 100d; PSN J0910+5003 have a more gradual and
redder colour evolution. The (R — I) colour of ASASSN-
16ex is a little bluer but similar to SN 2009dc, while PSN
J0910-+5003 have a colour similar to SN 2007if. Compared to
normal events, the (V — R) and (R — I) colours of 09dc-like
SNe show less evolution, i.e., red to blue change, because of
their broad RI light curves. The scatter in the colours within
the 09dc-like SNe group can be attributed to their differing
RI light curves. The (V—R) and (R—1) colours of SN 2013bz
are similar to normal events.
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Table 5. Timing of maximum light in UV RI bands (in days) with
respect to the B band maximum.

Object U \Y% R I Refe
SN 2013bz —20 +02 +1.0 =30 1
PSN J0910+5003 - +5.0 +4.0 +6.0 1
ASASSN-16ex ~15 415 0 -18 1

SN 2006gz —30 +20 +6.0 460 2

SN 2009dc —20 0 10 +2 3

SN 2012dn —25 +16 426 +3 4
ASASSN-15pz . ~0 +1 404 5
ASASSN-15hy —60 +3.0 +55 473 6
LSQ14fmg . -10 +1 41 7

SN 2020esm —40 ~0 435 45 8

SN 2020hvf —40 +1.0 +1.8 427 9

SN 2011aa —0.3 438 +45 471 10
SN 2003du -1.3 410 403 -19 11
SN 2005cf -16 +1.3 +06 —20 12
SN 2011fe —14 410 +06 -29 13,14
SN 1991T —17 +26 +14 -04 15

@]1. This work, 2. Hicken et al. (2007)

3. Taubenberger et al. (2011)

4. Chakradhari et al. (2014), 5. Chen et al. (2019)

6. Lu et al. (2021), 7. Hsiao et al. (2020)

8. Dimitriadis et al. (2022), 9. Jiang et al. (2021)

10. Dutta et al. (2022), 11. Anupama et al. (2005)

12. Pastorello et al. (2007), 13. Richmond & Smith (2012)
14. Pereira et al. (2013), 15. Lira et al. (1998)

T 3
ASASSN16ex * SN1991T T
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T
+ o+ o =

E A A SN2009dc 3
+ SN201laa o0 SN2012dn 3
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Figure 8. The (vwvwl—v), (U—-B), (B—=V),(V—R) and (R—1I)
colour curves of SN 2013bz, PSN J0910+5003 and ASASSN-16ex
are compared with those of other well-studied SNe Ia. The shaded
region in the top panel shows the (uvwl — v) colour evolution of
normal (NUV-blue + NUV-red, Milne et al. 2013; Brown et al.
2014b) SNe Ia.

4 ABSOLUTE LIGHT CURVES AND
BOLOMETRIC LUMINOSITY

4.1 Reddening Estimate

The Galactic reddening for SN 2013bz is E(B —V)ga = 0.04
+ 0.002mag (Schlafly & Finkbeiner 2011). Empirical rela-
tions (Phillips et al. 1999; Altavilla et al. 2004; Reindl et al.
2005; Wang et al. 2006; Folatelli et al. 2010) suggest a large
total reddening, E(B — V)totar = 0.30 — 0.40 mag. SNooPy
fit suggests a reddening of E(B — V)ota1 = 0.21 £ 0.06 mag.
A strong Na1D feature is seen at the rest frame of the host
galaxy in the spectra of SN 2013bz with an average equiva-
lent width (EW) of 1.9 4 0.2 A. The Milky way component of
Na1D feature is not detectable. The measured EW (Na1D)
translates into E(B — V)nost = 0.29 + 0.03mag (Turatto,
Benetti & Cappellaro 2003), close to the value obtained using
other empirical relations. We found that the observed (B—V')
colour curve of SN 2013bz matches well with normal SNe Ia
(refer to Fig. 8) when it is dereddened by E(B — V)iotal =
0.19 £ 0.04 mag. This estimate is close to the value suggested
by the SNooPy fit and is used for further analysis.

The Galactic reddening for PSN J0910-+5003 is E(B —
V)gal = 0.02 £ 0.001 mag (Schlafly & Finkbeiner 2011). The
empirical relations using photometry suggest F(B—V )iotal >
0.25 mag. The Na1D features are not detected in the spectra
of PSN J0910+5003. The observed (B — V') colour curve of
PSN J0910-+5003 matches well with other well-studied SNe
Ta (refer to Fig. 8) after correcting it by E(B —V )totar = 0.18
+ 0.05 mag, which we use in our analysis.

The Galactic reddening for ASASSN-16ex is E(B — V)qal
= 0.03 £ 0.001 mag (Schlafly & Finkbeiner 2011). The em-
pirical relations suggest E(B — V )tota1 ~ 0.11 — 0.18 mag. No
feature of Na1D is detected in the spectra of ASASSN-16ex.
It was shown (refer to Section 3) that the photometric proper-
ties of ASASSN-16ex closely resemble 09dc—like SNe Ia. Chen
et al. (2019) found that among 09dc-like SNe, ASASSN-15pz
suffered minimal reddening, and its colour evolution can be
used to estimate the reddening of similar objects. The ob-
served (B — V') colour curve of ASASSN-16ex matches well
with ASASSN-15pz and other 09dc-like objects after a cor-
rection by E(B — V)totar = 0.12 £ 0.04 mag. Hence, we use
this value of total reddening in further analysis.

