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Abstract

We present optical UBVRI photometry and low-to-medium resolution spectroscopic observations of type lax
supernova SN 2020sck spanning —5.5 days to +67 days from maximum light in the B-band. From the photometric
analysis we find Ampg(15) =2.03 £+ 0.05 mag and Mz = —17.81 £ 0.22 mag. Radiation diffusion model fit to the
quasi-bolometric light curve indicates 0.13 = 0.02 M_, of °Ni and 0.34 M_., of ejecta are synthesized in the explosion.
Comparing the observed quasi-bolometric light curve with the angle-averaged bolometric light curve of a three-
dimensional gure deflagration explosion of M, carbon- -oxygen white dwarf, we find agreement with a model in which
0.16 M., of >°Ni and 0.37 M, of ejecta is formed. By comparing the +1.4 days spectrum of SN 2020sck with synthetic
spectrum generated using SYN++, we find absorption features due to C II, C 111, and O L. These are unburned materials
in the explosion and indicate a C—O white dwarf. One-dimensional radiative transfer modeling of the spectra with
TARDIS shows higher density in the ejecta near the photosphere and a steep decrease in the outer layers with an ejecta
composition dominated mostly by C, O, Si, Fe, and Ni. The star-formation rate of the host galaxy computed from the
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luminosity of the Ha (A6563) line is 0.09 M, yr~ ',

indicating a relatively young stellar environment.

Unified Astronomy Thesaurus concepts: Supernovae (1668)

Supporting material: data behind figure

1. Introduction

Thermonuclear supernovae, also known as type la super-
novae (SNe Ia), result from the thermonuclear explosion of
degenerate carbon-oxygen (C-O) white dwarf that accretes
matter from a companion star (Hoyle & Fowler 1960; Wang &
Han 2012; Maeda & Terada 2016). There exists a tight
correlation between luminosity at maximum light and light
curve decline rate for normal SNe Ia, with brighter objects
having broader light curves (Phillips et al. 1999). This points
toward the fact that SNe Ia form a homogeneous class of
objects. But, observations have revealed that there exists
significant diversity that could be due to the progenitor systems
and/or the explosion mechanisms (Maoz et al. 2014;
Taubenberger 2017). One such peculiar subclass of thermo-
nuclear origin is the Iax type (SNe Iax). SN 2002cx was the
first of this kind studied in detail (Li et al. 2003; Jha et al.
2006).

The most important distinguishing feature of SNe lax is their
low expansion velocity of 2000 (SN 2008ha, Foley et al.
2009)-8000 kms~' (SN2012Z, Stritzinger et al. 2014) as
compared to SNe Ia (v~11,000 kms™', Wang et al. 2009;
Foley et al. 2013), measured from the absorption minimum of
the P-Cygni profiles. Their premaximum spectra are similar to
SN 1991T-like objects. The spectra are dominated by ions of
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CI, Ci, and O1, intermediate mass elements (IMEs) like
Mgt Sill, Sill, S11, Call, Scll, and Till, and also Fe-group
elements (IGEs) like Fe 11, Fe 111, Co 11, and Co III. The late time
spectra are dominated with permitted FeIl lines with low
expansion velocities (Jha et al. 2006; Sahu et al. 2008). This
indicates that the inner regions of the ejecta in SNe Iax have a
higher density compared to normal SNe Ia.

SNe Iax tend to be less luminous compared to SNe Ia
(~—19.3 mag). The peak optical luminosity spans a wide range
from My = —18.4 mag (Narayan et al. 2011) to M, = —13.8
mag (Srivastav et al. 2020). The /-band light curve does not
show the secondary maximum, typically seen in SNe la caused
either due to higher ionization of the absorption lines of Fe and
Co (Kasen 2006) or strong mixing in the ejecta, which reduces
the Fe-peak elements in the central region (Blinnikov et al.
2006). The (B—V), (V—R), and (V —1I) color curves show
significant scatter, which can be related to host galaxy
reddening or intrinsic to the SN itself (Foley et al. 2013).

Several progenitor systems and their variants have been
proposed to understand the nature of the explosion of SNe Ia.
Among them, the single-degenerate (SD; Whelan & Iben 1973;
Nomoto 1982a, 1982b; Nomoto & Leung 2018) and the
double-degenerate (DD, Iben & Tutukov 1984; Webbink 1984;
Tanikawa et al. 2018, 2019) scenarios can explain a range of
observed properties of SNe Ia. The WD accretes matter from a
non-degenerate companion star (main-sequence, red-giant, He
star) for the SD scenario. In the DD case, the explosion occurs
when two white dwarfs merge. Another possible progenitor
scenario is core-degenerate (CD; Sparks & Stecher 1974;
Soker 2015), which is a result of the merger of a white dwarf
with an asymptotic giant branch (AGB) star.
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There have been a few studies to understand the progenitors of
SNe Iax. A blue progenitor was detected for SN 2012Z in deep
pre-explosion Hubble Space Telescope (HST) images (McCully
et al. 2014, 2021). The colors and luminosity indicated the
progenitor to be a white dwarf accreting matter from a helium
star. In the case of SN 2004cs and SN 2007J, Hel emission
feature was detected in their post-maximum spectrum (Foley
et al. 2009, 2013), which was explained as being due to a C-O
white dwarf accreting matter from a He-donor, or as a result of
interaction with circumstellar material (Foley et al. 2009).
However, in the case of SN2007J, the large helium content
(~0.01 M) challenges the helium shell accretion scenario on a
M., white dwarf (Magee et al. 2019). A source consistent with the
position of SN 2008ha was detected in the post-explosion HST
image, which could be the progenitor white dwarf remnant after
the explosion, or the companion star. This source is redder than
the progenitor of SN2012Z (Foley et al. 2014). Valenti et al.
(2009) proposed weak explosions due to the core collapse of
massive stars such as Wolf—Rayet stars as the progenitor of
SN 2008ha. These stars, due to their high mass-loss rate, are
hydrogen deficient. Most massive star progenitor scenarios were
rejected as progenitors for SN 2008 ge from the star formation rate
of the host galaxy (Foley et al. 2010b). Using pre-explosion HST
images for SN 2014dt, Foley et al. 2015 ruled out red giant or
horizontal branch stars (M, =8 M) and massive main-
sequence stars (Minyia1 => 16 M) as progenitors. SN 2014dt
shows mid-IR flux excess consistent with emission from newly
formed dust. The derived mass-loss rate is consistent with either a
red-giant or an AGB star (Fox et al. 2016).

There is a range of explosion models proposed to explain the
observed diversity of SNe Ia. The one-dimensional (1D) subsonic
carbon deflagration in a Chandrasekhar mass (My,) C—O white
dwarf (Nomoto et al. 1984) produces sufficient amount of 3N (0.5
—0.6 M) and IMEs to explain a range of normal SNe Ia. However,
studies show that the deflagration turns into a supersonic detonation
at a transition density (Khokhlov et al. 1993; Hoeflich et al. 1995;
Hoeflich & Khokhlov 1996; Hoflich et al. 2002; Seitenzahl et al.
2013; Sim et al. 2013). By varying the transition density, a wide
range of *°Ni mass can be produced. These are called deflagration-
to-detonation transition (DDT). These models can reproduce the
observed luminosity in normal and subluminous Ia and also the
abundance stratification (Stehle et al. 2005) of the elements in the
ejecta. Another variation of the standard detonation is the
pulsational-delayed detonation (Hoeflich et al. 1995; Hoeflich &
Khokhlov 1996; Dessart et al. 2014), in which deflagration causes
expansion of the white dwarf followed by the infall of the
expanding matter and hence compression of the white dwarf. This
compression leads to a detonation at some particular density. It
allows for more unburnt material in the ejecta. The widely favored
model is the My explosion of C-O white dwarf (Han &
Podsiadlowski 2004). However, sub-Chandrasekhar mass detona-
tion models can also reproduce a range of the observed properties
of SNe Ia (Kromer et al. 2010; Sim et al. 2012; Shen et al. 2018).

For SNe Iax, the lower line velocities suggest that the
explosion energies must be lower. The explosion produces less
amount of ejecta as compared to SNe Ia and leaves behind a
bound remnant (Kawabata et al. 2021). The abundance
distribution in the ejecta is mixed (Li et al. 2003; Branch et al.
2004). These features can be explained by pure deflagration of
M., C-O white dwarf of varying strengths (Kromer et al. 2013;
Fink et al. 2014). These models can produce a range of >°Ni mass
and hence the luminosity observed in bright and intermediate
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Table 1
Parameters of SN 2020sck and its Host Galaxy

Parameters Value Ref.

