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A B S T R A C T 

We present optical photometric and spectroscopic studies of three supernovae (SNe): SN 2013bz, PSN J0910 + 5003, and 

ASASSN-16ex (SN 2016ccj). UV–optical photometric data of ASASSN-16ex obtained with the Swift Ultraviolet/Optical 
Telescope (UV O T) are also analysed. These objects were initially classified as 09dc-like type Ia SNe. The decline-rate parameters 
( � m 15 ( B ) true ) are derived as 0.92 ± 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 ± 0.20 mag for SN 2013bz, −19.44 ± 0.20 mag for PSN 

J0910 + 5003, and −19.78 ± 0.20 mag for ASASSN-16ex, indicate that all three objects are relatively bright. The peak 

bolometric luminosities for these objects are derived as log L 

max 
bol = 43.38 ± 0.07, 43.26 ± 0.07, and 43.40 ± 0.06 erg s −1 , 

respectively. The spectral and velocity evolution of SN 2013bz is similar to that of 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 Ia. Their spectroscopic evolution shows similarity with 09dc-like SNe: strong C II 

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: techniques: photometric – techniques: spectroscopic – supernovae: general – supernov ae: indi vidual: SN 2013bz –
supernov ae: indi vidual: PSN J0910 + 5003 – supernov ae: indi vidual: ASASSN-16ex. 
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 I N T RO D U C T I O N  

hermonuclear supernovae are an important class of supernovae 
SNe): the progenitors are low-mass stars found in elliptical as well 
s spiral galaxies. They are commonly known as Type Ia SNe (SNe
a) and populate the brighter side of the luminosity distribution of
Ne. Most SNe Ia, referred to as ‘normal SNe Ia’, display uniform
pectral and light-curve properties. Their luminosity is correlated 
ith the width of their light curve (Phillips 1993 ; Phillips et al.
999 ) and hence they are considered standardizable candles. This 
niformity and high luminosity make them a vital probe for studying 
osmic evolution (Riess et al. 1998 ; Perlmutter et al. 1999 ). SNe Ia
re the primary source of iron-group elements (IGEs) and hence play 
n important role in enriching the interstellar medium (ISM) with 
GEs (Matteucci & Greggio 1986 ; Matteucci et al. 2009 ; Nomoto,
obayashi & Tominaga 2013 ). 
Our understanding of the progenitor and explosion mechanism 

iving rise to these events still needs to be completed. From the
heoretical and observational work, it is inferred that thermonuclear 
isruption of a carbon–oxygen (C/O) white dwarf (WD) in a binary 
ystem results in a Type Ia explosion (Hoyle & Fowler 1960 ; see
aoz, Mannucci & Nelemans 2014 ; Jha, Maguire & Sulli v an 2019
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 June 202
or re vie ws). There are two possible progenitor models suggested
or a WD to explode. In the first one, a WD accretes matter from
 non-degenerate star, known as the single-degenerate (SD) model 
Whelan & Iben 1973 ). In the double-degenerate (DD) model, the
xplosion results from the merger of two WDs (Iben & Tutukov 1984 ;
ebbink 1984 ). Most SNe Ia are considered to be an explosion

f a Chandrasekhar-mass WD (Mazzali et al. 2007 ) via delayed
etonation (Khokhlov 1991 ). Ho we ver, if the accumulated material
s He-rich, the explosion can occur at a sub-Chandrasekhar mass 
hrough double detonation. With sufficiently rapid He accretion on 
he surface of a C/O WD, a detonation is first initiated within the
elium layer. The emanating shock wave propagates through the WD 

nd triggers carbon detonation at the centre of the WD (Woosley &
 eaver 1994 ; W oosley & Kasen 2011 ; Ruiter et al. 2014 ; Tanikawa,
omoto & Nakasato 2018 ). The donor star could be either a non-
egenerate He star (SD channel), another C/O WD with He in the
uter layer, or a He WD (DD channel). This mechanism can explain
ormal and fast-declining SNe Ia of different brightness distributions 
Pakmor et al. 2013 ). Currently, it is difficult to identify which SN
esults from which channel (see Livio & Mazzali 2018 ; Wang 2018 ;
oker 2019 ; Ruiter 2020 , for re vie ws). 
With the increasing number of well-studied SNe Ia, it became 

lear that there is a considerable spread in the luminosity of SNe Ia.
here are objects populating both the higher and lower luminosity 
nd of normal objects (Li et al. 2011 ). Some hav e e xtreme properties
 3
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Figure 1. Identification chart for SNe 2013bz (top), PSN J0910 + 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 × 10 
arcmin 2 each. Images were obtained using the 2-m HCT, IAO, Hanle, India. 
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hat are significantly different from the normal class (Taubenberger
017 ). 
A small group of extreme/peculiar objects (e.g. SN 2003fg: Howell

t al. 2006 , SN 2006gz: Hicken et al. 2007 ; Maeda et al. 2009 , SN
007if: Scalzo et al. 2010 ; Yuan et al. 2010 , SN 2009dc: Yamanaka
t al. 2009 ; Silverman et al. 2011 ; Taubenberger et al. 2011 ) are
nown to have broad light curves and generally have a brighter peak
uminosity than predicted by their decline rate (Phillips et al. 1999 ).
n most of these, the ejecta mass inferred through simple analytic
odelling, and hence the progenitor mass, is found to be higher than

he Chandrasekhar mass, so they are termed super-Chandrasekhar
Ne Ia or 03fg/09dc-like SNe Ia. They are UV blue and bright

n the early phase. Near-maximum spectra of 09dc-like SNe are
imilar to those of normal events, characterized by intermediate-mass
lements (IMEs) but with relatively narrow/weak spectral features.
he photospheric velocity is found to be low, with slow evolution.
he presence of unburned carbon in the ejecta is often seen in the
re-maximum spectral sequence. 
The light-curve and spectral evolution of SN 2012dn were similar

o those of 09dc-like objects. Ho we ver, it had weak carbon, relatively
trong features from IMEs, and was fainter compared with other
9dc-like SNe Ia (Chakradhari et al. 2014 ; Brown et al. 2014b ;
arrent et al. 2016 ; Yamanaka et al. 2016 ; Taubenberger et al. 2019 ).
ow it appears that even this group (with some new members,

.g. ASASSN-15pz, LSQ14fmg, ASASSN-15hy, and SN 2020esm)
 xhibits div erse observational properties (Chen et al. 2019 ; Hsiao
t al. 2020 ; Ashall et al. 2021 ; Lu et al. 2021 ; Dimitriadis et al.
022 ). The luminous Type Ia SNe SN 2020hvf (Jiang et al. 2021 ),
N 2021zny (Dimitriadis et al. 2023 ), and SN 2022ilv (Sri v astav
t al. 2023 ) were also found to be similar to 09dc-like SNe, having
road light curves and strong carbon features in the early spectra.
arly excess emission was seen in these SNe within a few hours of

he explosion. 
In this work, we present a detailed photometric and spectroscopic

tudy of three SNe Ia: SN 2013bz, PSN J0910 + 5003, and ASASSN-
6e x. The y were initially classified as 09dc-like SNe Ia. 
The Catalina Real-time Transient Surv e y disco v ered SN 2013bz

n 2013 April 21.28 (time is al w ays in UT ) and classified it as a
ormal Type Ia SN around the maximum. Ho we ver, it was noted
hat it could also be an o v erluminous ev ent (Howerton et al. 2013 ).
chner et al. ( 2013 ) reported that the spectrum obtained on 2013
ay 4.96 matched well with SNe 2006gz/09dc. SN was located at
A = 13 h 26 m 51 s .32, Dec. = −10 ◦01 ′ 32 ′ ′ .2 (J2000), 7.5 arcsec east
nd 5.8 arcsec south of the nucleus of host galaxy PGC 170 248
Fig. 1 , top). 

The Italian SNe Search Project disco v ered PSN J0910 + 5003
n 2015 No v ember 8.17 (Ciabattari, Mazzoni & Petroni 2015 ). The
bject was located at RA = 09 h 10 m 08 s .85, Dec. = 50 ◦03 ′ 39 ′ ′ .6
J2000), 9 arcsec east and 8 arcsec north of the centre of host galaxy
GC 4812 (Fig. 1 , middle). A spectrum obtained on 2015 No v ember
9.13 matched well with SN 2009dc about ten days before maximum
ight (Tomasella et al. 2015 ). 

The All-Sky Automated Survey for SNe discovered ASASSN-
6ex (SN 2016ccj) on 2016 May 03.43 (Kiyota et al. 2016 ). The SN
as located at RA = 17 h 10 m 23 s .92, Dec. = 26 ◦23 ′ 47 ′ ′ .89 (J2000),
.9 arcsec south and 3.8 arcsec east from the centre of the host galaxy
DSS J171023.63 + 262350.3 (Fig. 1 , bottom). Spectra obtained
y Piascik & Steele ( 2016 ) and Tomasella et al. ( 2016 ) matched
ell with SNe 2009dc/06gz, about 10–12 days before maximum.
rominent C II lines (6580 Å and 7234 Å) were also detected in

he spectra. The UV colours and absolute magnitudes of ASASSN-
NRAS 521, 5207–5223 (2023) 
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6ex were found to be blue and bright, similar to 09dc-like events
Brown & Milne 2016 ). 

The layout of this work is as follo ws. Observ ations and data
eduction techniques are presented in Section 2 . The light curves 
nd colour curves are discussed in Section 3 . Physical parameters of
he SNe, e.g. peak absolute magnitude, bolometric luminosity and 

ass of 56 Ni, etc., are estimated in Section 4 . The spectral evolution
nd a comparison with other well-studied SNe Ia are presented in 
ection 5 . The results are discussed and summarized in Section 6 .
hroughout this work, we adopt the Vega magnitude system. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 Imaging 

N 2013bz, PSN J0910 + 5003, and ASASSN-16ex were monitored 
sing the 2-m Himalayan Chandra Telescope (HCT) of the Indian 
stronomical Observ atory (IAO 

1 ), Hanle, India. Observ ations were 
arried out in Bessell’s UBVRI bands using the Himalaya Faint Object 
pectrograph Camera (HFOSC). 
Photometric monitoring of SN 2013bz started on 2013 May 2 and 

ontinued until 2013 July 4. Standard star fields PG 1633 + 099,
G 2213–006, PG 1525–71, and PG 1323–086 from Landolt ( 1992 )
ere observed on six photometric nights (2013 May 2, 14, 21, and
0, June 4, and July 4) to calibrate a sequence of secondary standards
n the SN field. 