4.2 Absolute Magnitudes

Recession velocity corrected for infall of the Local Group to-
wards Virgo cluster is 5807 + 45kmsec™! for PGC 170248,
and for UGC 4812, it is 10503 & 31kmsec™ ' (Mould et al.
2000; source NED). With Hy = 72 £ 5kmsec™' Mpc™*
(Freedman et al. 2001), distances of SN 2013bz and PSN
J0910+5003 are calculated as 80.65 + 5.6 Mpc (u = 34.53 +
0.20mag) and 145.88 + 10 Mpc (u = 35.82 £+ 0.20 mag), re-
spectively. For SDSS J171023.63+262350.3 (host of ASASSN-
16ex), using z = 0.04 (Foley et al. 2018), we derived a distance
of 166.67 £ 12Mpc (1 = 36.11 £ 0.20 mag).

Using the estimated distances, reddening values and
Cardelli, Clayton & Mathis (1989) extinction law with Ry =
3.1, the peak absolute magnitudes of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex in different bands are esti-
mated and listed in Table 6. The absolute V' band light curves
of these SNe are displayed in Fig. 9 and compared with other
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Table 6. Photometric parameters of SN 2013bz, PSN J0910+5003 and ASASSN-16ex.

Band JD (max) mypex Mpax Amis(A) Decline rate®
SN 2013bz (35-70d)
U 2456407.2 £ 0.8 1493 £ 0.06 —20.53 £ 0.20 1.21 4 0.06 1.52
B 2456409.5 £ 0.8 15.71 £ 0.04 —19.61 £ 0.20 0.91 4+ 0.04 2.07
14 2456409.7 £ 0.8 1542 +0.04 —19.70 £ 0.20 0.57 4 0.04 3.48
R 2456410.2 £ 0.8 15.44 + 0.07 —19.53 £ 0.20 0.66 £+ 0.07 4.38
I 2456406.3 £ 0.8 15.51 £ 0.09 —19.30 £ 0.20 0.59 £ 0.09 5.62
PSN J0910+5003 (50-1004d)
B 2457347.0 £ 0.6 17.13 &£ 0.05 —19.44 £ 0.20 0.69 £ 0.05 1.51
14 2457352.0 £ 0.8 16.90 + 0.04 —19.48 £0.20 0.44 4+ 0.04 1.96
R 2457351.2 £ 0.8 16.70 & 0.05 —19.54 £ 0.20 0.35 4+ 0.04 2.43
1 2457353.0 £ 0.9 16.80 & 0.05 —19.29 £ 0.20 0.18 £+ 0.05 1.95
ASASSN-16ex (50-100d)
wvw2  2457517.7 = 06 18.05 £ 0.15 —18.80 + 0.30 1.27 £ 0.15 -
uvm?2 24575177 £ 06 17.71 £0.11 —19.36 + 0.30 1.51 £ 0.11 -
uvwl 24575177 £ 0.6 17.02 £ 0.09 —19.75 £ 0.30 1.26 4 0.09 -
U 2457521.7 £ 0.7 16.23 & 0.05 —20.47 £ 0.20 0.91 £+ 0.05 -
B 2457523.2 £ 0.5 16.84 &+ 0.03 —19.78 £ 0.20 0.72 £+ 0.03 2.14
14 2457524.7 £ 0.5 16.77 £ 0.03 —19.71 £ 0.20 0.43 £+ 0.03 2.14
R 2457523.2 £ 0.6 16.78 & 0.03 —19.62 £ 0.20 0.35 £ 0.03 2.54
1 2457521.5 £ 0.6  16.94 + 0.04 —19.35 £ 0.20 0.31 4+ 0.04 2.97
%in unit of mag (100d)~1.
maximum PSN J0910-+5003 is fainter than ASASSN-16ex.
—21 (~r T However, during the late phase, they show similar light curve
i —=—-SN2013bz # SN2009dc | evolution.
L O PSNJ0910 x SN2006gz
r & ® ASASSN16ex SN2007if b
K 0 ASASSN15pz| . .
Pz ] 4.3 Bolometric Light curve
SN2012dn -
+ SN201laa ] The quasi-bolometric luminosities of SN 2013bz, PSN
SN2011fe | J0910+4-5003 and ASASSN-16ex were derived using the ob-
SN2005cf - served U BV RI magnitudes in Table 2. The U BV RI magni-
SN2003du ] tudes were dereddened with the reddening values estimated
SN1991T ] in section 4.1 and converted to monochromatic fluxes using

Days from B max

Figure 9. Absolute V band light curves of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex are compared with those of other
well-studied SNe Ia.

well-studied SNe Ia. SN 2013bz and ASASSN-16ex have lu-
minosities comparable to SNe 2006gz/91T, ASASSN-15pz.
The light curve of SN 2013bz is similar to SN 1991T. With a
constant difference of ~ 0.4mag, the absolute V' band light
curve of ASASSN-16ex runs almost parallel to SN 2009dc.
The light curve of PSN J0910+5003 is fainter than 09dc—like
objects but brighter than normal SNe 2003du/05cf/11fe. At
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zero points from Bessell, Castelli & Plez (1998). The derived
fluxes on each night were integrated over the observed wave-
length range to get the total flux at optical bands. The inte-
grated flux is converted to quasi-bolometric luminosity using
the distances derived in section 4.2.

The peak quasi-bolometric luminosity for SN 2013bz
obtained by integration of optical fluxes is log Lpg* =
43.30ergs™*. Adding 20% flux to account for the contribu-
tion from the missing bands (Wang et al. 2009a) results in
log L% = 43.38 4 0.07ergs™ .