SN 2020sck/ZTF20abwrcmg:

R.A. (J2000) o =01"10"34:84 2

Decl. (J2000) § = 4+02°06'50" 15 2

Discovery Date 2020 August 25 10:03 UT 2
(JD 2,459,086.92)

Last non-detection 2020 August 25 09:07 UT 2
(JD 2,459,086.88)

Date of explosion 2020-08-20 21:15 UT 1
2, 459, 082.397137

Date of B-band Maxima 2020 September 06 08:09 UT 1

(JD 2,459,098.84 + 0.30)
2.03 + 0.05 mag
E(B — V) =0.0256 + 0.0014 mag
EB — V) =0.00 mag
My = 0.13%06 M.,
M. = 034509 M,
Ex = 0.05502" % 10°! ergs™

Amys5(B)

Galaxy reddening
Host reddening
5Ni mass
Ejected mass

—_ e = Q)

Kinetic energy

Host galaxy:

Name 2MASX J0110349740206508
Type H-II galaxy

RA (J2000) a=01"10m34599

DEC (J2000) 6 = +02°06'51748
Redshift z=0.016 = 0.00010

Distance modulus 1 =34.24 + 0.22 mag
12 + log(3) 8.54 £ 0.05 dex

SFR 0.09 M, yr!

s TV, T U SO SO Ny

Note. (1) This paper; (2) Fremling (2020); Prentice et al. (2020); (3) Schlafly &
Finkbeiner (2011); (4) Skrutskie et al. (2006); (5) http://leda.univ-lyon1.fr/.

luminosity SNe Iax. For the fainter SNe Iax, like SN 2008ha,
pure deflagration in M., carbon-oxygen-neon (C—O-Ne) white
dwarfs has been proposed (Kromer et al. 2015).

SNe Iax show signatures of unburned carbon/oxygen in their
spectra. These are essential in understanding the explosion
models. Three-dimensional deflagration will produce unburned
material in the inner parts of the ejecta near the center. A
detonation will burn the materials in the inner regions and leave
unburned material at lower density outer regions (Gamezo et al.
2003). The velocity of the unburned layers can constrain the
models. The presence of C-O indicates the nature of the
progenitor—carbon-oxygen (C—O) white dwarfs (Phillips et al.
2007) or carbon-oxygen-neon white dwarfs (Kromer et al. 2015)
for the lower luminous subclass of SNe Iax.

The observed diversity and the possibility of a diverse class of
progenitors make it important to study SNe Iax. The study of a
recent SN Iax, SN 2020csk is presented in this work. SN 2020sck
was discovered by Fremling (2020) on 2020 August 25, 10:03
UT (JD =2,459,086.92) with a magnitude of 19.7 mag in ZTF-r
filter. The last non-detection was reported on 2020 August 25
09:07 UT with a limiting magnitude of 20.63 mag in the same
filter. The object was classified as a SN Iax by Prentice et al.
(2020) based on a spectrum obtained on 2020 August 30, 03:43
UT (JD=2459091.66) by the Liverpool Telescope. The
important parameters of SN 2020sck and its host galaxy are
presented in Table 1.

The details of the observations are presented in Section 2.
Section 3 and Section 4 present the analysis of light curve and
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Figure 1. The field of SN 2020sck. This is a ~7 x 7 arcmin® image in B-band
(300 s exposure) taken with HCT on 2020 September 11. The stars circled in
blue are the secondary standards used for calibration purpose. The SN is
marked with crosshairs.

spectral evolution. Spectral modeling of SN 2020sck with SYN
++ and TARDIS is presented in Section 5. In Section 6 we
discuss the host galaxy and its properties. Possible explosion
models are discussed in Section 7. Finally, we summarize our
results in Section 8.

2. Observations and Data Reductions
2.1. Optical Photometry

Imaging of SN 2020sck in Bessell’s UBVRI bands was
carried out with the Himalayan Faint  Object
Spectrograph Camera (HFOSC) mounted on the 2.0m
Himalayan Chandra Telescope located at the Indian Astro-
nomical Observatory (IAO) at Hanle, India® (Figure 1).
Photometric observations with HCT started on 2020 August
31, at 5.4 days before B-band maximum and continued until
2020 November 13. A set of local standard stars in the SN field
was calibrated using Landolt standards PG 1633+099 and
PG 0231+051 observed on 2020 September 01, PG 23314055
and PG 2213-006 observed on 2020 September 07, PG 2331
4055 observed on 2020 September 24, PG 02314051
observed on 20 September 27 and PG 2213-006 observed on
2020 October 25. The UBVRI magnitudes of the local standard
stars are listed in Table 8. To obtain the SN magnitudes,
template subtraction has been performed. Deep stacked images
of the SN field was observed on 2021 July 16 under good
seeing conditions after the SN has faded beyond the detection
limit. Details of the data reduction can be found in Dutta et al.

(2021).

SN 2020sck was followed up in SDSS-r/-filter with the
0.7 m fully robotic GROWTH-India Telescope (GIT)” at IAO,
equipped with a 2148 x 1472 pixels Apogee Camera. The

8 https: //www.iiap.res.in/?2q=telescope_iao

° Global Relay of Observatories Watching Transients Happen (https://www.
growth.caltech.edu/), (https://sites.google.com/view /growthindia/).
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Figure 2. UBVRI, ZTE-g, ZTF-r, and GIT-r'-band light curves of SN 2020sck.
Also plotted are the g, r, and i-band magnitudes obtained from DOT. The phase
is measured with respect to the B-band maximum. The light curves in
individual bands have been shifted for representation purpose. The UBVRI
band magnitudes are in the Vega system, while the ZTF-g, ZTF-r, GIT-r/,
DOT-g, DOT-r, and DOT-i-band magnitudes are in the AB system. The HCT,
GIT, and DOT photometric data are available as data behind the Figure.

(The data used to create this figure are available.)

observations began on 2020 September 07 and continued until
2020 November 23. GIT can be used in both targeted and
tiled modes of operation. We used the targeted mode of
operation and obtained 300 s exposure images. PanSTARRS
image of the field in r-filter was used as the reference image for
host galaxy subtraction and the photometric zero-points were
calculated using the PanSTARRS catalog (Flewelling 2018).
We used PYZOGY, which is based on ZOGY algorithm
(Zackay et al. 2016) to perform the image subtraction. Finally,
the PSF model generated by PSFex (Bertin 2011) for the GIT
image was used for photometry of the SN. The SN magnitudes
in Bessell UBVRI and SDSS-r' are available as data behind
Figure 2.

Late phase observations of SN 2020sck was carried out
with the ARIES-Devasthal Faint Object Spectrograph and
Camera mounted on the axial port of the 3.6 m Devasthal
Optical Telescope (DOT; Omar et al. 2019). Imaging in
SDSS-g, r, and i bands was performed on 2021 January 11.
The data has been reduced in the standard manner as for
HFOSC. To obtain the SN magnitudes, template subtraction
has been performed with SDSS images in g, r, and i bands.
The SN magnitudes were calibrated using photometric zero-
points calculated using the SDSS catalog (Ahumada et al.
2020). The magnitudes obtained with DOT are available as
data behind Figure 2.

SN 2020sck was also observed with the Zwicky Transient
Facility (ZTF, Bellm et al. 2019). The photometric data in g
and r bands was collected from the public archive.'”

10 https://alerce.online/
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Table 2

Photometric Parameters of SN 2020sck
Filter )\eff(A) JD (Max) mx Amys(N) My Colors at B max
U 3663.6 2,459,096.84 + 0.57 16.03 + 0.06 2.17 £ 0.06 —18.33 £0.23
B 4363.2 2,459,098.84 + 0.30 16.53 + 0.02 2.03 +0.05 —17.81 £0.22 (U — B)y=—0.35+0.02
Vv 5445.8 2,459,100.84 + 0.26 16.41 +0.02 0.80 + 0.03 —17.91 £0.22 (B—V)o=-0.08 £0.03
R 6414.2 2,459,101.57 £ 0.48 16.39 + 0.01 0.42 +0.02 —17.93 £0.22 (V—R)y=—0.01 £0.01
I 7978.8 2,459,103.58 £+ 1.40 16.37 + 0.02 0.27 +0.02 —17.91 £0.22 (R —Dy=—0.02+0.01
ZTF — g 4722.7 2,459,099.14 £+ 0.34 16.27 + 0.03 1.54 £ 0.04 —18.07 £0.22
ZTF —r 6339.6 2,459,100.28 £+ 0.76 16.34 £+ 0.03 0.49 +0.03 —17.96 +£0.22

2.2. Optical Spectroscopy

Spectroscopic monitoring of SN 2020sck with HCT started
on 2020 October 31 (JD =2459093.31) and continued until
2020 October 03 (JD = 2459126.34). Low—medium-resolution
spectra were obtained using grisms Gr7 (3500-7800 A) and
Gr8 (5200-9100 A) available with HFOSC. The log of
spectroscopic observations is provided in Table 9. The spectra
have been corrected for a redshift of z=0.016. Telluric
features have been removed from the spectra. The data
reduction was performed using the procedure described in
Dutta et al. 2021.