Photometric observations of PSN J0910 + 5003 were carried out 
rom 2015 No v ember 10–2016 March 13. Standard star fields PG
231 + 051, PG 0918 + 029, PG 2213–006, PG 1047 + 003, and PG
942–029 were observed on five photometric nights (2015 November 
7, 20, and 28, 2020 December 1, and 2021 March 1). 
Photometric monitoring of ASASSN-16ex began on 2016 May 

 and continued until 2016 September 17. Standard star fields 
G 1633 + 099, SA 110, PG 2213–006, PG 0231 + 051, and PG
331 + 055 were observed on seven photometric nights (2016 May 
4, June 3, 18, and 26, July 6 and 31, and October 4). Several
ias frames and twilight flats necessary for pre-processing were also 
btained during each observation. 
The observed data were processed in a standard manner using 

he Image Reduction and Analysis Facility ( IRAF 2 ) package. The 
bserved Landolt standards were used to calibrate a sequence of 
econdary standards in the SNe field, following the procedures of 
hakradhari et al. ( 2014 ) and Chakradhari, Sahu & Anupama ( 2019 ).
he mean UBVRI magnitudes of secondary standards in the field of
N 2013bz, PSN J0910 + 5003 and ASASSN-16ex (marked in 
ig. 1 ), are listed in Table 1 . 
The host galaxy background contaminated SN 2013bz and PSN 

0910 + 5003 significantly. Template subtraction photometry was 
erformed for these SNe to remo v e the contribution from the host to
he SN flux. Deep UBVRI template frames of PGC 170 248 and UGC
812 fields were obtained in good seeing conditions with the same 
nstrumental setup on 2016 March 15 and 2021 March 1, respectively. 
emplate image subtraction was performed in a standard manner 
sing the IRAF cl -script. In the template-subtracted frame, aperture 
hotometry was performed on the SN and calibrated differentially 
ith respect to the secondary standards. The estimated magnitudes 
f SN 2013bz and PSN J0910 + 5003 are listed in Table 2 . 
 https:// www.iiap.res.in/ ?q = iao.htm 

 ht tps://iraf-community.git hub.io/
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 June
F or ASASSN-16e x, profile-fitting photometry was used. The 
tting radius was chosen close to the full width at half-maximum
FWHM) of the stellar profile. A correction factor was obtained from
he difference between the aperture and profile-fitting magnitudes 
sing bright field stars. This correction factor was applied to the SN
agnitude derived using profile fitting, which was then calibrated 

ifferentially with respect to the secondary standards in the field. 
he derived magnitudes of ASASSN-16ex are listed in Table 2 . The
agnitudes presented in this work are not K -corrected. 

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

SASSN-16ex was also observed with the Ultraviolet/Optical Tele- 
cope (UV O T: Roming et al. 2005 ) onboard the Neil Gehrels Swift
bservatory. Raw imaging data in three broad-band UV filters ( uvw 2:
928 Å, uvm 2: 2246 Å, uvw 1: 2600 Å) and three broad-band optical
lters ( u : 3465 Å, b : 4392 Å, v: 5468 Å) were accessed from the
wift database. Data processing was done using various packages 
vailable in the High Energy Astrophysics Software ( HEASOFT 3 ), 
ollowing methods outlined in Poole et al. ( 2008 ), Brown et al. ( 2009 ,
014a ), and Breeveld et al. ( 2011 ). The UV–optical magnitudes of
SASSN-16ex are listed in Table 3 . 

.2 Spectroscopy 

edium-resolution ( ∼ 7 Å) spectra of SN 2013bz, PSN 

0910 + 5003, and ASASSN-16ex were obtained using the HFOSC- 
CT. Two grisms, Gr7 (3500–7000 Å) and Gr8 (5200–9200 Å), were
sed to co v er the optical wavelength range. A log of spectroscopic
bservations is given in Table 4 . Besides bias and flat frames, spectra
f FeNe and FeAr arc lamps were taken for wavelength calibration.
pectra of spectrophotometric standards were obtained to correct for 

he instrumental response. 
Spectroscopic data were reduced using IRAF in a standard manner, 

s discussed in Chakradhari et al. ( 2014 ; 2019 ). The final spectra
ere corrected for reddening (refer to Section 4.1 ) and redshift using
 = 0.019 for SN 2013bz (source NED), z = 0.034 for PSN
0910 + 5003 (source NED), and z = 0.04 for ASASSN-16ex
F ole y et al. 2018 ). 

 L I G H T  C U RV E S  A N D  C O L O U R  C U RV E S  

he estimated magnitudes of SN 2013bz, PSN J0910 + 5003, and
SASSN-16ex are plotted in Figs 2 , 3 , and 4 , respectively. UV–
ptical data of ASASSN-16ex from Swift UV O T are also plotted
n Fig. 4 . In order to understand the characteristics of these SNe,
e deri ved v arious photometric parameters from their light curves,
hich are listed in Tables 5 and 6 . 
Our observation of SN 2013bz started in the post-maximum phase; 

ence we used max-model from the SNOOPY (Burns et al. 2011 )
ackage to fit templates and derive light-curve parameters. The best- 
atching template light curves are o v erplotted on to the observed

ight curves (Fig. 2 ). SN 2013bz reached maximum brightness in
he B band on JD 245 6409.5 ± 0.8 with an apparent brightness of
5.71 ± 0.04 mag. Similarly to normal and 91T-like SNe Ia, in SN
013bz the maxima in U and I bands precede, and those in the V and
 bands follow, the B -band maximum (refer to Table 5 ). The decline

n the B -band brightness 15 days after the maximum is estimated
s � m 15 ( B ) = 0.91 ± 0.04 mag and � m 15 ( B ) true = 0.92 ± 0.04
MNRAS 521, 5207–5223 (2023) 
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M

Table 1. Magnitudes of secondary standards (marked in Fig. 1 ) in the fields of SN 2013bz, PSN J0910 + 5003, 
and ASASSN-16ex. 

ID U B V 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 J0910 + 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 18.54 ± 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 

Note. All magnitudes are in the Vega system. 
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Phillips et al. 1999 ; Folatelli et al. 2010 ). The estimated decline-
ate parameter for SN 2013bz is smaller than that for normal SNe Ia,
uggesting it to be a luminous event (Phillips et al. 1999 ). The decline
ates in other bands are listed in Table 6 . A distinct and pronounced
econdary peak in the I -band light curve, a characteristic feature of
ormal and 91T-like SNe Ia, is seen at ∼ + 30 d. A small hump is
lso seen in the R -band light curve at a similar phase. The I -band
econdary maximum timing agrees with its derived � m 15 ( B ) (Hamuy
t al. 1996 ; Kasen 2006 ; Folatelli et al. 2010 ). The light curves of a
ypical Ia event SN 2003du (Anupama et al. 2005 ) are also plotted
long with SN 2013bz in Fig. 2 . From a quick comparison, it is
pparent that the light curves of SN 2013bz are similar to those of a
ormal Ia event. 
In the case of PSN J0910 + 5003 and ASASSN-16ex, our observa-

ions started well before the maximum phase. We fitted a cubic spline
unction to the data points around the maximum to estimate the date
f the maximum and magnitude at maximum. PSN J0910 + 5003
eached maximum brightness in the B band on JD 245 7347.0 ± 0.6
ith 17.13 ± 0.04 mag. The decline-rate parameter is estimated as
 m 15 ( B ) = 0.69 ± 0.04 and � m 15 ( B ) true = 0.70 ± 0.04. The decline

ate of PSN J0910 + 5003 is slower than that of normal SNe Ia. The
mportant photometric parameters derived for PSN J0910 + 5003
NRAS 521, 5207–5223 (2023) 

re listed in Table 6 . a  
ASASSN-16ex reached maximum light on JD 245 7523.25 ± 0.5
ith 16.84 ± 0.03 mag. The decline-rate parameter for ASASSN-
6ex is estimated as � m 15 ( B ) = 0.72 ± 0.03 and � m 15 ( B ) true 

 0.73 ± 0.03. The important light-curve parameters derived for
SASSN-16ex (including data from UV O T) are listed in Table 6 . 
The slow declining nature of PSN J0910 + 5003 and ASASSN-

6e x is ob vious from an immediate comparison of their light curves
refer to Figs 3 and 4 ) with the light curves of the normal Type Ia
N 2003du. It is interesting to note that, for both PSN J0910 + 5003
nd ASASSN-16ex, � m 15 ( B ) is close to that of 09dc-like SNe
a: SN 2009dc ( � m 15 ( B ) = 0.71; Taubenberger et al. 2011 ), SN
007if ( � m 15 ( B ) = 0.71; Scalzo et al. 2010 ), SN 2006gz ( � m 15 ( B )
 0.69; Hicken et al. 2007 ), ASASSN-15pz ( � m 15 ( B ) = 0.67;
hen et al. 2019 ), and ASASSN-15hy ( � m 15 ( B ) = 0.72; Lu et al. 
021 ). 
Timings of maximum brightness in U , V , R , and I bands for PSN

0910 + 5003, ASASSN-16ex, and some other well-studied SNe Ia
re listed in Table 5 . In PSN J0910 + 5003, the I -band peak appears
uch later (6 d) than that of the B band, similar to 09dc-like SNe Ia.

n contrast, the I -band peak in ASASSN-16ex follows the trend of
ormal SNe Ia. 
In Fig. 5 , BVRI light curves of SN 2013bz, PSN J0910 + 5003,

nd ASASSN-16ex are compared with those of well-studied normal
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Table 2. Optical UBVRI photometry of SN 2013bz, PSN J0910 + 5003, and ASASSN-16ex with HCT. 