The maximum quasi-bolometric luminosity for ASASSN-
16ex is obtained as log L*3* = 43.29ergs™' using optical
observations. We used Swift UVOT data of ASASSN-16ex to
estimate contributions from UV bands. The UV magnitudes
were dereddened following Brown et al. (2010) and converted
to monochromatic flux using the zero points from Poole et al.
(2008). With the UV contribution, the peak bolometric lu-
minosity of ASASSN-16ex becomes log L% = 43.39 ergs™ .
The UV contribution to the bolometric luminosity is found
as ~ 29%, 22%, and 13% at —7d, maximum, and +20d, re-
spectively. The 09dc-like SNe Ia are found to be UV bright
(Brown et al. 2014b; Chakradhari et al. 2014; Chen et al.
2019; Dimitriadis et al. 2022), ASASSN-16ex follows a similar
trend. After adding 5% contribution from NIR bands (Wang
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Figure 10. Quasi-bolometric light curves of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex are plotted along with those of
other well-studied SNe Ia.

et al. 2009a; Scalzo et al. 2010; Yamanaka et al. 2016), the
peak bolometric luminosity of ASASSN-16ex is estimated as
log L3 = 43.40 4 0.06 ergs™".

The peak quasi-bolometric luminosity for PSN J0910+5003
is derived as log L"3* = 43.17ergs™ ! by integrating the opti-
cal data points. For 09dc-like objects, close to the maximum,
the UV band contributes ~ 20% (Chakradhari et al. 2014)
to the bolometric flux. We found similar UV contribution in
ASASSN-16ex. On adding 20% UV and 5% NIR contribu-
tions, the peak bolometric luminosity of PSN J0910+5003 is
obtained as log L% = 43.26 4 0.07 ergs™ .

The quasi-bolometric light curves of SN 2013bz, PSN
J0910+4-5003 and ASASSN-16ex are plotted in Fig. 10
and compared with other well-studied SNe Ia. The
peak quasi-bolometric luminosities of SN 2013bz, PSN
J0910+4-5003 and ASASSN-16ex are lower than 09dc—like SNe
2006gz/07if/09dc/ASASSN-15pz and brighter than normal
SNe Ia.

4.4 Mass of Nickel synthesized

Type Ia SNe are powered by the radioactive decay of *°Ni to
56Co and subsequently to *®Fe. The peak bolometric lumi-
nosity can be used to estimate the mass of *Ni synthesized
in the explosion of SNe Ia.

The mass of °Ni synthesized in the explosion of SN 2013bz,
PSN J0910+4-5003 and ASASSN-16ex is estimated using Ar-
nett’s rule (Arnett 1982). This rule states that the peak bolo-
metric luminosity of a type Ia SN is proportional to the in-
stantaneous energy release rate from radioactive decay. This
can be written as-

Mni = 7{?5)(
N OcS('L’R)

where My; is the mass of 56Ni7 o« 1s the ratio of bolometric
to radioactive luminosities (near unity), and S(tg) is the ra-
dioactivity luminosity per unit nickel mass evaluated for the
rise time tg. From Nadyozhin (1994), S(tg) can be written
as-

S(tR) _ (6.45 e~ (tr/8:83d) | ¢ 45 ef(tR/111.3d))
43 —1p—1
x10™ ergs Mg

where 8.8 and 111.3d are e-folding lifetimes (7) of *°Ni and
56Co, respectively.

With the lack of early observations, it is difficult to con-
strain these events’ explosion epoch and rise time. This limits
an accurate determination of the mass of “°Ni. Rise time (tr)
for the normal SNe Ia is found to be 17.4d (Hayden et al.
2010), 18d (Ganeshalingam, Li & Filippenko 2011), 18.9d
(Firth et al. 2015; Miller et al. 2020), 19.1 — 19.6d (Riess
et al. 1999; Conley et al. 2006). Using tg = 18 £ 2d, and
a = 1.2 & 0.2 (Branch 1992), the mass of °Ni synthesized
in the explosion of SN 2013bz is estimated as Mn; = 0.96 +
0.24 M. The 09dc-like SNe are found to have longer tg ~ 21
— 24d (Scalzo et al. 2010; Silverman et al. 2011; Chen et al.
2019; Lu et al. 2021) with an average of tr ~ 22 + 4d (Ashall
et al. 2021). Using tr = 22d and a = 1.2, the mass of 56N
in PSN J0910+5003 and ASASSN-16ex is estimated as Mni
= 0.89 + 0.24 My and Mn; = 1.2 £ 0.32 Mg, respectively.

5 SPECTRAL EVOLUTION

Spectral series were obtained for SN 2013bz, PSN
J0910+5003 and ASASSN-16ex using HFOSC-HCT. In to-
tal, 11 spectra spanning +4 to +35d for SN 2013bz, 8 spectra
from —3 to +63d for PSN J0910+5003, and 8 spectra from
—8 to +43d for ASASSN-16ex were obtained*. The details of
spectroscopic observations are given in Table 4. Spectral evo-
lution of SN 2013bz, PSN J0910+5003 and ASASSN-16ex are
presented in Fig. 11, Fig. 12 and Fig. 13, respectively. All the
spectra are reddening and redshift corrected. Telluric lines
are not removed.

Spectral features in the early phase of type Ia SNe are
mostly absorption lines of singly ionized IMEs such as O,
Mg, Si, S and Ca produced at outer photospheric layers. As
the ejecta expands, the photosphere moves into deeper layers,
and lines from the inner layers are seen. During this, features
from IMEs are replaced by the IGEs, e.g., Fe, Co and Ni.

5.1 SN 2013bz

The early post-maximum spectra of SN 2013bz (+4, +6 and
+7d) show the characteristics features of SNe Ia, mostly from
IMEs marked in Fig. 11. At the bluer end, a deep absorp-
tion seen around 4000 A is due to Ca11 H&K lines. The next
prominent and broad feature at around 4500 A is due to a
blend of Fe 111 A4404, Mg 11 A4481 and Fe 11 A4555. Moving red-
ward, a sharp absorption due to Si1i1 A4560 is seen in the first
spectrum at +4d, which has become weak in the following
spectrum at +6d. The Sin1A4560 is generally seen during
the early hot photospheric phase. A broad blend is seen at
~ 5000 A due to Fe11AA4924, 5018, Si11A5051, Fe1rr A5129

4 Phase with respect to B band maximum.
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Figure 11. Spectral evolution of SN 2013bz from ~ +4 to +35d.

and Fe11 A5169. The ‘W’-shaped S11A\5654, 5468 feature is
also visible with its decreasing strength in subsequent spec-
tra. Features on the red side of the spectrum, such as O1 and
Car1r NIR, are weak in SN 2013bz. A small narrow feature
seen at ~ 6000 A is due to Na1D from the host galaxy.