2.3. Extinction and Distance Modulus

The reddening due to the SN host galaxy for SNe Ia can be
estimated from the (B — V') color evolution of the SN during 30-
90 days since the B-band maximum (Phillips et al. 1999).
However, this relation may not strictly hold for SNe Iax, due to
the scatter in the evolution (Foley et al. 2013). The reddening
within the host galaxy can also be estimated by the detection of
interstellar Na I D line (Turatto et al. 2003; Poznanski et al. 2012).
We do not detect the NaI D line in our low-resolution spectra.
Therefore, assuming zero host galaxy extinction, we correct the
data only for the Galactic reddening of E(B — V)=0.0256
(Schlafly & Finkbeiner 2011) with Ry = 3.1 (Fitzpatrick 1999).
From the prominent hydrogen emission lines in the spectra of
SN 2020sck, we estimate a redshift of z=0.016 for the host
galaxy. Using a distance modulus of ;= 34.24 +0.22 mag''
derived from the Virgo infall assuming Hy=70kms ' Mpc
(Makarov et al. 2014), we find the absolute magnitude Mp to be
—17.81 £0.22 mag.

3. Light Curve
3.1. Light Curve Analysis

The light curves of SN 2020sck in the U, B, g, V, r, R, and |
bands are shown in Figure 2. SN 2020sck was followed from
—5.38 days to+ 67.11days since the B-band maximum in
UBVRI bands and —13.36 days to + 95.42 days since the r-
band maximum in ZTF-g and ZTF-r bands. We fit the UBVRI,
ZTF-g, and ZTF-r bands with Gaussian process regression
(Rasmussen & Williams 2006) using the Gaussian_pro-
cess package in scikit-learn (Pedregosa et al. 2011)
and find the epoch of maximum magnitude and the associated
errors in each band. Table 2 lists the important photometric
parameters of SN 2020sck. SN 2020sck reached its peak B-
band magnitude of 16.53 £ 0.02 mag at JD 2,459,098.84. The
maximum in U-band occurred at —2.0 days and that in V, R,
and [ bands at +2 days, + 2.8, and +4.7 days, respectively

1 http://leda.univ-lyon1.fr/

since the B-band maximum. This indicates that the ejecta is
cooling with time and follows a simple thermal model. The
delay in V-band with respect to the B-band maximum is similar
to that seen in SN 2002cx and SN 2005hk. The R and / bands
show no secondary maximum as are seen for SNe la. In
Figure 3 the light curves of SN 2020sck in UBVRI have been
compared with other SNe Iax. SN 2020sck has a decline rate of
Am;5(B)=2.03 +0.05 mag in B-band, which is faster than
bright SNe Iax like SN 2002cx and SN 2005hk and slower than
some of the low Iluminosity objects like SN 2008ha,
SN 2010ae, SN 2019muj. SN 2020sck shows a decline rate in
V-band (Am5(V)=0.80 mag) similar to SN 2002cx and
SN2012Z. The redder bands show slower decline
(Amys5(R) = 0.42 mag, Am;5(I) =0.27 mag).

Figure 4 shows the comparison of ZTF-g and ZTF-r band
light curves of SN 2020sck along with other SNe Iax in similar
filters. The decline rate in g-band (Am,s5(g) =1.54 mag) is
similar to SN 2010ae and SN 2014ck. SN 2020sck has the
slowest decline in r-band with a m,5(r) = 0.49 = 0.03 mag. The
decline rate for SN 2005hk and SN2012Z in r-band are
0.70 mag and 0.66 mag respectively. For the fainter SNe Iax,
the decline rate in r band is faster. Table 3 provides the
observed properties of the other SNe Iax used for comparison.

The light curve decline rate of SN 2020sck is similar to the
lower luminosity SNe Iax in the blue bands, while it is similar
to the brighter objects in the red bands. The (U — B), (B — V),
(V—R), (R—1), and (g — r) color evolutions of SN 2020sck
are plotted in Figures 5 and 6 and compared with other SNe
Iax. The overall trend of the color evolution of SN 2020sck is
similar to other well-studied SN Iax events. The (U — B) color
evolution is similar to SN 2005hk and SN 2011ay. The (B — V)
color is bluer near maximum in B-band (—0.08 4+ 0.03 mag)
and follows the same trend as other SNe Iax in the later phase.
In comparison, the (B — V) color at B-max is 0.04 mag for
SN 2002cx and —0.03 mag for SN 2005hk. The (V — R) color
is also bluer than the comparison SNe. The (R — 1) and (g — r)
color evolution is similar to SN 2005hk.

3.2. Estimation of Time of First Light

During the early times of the explosion, the luminosity is
proportional to the surface area of an expanding fireball and
hence increases as tz, where ¢ is the time since the explosion.
This assumes that the photospheric velocity and temperature do
not change significantly during this phase (Riess et al. 1999).
SN 2020sck was monitored with ZTF soon after its discovery
(~JD2,459,086) in g and r bands. This allows us to place a
constraint on the time of first light. We fit the early g-band data
of ZTF with a power law of the form

F@) =A@ —10)", ey
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Figure 3. UBVRI-band light curves of SN 2020sck plotted along with other SNe Iax. The phase is measured with respect to the B-band maximum. The light curves
have been shifted to match with their respective peak magnitudes. The Am,s(B) of each SN are quoted in parentheses.

where A is a normalization constant, #; is the time of first light
and n is the power-law index. For the “fireball model” the value
of n is 2. The variation from this value hints toward the
distribution of °Ni in the ejecta, with a lower index pointing
toward higher degrees of mixing (Firth et al. 2015). The value
of n varies from ~1.5 to ~3.5. In the fit, we kept n as a free
parameter. We aimed to fit the g-band flux with a starting value
of 19 =2,459,086 from the non-detection. However, from the
fit, we get an unrealistic value of n =0.39. Next, we kept the
starting value of 7, between 2,459,080 and 2,459,087 and from
the fit we obtain an explosion date of 2020 August 20 21:15
UT (JD =2,459,082.397137) and an exponent(n) of 1.797333.
We use JD 2,459,082.4 as the explosion date throughout the
work. The power-law fit is shown in Figure 7. From the fit, we
estimate the rise time to the maximum in g-band as 16.75 days
and in r-band as 17.89 days. The rise time for SN 2020sck is
similar to SN 2002cx-like objects, for which the rise time is
~15.0 days. The rise times for SN 2005hk (Phillips et al. 2007)
and SN 2015H (Magee et al. 2016) are 15.0 days and 15.9 days

(r-band) respectively. While SN 2008ha (Foley et al. 2009),
SN 2012Z (Yamanaka et al. 2015), and SN 2019muj (Barna
et al. 2021) have lower rise times of 10, 12.0, and 9.6 days
respectively, the rise time for SN 2009ku (Narayan et al. 2011)
is 18.2 days, close to that for SNe Ia (~19.0 days).

3.3. Estimation of Nickel Mass

The bolometric light curve has been calculated using the U,
B, V, R, and I-band magnitudes. The apparent magnitudes were
corrected for the Milky Way reddening of E(B — V) = 0.0256
and Ry =3.1.The reddening corrected magnitudes were
converted into flux units using zero-points from Bessell et al.
(1998). A third-order spline curve was fit to the spectral energy
distribution (SED) and the area under the curve was calculated
using trapezoidal rule integrating from 3000to 9500 A. For
SNe Iax, due to the scatter in the light curve evolution, a well-
defined correction factor in UV and IR does not exist.
However, some SNe have been possible to observe in UV to
IR wavelength range. For SN 2005hk, Phillips et al. (2007)
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Figure 4. ZTF-g and ZTF-r light curves of SN 2020sck plotted along with other SNe Iax in similar filters. The phase is measured with respect to the g-band maximum.
The light curves have been shifted to match with their respective peak magnitudes. The Am;s(g) of each SN are quoted in parentheses. The light curve data for

SN 2020sck has been obtained from https://alerce.online/object/ZTF20abwrcmg.