Date JD Phase a U B V R I 

SN 2013bz 
02/05/2013 245 6415.22 5.72 15.49 ± 0.02 15.90 ± 0.01 15.55 ± 0.01 15.52 ± 0.01 15.72 ± 0.01 
03/05/2013 245 6416.16 6.66 15.93 ± 0.01 15.54 ± 0.01 15.54 ± 0.01 15.79 ± 0.03 
05/05/2013 245 6418.18 8.68 16.09 ± 0.01 15.65 ± 0.01 15.66 ± 0.01 15.94 ± 0.02 
06/05/2013 245 6419.22 9.72 15.77 ± 0.01 16.11 ± 0.01 15.71 ± 0.01 15.74 ± 0.02 16.01 ± 0.02 
08/05/2013 245 6421.24 11.74 15.94 ± 0.02 16.30 ± 0.02 15.83 ± 0.01 15.96 ± 0.01 16.19 ± 0.01 
14/05/2013 245 6427.13 17.63 16.91 ± 0.01 16.17 ± 0.01 16.19 ± 0.01 16.19 ± 0.02 
18/05/2013 245 6431.21 21.71 17.36 ± 0.01 16.32 ± 0.01 16.17 ± 0.01 16.03 ± 0.01 
20/05/2013 245 6433.21 23.71 17.77 ± 0.17 17.56 ± 0.02 16.40 ± 0.01 16.10 ± 0.02 16.01 ± 0.01 
21/05/2013 245 6434.26 24.76 17.85 ± 0.02 16.55 ± 0.02 16.34 ± 0.05 16.16 ± 0.08 
27/05/2013 245 6440.18 30.68 18.25 ± 0.02 16.80 ± 0.02 16.44 ± 0.01 16.08 ± 0.02 
28/05/2013 245 6441.23 31.73 16.87 ± 0.01 16.53 ± 0.02 16.09 ± 0.01 
29/05/2013 245 6442.22 32.72 18.37 ± 0.05 18.34 ± 0.01 16.89 ± 0.01 16.52 ± 0.01 16.06 ± 0.02 
30/05/2013 245 6443.23 33.73 18.42 ± 0.03 18.40 ± 0.01 16.96 ± 0.01 16.57 ± 0.01 16.14 ± 0.02 
31/05/2013 245 6444.19 34.69 18.40 ± 0.04 18.43 ± 0.01 16.97 ± 0.01 16.66 ± 0.01 16.28 ± 0.02 
04/06/2013 245 6448.21 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 245 6457.23 47.73 18.72 ± 0.03 17.57 ± 0.05 17.35 ± 0.02 16.94 ± 0.03 
04/07/2013 245 6478.17 68.67 18.98 ± 0.05 19.17 ± 0.02 18.19 ± 0.01 18.13 ± 0.02 18.15 ± 0.03 

PSN J0910 + 5003 
10/11/2015 245 7337.46 −9.54 17.71 ± 0.04 17.65 ± 0.03 17.54 ± 0.02 17.55 ± 0.02 
17/11/2015 245 7344.38 −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 245 7346.49 −0.51 17.15 ± 0.05 16.99 ± 0.04 16.82 ± 0.06 16.94 ± 0.03 
20/11/2015 245 7347.42 0.42 17.12 ± 0.03 16.95 ± 0.02 16.79 ± 0.02 16.97 ± 0.02 
22/11/2015 245 7349.45 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 245 7354.44 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 245 7355.42 8.42 17.49 ± 0.08 16.95 ± 0.03 16.79 ± 0.10 16.80 ± 0.04 
01/12/2015 245 7358.46 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 ± 0.04 
20/12/2015 245 7377.52 30.52 19.12 ± 0.11 17.75 ± 0.02 17.32 ± 0.02 17.02 ± 0.06 
23/12/2015 245 7380.43 33.43 19.17 ± 0.12 17.87 ± 0.03 17.35 ± 0.03 16.98 ± 0.02 
19/01/2016 245 7407.50 60.50 18.64 ± 0.03 18.28 ± 0.03 17.86 ± 0.05 
25/01/2016 245 7413.27 66.27 18.80 ± 0.04 18.30 ± 0.04 17.96 ± 0.04 
20/02/2016 245 7439.21 92.21 18.98 ± 0.06 18.40 ± 0.06 
13/03/2016 245 7461.22 114.22 20.39 ± 0.10 19.71 ± 0.04 19.53 ± 0.05 18.93 ± 0.06 

ASASSN-16ex 
07/05/2016 245 7516.38 −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 245 7521.15 −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 245 7523.25 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 245 7525.28 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 245 7530.25 7.00 16.59 ± 0.05 17.04 ± 0.03 16.89 ± 0.03 16.90 ± 0.02 17.12 ± 0.04 
03/06/2016 245 7543.36 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 245 7558.31 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 ± 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 245 7576.17 52.92 19.47 ± 0.02 18.46 ± 0.01 18.20 ± 0.03 17.94 ± 0.04 
10/07/2016 245 7580.16 56.91 18.36 ± 0.02 
31/07/2016 245 7601.13 77.88 19.04 ± 0.01 18.87 ± 0.02 18.73 ± 0.02 
14/08/2016 245 7615.26 92.01 20.01 ± 0.04 19.28 ± 0.02 19.12 ± 0.02 18.99 ± 0.04 
17/09/2016 245 7649.17 125.92 20.48 ± 0.10 19.96 ± 0.04 19.88 ± 0.08 19.89 ± 0.12 

Note. a In days with respect to the epoch of the B -band maximum. All magnitudes are in the Vega system. 
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Ne Ia: SN 2003du ( � m 15 ( B ) = 1.04; Anupama et al. 2005 ),
N 2005cf ( � m 15 ( B ) = 1.11; Pastorello et al. 2007 ), SN 2011fe
 � m 15 ( B ) = 1.07; Brown et al. 2012 ; Richmond & Smith 2012 ;
ink ́o et al. 2012 ), the luminous SN 1991T ( � m 15 ( B ) = 0.95; Lira
t al. 1998 ), and 09dc-like SNe Ia: SN 2006gz (Hicken et al. 2007 ),
N 2007if (Scalzo et al. 2010 ), SN 2009dc (Taubenberger et al.
011 ), ASASSN-15pz (Chen et al. 2019 ), SN 2012dn ( � m 15 ( B )
 0.92; Chakradhari et al. 2014 ), and SN 2011aa ( � m 15 ( B ) = 0.59;
utta et al. 2022 ). All the light curves are shifted to match their peak
rightness and the epoch of the B -band maximum. 
The comparison shows that SN 2013bz closely follows the light 
urves of normal type Ia SNe 2003du/05cf/11fe in the BVRI bands.
he trough between the I -band primary and secondary maxima, the
trength of the I -band secondary maximum, and the shoulder in the R
and also match those of normal SNe Ia (refer to Fig. 6 for a zoomed
iew). Though the decline-rate parameter, � m 15 ( B ), is lower than
hat of a typical SN Ia, SN 2013bz appears to be a perfectly normal
ype Ia event. 
On the other hand, BVRI light curves of PSN J0910 + 5003

nd ASASSN-16ex are broad and closely follow 09dc-like events. 
MNRAS 521, 5207–5223 (2023) 



5212 S. Tiwari et al. 

M

Table 3. UV–optical photometry of ASASSN-16ex with Swift UV O T. 

JD Phase a uvw 2 uvm 2 uvw 1 u b v 

245 7514.46 −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 
245 7517.70 −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 
245 7522.75 −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 
245 7532.67 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 
245 7539.32 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 
245 7541.85 18.60 20.28 ± 1.23 19.94 ± 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 18.27 ± 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 
245 7551.21 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 ± 0.43 19.42 ± 0.35 19.36 ± 0.29 18.28 ± 0.36 
245 7572.28 49.03 20.19 ± 0.35 19.68 ± 0.25 19.34 ± 0.18 

Note. a 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 

a Phase b Range ( Å) 

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 3500–7000 
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 3500–7000 
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 3500–7000 
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 

Note. a 245 0000 + 

b In days from the B -band maximum. 
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Figure 2. UBVRI 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. 

A  

r
 

t  

l  

J  

 

u  

l  

t  

f  

l  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/5207/7085001 by AR
YABH

ATTA R
ESEAR

C
H

 IN
STITU

TE O
F O

BSER
VATIO

N
AL SC

IEN
C

ES(AR
IES) user on 23 June 2023
imilarly to 09dc-like SNe, I band light curves of PSN J0910 + 5003
nd ASASSN-16ex appear flat during the early post-maximum phase
until ∼ 40 d); in the later phase they also follow 09dc-like SNe. An
nhanced fading is seen in the light curves of 09dc-like SNe in
he nebular phase. In some events, e.g. SN 2012dn, ASASSN-15pz,
nd LSQ14fmg, it was observed quite early (1–3 months from the
aximum phase). This is not observed in PSN J0910 + 5003 and
NRAS 521, 5207–5223 (2023) 
SASSN-16ex until our last observations ( ∼ 126 d: refer to Fig. 6 ,
ight panel). 

The decline rates of ASASSN-16ex and PSN J0910 + 5003 in
he BVRI bands during 50–100 d are estimated by a linear fit and
isted in Table 6 . The late-phase decline of ASASSN-16ex and PSN
0910 + 5003 light curves is comparable to that of SNe 2007if/09dc.

In Fig. 7 , the UV light curves of ASASSN-16ex in uvu , uvw 2,
vm 2, and uvw 1 bands are compared with those of normal and 09dc-
ike SNe Ia. It is clear that the light curves of ASASSN-16ex in all
he UV bands are distinct from normal SNe 2005cf/11fe and closely
ollow those of 09dc-like SNe. Similarly to 09dc-like SNe, the UV
ight curves of ASASSN-16ex in uvw 2, uvm 2, and uvw 1 reached

aximum light a few days before the normal SNe 2005cf/11fe. Also,
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Figure 3. UBVRI 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. 