In the spectra obtained at +10, +13, and +18d, most of
the features due to IMEs’ such as ‘W’-shaped S11 and Sii
weakened/disappeared. The features due to IMEs are getting
replaced by Felr lines. Development of emission peaks, such
as at ~ 4600 A, can also be noticed. A strong absorption due
to Nal from SN ejecta is visible at ~ 5700 A. The spectra
after one-month post-maximum are dominated by FeII lines.
Feature due to Ca11 NIR triplet looks stronger than earlier.

5.2 PSN J0910-+5003

The spectral evolution of PSN J0910+5003 from —11 to
+63d is shown in Fig. 12. The first two spectra at —11 and
—9d are taken from WISeREP (Tomasella et al. 2015; Stahl
et al. 2020) and displayed to show early evolution and spec-
tral characteristics. The first spectrum at —11d looks like
a featureless continuum; most spectral lines are shallow/not
vet fully developed. A strong C11A6580 absorption can be
seen in the red-wing of Si1rtA6355, which makes the absorp-
tion at ~ 6200 A very broad. This indicates the presence of
unburned material in the ejecta, usually found in 09dc-like
SNe Ia (Taubenberger et al. 2011; Chakradhari et al. 2014;
Chen et al. 2019; Lu et al. 2021; Jiang et al. 2021; Dimitriadis
et al. 2022; Srivastav et al. 2023).

In the spectrum at —9d, the features from IMEs are
strengthening. The carbon lines have almost disappeared;
only a tiny suppression is seen at the red-wing of Sii1 A6355.
By —3d, the absorption features due to IMEs are fully devel-
oped and dominate the spectra till one-week post-maximum.
In contrast to SN 2013bz, features like Si11A5972, O1 and
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Figure 12. Spectral evolution of PSN J09104-5003 from ~ —11
to +63d.

Ca1r NIR are stronger in PSN J0910+5003. Spectrum at
4+19d and subsequent spectra show the appearance of sev-
eral emission peaks due to IGEs. Fe11 lines have replaced the
features from IMEs.

5.3 ASASSN-16ex

The spectral evolution of ASASSN-16ex from —10 to +43d
is shown in Fig. 13. The first spectrum at —10d is taken
from WISeREP (Tomasella et al. 2016). Similar to PSN
J0910+4-5003, the signature of unburned C1I is seen in this
object. Compared to PSN J0910+5003, spectral features in
ASASSN-16ex are well developed and sharp. The Si11 \5972,
O1 and Cair NIR features are weak in ASASSN-16ex than
PSN J0910+4-5003. Along with a weak Si1r A5972 line, a strong
Si11 A4560 feature is present in the spectrum of ASASSN-
16ex, suggesting a hot photosphere. In the spectrum at ~ one
month and in the subsequent spectra, the features of IMEs
are replaced by Fe1l lines, and the development of emission
lines can be seen.

5.4 Spectral Comparison

In Fig. 14 (top panel), the early spectra of PSN J0910-+5003
(=11, —9d) and ASASSN-16ex (—10d) are compared with
those of SN 1991T (Filippenko et al. 1992), SN 2006gz
(Hicken et al. 2007), SN 2007if (Scalzo et al. 2010), SN 2009dc
(Taubenberger et al. 2011), SN 2011fe (Parrent et al. 2012),
SN 2011aa (Dutta et al. 2022) and ASASSN-15pz (Chen et al.
2019) at similar epoch. Though the lines in PSN J0910+5003
are shallower, the spectra of both PSN J0910+5003 and
ASASSN-16ex are similar to 09dc-like SNe. Strong C11 fea-
tures are seen in both events.

The spectral features of ASASSN-16ex are very similar
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Figure 13. Spectral evolution of ASASSN-16ex from ~ —10 to
+43d.

to those of 2006gz/09dc/12dn. In the bluer region, well-
separated sharp absorption due to Si11tA3858, Cair H&K,
SinrA4130 and Si1in A4560 are identical in these events. Other
features like ‘W’-shaped Si11, SiitA6355, and a shallower
SittA5972 look similar in these objects. The spectral fea-
tures in PSN J0910+5003 at —11 and —9d are similar to
those in SN 2007if and SN 2011aa. A comparison of spectra
of PSN J0910+5003, ASASSN-16ex and other SNe is made
at the maximum phase in the bottom panel of Fig. 14. At this
phase also, ASASSN-16ex closely resembles SN 2012dn/06gz.
The spectrum of PSN J0910+5003 is similar to SN 2011aa.
Absorption lines in PSN J0910+5003 appear broader and
blended.