Table 3
Properties of the Comparison Sample

SN Mg My Amys(B) Amys(V) Amys(g) Amys(r) 12 + log (%) Reference
(Name) (mag) (mag) (mag) (mag) (mag) (mag) (dex)

SN 2002cx —17.53 +0.26 —17.49 +0.22 1.70 + 0.1 0.73 1,2
SN 2005hk —18.02 £0.32 —18.08 £ 0.29 1.68 =+ 0.05 0.92 1.36 £ 0.01 0.70 2,3
SN 2008 ha —13.74 £ 0.15 —1421 +£0.15 2.17 £ 0.02 1.29 1.80 + 0.03 1.11 8.16 £ 0.15 4
SN 2009ku —184 0.59 5
SN 2010ae —13.44 +0.54 —13.80 243 +£0.11 1.15 1.51 £ 0.05 1.01 8.40 +0.18 6
SN 2011ay —18.15+£0.17 —18.39 +0.18 1.11 £0.16 0.95 7
SN 2012Z —17.61 —18.04 1.57 £0.07 0.89 1.30 £ 0.01 0.66 8.51 +0.31 8
PS1-12bwh 1.35 + 0.09 0.60 8.87 +0.19 9
SN 2014ck —17.37£0.15 —17.29 £0.15 1.76 £ 0.15 0.88 1.59 +£0.1 0.58 11
SN 2014dt —18.13 £0.04 —18.33 £0.02 1.35 + 0.06 12
SN 2014¢k —17.32+£0.23 —17.66 £ 0.20 1.54 £0.17 0.90 13
SN 2015H 0.69 14
SN 2019gsc 0.91 8.10 + 0.06 15
SN 2019muj —16.36 £ 0.06 —16.42 £ 0.0 2.4 1.2 2.0 1.0 16

References: (1) Li et al. (2003); (2) Phillips et al. (2007); (3) Sahu et al. (2008); (4) Foley et al. (2009); (5) Narayan et al. (2011); (6) Stritzinger et al. (2014); (7) Szalai
et al. (2015); (8) Yamanaka et al. (2015); (9) Magee et al. (2017); (10) Liu et al. (2015); (11) Tomasella et al. (2016); (12) Singh et al. (2018); (13) Li et al. (2018); (14)

Magee et al. (2016); (15) Srivastav et al. (2020); (16) Barna et al. (2021).

have ignored the NIR flux contribution to the UVOIR
bolometric light curve during the early phase and have used
about ~20% contribution to the flux in UV before maximum.
For SN 2012Z, Yamanaka et al. (2015) have shown that the
ratio of the flux in IR to the combined flux in optical and IR
increases from 0.15 to 0.3 from around 8-25 days since the
explosion. However, the evolution is significantly different
from that found in SN Ia. For SN 2014ck, Tomasella et al.
(2016) have assumed a 10% contribution to the UV flux at
maximum. SN 2014dt showed a significant increase in NIR and
mid-IR flux from about 100 days post-maximum in B-band

(Fox et al. 2016). For SN 2019gsc, Tomasella et al. (2020)
found that the peak gri bolometric luminosity is 53% of the
peak OIR bolometric luminosity. To find the missing flux in
UV and IR, a blackbody fit to the SED has been performed and
added to the optical flux. This approach does not take into
account the line-blanketing effects in the UV range and
assumes that there is a contribution of UV and IR flux
throughout the evolution of the bolometric light curve. The
total flux thus obtained has been converted to luminosity
assuming a distance modulus of p =34.24 mag. The quasi-
bolometric light curve is shown in Figure 8. We model the
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quasi-bolometric light curve as Gaussian process using the
Gaussian_process package in Scikit-learn and
estimate the peak Iluminosity for SN?2020sck to be
L = (3.41 + 0.25) x 10" erg s™'. The peak lumin-
osity for the blackbody bolometric light curve is
Ly = (5.51 £ 0.54) x 10* erg s'. The peak quasi-bolo-
metric luminosity is 62% of the peak blackbody bolometric
luminosity (Lop/ Lgg). For SN2019gsc, Lo/ Lgg is 69 %
using a similar approach (Srivastav et al. 2020).
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To estimate the amount of nickel synthesized in the
explosion, we fit the bolometric light curves with a modified
radiation diffusion model (Arnett 1982; Valenti et al. 2008;
Chatzopoulos et al. 2012). The modified model takes into
account the diffusion of radioactive decay energy from “°Ni
and *°Co and also the gamma-ray leakage from the ejecta. The
output luminosity is expressed as:

L(t) = Myie ™ [(eni — fCo)f 2ze%° 72 dz
0

X )2
oo [ 2 2 - (1)), @
0

where x =t/ t is the time since explosion (days) and #. is the
light curve timescale (days). y = fi./(2#n;) with #y; = 8.8 days,
s = [fi(tco —lNi)/(zlcotNi)] with tc,=111.3 days. My; is the
initial Ni mass and ¢, is the gamma-ray timescale (days). Large
t, means all the gamma rays and positrons are trapped.
eni=3.9x 10"%rgs ' g7 and eco = 6.8 x 10%rgs ' g~ are
the energy generation rates due to the decay of Ni and Co
respectively. The fit parameters of the model are 7..,—the epoch
of explosion, My;—the initial 5°Ni mass produced, #.—the
light curve timescale and z,—the gamma-ray leaking timescale.
We can obtain the ejecta mass (M.;) and kinetic energy (Ex)

using the relations:

C
M = 0.5%vexp 12 3)

EK = 0.3Mejvgxp . (4)

Here, 3=13.8 is a constant of integration. c¢ is the speed of
light. vy, is the expansion velocity of the ejecta.

To fit the model and find the model parmeters that best
describe our quasi-bolometric light curve, we sampled the
posterior disribution and maximized the posterior by maximiz-
ing the product of the likelihood and the prior. The likelihood
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Figure 8. The quasi-bolometric light curve of SN 2020sck fitted with 1D
radiation diffusion model. Also plotted are the angle-averaged bolometric light
curve from the three-dimensional pure deflagration models of M., WD (Fink
et al. 2014). The models have been obtained from the Heidelberg Supernova
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function is

2
Log likelihood = —%Z(M) . 5)
i yerr

Here, ymode and y; are the model luminosity and the measured
luminosity respectively. ye, is the error in the measured
luminosity. The sum runs over all the data points. We used flat
or uniform prior for the model parameters—0 < My; < 1.4 M,
fic > 0 days, ¢, > 0 days, and 2,459,082 < f.,p, < 2,459,090. We
used the emcee package in python to find the posterior
distribution of the model parameters (Foreman-Mackey et al.
2013). Figure 9 shows the one- and two-dimensional projections
of the posterior distribution of the fit parameters.

The fit to the quasi-bolometric light curve gives fe, =
2,459,084.96 7138, My; =0.137007 M., 1, =10.75733 days,
and t,= 35.02f§j37 days. Using a constant optical opacity
Fopt = 0.1 cm2g7 for a Fe dominated ejecta (Pinto &
Eastman 2000; Szalai et al. 2015; Srivastav et al. 2020) and
an expansion velocity vex, = 5000 km s~! derived from the
SYN++ fitting of the near maximum spectrum, we get Mg =
0.3470% M., and a kinetic energy of explosion Eijpeic =
0.057091 x 109! erg. If we assume explosion of a M, white
dwarf, the bound remnant mass is 1.06 M. The fit to the
blackbody bolometric light curve gives My; = 0.1733} M.

The quasi-bolometric light curve of SN 2020sck has been
compared with angle-averaged bolometric light curve from
three-dimensional pure deflagrations of M, carbon-oxygen
white dwarfs. In these models, no delayed detonations occur to
completely unbind the white dwarf and thus a bound remnant is
left behind (Fink et al. 2014). The explosion is parametrized by
multiple spherical ignition spots that burn simultaneously. This
allows exploring a wide range of explosion strengths. The
models N1, N3, N5, N10, and N20 correspond to 1, 3, 5, 10,
and 20 ignition spots, respectively, placed randomly around the
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center of the white dwarf. The energy released in the explosion
and the luminosity increases with an increasing number of
spots. As the number of ignition spots increases, more matter is
burnt and hence leads to higher expansion velocity of the
ejecta. The model N5-def with Am,s(B)=1.69 mag and
Mg* = —17.85 mag matches closely with SN 2020sck, which
has a Am;s5(B)=2.03 mag and Mg™ = —17.81 mag. In the
N5-def model, the mass of “°Ni is 0.16 M, , the ejecta mass is
0.372 M., the mass of the bound remnant is 1.03 M. These
values match closely with that estimated for SN 2020sck from
the quasi-bolometric light curve fit with the radiation diffusion
model. The kinetic energy estimated by the N5-def model is
0.135 x 10°" erg, the radiation diffusion model gives an
estimate of 0.05 x 10°" erg. The models with lesser number
of ignition points (1, 3, 5) evolve in an asymmetric way
compared to models with larger number of ingition kernels
(150, 300 etc). So, moderate viewing angle dependence is
possible in these deflagration models (Fink et al. 2014). The
lower kinetic energy estimated by the radiation diffusion model
can be explained if we assume that the explosion is similar to
N5-def but with a lower line-of-sight velocity.