Figure 4. UBVRI and Swift UV O T light curves of ASASSN-16ex. 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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Table 5. Timing of maximum light in UVRI bands (in days) with respect to 
the B -band maximum. 

Object U V R I Ref. a 

SN 2013bz −2.0 + 0.2 + 1.0 −3.0 1 
PSN J0910 + 5003 – + 5.0 + 4.0 + 6.0 1 
ASASSN-16ex −1.5 + 1.5 0 −1.8 1 
SN 2006gz −3.0 + 2.0 + 6.0 + 6.0 2 
SN 2009dc −2.0 0 + 1.0 + 2 3 
SN 2012dn −2.5 + 1.6 + 2.6 + 3 4 
ASASSN-15pz – ∼0 + 1 + 0.4 5 
ASASSN-15hy −6.0 + 3.0 + 5.5 + 7.3 6 
LSQ14fmg – −1.0 + 1 + 1 7 
SN 2020esm −4.0 ∼0 + 3.5 + 5 8 
SN 2020hvf −4.0 + 1.0 + 1.8 + 2.7 9 
SN 2011aa −0.3 + 3.8 + 4.5 + 7.1 10 
SN 2003du −1.3 + 1.0 + 0.3 −1.9 11 
SN 2005cf −1.6 + 1.3 + 0.6 −2.0 12 
SN 2011fe −1.4 + 1.0 + 0.6 −2.9 13, 14 
SN 1991T −1.7 + 2.6 + 1.4 −0.4 15 

Notes. a 1. This w ork, 2. Hick en 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, Sahu & Jose ( 2005 ), 12. Pastorello et al. ( 2007 ), 13. 
Richmond & Smith ( 2012 ), 14. Pereira et al. ( 2013 ), 15. Lira et al. ( 1998 ). 
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he UV light curves of ASASSN-16ex and 09dc-like SNe are broader 
han those of normal events. 

The reddening-corrected (refer to Section 4.1 ) ( uvw 1 − v), ( U −
 ), ( B − V ), ( V − R ), and ( R − I ) colour curves of SN 2013bz, PSN
0910 + 5003, and ASASSN-16ex are plotted in Fig. 8 . Colour curves
f well-studied SNe Ia (used in the light-curve comparison) are also 
lotted in Fig. 8 . They are corrected for reddening, as mentioned in
heir respective references. 
The ( uvw 1 − v) colour evolution of ASASSN-16ex is similar to
hat of 09dc-like SNe. The normal SNe 2005cf/11fe are redder in the
arly phase and evolve to blue, with the bluest value a few days before
he B -band maximum. Their ( uvw 1 − v) colour evolution makes a
haracteristic V-shape pattern (Milne et al. 2013 ; Brown et al. 2014b ).
o we v er, ASASSN-16e x is bluer by ∼1 mag in the early phase and

eddens monotonically, similar to other 09dc-like SNe. Milne et al. 
 2013 ) have divided normal SNe Ia into NUV-blue and NUV-red
ategories based on the (near-UV − optical) colour evolution. The 
haded region in Fig. 8 (top panel) shows the colour evolution of
ormal SNe Ia (which includes NUV-blue and NUV-red objects: 
ilne et al. 2013 ; Brown et al. 2014b ). With a significantly blue

near-UV − optical) colour, ASASSN-16ex and 09dc-like SNe Ia 
re clearly distinguishable from normal SNe Ia. This colour criterion 
an be used to separate 09dc-like objects from the SNe Ia sample
ith a precise host extinction estimate. The ( U − B ) colour of SN
013bz, PSN J0910 + 5003, and ASASSN-16ex is bluer relative to
ormal events. 
The ( B − V ) colour of SN 2013bz follows that of normal SNe

a, while ASASSN-16ex follows the evolution of 09dc-like SNe 
006gz/09dc/ASASSN-15pz in the complete phase range. The 09dc- 
ike SNe 2006gz/09dc/ASASSN-15pz have a bluer curve during 0 to 
 50 d, while normal SNe 2003du/05cf/11fe and 91T have a relatively 

ed colour. PSN J0910 + 5003 appears to follow a redder path,
imilarly to normal SNe Ia. 

The ( V − R ) colour of ASASSN-16ex is similar to that of SN
009dc up to ∼ 100 d; PSN J0910 + 5003 has a more gradual and
edder colour evolution. The ( R − I ) colour of ASASSN-16ex is a
ittle bluer but similar to SN 2009dc, while PSN J0910 + 5003 has a
olour similar to SN 2007if. Compared with normal events, the ( V −
 ) and ( R − I ) colours of 09dc-like SNe show less evolution, i.e. red

o blue change, because of their broad RI light curves. The scatter in
he colours within the 09dc-like SNe group can be attributed to their
iffering RI light curves. The ( V − R ) and ( R − I ) colours of SN
013bz are similar to those of normal events. 
MNRAS 521, 5207–5223 (2023) 
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Table 6. Photometric parameters of SN 2013bz, PSN J0910 + 5003, and ASASSN-16ex. 

Band JD (max) m 

max 
λ M 

max 
λ � m 15 ( λ) Decline rate a 

SN 2013bz (35–70 d) 
U 245 6407.2 ± 0.8 14.93 ± 0.06 −20.53 ± 0.20 1.21 ± 0.06 1.52 
B 245 6409.5 ± 0.8 15.71 ± 0.04 −19.61 ± 0.20 0.91 ± 0.04 2.07 
V 245 6409.7 ± 0.8 15.42 ± 0.04 −19.70 ± 0.20 0.57 ± 0.04 3.48 
R 245 6410.2 ± 0.8 15.44 ± 0.07 −19.53 ± 0.20 0.66 ± 0.07 4.38 
I 245 6406.3 ± 0.8 15.51 ± 0.09 −19.30 ± 0.20 0.59 ± 0.09 5.62 

PSN J0910 + 5003 (50–100 d) 
B 245 7347.0 ± 0.6 17.13 ± 0.05 −19.44 ± 0.20 0.69 ± 0.05 1.51 
V 245 7352.0 ± 0.8 16.90 ± 0.04 −19.48 ± 0.20 0.44 ± 0.04 1.96 
R 245 7351.2 ± 0.8 16.70 ± 0.05 −19.54 ± 0.20 0.35 ± 0.04 2.43 
I 245 7353.0 ± 0.9 16.80 ± 0.05 −19.29 ± 0.20 0.18 ± 0.05 1.95 

ASASSN-16ex (50–100 d) 
uvw 2 245 7517.7 ± 0.6 18.05 ± 0.15 −18.80 ± 0.30 1.27 ± 0.15 –
uvm 2 245 7517.7 ± 0.6 17.71 ± 0.11 −19.36 ± 0.30 1.51 ± 0.11 –
uvw 1 245 7517.7 ± 0.6 17.02 ± 0.09 −19.75 ± 0.30 1.26 ± 0.09 –
U 245 7521.7 ± 0.7 16.23 ± 0.05 −20.47 ± 0.20 0.91 ± 0.05 –
B 245 7523.2 ± 0.5 16.84 ± 0.03 −19.78 ± 0.20 0.72 ± 0.03 2.14 
V 245 7524.7 ± 0.5 16.77 ± 0.03 −19.71 ± 0.20 0.43 ± 0.03 2.14 
R 245 7523.2 ± 0.6 16.78 ± 0.03 −19.62 ± 0.20 0.35 ± 0.03 2.54 
I 245 7521.5 ± 0.6 16.94 ± 0.04 −19.35 ± 0.20 0.31 ± 0.04 2.97 

Note. a In units of mag (100 d) −1 . 

Figure 5. BVRI 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. 
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Figure 6. A zoomed view of the light-curve comparison. Left: R - and I -band 
light curves during the secondary maximum. Right: BVRI light curves during 
the late phase. 

o  

i  

a  

c  

(  

B  

e  

o  

F  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/5207/7085001 by AR
YABH

ATTA R
ESEAR

C
H

 IN
STITU

TE O
F O

BSER
VATIO

N
AL SC

IEN
C

ES(AR
IES) user on 23 June 2023
 ABSOLU TE  L I G H T  C U RV E S  A N D  

OL OM ETR IC  LUMINOSITY  

.1 Reddening estimate 

he Galactic reddening for SN 2013bz is E ( B − V ) Gal 

 0.04 ± 0.002 mag (Schlafly & Finkbeiner 2011 ). Empirical
elations (Phillips et al. 1999 ; Altavilla et al. 2004 ; Reindl et al. 2005 ;

ang et al. 2006 ; Folatelli et al. 2010 ) suggest a large total reddening,
 ( B − V ) total = 0.30–0.40 mag. The SNOOPY fit suggests a reddening
NRAS 521, 5207–5223 (2023) 
f E ( B − V ) total = 0.21 ± 0.06 mag. A strong Na I D feature is seen
n the rest frame of the host galaxy in the spectra of SN 2013bz, with
n average equi v alent width (EW) of 1.9 ± 0.2 Å. The Milky Way
omponent of the Na I D feature is not detectable. The measured EW
Na I D) translates into E ( B − V ) host = 0.29 ± 0.03 mag (Turatto,
enetti & Cappellaro 2003 ), close to the value obtained using other
mpirical relations. We found that the observed ( B − V ) colour curve
f SN 2013bz matches well with that of normal SNe Ia (refer to
ig. 8 ) when it is dereddened by E ( B − V ) total = 0.19 ± 0.04 mag.
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Figure 7. UV light curves of ASASSN-16ex are compared with those of 
some well-studied SNe Ia. The light curves are shifted to match their peak 
brightness and the epoch of the B -band maximum. 

Figure 8. The ( uvw 1 − v), ( U − B ), ( B − V ), ( V − R ), and ( R − I ) 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 ( uvw 1 − v) colour evolution of normal (NUV-blue + NUV-red: 
Milne et al. 2013 ; Brown et al. 2014b ) SNe Ia. 