In Fig. 15, the spectrum of ASASSN-16ex ~ four months
after maximum light (taken from WISeREP, Stahl et al. 2020)
is compared with those of SN 2011fe (Stahl et al. 2020),
SN 2007if (Silverman et al. 2011), SN 2009dc (Taubenberger
et al. 2011), ASASSN-15pz (Chen et al. 2019), SN 1991T (Sil-
verman et al. 2012) and SN 1991bg (Turatto et al. 1996) at
a similar epoch. A few months after the explosion, SN en-
ters into nebular phase, the ejecta becomes optically thin,
and the inner part of the ejecta becomes visible. Forbidden
emission lines of IGEs, i.e., Fe, Co, and Ni, characterize spec-
tra of SNe Ia at this phase. Some prominent nebular features
are marked in Fig. 15. Similarity in the spectral features be-
tween ASASSN-16ex and a normal SN Ia can be seen. How-
ever, there are certain noticeable differences also. The blend-
ing of lines in ASASSN-16ex is less than a normal SN Ia.
In the red region beyond ~ 6500 A, features in ASASSN-
16ex are more pronounced as compared to normal SN 2011fe
and luminous SN 1991T. There are a number of similarities
between the spectrum of ASASSN-16ex and 09dc-like SNe,
which include (i) double-peaked [Fe11]+[Fe111] complex at ~
5400 A; strength of [Fe111] 4700 A appears lower relative to
[Feni]+[Fen] (ii) strong [Fen] at ~ 6500 A (iii) a broad ab-
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Figure 14. Spectra of PSN J0910+-5003 and ASASSN-16ex at
~ — 10d (top) and at maximum (bottom) are compared with other
well-studied SNe Ia.

sorption trough with a flat bottom around 6700 — 7000 A
(iv) multiple emission peaks around 7000 — 7900 A (v) sharp
emission peaks at ~ 8500 A.

5.5 SYN-++ Synthetic model spectra

Spectra of SN 2013bz at +6 and +13d are compared with
the synthetic spectra generated using SYN-++ code (Fisher
2000; Thomas, Nugent & Meza 2011) and plotted in Fig. 16.
The observed spectrum at +6 d matches the synthetic spec-
trum with a photospheric velocity (vpr) of 10500 kms™! and

MNRAS 000, 1-19 (2023)



14 S, Tiwari et al.

[Felll] ASASSN-16ex
= [Felll] =
) [Felll] 5 — _
= ST = [Fel =
40 2 s [[galxllll]] [Ca”] £
Fell
11fe +116 d
"
C
g 16ex +117d
c 30
5]
)
+
X 07if +99 d
=
o 09dc +109 d
Q 20
©
O f
0
15pz +113d
10 12dn
+115d
91T +113d
0

4000 5000 6000 7000 8000 9000
Wavelength (A)

Figure 15. The spectrum of ASASSN-16ex at +117d is compared
with other well-studied SNe Ia.
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Figure 16. The synthetic spectra generated using SYN-++ code
are compared with the observed spectra of SN 2013bz.

blackbody temperature (Tgp) of 11000 K. The species used
are marked. The spectrum at +13 d matches with similar T
and species but with a lower vy, of 10200 km s~

Spectra of PSN J0910+5003 at —11, —9, 0, +8 and +30d
are matched with the synthetic spectrum and plotted in
Fig. 17. The synthetic spectrum at —11d is produced us-
ing vy, = 14500 kms™! and Tsp = 15000 K. Ions used are
marked in the figure. The synthetic spectrum at —9d is re-
produced with similar species, vy, = 13 500 km s™! and Tsg
= 14300 K. For the maximum and one-week post-maximum
phase, we used v,, = 11700 and 11500kms™*, Tpp = 13000
and 11500 K, respectively. Species used are similar to the
—9d spectrum; C11 is not included. The synthetic spectrum
at +30d has a vy, = 10000kms™" and Tsp = 8000K. It
includes species of Si11, Ca1i, Ferr, Nii1 and Co1l.

Spectra of ASASSN-16ex at —10, —6, 0, and +7d are
matched with the synthetic spectrum and plotted in Fig. 18.
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Figure 17. The synthetic spectra generated using SYN-++ code
are compared with the observed spectra of PSN J0910+5003.
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Figure 18. The synthetic spectra generated using SYN-++ code
are compared with the observed spectra of ASASSN-16ex.

The synthetic spectrum at —10d is generated using vpn =
12500kms™ ! and Tz = 15000K. Species used are marked.
The observed spectrum of ASASSN-16ex at —6d matches
the synthetic spectrum with similar parameters and species
used at —10d. The synthetic spectra at maximum and one-
week post-maximum phase have lower vy, (11200kms™" and
11000 kms™!) and Tgp (14500 and 14000K). Both include
species of O1, Na1, Mgii, Siii, S11, Ca1i, Feir, and Fe1ir.

5.6 Velocity and spectral parameters

The photospheric velocities of SN 2013bz, PSN J0910+5003
and ASASSN-16ex estimated using the absorption minimum
of SintA6355 are plotted in Fig. 19, along with other well-
studied SNe Ia for comparison. The velocity evolution of SN
2013bz is similar to normal event SN 2003du. The velocity
evolution of PSN J0910+45003 and ASASSN-16ex is similar to
SN 2006gz and the early evolution of SN 2011aa. The Carbon
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Figure 19. Photospheric velocity evolution measured using
Si11A6355 absorption line for SN 2013bz, PSN J0910+5003 and
ASASSN-16ex is compared with other well-studied SNe Ia. The
velocity of the C 11 A6580 line is also displayed for PSN J0910+5003
and ASASSN-16ex, along with other SNe Ia.

A6580 line, detected in the early phase (~ —10d) is found to
have ~ 1000 kms~! lower velocity than that of the SiIr line
in both PSN J0910+5003 and ASASSN-16ex. This could be
due to the clumping/line of sight effect (Parrent et al. 2011).

Normal SNe Ia are characterized by a pair of Si11 A5972 and
Si11 A6355 features near the maximum phase. SNe Ia can be
categorized and studied based on the various spectroscopic
parameters derived from these lines, such as EWs (Branch
et al. 2006) and strength ratio Rsi (Nugent et al. 1995), the
photospheric velocity measured from Sii1 A6355 line (Wang
et al. 2009b) and its gradient (Benetti et al. 2005). We mea-
sured these parameters for SN 2013bz, PSN J0910+5003 and
ASASSN-16ex, and listed in Table 7. All three SNe belong
to normal velocity (NV, Wang et al. 2009b) and low velocity
gradient (LVG, Benetti et al. 2005) subgroup. SN 2013bz and
ASASSN-16ex fall in the shallow silicon (SS) subgroup, while
PSN J0910+4-5003 is near the boundary of SS and core normal
(CN) subgroup of SNe Ia (Branch et al. 2006).