4. Spectral Analysis
4.1. Spectral Evolution

The spectroscopic evolution of SN 2020sck is shown in
Figure 10. The line identification has been done by comparing
with SN 2002cx (Branch et al. 2004) and SN 2005hk (Sahu
et al. 2008) around similar phases, and also with the spectrum
synthesis code SYN++ (Thomas et al. 2011). The spectra in the
pre-maximum phase show a blue continuum and presence of
absorption features due to Felll (\4420, 5075, 5156), Fell
(A\4924), and Si Il (M4568), a weak absorption feature of Co Il
(AM161) around ~4000A, ST (A5449, 5623), and an
asymmetric weak absorption feature at ~6200 A due to Sill
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Figure 10. Spectral evolution of SN 2020sck from —5.5 to +27.5 day since the B-band maximum. The spectra are dereddened and redshift corrected. The telluric
features have been removed. Spectra have been smoothed for visual clarity. A detailed spectral line identification is shown in Figure 11.

(A6355). We compare the spectra of SN 2020sck in the pre-
maximum phase with other SNe Iax in panel (a) of Figure 11.
All the SNe except SN 2014ck show a blue continuum. The
lines due to Felll (~4420A) and Felll (~5156A) are
prominent in all the SNe with varying optical depth. The
—5.4 days spectrum of SN 2020sck is similar to SN 2005hk
and SN 2019muj. The weak IME features seen in SN 2020sck
is possibly due to lower density and lesser optical depth in the

outer regions, which allows us to probe the hotter inner regions
of the ejecta. The presence of higher ionization states of IMEs
(Sim) and IGEs (FeIll) also indicates a hot photosphere.
SN 2014ck shows deeper SiIl (A6355) and S 11 features. This is
because of the lower luminosity and lower photospheric
temperature. Prominent CII (A6580) absorption feature is
present in the spectrum of SN 2014ck and SN 2019muj in the
pre-maximum phase. But for SN 2020sck, CII feature is not
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Figure 11. Comparison of the spectra of SN 2020sck with other SNe Iax around similar phase. The dashed vertical lines show the position of the absorption minima of

the ions for SN 2020sck. All the spectra have been smoothed for visual clarity.

seen to be developed. This hints toward the fact that the outer
layers of the ejecta has lesser C in SN 2020sck.

Around maximum the absorption features of Sill (A6355)
and STI (\5449, 5623) become prominent. Call H & K (A
3934, 3968) and Call NIR triplet (A\8498) are seen to be
developing. A O1 (A\7775) feature is prominently visible. C 11
(A6580) and CIII (M647) absorption features can be seen in
the spectrum taken at +1.4 days. A C1I (A6580) feature begins
to appear around maximum with a pseudoequivalent width

10

(pEW) of 5.25 4+ 1.05 Aat+14 days. This feature is present in
our spectrum until +10.4 days. Appearance of C in the near-
maximum phase implies that the C layer is mixed in the ejecta.
Comparing with other SNe Iax, it is seen that SN 2014ck and
SN 2019muj also show prominent C1I (A6580) feature with
PEW of 4 A and 12 A respectively. In the near-maximum
phase, the spectrum is similar to SN 2019muj. The line profiles
indicate lower velocities in SN 2020sck in comparison with
SN 2005hk and SN 2012Z. The comparison of SN 2020sck
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Table 4
SYN++ Fit to the Pre-maximum Spectrum of SN 2020sck
Phase™: + 1.4 days Vphot: 5000 km s~! Tgg: 10500 K
Parameters cn CI O Ipy O Ipr Nal Silt Si 1 S Call Sc11 Fen Fe 11 Coll
log (tau) —15 —1.4 -1.0 —1.2 —1.8 —1.1 —1.1 —-1.2 —0.1 -1.5 -0.9 —-0.9 —-0.9
Vimin ( X 10° kms™) 5.0 5.0 5.0 11.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Vimax ( X 10° km s~ 7.0 8.0 15.0 15.0 10.0 12.0 7.0 7.0 8.0 7.0 7.0 8.0 7.0
aux ( x 10° kms™") 9.0 3.0 45 3.0 5.0 2.5 5.0 5.0 4.0 2.5 5.0 4.0 5.0
Texe ( x 10° K) 15 15 10 10 10 7 13 5 5 15 10 10 10

Notes. “Time since B-band maximum (JD 2,459,098.84). Vphot the photospheric velocity (km s7h). Tgp: the blackbody continuum temperature (K).

with other SNe Iax around maximum is shown in panel (b) of
Figure 11.

Post-maximum, the Sill (A6355) gets weakened and Fell
lines dominate (panel (c) of Figure 11). The opacity of the Fe Il
lines decrease, or Felll evolves to Fell due to decrease in
temperature. NaI D absorption line can be seen to have
developed. By ~2 weeks, Ca1l NIR triplet absorption feature
gets stronger. At around +23 days post-maximum, lines due to
CrlI (~4600 A), Fe 11 (~5200 A), ColI (~5900, 6500 A), and
Fell (~6100, 7000 A) can be clearly identified. In the post-
maximum phase ( ~ + 10.5 days), the spectrum of SN 2020sck
has more similarity with SN 2005hk. While SN 2019muj shows
features due to Fe I and Co II beyond 6500 A, those are absent
in SN2020sck. This indicates that SN 2020sck has higher
temperature than SN 2019muj in this phase.

The velocity evolution provides clues to the distribution of
the elements in the ejecta and hence the explosion physics. The
velocity of the spectral lines of SN 2020sck has been measured
by fitting a Gaussian function to the absorption minimum of the
corresponding lines. In the pre-maximum phase we fit Gaussian
functions to Fe Il (A\4420), FeIll (A\5156), and Sill (A6355).
We find the velocity of Sill to be 5712 +200 kms ™" and that
of Felll (\420) and FeIIl (\5156) to be 6610 + 180 km s~ '
and 6649 +200km s ' respectively. The Fe lines have
velocities ~800 kms~' higher than those of SiIl. For
SN 2007qd (McClelland et al. 2010) and SN 2014ck (Toma-
sella et al. 2016), the Fe lines are 800 and 1000 km s7! higher
than Sill respectively. This trend has been also seen for other
SNe Iax—Iike SN 2005hk (Phillips et al. 2007) and SN 2010ae
(Stritzinger et al. 2014). This observation implies that fully
burned materials are present in all the layers in the ejecta and
that it supports an explosion mechanism that produces
extensive mixing (Phillips et al. 2007). Around maximum,
the velocity of Sill, C1I (A6580), and Call (A3945) are 5185
kms™', 5211 kms™', and 5308 km s~ respectively. However,
the velocity of Felll (A5156) is 5558 £170 km s~ '. The
velocity of Felll (A4420) cannot be measured, as it gets
blended with other lines around the maximum. To understand
the density profile and distribution of elements in the ejecta, we
compare the observed spectrum of SN 2020sck with synthetic
spectrum generated using SYN++ and TARDIS.

5. Spectral Modeling

The line velocities for SNe lax are low and hence the spectral
features post-maximum are easily identifiable than those for
SNe Ia. The spectral features were identified using the
parametrized spectrum synthesis code SYN++ (Thomas et al.
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2011). The code makes simple assumptions of homologous
expansion of the ejecta in a spherically symmetric distribution.
A synthetic spectrum is generated by assuming a well defined
sharp photosphere that emits a continuous blackbody spectrum.
Line formation occurs due to resonant scattering by assuming
Sobolev approximation. The code can be used for line
identifications, estimating the photospheric velocity and the
velocity interval over which lines due to each ion are formed.
The fit parameters are the temperature of the blackbody
continuum (7gg), velocity of the photosphere (vpnoo), the
minimum and maximum velocity of the line forming region
(Vmin & Vmax), the optical depth of the ions (7), the Boltzmann
excitation temperature (7,,.), and the e-folding velocity (aux).
A line is considered to be detached if the minimum velocity
exceeds the photospheric velocity. The spectrum at +1.4 days
has been compared with the synthetic spectrum to identify the
lines and estimate the velocities.