T  

i

=
r  

N  

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. 
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his estimate is close to the value suggested by the SNOOPY fit and
s 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 
elations using photometry suggest E ( B − V ) total > 0.25 mag. The
a I D features are not detected in the spectra of PSN J0910 + 5003.
he observed ( B − V ) colour curve of PSN J0910 + 5003 matches
ell with those of other well-studied SNe Ia (refer to Fig. 8 ) after

orrecting it by E ( B − V ) total = 0.18 ± 0.05 mag, which we use in
ur analysis. 
The Galactic reddening for ASASSN-16ex is E ( B − V ) Gal 

 0.03 ± 0.001 mag (Schlafly & Finkbeiner 2011 ). The empirical
elations suggest E ( B − V ) total ∼ 0.11–0.18 mag. No feature of Na I D
s detected in the spectra of ASASSN-16ex. It was shown (refer to
ection 3 ) that the photometric properties of ASASSN-16ex closely 
esemble those of 09dc-like SNe Ia. Chen et al. ( 2019 ) found that,
mong 09dc-like SNe, ASASSN-15pz suffered minimal reddening, 
nd its colour evolution can be used to estimate the reddening of
imilar objects. The observed ( B − V ) colour curve of ASASSN-
6ex matches well with those of ASASSN-15pz and other 09dc-like 
bjects after a correction by E ( B − V ) total = 0.12 ± 0.04 mag. Hence,
e use this value of total reddening in further analysis. 

.2 Absolute magnitudes 

he recession velocity corrected for the infall of the Local Group
owards the Virgo cluster is 5 807 ± 45 km s −1 for PGC 170248,
nd for UGC 4812 it is 10 503 ± 31 km s −1 (Mould et al. 2000 ;
ource NED). With H 0 = 72 ± 5 km s −1 Mpc −1 (Freedman et al.
001 ), the distances of SN 2013bz and PSN J0910 + 5003 are
alculated as 80.65 ± 5.6 Mpc ( μ = 34.53 ± 0.20 mag) and
45.88 ± 10 Mpc ( μ = 35.82 ± 0.20 mag), respectiv ely. F or SDSS
171023.63 + 262350.3 (host of ASASSN-16ex), using z = 0.04 
F ole y et al. 2018 ), we derived a distance of 166.67 ± 12 Mpc ( μ
 36.11 ± 0.20 mag). 
Using the estimated distances, reddening values, and Cardelli, 

layton & Mathis ( 1989 ) extinction law with R V = 3.1, the peak ab-
olute magnitudes of SN 2013bz, PSN J0910 + 5003, and ASASSN-
6ex in different bands are estimated and listed in Table 6 . The
bsolute V -band light curves of these SNe are displayed in Fig. 9 and
ompared with those of other well-studied SNe Ia. SN 2013bz and
SASSN-16e x hav e luminosities comparable to SNe 2006gz/91T 
MNRAS 521, 5207–5223 (2023) 
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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. 
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nd ASASSN-15pz. The light curve of SN 2013bz is similar to that
f SN 1991T. With a constant difference of ∼ 0.4 mag, the absolute
 -band light curve of ASASSN-16ex runs almost parallel to that
f SN 2009dc. The light curve of PSN J0910 + 5003 is fainter than
hose of 09dc-like objects but brighter than those of normal SNe
003du/05cf/11fe. At maximum, PSN J0910 + 5003 is fainter than
SASSN-16ex. Ho we ver, during the late phase they show similar

ight-curve evolution. 

.3 Bolometric light cur v e 

he quasi-bolometric luminosities of SN 2013bz, PSN
0910 + 5003, and ASASSN-16ex were derived using the
bserved UBVRI magnitudes in Table 2 . The UBVRI magnitudes
ere dereddened with the reddening values estimated in Section
.1 and converted to monochromatic fluxes using zero points from
essell, Castelli & Plez ( 1998 ). The derived fluxes on each night
ere integrated over the observed wavelength range to obtain the

otal flux in the optical bands. The integrated flux is converted to
uasi-bolometric luminosity using the distances derived in Section
.2 . 
The peak quasi-bolometric luminosity for SN 2013bz obtained by

ntegration of optical fluxes is log L 

max 
bol = 43.30 erg s −1 . Adding 20

er cent flux to account for the contribution from the missing bands
Wang et al. 2009a ) results in log L 

max 
bol = 43.38 ± 0.07 erg s −1 . 

The maximum quasi-bolometric luminosity for ASASSN-16ex is
btained as log L 

max 
bol = 43.29 erg s −1 using optical observations. We

sed Swift UV O T data of ASASSN-16ex to estimate the contributions
rom UV bands. The UV magnitudes were dereddened following
rown et al. ( 2010 ) and converted to monochromatic flux using the
ero points from Poole et al. ( 2008 ). With the UV contribution,
he peak bolometric luminosity of ASASSN-16ex becomes log L 

max 
bol 

 43.39 erg s −1 . The UV contribution to the bolometric luminosity
s found as ∼ 29, 22, and 13 per cent at −7 d, maximum, and
 20 d, respectively. 09dc-like SNe Ia are found to be UV-bright

Chakradhari et al. 2014 ; Brown et al. 2014b ; Chen et al. 2019 ;
imitriadis et al. 2022 ), and ASASSN-16ex follows a similar

rend. After adding 5 per cent contribution from NIR bands (Wang
t al. 2009a ; Scalzo et al. 2010 ; Yamanaka et al. 2016 ), the peak
olometric luminosity of ASASSN-16ex is estimated as log L 

max 
bol 

 43.40 ± 0.06 erg s −1 . 
The peak quasi-bolometric luminosity for PSN J0910 + 5003 is

erived as log L 

max 
bol = 43.17 erg s −1 by integrating the optical data

oints. For 09dc-like objects, close to the maximum, the UV band
ontributes ∼ 20 per cent (Chakradhari et al. 2014 ) to the bolometric
ux. We found a similar UV contribution in ASASSN-16ex. On
dding 20 per cent UV and 5 per cent NIR contributions, the peak
olometric luminosity of PSN J0910 + 5003 is obtained as log L 

max 
bol 

 43.26 ± 0.07 erg s −1 . 
The quasi-bolometric light curves of SN 2013bz, PSN

0910 + 5003, and ASASSN-16ex are plotted in Fig. 10 and
ompared with those of other well-studied SNe Ia. The peak
uasi-bolometric luminosities of SN 2013bz, PSN J0910 + 5003,
nd ASASSN-16ex are lower than those of 09dc-like SNe
006gz/07if/09dc/ASASSN-15pz and brighter than those of normal
Ne Ia. 

.4 Mass of nickel synthesized 

ype Ia SNe are powered by the radioactive decay of 56 Ni to 56 Co
nd subsequently to 56 Fe. The peak bolometric luminosity can be
NRAS 521, 5207–5223 (2023) 
sed to estimate the mass of 56 Ni synthesized in the explosion of
Ne Ia. 
The mass of 56 Ni synthesized in the explosions of SN 2013bz, PSN

0910 + 5003, and ASASSN-16ex is estimated using Arnett’s rule
Arnett 1982 ). This rule states that the peak bolometric luminosity
f a type Ia SN is proportional to the instantaneous energy release
ate from radioactive decay. This can be written as 

 Ni = 

L 

max 
bol 

αṠ ( t R ) 
, 

here M Ni is the mass of 56 Ni, α is the ratio of bolometric to
adioactive luminosities (near unity), and Ṡ ( t R ) is the radioactivity
uminosity per unit nickel mass e v aluated for the rise time t R . From
adyozhin ( 1994 ), Ṡ ( t R ) can be written as 

˙
 ( t R ) = 

(
6 . 45 e −( t R / 8 . 8 d ) + 1 . 45 e −( t R / 111 . 3 d ) 

)

× 10 43 erg s −1 M 

−1 
� , 

here 8.8 and 111.3 d are the e-folding lifetimes ( τ ) of 56 Ni and
6 Co, respectively. 

With the lack of early observations, it is difficult to constrain
he explosion epochs and rise times of these events. This limits an
ccurate determination of the mass of 56 Ni. The rise time ( t R ) for
ormal SNe Ia is found to be 17.4 d (Hayden et al. 2010 ), 18 d
Ganeshalingam, Li & Filippenko 2011 ), 18.9 d (Firth et al. 2015 ;

iller et al. 2020 ), and 19.1–19.6 d (Riess et al. 1999 ; Conley et al.
006 ). Using t R = 18 ± 2 d and α = 1.2 ± 0.2 (Branch 1992 ), the
ass of 56 Ni synthesized in the explosion of SN 2013bz is estimated

s M Ni = 0.96 ± 0.24 M �. 09dc-like SNe are found to have longer t R 
21–24 d (Scalzo et al. 2010 ; Silverman et al. 2011 ; Chen et al. 2019 ;

u et al. 2021 ), with an average of t R ∼ 22 ± 4 d (Ashall et al. 2021 ).
sing t R = 22 d and α = 1.2, the mass of 56 Ni in PSN J0910 + 5003

nd ASASSN-16ex is estimated as M Ni = 0.89 ± 0.24 M � and
.2 ± 0.32 M �, respectively. 
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Figure 11. Spectral evolution of SN 2013bz from ∼ + 4 to + 35 d. 
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Figure 12. Spectral evolution of PSN J0910 + 5003 from ∼−11 to + 63 d. 

Figure 13. Spectral evolution of ASASSN-16ex from ∼−10 to + 43 d. 
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pectral series were obtained for SN 2013bz, PSN J0910 + 5003, and
SASSN-16ex using HFOSC-HCT. In total, 11 spectra spanning + 4 

o + 35 d for SN 2013bz, eight spectra from −3 to + 63 d for PSN
0910 + 5003, and eight spectra from −8 to + 43 d for ASASSN-
6ex were obtained. 4 The details of the spectroscopic observations 
re given in Table 4 . The spectral evolution of SN 2013bz, PSN
0910 + 5003, and ASASSN-16ex is presented in Figs 11 , 12 ,
nd 13 , respectively. All the spectra are reddening- and redshift-
orrected. Telluric lines are not remo v ed. 