6 DISCUSSION AND SUMMARY

SN 2013bz, PSN J0910+5003 and ASASSN-16ex were clas-
sified as 09dc-like objects using their early spectra (Ochner
et al. 2013; Tomasella et al. 2015, 2016; Piascik & Steele
2016). We have conducted a detailed photometric and spec-
troscopic study on these objects to further investigate their
properties. Among these, SN 2013bz is a slow-declining, lu-
minous event with a decline rate parameter of Amis(B)true
= 0.92 + 0.04. Its photometric and spectral characteristics
are similar to normal SNe Ia, while PSN J0910+5003 and
ASASSN-16ex are similar to 09dc-like SNe Ia. The light

Table 7. Spectroscopic parameters of SN 2013bz, PSN
J0910+5003 and ASASSN-16ex.

Parameter® 13bz PSN 16ex

1. vpp (kms™1) 10500 £ 600 11600 + 200 11200 + 400
2. ¥g; (kms~1d™1) 40 + 3 31+3 50 + 4
3. EW (SintA5972A) 11 £2 20 + 2 16 £ 2

4. EW (SinA6355A) 30+ 3 83 £ 8 60 + 6

5. Rgi 0.34 £ 0.03 0.37 &£ 0.04 0.32 £ 0.03
6. Spectroscopic class® LVG LVG LVG

7. Spectroscopic class® SS SS/CN SS

8. Spectroscopic class? NV NV NV

%near B max, ®Benetti et al. (2005)
¢Branch et al. (2006), ?Wang et al. (2009b)

curves of both PSN J0910+5003 and ASASSN-16ex are very
broad relative to normal events. Their decline rate parame-
ters (Amis(B)true = 0.70 £ 0.05 and 0.73 & 0.03) are similar
to 09dc-like SNe Ia. Further, ASASSN-16ex is very blue and
bright in UV bands. The absolute luminosities of SN 2013bz,
PSN J0910+5003 and ASASSN-16ex are on the higher side
of normal SNe Ia. Their B band peak absolute magnitudes
are estimated as —19.61 £ 0.20mag, —19.44 £+ 0.20 mag and
—19.78 £ 0.20 mag, respectively.

The peak bolometric luminosities for these objects are de-
rived as %3 = 43.38 4 0.07ergs™*, 43.26 + 0.07 ergs ™' and
43.40 + 0.06 ergs™", respectively. The mass of °°Ni synthe-
sized in the explosion of these events are estimated as 0.96
+ 0.24 Mg, 0.89 £ 0.24 M, and 1.2 + 0.32 M, respectively.
The contribution of the UV flux in the bolometric luminosity
for ASASSN-16ex is estimated to be 22% at B maximum. The
late phase spectrum of ASASSN-16ex, ~ four months after
maximum light, also looks very similar to those of 09dc-like
SNe Ia.

Position of SN 2013bz, PSN J0910+5003 and ASASSN-
16ex along with known 09dc-like objects and a sample of
SNe Ia from Hicken et al. (2009), in the luminosity width re-
lation diagram of Phillips et al. (1999), is shown in Fig. 20.
Phillips et al. (1999) used SNe Ia in the range of 0.85
< Amis(B)true < 1.7. Since then, the sample of SNe Ia has
increased significantly with more number of objects in both
the higher and lower luminosity end. Normal SNe Ia are sug-
gested to follow this relation.

The 09dc-like SNe Ia are now known to have a large dis-
persion in their luminosity. SNe 2003fg, 07if, 09dc, LSQ14fmg
were exceptionally bright (Howell et al. 2006; Scalzo et al.
2010; Yuan et al. 2010; Yamanaka et al. 2009; Silverman
et al. 2011; Taubenberger et al. 2011; Hsiao et al. 2020), while
ASASSN-15hy had a lower luminosity (Lu et al. 2021). Other
SNe 2006gz, 12dn, ASASSN-15pz, 20esm, 20hvf and 21zny
have luminosities in between (Hicken et al. 2009; Maeda et al.
2009; Chakradhari et al. 2014; Taubenberger et al. 2019; Chen
et al. 2019; Dimitriadis et al. 2022; Jiang et al. 2021; Dim-
itriadis et al. 2023). Their decline rate ranges from 0.62 +
0.09 (SN 2021zny, Dimitriadis et al. 2023) to 1.06 + 0.06
(LSQ14fmg, Hsiao et al. 2020). Except for LSQ1l4fmg, all
the 09dclike objects have Am5(B) lower than a typical SN
Ta. From Fig. 20, it is clear that with a slower decline, PSN
J0910+5003 and ASASSN-16ex lie towards the region occu-
pied by 09dc-like objects and are moderately luminous. SN
2013bz falls in the region of normal-luminous SNe Ia.

MNRAS 000, 1-19 (2023)
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Figure 20. Position of SN 2013bz, PSN J0910+5003 and
ASASSN-16ex are shown in the luminosity width relation diagram
of Phillips et al. (1999) along with the known 09dc-like objects
and a sample of type Ia SNe from Hicken et al. (2009).

One of the characteristics seen in the 09dc-like SNe is the
appearance of delayed I band maximum. Timing of I band
peak relative to the B band peak for 09dc—like SNe, 91T and
normal SNe are listed in Table 5. PSN J0910+-5003 has a
delayed I band peak (6d), similar to other objects showing
the most delayed I band peak, e.g., SN 2006gz (6d), SN
2011aa (7d) and ASASSN-15hy (7d). However, ASASSN-
16ex does not show the delayed I band peak.