The spectrum at +1.4days was fit with a photospheric
velocity (Vppoy) of 5000 km s 'and a blackbody temperature
(Tgp) of 10,500 K. The spectrum has been fit with C 11, C11I,
and O 1, IMEs like Na L, SiIl, Si1ll, S 11, and Ca I, and IGEs like
Sci, Fell, Felll, and Coll. To fit the broad O1 absorption
feature around ~7600 A, we used a photosPherlc component
and a detached component at 11,000 kms™ . The velocity of
the line forming region of C1I, Silll, ST, Sc1I, FeII, and Co Il
is between 5000 kms ™' (V) and 7000 km = (Vmax)- The
velocity of CIIT and Fe Il is between 5000 and 8000 kms™'.
The Si Il line has been fit with a velocity range of 5000-12,000
kms~'. This velocity range of IMEs and IGEs show that the
ejecta is mixed. To fit the CII and CII line profiles, an
excitation temperature of 15,000 K has been used. The details
of the fit are provided in Table 4. The detection of unburned
carbon is of extreme importance as it can put constraint on the
explosion mechanism as well as the progenitor system. The
presence of CII, CII and OT features hint toward thermo-
nuclear explosion in a C—O white dwarf (Foley et al. 2010a) in
contrast to O—Ne-Mg white dwarf (Nomoto et al. 2013). The
feature due to CIII (A\4647) was also reported in SN 2014ck
(Tomasella et al. 2016). Sc1l feature was also identified in
SN 2007qd (McClelland et al. 2010), SN 2008ha (Foley et al.
2009), SN 2010ae (Stritzinger et al. 2014), SN 2014ck
(Tomasella et al. 2016). All the major features are reproduced
well in the synthetic spectrum. Figure 12 shows the SYN++ fit
to the +1.4 days spectrum of SN 2020sck.

In order to put constraint on the explosion mechanism,
perform line identification, estimate the abundance of the
various elements ejected and get a knowledge of the ionization
state of the ejecta we compare the observed spectrum of
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Figure 12. Dereddened and redshift corrected spectra of SN 2020sck at
+1.4 days since B-band maximum (shown in red). Overplotted in blue is the
synthetic spectra calculated using SYN++. The contributions from each ion are
shown by dashed vertical lines. The observed spectrum has been smoothed for
visual clarity.

SN 2020sck at —5.5 days, +1.4 days, and +10.4 days since the
B-band maximum with synthetic spectrum generated using 1D
Monte Carlo radiative transfer code TARDIS (Kerzendorf &
Sim 2014). To generate a synthetic spectrum, TARDIS takes as
input the luminosity of the SN (Lgy in log L), the time since
explosion (feyp, in days), a density profile (density as a function
of velocity), and uniform/stratified abundance. It assumes
spherical symmetry, homologous expansion, a sharp well-
defined photosphere and that the material in the computational
domain defined by Vviyner and vy is in radiative equilibrium.
This makes the application of TARDIS limited to the
photospheric phase. A synthetic spectrum is generated by
considering a large number of Monte Carlo packets and tracing
their propagation taking into account the interaction they make
with the surrounding medium.

For generating the synthetic spectra, we considered the
angle-averaged density profile of the three-dimensional pure
deflagration explosion simulation (N5-def, Fink et al. 2014). In
the N5-def explosion model, Fe and %Ni are distributed to the
outer parts of the ejecta. C and O are distributed in the entire
ejecta and not limited to the outer regions. This indicates a
mixed composition. We considered a uniform mass fraction of
elements in the ejecta throughout the velocity interval.

For comparing the observed spectrum at —5.5days, we
generate the synthetic spectrum with e, = 12.0 days, Lgn =
8.95 log L. and a velocity interval of 8000 (Viyner)—12,000
(Vouter) km s ! (see panel (a) of Figure 15). However, we find
that the absorption features are very strong. Also, the
continuum seems to be bluer. This could be due to the higher
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generating the synthetic spectrum. The density is similar to N5-def density
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. Also plotted for comparison—N5-def profile (Fink et al. 2014), W7 profile
(Nomoto et al. 1984), density profile for SN 2005hk from Sahu et al. 2008 and
Barna et al. (2018), density profile used for the study of PS1-12bwh (Magee
et al. 2017).

density in the ejecta. Decreasing the v;,,, increases the optical
depth further and increases the line strengths. We then fit the
spectra, by considering a modified version of the NS5-def
density profile and a velocity interval of 6800—12,000 kms ™.
In this case, the density profile in the outer ejecta (v > 7200 km
s~ 1) has been reduced (N5-def p % 0.1). This steep change in
the density profile has been supported by other studies (Sahu
et al. 2008; Magee et al. 2017; Barna et al. 2018). The
innermost regions of the ejecta are denser as compared to the
outermost region. In Figure 13 we compare the density profile
used for SN 2020sck with the N5-def density profile (Fink et al.
2014) and W7 profile (Nomoto et al. 1984). We also show the
density profiles used for the study of SN 2005hk (Sahu et al.
2008; Barna et al. 2018), PS1-12bwh (Magee et al. 2017). In
the case of SN 2005hk, Sahu et al. (2008) homologously scaled
the density profile to increase the density in the inner regions,
while Barna et al. (2018) used an exponential density profile
with a cut-off velocity v, chosen to match the deflagration
density profiles. In PS1-12bwh, Magee et al. (2017) used N5-
def density profile for velocity lower than 5800 km s~ ' and N5-
def px 0.2 for velocities above 5800 km s~ .

A uniform composition of elements throughout the entire
ejecta (V= Vipney) 1S supported by the mixed abundance
structure in pure deflagration models. The syn++ synthetic
spectrum also indicates the elements are distributed throughtout
the entire ejecta. In this case, we find the photospheric
temperature to be finer = 11287 K, which is similar to that
found by fitting a blackbody to the photometric spectral energy
distribution (11037 K). The synthetic spectrum reproduces the
more prominent lines due to Ca 1l (H & K), Fe 11 (7\4420), Fe 111
(A5156), S11 and Sill (A6355). The C1I (\6578) feature is
reproduced with a mass fraction X(C)=0.003 while it is 0.114
in the N5-def model (Fink et al. 2014).
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Table 5
Fit Parameters of TARDIS Model and Comparison of Ejecta Composition with N5-def Model (Fink et al. 2014)

X(C) X(0) X(Si) X(S) X(Ca) X(Ti) X(Cr) X(Co) X(Fe) X(Ni)
Phase™ — 5.5 days vigper: 6800 km S Vouter: 12,000 km s~ Lgy: 8.95 log L tinner: 11287 K

0.003 0.355 0.15 0.005 0.018 0.000 0.000 0.010 0.020 0.410
Phase™: 4 1.4 days Vigper: 6200 km s~ voyeer: 12,000 km s™! Lgn: 9.05 log L, fipner: 10033 K

0.003 0.355 0.15 0.005 0.018 0.000 0.000 0.010 0.020 0.410
Phase™: + 10.4 days Vigner: 5800 km ™" voyer: 12,000 km s~ Lgn: 8.85 log Le, finner: 7780 K

0.003 0.200 0.080 0.005 0.018 0.020 0.020 0.010 0.180 0.410

N5-def model mean abundances
0.114 0.157 0.065 0.023 0.003 0.00 0.00 0.009 0.01 0.427

Notes. * Time since B-band maximum (JD 2,459,098.84); Vinner: Inner velocity of the ejecta (km s~ ). vouer: Outer velocity of the ejecta (km s Len: Luminosity of

the SN (log L.). tinner: Temperature of the photosphere (K).

To further investigate the effect of the density profile and the
abundance structure, we compare the spectrum at +1.4 days
with a synthetic spectrum generated with 7., = 18.0 days,
Lsn=9.05 log L, and a velocity interval of 6200
Vinner)—12,000 (Vourer) km s~ '. We used the same mass fraction
for the elements. The photospheric temperature (finer) iS
10,033 K. This matches well with that found from the synthetic
spectrum generated by SYN++, Tphe = 10,500 K. Here also,
the absorption features due to C, Si, S, Fe and Ca are
reproduced well in the spectrum. However, the absorption
feature around ~4200 A due to Co are not reproduced (panel
(b) in Figure 15).

The synthetic spectrum at +10.4 days has been generated
with fexp = 26.0 days, Lgny = 8.85 log L, and a velocity interval
of 5800 (Vipner)—12,000 (Vouer) km s The photospheric
temperature is 7780 K. In this model, we consider two cases
—(1) With Ti and Cr in the ejecta and (ii) Without Ti and Cr
(panel (c) in Figure 15). Introducing Ti and Cr reduces the flux
in the bluer region around ~4300 A. In this phase we increase
the mass fraction of Fe from X(Fe)=0.02 to X(Fe)=0.18.
Similarly, we decrease the mass fraction of Si from X(Si)=0.15
to X(S1)=0.08. This means that the ejecta is entering into an Fe
dominated phase. The absorption features due to Fe II (\4549),
Fell (A5018), Fell (A6149), Fell (\6247), Fell (A6456), C1I
(A6578), O1 (A7774), and CaTI-IR triplet are reproduced in the
synthetic spectrum also.