Spectral features in the early phase of Type Ia SNe are mostly
bsorption lines of singly ionized IMEs such as O, Mg, Si, S, and Ca
roduced in the outer photospheric layers. As the ejecta expands, the 
hotosphere mo v es into deeper layers, and lines from the inner layers
re seen. During this, features from IMEs are replaced by IGEs, e.g.
e, Co and Ni. 

.1 SN 2013bz 

he early post-maximum spectra of SN 2013bz ( + 4, + 6, and + 7 d)
how the characteristic features of SNe Ia, mostly from IMEs marked 
n Fig. 11 . At the bluer end, a deep absorption seen around 4000 Å
s due to Ca II H&K lines. The next prominent and broad feature at
round 4500 Å is due to a blend of Fe III λ4404, Mg II λ4481, and
e II λ4555. Moving red-ward, a sharp absorption due to Si III λ4560

s seen in the first spectrum at + 4 d, which has become weak in
he following spectrum at + 6 d. Si III λ4560 is generally seen
uring the early hot photospheric phase. A broad blend is seen at

5000 Å due to Fe II λλ4924, 5018, Si II λ5051, Fe III λ5129, and
e II λ5169. The W-shaped S II λλ5654, 5468 feature is also visible,
ith decreasing strength in subsequent spectra. Features on the red 

ide of the spectrum, such as O I and Ca II NIR, are weak in SN
 Phase with respect to B -band maximum. 

c  

i  

a  

l

 June 2023
013bz. A small narrow feature seen at ∼ 6000 Å is due to Na I D
rom the host galaxy. 

In the spectra obtained at + 10, + 13, and + 18 d, most of
he features due to IMEs such as W-shaped S II and Si II weak-
ned/disappeared. The features due to IMEs are being replaced by 
e II lines. Development of emission peaks, such as at ∼ 4600 Å,
an also be noticed. Strong absorption due to Na I from SN ejecta
s visible at ∼ 5700 Å. The spectra after one month post-maximum
re dominated by Fe II lines. The feature due to the Ca II NIR triplet
ooks stronger than earlier. 
MNRAS 521, 5207–5223 (2023) 
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Figure 14. Spectra of PSN J0910 + 5003 and ASASSN-16ex at ∼− 10 d 
(top) and at maximum (bottom) are compared with other well-studied SNe 
Ia. 
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.2 PSN J0910 + 5003 

he spectral evolution of PSN J0910 + 5003 from −11 to + 63 d is
hown in Fig. 12 . The first two spectra at −11 and −9 d are taken from
he Weizmann Interactive Supernova Data Repository (WISeREP:
omasella et al. 2015 ; Stahl et al. 2020 ) and displayed to show the
arly evolution and spectral characteristics. The first spectrum at
11 d looks like a featureless continuum; most spectral lines are

hallow/not yet fully developed. Strong C II λ6580 absorption can be
een in the red wing of Si II λ6355, which makes the absorption at ∼
200 Å very broad. This indicates the presence of unburned material
n the ejecta, usually found in 09dc-like SNe Ia (Taubenberger et al.
011 ; Chakradhari et al. 2014 ; Chen et al. 2019 ; Jiang et al. 2021 ;
u et al. 2021 ; Dimitriadis et al. 2022 ; Sri v astav et al. 2023 ). 
In the spectrum at −9 d, the features from IMEs are strengthening.

he carbon lines have almost disappeared; only a tiny suppression
s seen in the red wing of Si II λ6355. By −3 d, the absorption
eatures due to IMEs are fully developed and dominate the spectra
ill one week post-maximum. In contrast to SN 2013bz, features like
i II λ5972, O I , and Ca II NIR are stronger in PSN J0910 + 5003. The
pectrum at + 19 d and subsequent spectra show the appearance
f several emission peaks due to IGEs. Fe II lines have replaced the
eatures from IMEs. 

.3 ASASSN-16ex 

he spectral evolution of ASASSN-16ex from −10 to + 43 d
s shown in Fig. 13 . The first spectrum at −10 d is taken from

ISeREP (Tomasella et al. 2016 ). Similarly to PSN J0910 + 5003,
he signature of unburned C II is seen in this object. Compared with
SN J0910 + 5003, spectral features in ASASSN-16ex are well
eveloped and sharp. The Si II λ5972, O I , and Ca II NIR features are
eaker in ASASSN-16ex than PSN J0910 + 5003. Along with a
eak Si II λ5972 line, a strong Si III λ4560 feature is present in the

pectrum of ASASSN-16ex, suggesting a hot photosphere. In the
pectrum at ∼ one month and in subsequent spectra, the features of
MEs are replaced by Fe II lines and the development of emission
ines can be seen. 

.4 Spectral comparison 

n Fig. 14 (top panel), the early spectra of PSN J0910 + 5003 ( −11,
9 d) and ASASSN-16ex ( −10 d) are compared with those of SN

991T (Filippenko et al. 1992 ), SN 2006gz (Hicken et al. 2007 ), SN
007if (Scalzo et al. 2010 ), SN 2009dc (Taubenberger et al. 2011 ),
N 2011fe (Parrent et al. 2012 ), SN 2011aa (Dutta et al. 2022 ), and
SASSN-15pz (Chen et al. 2019 ) at a similar epoch. Though the

ines in PSN J0910 + 5003 are shallower, the spectra of both PSN
0910 + 5003 and ASASSN-16ex are similar to those of 09dc-like
Ne. Strong C II features are seen in both events. 
The spectral features of ASASSN-16ex are very similar to those

f 2006gz/09dc/12dn. In the bluer region, well-separated sharp
bsorption due to Si II λ3858, Ca II H&K, Si II λ4130, and Si III λ4560
s identical in these events. Other features like W-shaped S II ,
i II λ6355, and a shallower Si II λ5972 look similar in these objects.
he spectral features in PSN J0910 + 5003 at −11 and −9 d are
imilar to those in SN 2007if and SN 2011aa. A comparison of
pectra of PSN J0910 + 5003, ASASSN-16ex, and other SNe is
ade at the maximum phase in the bottom panel of Fig. 14 . At

his phase also, ASASSN-16ex closely resembles SN 2012dn/06gz.
he spectrum of PSN J0910 + 5003 is similar to that of SN 2011aa.
bsorption lines in PSN J0910 + 5003 appear broader and blended.
NRAS 521, 5207–5223 (2023) 
In Fig. 15 , the spectrum of ASASSN-16ex ∼ four months after
aximum light (taken from WISeREP: Stahl et al. 2020 ) is compared
ith those of SN 2011fe (Stahl et al. 2020 ), SN 2007if (Silverman

t al. 2011 ), SN 2009dc (Taubenberger et al. 2011 ), ASASSN-15pz
Chen et al. 2019 ), SN 1991T (Silverman et al. 2012 ), and SN
991bg (Turatto et al. 1996 ) at a similar epoch. A few months after
he explosion, SN enters into a nebular phase, the ejecta becomes
ptically thin, and the inner part of the ejecta becomes visible.
orbidden emission lines of IGEs, i.e. Fe, Co, and Ni, characterize
pectra of SNe Ia at this phase. Some prominent nebular features
re marked in Fig. 15 . Similarity in the spectral features between
SASSN-16ex and a normal SN Ia can be seen. Ho we ver, there

re certain noticeable differences also. The blending of lines in
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Figure 15. The spectrum of ASASSN-16ex at + 117 d is compared with 
those of other well-studied SNe Ia. 

Figure 16. The synthetic spectra generated using the SYN ++ code are 
compared with the observed spectra of SN 2013bz. 
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Figure 17. The synthetic spectra generated using the SYN ++ code are 
compared with the observed spectra of PSN J0910 + 5003. 

Figure 18. The synthetic spectra generated using the SYN ++ code are 
compared with the observed spectra of ASASSN-16ex. 
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SASSN-16ex is less than in a normal SN Ia. In the red region
eyond ∼ 6500 Å, features in ASASSN-16ex are more pronounced 
ompared with normal SN 2011fe and luminous SN 1991T. There 
re a number of similarities between the spectrum of ASASSN-16ex 
nd 09dc-like SNe, which include (i) double-peaked [Fe II ] + [Fe III ]
omplex at ∼ 5400 Å, where the strength of [Fe III ] 4700 Å appears
o wer relati ve to [Fe II ] + [Fe III ]; (ii) strong [Fe II ] at ∼ 6500 Å; (iii) a
road absorption trough with a flat bottom around 6700–7000 Å; (iv)
ultiple emission peaks around 7000–7900 Å; (v) sharp emission 

eaks at ∼ 8500 Å. 

.5 SYN ++ synthetic model spectra 

pectra of SN 2013bz at + 6 and + 13 d are compared with the
ynthetic spectra generated using the SYN ++ code (Fisher 2000 ; 
homas, Nugent & Meza 2011 ) and plotted in Fig. 16 . The observed
pectrum at + 6 d matches the synthetic spectrum with a photo-
pheric velocity ( v ph ) of 10 500 km s −1 and blackbody temperature
 T BB ) of 11 000 K. The species used are marked. The spectrum at
 13 d matches with similar T BB and species but with a lower v ph of
0 200 km s −1 . 
Spectra of PSN J0910 + 5003 at −11, −9, 0, + 8, and + 30 d

re matched with the synthetic spectrum and plotted in Fig. 17 . The
ynthetic spectrum at −11 d is produced using v ph = 14 500 km s −1 

nd T BB = 15 000 K. Ions used are marked in the figure. The
ynthetic spectrum at −9 d is reproduced with similar species, 
 ph = 13 500 km s −1 and T BB = 14 300 K. For the maximum
nd one-week post-maximum phase, we used v ph = 11 700 and
1 500 km s −1 , T BB = 13 000 and 11 500 K, respectively. Species
sed are similar to the −9 d spectrum; C II is not included. The
ynthetic spectrum at + 30 d has v ph = 10 000 km s −1 and T BB 

 8000 K. It includes species of Si II , Ca II , Fe II , Ni II , and Co II . 
Spectra of ASASSN-16ex at −10, −6, 0, and + 7 d are matched

ith the synthetic spectrum and plotted in Fig. 18 . The synthetic
pectrum at −10 d is generated using v ph = 12 500 km s −1 and
 BB = 15 000 K. Species used are marked. The observed spectrum
f ASASSN-16ex at −6 d matches the synthetic spectrum with 
imilar parameters and species used at −10 d. The synthetic spectra
t maximum and one week post-maximum phase have lower v ph 
MNRAS 521, 5207–5223 (2023) 
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M

Figure 19. Photospheric velocity evolution measured using Si II λ6355 
absorption line for SN 2013bz, PSN J0910 + 5003, and ASASSN-16ex 
compared with other well-studied SNe Ia. The velocity of the C II λ6580 line 
is also displayed for PSN J0910 + 5003 and ASASSN-16ex, along with other 
SNe Ia. 
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Table 7. Spectroscopic parameters of SN 2013bz, PSN J0910 + 5003, and 
ASASSN-16ex. 