Kasen (2006) suggested that double-peak appearance in
the NIR light curves can be regarded as a direct consequence
of the ejecta stratification and concentration of IGEs in the
central regions. The secondary maximum results due to the
ionization evolution of IGEs in the ejecta and transition from
doubly ionized to singly ionized (Fe1i to Fe1r) state (Pinto
& Eastman 2000; Kasen 2006). Brighter SNe are expected
to have a more pronounced and delayed secondary maximum
but may vary depending on the amount and mixing of *°Ni,
stable Fe/metallicity, and the abundance of Calcium (Kasen
2006). Folatelli et al. (2010) suggested that mixing has the
most significant effect on the strength of secondary maxi-
mum, and it can transform double-peak morphology into a
single peak, as seen in the 09dc-like SNe.

Ashall et al. (2021) suggested that full mixing in the ejecta
should cause a prominent H band break in the NIR spectrum,
which is not seen during the early post-maximum phase in
the 09dc-like SNe; instead, it is delayed by ~ 1-2 months. The
delayed appearance of the H band break indicates that the
56Ni resides in the very inner layers. Vigorous mixing would
bring 5°Ni in the outermost region of the ejecta. However, the
decay of surface *Ni was not a good fit for the short duration
early excess of SN 2020hvf (Jiang et al. 2021).

Explaining the bolometric light curve of 09dc—like SNe
requires a higher 5SNi mass, suggesting ejecta mass in ex-
cess of Chandrasekhar mass (Scalzo et al. 2010). In the
SD scenario, differentially rotating WDs can have mass
over Chandrasekhar mass (Yoon & Langer 2005), a possi-
ble progenitor for 09dc-like SN Ia (Howell et al. 2006). How-
ever, Pfannes et al. (2010a); Pfannes, Niemeyer & Schmidt
(2010b); Hachinger et al. (2012); Fink et al. (2018) show that
the explosion energetics/burning products do not match well
with this model. The deflagration model of differentially ro-
tating WDs produces SNe lax—like events. The explosion in

MNRAS 000, 1-19 (2023)

detonation/delayed detonation is very powerful, the veloci-
ties of IMEs are significantly high, and most of the materials
are burned to IGEs with just a small portion remaining un-
burned, contrary to what is seen in 09dc—like SNe Ia.

The ejecta-CSM interaction has also been proposed as an
alternative energy source to power these events. In this sce-
nario, 09dc—like SNe are suggested to be a thermonuclear ex-
plosion in an enshrouded shell /envelope (Khokhlov, Mueller
& Hoeflich 1993; Hoeflich & Khokhlov 1996) of C/O-rich ma-
terials with which the supernova ejecta interacts. The conver-
sion/reprocessing of kinetic energy/shock interaction energy
acts as an additional source (Hicken et al. 2007; Scalzo et al.
2010; Taubenberger et al. 2013; Noebauer et al. 2016; Hsiao
et al. 2020; Ashall et al. 2021; Lu et al. 2021).

The signature of ejecta-CSM has been observed in some
09dc-like SNe Ia. In SN 2012dn, the excess NIR luminosity
was interpreted due to the presence of CSM dust (Yamanaka
et al. 2016; Nagao, Maeda & Yamanaka 2017). Short-duration
pulse-like early excess emission in SN 2020hvf (Jiang et al.
2021), SN 2021zny (Dimitriadis et al. 2023) and SN 2022ilv
(Srivastav et al. 2023), within a few hours of the supernova
explosion was modelled as an interaction of SN ejecta with
the CSM close to the progenitor (see also Maeda et al. 2023).
However, the absence of narrow emission lines in the spectra
of 09dc-like SNe Ia, indicates the CSM to be H/He-poor.

The origin of CSM is not well understood. Yamanaka et al.
(2016); Nagao et al. (2017) suggest an SD scenario. The
merger of two WDs in the DD scenario gives a high ejecta
mass suitable for the 09dc-like SNe Ia (Hicken et al. 2007),
and naturally explains the absence of H/He features. During
the disruption, a WD merging with another WD can form a
dense envelope of C/O-rich materials. However, the physics
of merging WDs needs to be understood, whether it is able to
explain SNe Ia (Hoeflich & Khokhlov 1996; Fryer et al. 2010;
Shen et al. 2012; Moll et al. 2014; Raskin et al. 2014) or it
will result in an accretion-induced collapse (Saio & Nomoto
1985). Hsiao et al. (2020); Lu et al. (2021); Ashall et al. (2021)
suggest a ‘core-degenerate’ scenario (Kashi & Soker 2011),
where the explosion takes place in a degenerate C/O core
enveloped by an AGB star. However, interaction signatures,
e.g., bright X-ray emission, UV late-time rebrightening, nar-
row H/He lines, etc., have not been observed.

SN 2011laa was found to be the slowest declining type Ia
event with photometric evolution similar to 09dc—like objects.
However, it was neither over-luminous nor showed narrow
spectral features, as seen in 09dc-like objects (Dutta et al.
2022). Photometric properties of PSN J0910+45003 closely
match with the 09dc-like objects, while spectral lines in PSN
J0910+5003 are broad, similar to SN 201laa (refer to Sec-
tion 5.4). Early velocity evolution of PSN J0910+5003 is also
similar to SN 2011aa (refer to Fig. 19). Dutta et al. (2022)
have shown that events like SN 2011aa could be explained by
the violent merger of white dwarfs.