While three-dimensional deflagration models predict a
mixed abundance structure, Barna et al. (2018) made a
template based approach with stratified abundance structure
to explore the ejecta of several bright SNe Iax. In the template
model, the mass fraction of the IGE’s and IME’s decreases with
velocity and C is tolerated only in the outermost regions.
However, in this work we model the spectra using the same
mass fraction over the velocity interval for the elements in the
ejecta. This is in close resemblance to the three-dimensional
hydrodynamic simulations. Table 5 lists the mass fractions of
the elements used in the synthetic spectrum and comparison
with the N5-def model mean abundances (Fink et al. 2014). In
Figure 14 we compare the uniform abundance of the elements
in the ejecta of SN 2020sck with the stratified abundance
structure for SN 2005hk (Barna et al. 2018).

From the TARDIS models, we find that the density in the
inner regions is higher than the outer regions. From the syn++
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Figure 14. Comparison of the uniform abundance of elements used for
SN 2020sck with the stratified abundance for SN 2005hk (Barna et al. 2018).
The solid lines show the mass fractions of the elements in the ejecta of
SN 2020sck while the dotted lines in the same color shows the mass fraction in
the ejecta of SN 2005hk.

synthetic spectrum we find that C, O and Fe group elements are
located in the ejecta between 5000 and 8000 kms .
Using a uniform composition of the elements between 5800
and 12,000 kms ™" in the ejecta we confirm that most of the
prominent features of C, O, Fe, Si and Ca can be reproduced in
the TARDIS synthetic spectrum as well. However, some
features odue to Cmr (~4600A), Coll (~4100A), Fell
(~4800 A) are reproduced well in the syn++ model but not
in the TARDIS model. The analyses presented here indicate the
elements in the ejecta of SN 2020sck are mostly mixed and
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observed spectra of SN 2020sck have been smoothed.

support an explosion that is probably due to pure deflagration
of a C-O white dwarf.

6. Host Galaxy

The metallicity of the host galaxy 2MASX J01103497
40206508 can be determined from the narrow emission
features in the SN spectrum. We fit Gaussian profiles to the
narrow Ha (A6563) and [N1] A6583. Using the empirical
relation derived by Pettini & Pagel (2004) with the N2 index

(og %), we find the oxygen abundance to be 12 +

log(O/H) = 8.54 £ 0.05 dex. Metallicity values of a handful
of SNe lax have been obtained using the same relation of
Pettini & Pagel (2004)—SN 2008ha, SN 2010ae, SN 20127,
PS1-12bwh, and SN 2019gsc. These metallicity values for the
comparison SNe are also listed in Table 3. SN 2008ha
(Lpea=9.5 x 10* erg s7') and SN2019gsc (Lpea=7.4 X
10* erg s') have metal-poor environments and low peak

luminosity. There could be a relation between metallicity of the
host galaxy and peak supernova magnitude, with low
luminosity SNe Iax having lower metallicity (Figure 16).
However, there exist no clear correlation that demonstrates that
SNe Iax tend to form in sub-/supersolar-metallicity environ-
ments (Magee et al. 2017).

Using the spectrum at +23 days from the B-band maximum
obtained with a 1.92” slit, we find the star formation (SFR) of
the HII region near the SN. From the luminosity of the Ha
(A6563) line, we derive an SFR (Kennicutt 1998) of 0.09
M, yr~'. Young massive stars (=10 M) mostly contribute to
the integrated line flux. From the forbidden [O IT](A\3727) line
luminosity, we derive a star formation rate of 0.02 M. yr .
The SFR derived from [O 1] is less precise and suffers from
systematic errors due to extinction (Kennicutt 1998). In
comparison, Foley et al. (2009) derived a star formation rate
of 0.07 M., yr~" for the host galaxy of SN 2008 ha using far-
infrared luminosity.

14
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sample of SNe Iax. The luminous objects have higher oxygen abundance.

7. Explosion Models

Considering the single degenerate M, white dwarf explo-
sion, we discuss three models based on the propagation of the
burning front through the white dwarf to explain the explosion
of SN 2020sck and similar SNe Iax.

First, we consider the deflagration-to-detonation (DDT)
transition models. In these models the deflagration flame
transitions into a detonation due to turbulent velocity fluctua-
tions. In three-dimensional simulations of M., white dwarfs, a
range of observed luminosity can be produced (Seitenzahl et al.
2013; Sim et al. 2013). By varying the deflagration strength and
central density of the white dwarf, a set of models have been
generated that can account for the observed properties of SNe Ia.
In this set of models, the explosions have been generated by
considering a distribution of ignition points. The models with
greater deflagration strengths produce a lesser amount of *°Ni
because the white dwarf expands more before detonation sets in.
The models produce a range of *°Ni mass of 0.32—1.1 M.... This
mass range is higher than that found for SN 2020sck (0.13 M.,).
We also considered a sample of SNe lax and constructed the
quasi-bolometric light curve (3000-9500 A). The quasi-bolo-
metric light curves have been fit with the modified radiation
diffusion model (Equation (2)). Table 6 shows the fit parameters
of the radiation diffusion model to the SNe Iax sample considered
here, and Figure 17 shows the fit of Equation (2) to the quasi-
bolometric light curves of the sample. The range of **Ni (0.004
M.-0.17 M) estimated from the fitting is lower than that
inferred from the DDT models. The kinetic energy produced by
the DDT models (Ex=1.20-1.67 x 10°! erg) is also higher than
that observed for SNe Iax. Through our fit to the bolometric light
curve, we find the range of kinetic energy between 0.003 x 10°!
erg (SN 2008ha)-0.39 x 10°' erg (SN 2012Z). The peak magni-
tude for the DDT model with the weakest deflagration N1 (with
one ignition spot) is Mp=-19.93. But, the model with the
strongest deflagration N1600 (with 1600 deflagration spots and a
central density p.=2.9 x 10° gmcm °) can produce the
luminosity of Mz = —18.26 mag observed in the brighter Iax.
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However, the IME production for model N1600 is too large (M
(S1)=0.36 M) and the velocity higher compared to SNe Iax. The
(B —V) color for the DDT models at B-maximum is too red
(0.15 mag-0.56 mag) compared to SN2020sck (B—V)=
—0.08 mag. The DDT models do not seem to reproduce most
of the observed properties of explosion for SN 2020sck and the
sample SNe Iax.

Next, we consider the pulsational delayed detonation (PDD)
model. Due to slow deflagration in a white dwarf, it expands
but remains bound. As the burning stops, the infalling C-O
layer compresses the IGE-rich mixed layers. As a result,
detonation is triggered by compression and ignition (Khokh-
lov 1991; Hoeflich et al. 1995). In the one-dimensional case,
several models have been generated by varying the transition
density. This gives rise to a range of *°Ni mass (0.12-0.66 M).
The °°Ni mass found for SN 2020sck matches with the
model PDD5 (the transition density for this model at which
the deflagration is turned to detonation is p, = 0.76 X
107gm cm—3) for which the amount of *Ni produced is 0.12
M_,. However, the average expansion velocity for this model is
8400 kms~'. This is higher than that found in SN 2020sck
(~5000 km s~ ). The (B — V) color in the PDD5 model is 0.44
mag, which is redder than that for SN 2020sck (—0.08 mag).

In the PDD models, the kinetic energy varies from
0.34-1.52 x 10°" erg. The range of velocity and hence kinetic
energy is also observed in SNe Iax. The extreme case PDD535
(p,=0.45 x 107 gm cm >; Hoeflich et al. 1995) has low *°Ni
mass (0.16 M) and low average expansion velocities ~4500
kms~'. Due to the pulsation, the material that is falling back
interacts with the outgoing detonation wave front. As a result, a
dense shell of mass is formed surrounded by fast-moving
layers. These fast-moving layers take away some kinetic energy
and decelerate the inner parts of the expanding ejecta. This
result in lower expansion velocities. However, in the case of
PDD5335, the Fe and Ni layers are located below 4000 kms™".
By comparing the synthetic spectra with the observations of
SN 2020sck, we find that the Fe and Ni line forming layers are
present in the outer parts of the ejecta (>7000 kms '). The
(B—V) color is 0.60 mag, which is redder than that for
SN 2020sck. Hence, the PDD models also do not reproduce
some of the observed properties of SN 2020sck.