Parameter a 13bz PSN 16ex 

1. v ph (km s −1 ) 10 500 ± 600 11 600 ± 200 11 200 ± 400 
2. v̇ Si (km s −1 d −1 ) 40 ± 3 31 ± 3 50 ± 4 
3. EW (Si II λ5972 Å) 11 ± 2 20 ± 2 16 ± 2 
4. EW (Si II λ6355 Å) 30 ± 3 83 ± 8 60 ± 6 
5. R Si 0.34 ± 0.03 0.37 ± 0.04 0.32 ± 0.03 
6. Spectroscopic class b LVG LVG LVG 

7. Spectroscopic class c SS SS/CN SS 
8. Spectroscopic class d NV NV NV 

Notes. a Near B max, b Benetti et al. ( 2005 ), c Branch et al. ( 2006 ), d Wang 
et al. ( 2009b ). 
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11 200 km s −1 and 11 000 km s −1 ) and T BB (14 500 and 14 000 K).
oth include species of O I , Na I , Mg II , Si II , S II , Ca II , Fe II , and
e III . 

.6 Velocity and spectral parameters 

he photospheric velocities of SN 2013bz, PSN J0910 + 5003,
nd ASASSN-16ex estimated using the absorption minimum of
i II λ6355 are plotted in Fig. 19 , along with other well-studied SNe
a for comparison. The velocity evolution of SN 2013bz is similar
o that of normal event SN 2003du. The velocity evolution of PSN
0910 + 5003 and ASASSN-16ex is similar to that of SN 2006gz and
he early evolution of SN 2011aa. The carbon λ6580 line detected
n the early phase ( ∼−10 d) is found to have ∼ 1000 km s −1 lower
elocity than the Si II line in both PSN J0910 + 5003 and ASASSN-
6ex. This could be due to the clumping/line-of-sight effect (Parrent
t al. 2011 ). 

Normal SNe Ia are characterized by a pair of Si II λ5972 and
i II λ6355 features near the maximum phase. SNe Ia can be cate-
orized and studied based on the various spectroscopic parameters
erived from these lines, such as EWs (Branch et al. 2006 ) and
trength ratio R Si (Nugent et al. 1995 ), the photospheric velocity
easured from the Si II λ6355 line (Wang et al. 2009b ), and its

radient (Benetti et al. 2005 ). We measured these parameters for
N 2013bz, PSN J0910 + 5003, and ASASSN-16ex, and listed

hem in Table 7 . All three SNe belong to normal velocity (NV: Wang
t al. 2009b ) and low velocity gradient (LVG: Benetti et al. 2005 )
ubgroups. SN 2013bz and ASASSN-16ex fall in the shallow silicon
SS) subgroup, while PSN J0910 + 5003 is near the boundary of
he SS and core normal (CN) subgroups of SNe Ia (Branch et al. 
006 ). 
NRAS 521, 5207–5223 (2023) 
 DI SCUSSI ON  A N D  SUMMARY  

N 2013bz, PSN J0910 + 5003, and ASASSN-16ex were classified
s 09dc-like objects using their early spectra (Ochner et al. 2013 ;
omasella et al. 2015 , 2016 ; Piascik & Steele 2016 ). We have
onducted a detailed photometric and spectroscopic study of these
bjects to investigate their properties further. Among these, SN
013bz is a slow-declining, luminous event with a decline-rate
arameter of � m 15 ( B ) true = 0.92 ± 0.04. Its photometric and spectral
haracteristics are similar to those of normal SNe Ia, while PSN
0910 + 5003 and ASASSN-16ex are similar to 09dc-like SNe Ia.
he light curves of both PSN J0910 + 5003 and ASASSN-16ex are
ery broad relative to normal events. Their decline-rate parameters
 � m 15 ( B ) true = 0.70 ± 0.05 and 0.73 ± 0.03) are similar to those
f 09dc-like SNe Ia. Further, ASASSN-16ex is very blue and bright
n the UV bands. The absolute luminosities of SN 2013bz, PSN
0910 + 5003, and ASASSN-16ex are on the higher side of normal
Ne Ia. Their B -band peak absolute magnitudes are estimated as
19.61 ± 0.20 mag, −19.44 ± 0.20 mag, and −19.78 ± 0.20 mag,

espectively. 
The peak bolometric luminosities for these objects are derived as

og L 

max 
bol = 43.38 ± 0.07, 43.26 ± 0.07, and 43.40 ± 0.06 erg s −1 ,

espectively. The mass of 56 Ni synthesized in the explosion of
hese events is estimated as 0.96 ± 0.24 M �, 0.89 ± 0.24 M �, and
.2 ± 0.32 M �, respectively. The contribution of the UV flux to
he bolometric luminosity for ASASSN-16ex is estimated to be 22
er cent at B maximum. The late-phase spectrum of ASASSN-16ex,

four months after maximum light, also looks very similar to those
f 09dc-like SNe Ia. 
The positions of SN 2013bz, PSN J0910 + 5003, and ASASSN-

6ex, along with known 09dc-like objects and a sample of SNe Ia
rom Hicken et al. ( 2009 ), in the luminosity–width relation diagram
f Phillips et al. ( 1999 ) are shown in Fig. 20 . Phillips et al. ( 1999 )
sed SNe Ia in the range 0.85 <� m 15 ( B ) true < 1.7. Since then, the
ample of SNe Ia has increased significantly, with a higher number
f objects at both the higher and lower luminosity ends. Normal SNe
a are suggested to follow this relation. 

09dc-like SNe Ia are no w kno wn to have a large dispersion in
heir luminosity. SNe 2003fg, 07if, 09dc, and LSQ14fmg were
xceptionally bright (Howell et al. 2006 ; Yamanaka et al. 2009 ;
calzo et al. 2010 ; Yuan et al. 2010 ; Silverman et al. 2011 ;
aubenberger et al. 2011 ; Hsiao et al. 2020 ), while ASASSN-
5hy had a lower luminosity (Lu et al. 2021 ). Other SNe 2006gz,
2dn, ASASSN-15pz, 20esm, 20hvf, and 21zn y hav e luminosities
n between (Hicken et al. 2009 ; Maeda et al. 2009 ; Chakradhari
t al. 2014 ; Chen et al. 2019 ; Taubenberger et al. 2019 ; Jiang et al.
021 ; Dimitriadis et al. 2022 , 2023 ). Their decline rate ranges from

art/stad864_f19.eps
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Figure 20. Positions 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 ). 
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.62 ± 0.09 (SN 2021zny: Dimitriadis et al. 2023 ) to 1.06 ± 0.06
LSQ14fmg: Hsiao et al. 2020 ). Except for LSQ14fmg, all 09dc-like 
bjects have � m 15 ( B ) lower than a typical SN Ia. From Fig. 20 , it is
lear that, with a slower decline, PSN J0910 + 5003 and ASASSN-
6ex lie towards the region occupied by 09dc-like objects and are 
oderately luminous. SN 2013bz falls in the region of normally 

uminous SNe Ia. 
One of the characteristics seen in 09dc-like SNe is the appearance 

f a delayed I -band maximum. Timings of the I -band peak relative to
he B -band peak for 09dc-like SNe, 91T, and normal SNe are listed in
able 5 . PSN J0910 + 5003 has a delayed I -band peak (6 d), similar

o other objects showing the most delayed I -band peaks, e.g. SN
006gz (6 d), SN 2011aa (7 d), and ASASSN-15hy (7 d). Ho we ver,
SASSN-16ex does not show a delayed I -band peak. 
Kasen ( 2006 ) suggested that a double-peak appearance in the 

IR light curves can be regarded as a direct consequence of ejecta
tratification and concentration of IGEs in the central regions. The 
econdary maximum results due to the ionization evolution of IGEs 
n the ejecta and transition from a doubly ionized to a singly ionized
Fe III to Fe II ) state (Pinto & Eastman 2000 ; Kasen 2006 ). Brighter
Ne are expected to have a more pronounced and delayed secondary 
aximum, but this may vary depending on the amount and mixing of

6 Ni, stable Fe/metallicity, and abundance of calcium (Kasen 2006 ). 
olatelli et al. ( 2010 ) suggested that mixing has the most significant
ffect on the strength of the secondary maximum, and it can transform 

ouble-peak morphology into a single peak, as seen in the 09dc-like 
Ne. 
Ashall et al. ( 2021 ) suggested that full mixing in the ejecta should

ause a prominent H -band break in the NIR spectrum, which is
ot seen during the early post-maximum phase in 09dc-like SNe; 
nstead, it is delayed by ∼ 1–2 months. The delayed appearance of
he H -band break indicates that 56 Ni resides in the very inner layers.
igorous mixing would bring 56 Ni to the outermost region of the 
jecta. Ho we ver, the decay of surface 56 Ni was not a good fit for the
hort-duration early excess of SN 2020hvf (Jiang et al. 2021 ). 