The strong C11 feature is seen in the early spectra of PSN
J0910+5003 and ASASSN-16ex at ~ —10d. The presence of
strong carbon lines is a characteristic of 09dc-like objects.
Though carbon is seen in early spectra of a good fraction of
normal SNe Ia, it generally disappears soon (Parrent et al.
2011; Folatelli et al. 2012; Silverman & Filippenko 2012).
Some of the 09dc-like objects have shown carbon features
extending up to maximum/post-maximum phase, e.g., SN
2009dc (Taubenberger et al. 2011), SN 2012dn (Chakradhari
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et al. 2014; Parrent et al. 2016; Taubenberger et al. 2019),
LSQ14fmg (Hsiao et al. 2020), ASASSN-15hy (Lu et al.
2021), SN 2020hvf (Jiang et al. 2021), SN 2020esm (Dim-
itriadis et al. 2022), SN 2021zny (Dimitriadis et al. 2023),
SN 2022ilv (Srivastav et al. 2023). The C11 lines seen around
~ —10d in PSN J0910+5003 and ASASSN-16ex faded speed-
ily, similar to SN 2006gz. The origin of carbon is not fully un-
derstood. The strong Ci1I lines in the 09dc-like SNe suggest
a large amount of unburned material in the SN ejecta. This
supports the model with an extended envelope. SN 2020esm
had a nearly pure C/O atmosphere during the first few days
of the explosion. The large amount of carbon in the enve-
lope is swept up by the ejecta giving rise to strong/persistent
C11 features (Taubenberger et al. 2013; Noebauer et al. 2016;
Dimitriadis et al. 2022). Maeda et al. (2023) suggest that the
sequence of SN 2020hvf, 2012dn and 2020esm/2009dc could
be connected to an increase in the C/O-rich envelope, result-
ing in increasing strength of the C11 and decreasing velocity
of Si1 as found by Ashall et al. (2021) for a sample of 09dc—
like SNe Ia.

The presence of carbon may also help in dust formation
in these objects (Maeda et al. 2023). Pre-existing dust or
CO/dust formation may cause a fast decline in the light
curves (Taubenberger et al. 2013, 2019; Chakradhari et al.
2014; Yamanaka et al. 2016; Nagao et al. 2017; Hsiao et al.
2020). Early fast decline, starting within ~ 1 — 3 months
from B maximum was seen in SN 2012dn (Chakradhari
et al. 2014; Yamanaka et al. 2016; Taubenberger et al. 2019),
ASASSN-15pz (Chen et al. 2019) and LSQ14fmg (Hsiao et al.
2020). While a fast decline in the late phase was seen in SN
2006gz (Maeda et al. 2009), SN 2009dc (Silverman et al. 2011;
Taubenberger et al. 2013) and SN 2020esm (Dimitriadis et al.
2022). No signature of fast decline is seen in the light curves
of PSN J0910+5003 and ASASSN-16ex till the last available
data point (~ 4 months).

Shell /envelope configuration helps to explain the low ejecta
velocity and slow evolution (Noebauer et al. 2016). Most
of the 09dc—like SNe Ia, e.g., SN 2003fg, 07if, 09dc, 20esm,
ASASSN-15pz, 15hy were found to have very low ejecta ve-
locities. Their velocities near the maximum phase are be-
low 10000 kms~'. While SNe 2006gz, 12dn and LSQ1l4fmg
were found to have higher velocities (refer Fig. 19). Both
PSN J0910+5003 and ASASSN-16ex have velocity evolution
similar to SN 2006gz. Along with high-velocity features, SN
2020hvf had a relatively high ejecta velocity. Jiang et al.
(2021) suggest that there could be different origins of 09dc—
like SNe with different velocities.

All the 09dc-like SNe Ia can be placed in the normal ve-
locity (NV) subgroup of Wang et al. (2009b). They have a
lower gradient in their velocity evolution, falling in the LVG
subgroup of Benetti et al. (2005) classification scheme. PSN
J0910+4-5003 and ASASSN-16ex both fall in NV and LVG sub-
groups. The strength of Si1ttA5972, A6355 lines in 09dc-like
SNe Ia is found to be weak. The relative strength of these
lines is temperature-sensitive (Nugent et al. 1995). Hotter
events have a weaker Si11A5972 line. At lower temperatures,
Fe11/Co 1 line blanketing increases the strength of Si11 A5972,
while at higher temperatures, Fe1rr/Co1il line blanketing
washes out this feature. 09dc-like SNe are UV blue and
bright during the early /maximum phase, making their photo-
sphere hotter, giving a weaker Si11 A5972 line. The 09dc—like
SNe mostly fall in the ‘shallow silicon’ (SS) subgroup of the

Branch et al. (2006) classification. The Si11 A5972, A6355 lines
appear weak in the maximum phase spectrum of ASASSN-
16ex; hence spectroscopically, it can be categorized in the SS
subgroup. While PSN J0910+5003 falls near the boundary
of the SS and CN subgroups. The velocity evolution of SN
2013bz is similar to SN 2003du. The Sitr A5972 line is shal-
lower, falling in the ‘shallow silicon’ (SS) subgroup. It has a
normal velocity (NV) at maximum and a low-velocity gradi-
ent (LVG) in post-maximum phase.

In this work, we have presented detailed photometric and
spectroscopic analyses of the three supernovae: SN 2013bz,
PSN J0910+5003 and ASASSN-16ex. SN 2013bz is a slow-
declining, luminous event with photometric/spectral charac-
teristics similar to normal SNe Ia. While most of the pho-
tometric/spectroscopic properties of PSNJ 0910+5003 and
ASASSN-16ex are similar to 09dc—like SNe Ia. The combined
data of these objects allow us to explore and compare various
astrophysical parameters of normal and peculiar SNe Ia and
help understand differences in their characteristics. Adding
well-studied new members to the family of peculiar SNe Ia
will enhance our knowledge of these objects and SNe Ia di-
versity.
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