Previous study by Fink et al. (2014) have shown that most of
the observed properties of SNe Iax class (brighter and
intermediate luminosity) can be successfully described by pure
deflagrations of M., C—O white dwarf. Fink et al. (2014) have
generated a set of models by varying the deflagration strength
(changing the number of ignition spots). These models produce
a range of *°Ni mass (0.03-0.34 M), with the peak B-band
magnitude varying from —16.55 (N1) to —18.11 (N1600). The
models also produce mixed abundance distribution in which Fe
and Ni can be present in the outer layers of the ejecta. Models
with weak and intermediate deflagration strengths (N1—N100)
produce lesser ejecta and a bound remnant. Comparing with the
various models, we find that the explosion properties of the N5-
def model with five ignition points (with the central density of
the white dwarf being p. = 2.9 x 10° gm cm ) matches well
with that found by fitting the bolometric light curve of
SN 2020sck with the radiation diffusion model. Also, the N5-
def density profile with a steep decrease in the outer layers can
successfully reproduce the observed spectral features. The rise-
times to B-maximum for the pure deflagration models are less
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Table 6
Fit Paramaters of 1D Radiation Diffusion Model (Equation (2)) to the Sample of SNe Iax

SN MNi fe f,y JDexp Me' Vexp EK

(M) (days) (days) (M) (kms™") (x10°" erg)
SN 2002cx 0.07:93! 12.297212 42,6131 2452402.43 112 0.69939 6000 0.1509
SN 2005hk 0.14799! 15.0071 8¢ 52.8%%3 2453669.65192 1.13%9% 6500 0.29709¢
SN 2008 ha 0.00479:999 9.30°0% 273404 2454773.02793¢ 0.13+09 2000 0.00373%%%
SN 2010ae 0.00675:39! 54340 385422 2455246.48+0 0.13+398 5500 0.0273:3
SN 2012Z 0.1709! 12.971046 44.4+12 2455954.32+93 1.04°94, 8000 0.3979%8
SN 2014ck 0.03+30! 8.3240:38 39.611% 2456835.5510%3 0.161592 3000 0.0097 539!
SN 2014ek 0.12539! 16.10+}4 27.050%] 2456944.1240 3 0.90734 4500 0.11+5%2
SN 2019gsc 0.001970:99 9.851023 42,9703 2458627.24103 0.267 0088 3500 0.01970:99¢7
SN 2019muj 0.017+3:99! 6.2°9% 2841053 2458699.52+05 0.14309%3 5000 0.02415:50¢
Notes. All the parameters are explained in Section 3.3.

Table 7
Comparing the Explosion Properties of SN 2020sck with Single Degenerate M, White Dwarf Explosion Models

Explosion Model Velocity Peak Magnitude Color Rise-Time Spectra “ONi Ref.
Deflagration-to-Detonation X X X v X X 1
Pulsational Delayed Detonation X X X v X X 2
(Except PDD5 and PDD535)
PDD5 X v X X X 4 2
PDD535 X v X X X v 2
Pure Deflagration (N5-def) v v v X v v 3

References: (1) Seitenzahl et al. (2013), Sim et al. (2013); (2) Hoeflich et al. (1995); (3) Fink et al. (2014). If the model matches the observed property of SN 2020sck,

we put a v/, else we put a x.
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Figure 17. 1D radiation diffusion model fit to a sample of SNe lax. A quasi-
bolometric light curve has been constructed by integrating the flux from
3000 A to 9500 A for all objects. See Table 6 for the fit parameters.

(7.6 d—14.4d) compared to SN 2020sck, but fit the range
observed in the sample SNe Iax.

In Table 7, we compare various explosion scenarios of single
degenerate M, white dwarfs and show which model can best
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explain the observed properties of SN 2020sck and the sample
SNe Iax. Based on this, like in the previous studies by Li et al.
(2003), Phillips et al. (2007); Fink et al. (2014) we conclude
that the pure deflagration models explain most of the observed
paramaters of SNe lax.

8. Summary

In this work we establish that SN 2020sck is a supernova of
type lax with a Amg(15)=2.03+0.05 mag and Mp=
—17.81 £ 0.22 mag. From the pre-maximum observations in
the ZTF — g band, we constrained the date of explosion as 2020
August 20 (JD = 2,459,082.4). The light curves in R and I bands
do not show any secondary maximum. The (B — V) color at
maximum is —0.08 mag, which is bluer compared to the sample
of SNe lax. By fitting the quasi-bolometric light curve as well as
the blackbody corrected bolometric light curve of SN 2020sck
with 1D radiation diffusion model we find 0.13 M, and 0.17 M,
of *Ni respectively. By comparing the quasi-bolometric light
curve with angle-averaged bolometric light curve from three-
dimensional pure deflagration models of C—O white dwarfs with
varying deflagration strengths, we find similarity of SN 2020sck
with N5-def model (Fink et al. 2014). The mass ejected in the
explosion is 0.34 M., with a kinetic energy of 0.05 x 10°! erg.

The spectral characteristics of SN 2020sck are similar to
SN 2005hk and SN2019muj. The comparison of the near-
maximum spectrum of SN 2020sck with SYN++ shows the
presence of higher ionization states of elements like CIII, SiTlI,
and Felll, indicating a hot photosphere. The presence of
unburned C and O points toward a C—O white dwarf progenitor.
Fe lines are found at higher velocities than IME’s indicating that
the ejecta is mixed. Angle-averaged one-dimensional density
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profile of pure deflagration explosion of M, white dwarf with a
steep decrease in the outer layers of the ejecta can successfully
reproduce the prominent absorption features in the spectra of
SN 2020sck. The metallicity of the host galaxy of SN 2020sck is
similar to SN 2012Z (Yamanaka et al. 2015), which exploded in a
spiral galaxy. More studies of SNe Iax will help to understand the
correlation with their host galaxy environment.
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Data Availability

The observed data (reduced) presented in this work and also
the results of the analyses obtained based on open-source
resources like TARDIS, syn++ will be made available online
at Zenodo https://doi.org/10.5281/zenodo.5619721. The
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archive (Yaron & Gal-Yam 2012). Raw data (observed) can be
made available by the first author on reasonable request.

Appendix A
Tables

UBVRI magnitudes of the standard stars in the field of
SN 2020sck are given in Table 8. In Table 9 we present the log of
the spectroscopic observations of SN 2020sck made with HCT.

Table 8
UBVRI Magnitudes of Local Standards in the Field of SN 2020sck

ID U B Vv R 1

1 16.156 + 0.061 16.047 £ 0.010 15.374 £ 0.004 15.013 + 0.009 14.592 £ 0.012
2 17.069 £ 0.061 17.019 + 0.010 16.442 + 0.004 16.139 + 0.009 15.759 + 0.012
3 18.229 + 0.063 17.016 + 0.010 15.544 £ 0.004 14.521 + 0.009 13.345 £ 0.012
4 15991 + 0.061 15.199 + 0.009 14.177 £ 0.004 13.639 + 0.009 13.059 + 0.012
5 18.522 + 0.065 17.763 £ 0.011 16.809 + 0.004 16.254 + 0.009 15.685 + 0.014
6 14.292 + 0.061 14.235 + 0.009 13.671 + 0.004 13.382 + 0.009 13.027 £ 0.011
7 15.054 + 0.061 15.096 + 0.009 14.513 £ 0.004 14.208 + 0.010 13.816 £+ 0.012
8 19.227 + 0.069 17.865 + 0.011 16.452 + 0.004 15.560 + 0.010 14.655 + 0.012

'2 hitps://ui.adsabs.harvard.edu/
3 hitps: //ned.ipac.caltech.edu/
14 https: / /irsa.ipac.caltech.edu /applications/DUST/
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'S hitps: //wiserep.weizmann.ac.il/
16 https:/ /hesma.h-its.org
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Table 9
Log of spectroscopic observations of SN 2020sck from HCT
D Date Phase” Range
(2459000+) (d) (A)
93.31 2020-08-31 —5.53 3500-7800; 5200-9100

94.27 2020-09-01 —4.57 3500-7800; 5200-9100
95.34 2020-09-02 —3.50 3500-7800; 5200-9100
100.24 2020-09-07 1.40 3500-7800; 5200-9100
101.45 2020-09-08 2.61 3500-7800

104.35 2020-09-11 5.51 3500-7800; 5200-9100
106.39 2020-09-13 7.55 3500-7800; 5200-9100
109.28 2020-09-16 10.44 3500-7800; 5200-9100
113.18 2020-09-20 14.34 3500-7800

117.31 2020-09-24 18.47 3500-7800; 5200-9100
120.40 2020-09-27 21.56 3500-7800

122.39 2020-09-29 23.55 3500-7800; 5200-9100
126.34 2020-10-03 27.50 3500-7800; 5200-9100

Notes. “Time since B-band maximum (JD 2,459,098.84).
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