Explaining the bolometric light curve of 09dc-like SNe requires a 
igher 56 Ni mass, suggesting an ejecta mass in excess of the Chan-
rasekhar mass (Scalzo et al. 2010 ). In the SD scenario, differentially
otating WDs can have masses greater than the Chandrasekhar mass 
Yoon & Langer 2005 ), offering a possible progenitor for 09dc-like 
N Ia (Howell et al. 2006 ). However, Pfannes et al. ( 2010a ), Pfannes,
iemeyer & Schmidt ( 2010b ), Hachinger et al. ( 2012 ), and Fink et al.

 2018 ) show that the explosion energetics/burning products do not 
atch well with this model. The deflagration model of differentially 
otating WDs produces SNe Iax-like events. The explosion in the 
etonation/delayed detonation is very powerful, the velocities of 
MEs are significantly high, and most of the materials are burned to
GEs with just a small portion remaining unburned, contrary to what
s seen in 09dc-like SNe Ia. 

Ejecta–CSM interaction has also been proposed as an alternative 
nergy source to power these events. In this scenario, a 09dc-like
N is suggested to be a thermonuclear explosion in an enshrouded
hell/env elope (Khokhlo v, Mueller & Hoeflich 1993 ; Hoeflich &
hokhlov 1996 ) of C/O-rich materials with which the supernova 

jecta interacts. The conversion/reprocessing of kinetic energy/shock 
nteraction energy acts as an additional source (Hicken et al. 2007 ;
calzo et al. 2010 ; Taubenberger et al. 2013 ; Noebauer et al. 2016 ;
siao et al. 2020 ; Ashall et al. 2021 ; Lu et al. 2021 ). 
The signature of ejecta–CSM has been observed in some 09dc-like 

Ne Ia. In SN 2012dn, the excess NIR luminosity was interpreted
s due to the presence of CSM dust (Yamanaka et al. 2016 ; Nagao,
aeda & Yamanaka 2017 ). Short-duration pulse-like early excess 

mission in SN 2020hvf (Jiang et al. 2021 ), SN 2021zny (Dimitriadis
t al. 2023 ), and SN 2022ilv (Sri v astav et al. 2023 ) within a few
ours of the supernova explosion was modelled as an interaction of
N ejecta with the CSM close to the progenitor (see also Maeda et al.
023 ). Ho we ver, the absence of narrow emission lines in the spectra
f 09dc-like SNe Ia indicates the CSM to be H/He-poor. 
The origin of CSM is not well understood. Yamanaka et al. ( 2016 )

nd Nagao et al. ( 2017 ) suggest an SD scenario. The merger of two
Ds in the DD scenario gives a high ejecta mass suitable for 09dc-

ike SNe Ia (Hicken et al. 2007 ), and naturally explains the absence
f H/He features. During the disruption, a WD merging with another
D can form a dense envelope of C/O-rich materials. Ho we ver, the

hysics of merging WDs needs to be understood: whether it is able to
xplain SNe Ia (Hoeflich & Khokhlov 1996 ; Fryer et al. 2010 ; Shen
t al. 2012 ; Moll et al. 2014 ; Raskin et al. 2014 ) or whether it will
esult in an accretion-induced collapse (Saio & Nomoto 1985 ). Hsiao
t al. ( 2020 ), Ashall et al. ( 2021 ), and Lu et al. ( 2021 ) suggest a ‘core-
egenerate’ scenario (Kashi & Soker 2011 ), where the explosion 
akes place in a degenerate C/O core enveloped by an AGB star.
o we ver, interaction signatures, e.g. bright X-ray emission, UV late-

ime rebrightening, narrow H/He lines, etc., have not been observed. 
SN 2011aa was found to be the slowest declining Type Ia event,

ith photometric evolution similar to 09dc-like objects. However, 
t was neither o v erluminous nor showed narrow spectral features,
s are seen in 09dc-like objects (Dutta et al. 2022 ). The photometric
roperties of PSN J0910 + 5003 match closely with 09dc-like objects,
hile the spectral lines in PSN J0910 + 5003 are broad, similar to

hose of SN 2011aa (refer to Section 5.4 ). Early velocity evolution
f PSN J0910 + 5003 is also similar to that of SN 2011aa (refer to
ig. 19 ). Dutta et al. ( 2022 ) have shown that events like SN 2011aa
ould be explained by the violent merger of white dwarfs. 

A strong C II feature is seen in the early spectra of PSN
0910 + 5003 and ASASSN-16ex at ∼−10 d. The presence of strong
arbon lines is a characteristic of 09dc-like objects. Though carbon 
s seen in early spectra of a good fraction of normal SNe Ia, it
enerally disappears soon (Parrent et al. 2011 ; Folatelli et al. 2012 ;
ilverman & Filippenko 2012 ). Some 09dc-like objects have shown 
arbon features extending up to the maximum/post-maximum phase, 
.g. SN 2009dc (Taubenberger et al. 2011 ), SN 2012dn (Chakradhari
t 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 (Dimitriadis et al. 2022 ), SN
021zny (Dimitriadis et al. 2023 ), and SN 2022ilv (Sri v astav et al.
MNRAS 521, 5207–5223 (2023) 
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023 ). The C II lines seen around ∼−10 d in PSN J0910 + 5003
nd ASASSN-16ex faded speedily, similarly to SN 2006gz. The
rigin of the carbon is not fully understood. The strong C II lines
n 09dc-like SNe suggest a large amount of unburned material in
he SN ejecta. This supports a model with an extended envelope.
N 2020esm had a nearly pure C/O atmosphere during the first few
ays of the explosion. The large amount of carbon in the envelope is
wept up by the ejecta, giving rise to strong/persistent C II features
Taubenberger et al. 2013 ; Noebauer et al. 2016 ; Dimitriadis et al.
022 ). Maeda et al. ( 2023 ) suggest that the sequence of SN 2020hvf,
012dn, and 2020esm/2009dc could be connected to an increase in
he C/O-rich envelope, resulting in increasing strength of C II and
ecreasing velocity of Si II as found by Ashall et al. ( 2021 ) for a
ample of 09dc-like SNe Ia. 

The presence of carbon may also help in dust formation in these
bjects (Maeda et al. 2023 ). Pre-existing dust or CO/dust formation
ay cause a fast decline in the light curves (Taubenberger et al. 2013 ,

019 ; Chakradhari et al. 2014 ; Yamanaka et al. 2016 ; Nagao et al.
017 ; Hsiao et al. 2020 ). Early fast decline, starting within ∼ 1–3
onths of the B maximum, was seen in SN 2012dn (Chakradhari et al.

014 ; Yamanaka et al. 2016 ; Taubenberger et al. 2019 ), ASASSN-
5pz (Chen et al. 2019 ), and LSQ14fmg (Hsiao et al. 2020 ), while
 fast decline in the late phase was seen in SN 2006gz (Maeda
t al. 2009 ), SN 2009dc (Silverman et al. 2011 ; Taubenberger et al.
013 ), and SN 2020esm (Dimitriadis et al. 2022 ). No signature of
ast decline is seen in the light curves of PSN J0910 + 5003 and
SASSN-16ex until the last available data point ( ∼ 4 months). 
The shell/envelope configuration helps to explain the low ejecta

elocity and slow evolution (Noebauer et al. 2016 ). Most 09dc-like
Ne Ia, e.g. SN 2003fg, 07if, 09dc, 20esm, ASASSN-15pz, 15hy,
ere found to hav e v ery low ejecta v elocities: their v elocities near

he maximum phase are below 10 000 km s −1 , while SNe 2006gz,
2dn, and LSQ14fmg were found to have higher velocities (refer to
ig. 19 ). Both PSN J0910 + 5003 and ASASSN-16ex have velocity
volution similar to SN 2006gz. Along with high-velocity features,
N 2020hvf had a relatively high ejecta velocity. Jiang et al. ( 2021 )
uggest that there could be different origins of 09dc-like SNe with
ifferent velocities. 
All 09dc-like SNe Ia can be placed in the normal velocity (NV)

ubgroup of Wang et al. ( 2009b ). The y hav e a lower gradient in their
elocity evolution, falling into the LVG subgroup of the Benetti et al.
 2005 ) classification scheme. PSN J0910 + 5003 and ASASSN-
6ex both fall in the NV and LVG subgroups. The strength of
i II λ5972, λ6355 lines in 09dc-like SNe Ia is found to be weak.
he relative strength of these lines is temperature-sensitive (Nugent
t al. 1995 ). Hotter ev ents hav e a weaker Si II λ5972 line. At lower
emperatures, Fe II /Co II line blanketing increases the strength of
i II λ5972, while at higher temperatures Fe III /Co III line blanketing
ashes out this feature. 09dc-like SNe are UV blue and bright during

he early/maximum phase, making their photosphere hotter, giving
 weaker Si II λ5972 line. 09dc-like SNe mostly fall in the ‘shallow
ilicon’ (SS) subgroup of the Branch et al. ( 2006 ) classification.
he Si II λ5972, λ6355 lines appear weak in the maximum-phase
pectrum of ASASSN-16ex; hence, spectroscopically, it can be
ategorized in the SS subgroup, while PSN J0910 + 5003 falls near
he boundary of the SS and CN subgroups. The velocity evolution
f SN 2013bz is similar to that of SN 2003du. The Si II λ5972 line
s shallower, falling in the ‘shallow silicon’ (SS) subgroup. It has
 normal velocity (NV) at maximum and a low velocity gradient
LVG) in the post-maximum phase. 

In this work, we have presented detailed photometric and spectro-
copic analyses of three supernovae: SN 2013bz, PSN J0910 + 5003,
NRAS 521, 5207–5223 (2023) 
nd ASASSN-16ex. SN 2013bz is a slow-declining, luminous event
ith photometric/spectral characteristics similar to those of normal
Ne Ia, while most of the photometric/spectroscopic properties of
SNJ 0910 + 5003 and ASASSN-16ex are similar to those of 09dc-

ike SNe Ia. The combined data for these objects allow us to explore
nd compare various astrophysical parameters of normal and peculiar
Ne Ia and help us understand differences in their characteristics.
dding well-studied new members to the family of peculiar SNe Ia
ill enhance our knowledge of these objects and SNe Ia diversity. 
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