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ABSTRACT

We present optical photometric and spectroscopic observations of the peculiar Type Ia supernovae (SNe Ia) ASASSN-20jq/SN 2020gxp. It is
a low-luminosity object, with a peak absolute magnitude of My = —17.1 + 0.5 mag, while its post-peak light-curve decline rate of Am,s(B) =
1.35 £ 0.09 mag and color-stretch parameter of sgy % 0.82 is similar to that of normal luminosity SNe Ia. That makes it a prevalent outlier in both
the SN Ia luminosity-width and the luminosity-color-stretch relations. The analysis of the early light curves indicates a possible “bump” during
the first ~1.4 days of explosion. ASASSN-20jq synthesized a low radioactive **Ni mass of 0.09 + 0.01 M. The near-maximum light spectra of
the supernova show strong SiIl absorption lines, indicating a cooler photosphere than normal SNe Ia; however, it lacks Till absorption lines.
Additionally, it shows unusually strong absorption features of O1 47773 and the CaIlnear-infrared triplet. The nebular spectra of ASASSN-20jq
show a remarkably strong but narrow forbidden [Ca1l] 417291, 7324 doublet emission that has not been seen in SNe Ia except for a handful
of Type lax events. There is also a marginal detection of the [O 1] 116300, 6364 doublet emission in nebular spectra, which is extremely rare.
Both the [Ca1] and [O1] lines are redshifted by roughly 2000 km sl ASASSN-20jq also exhibits a strong [FeII] 47155 emission line with a
tilted-top line profile, which is identical to the [Fe II] 116433 line profile. The asymmetric [Fe 1] line profiles, along with the redshifted [Ca1l] and
[O1] emission lines, suggest a high central density white dwarf progenitor that underwent an off-center delayed-detonation explosion mechanism,
synthesizing roughly equal amounts of *°Ni during the deflagration and detonation burning phases. The equal production of *°Ni in both burning
phases distinguishes ASASSN-20jq from normal bright and subluminous SNe Ia. Assuming this scenario, we simultaneously modeled the optical
and near-infrared nebular spectra, achieving a good agreement with the observations. The light curve and spectroscopic features of ASASSN-20jq
do not align with any single sub-class of SNe la. However, the significant deviation from the luminosity versus light-curve shape relations (along
with several light-curve and spectroscopic features) exhibits similarities to some 2002es-like objects. Therefore, we have identified ASASSN-20jq
as an extreme candidate within the broad and heterogeneous parameter space of 2002es-like SNe Ia.

Key words. supernovae: general — white dwarfs — supernovae: individual: ASASSN-20jq — supernovae: individual: SN2020qxp —
galaxies: individual: NGC 5002

1. Introduction able diversity among the key observational parameters, including
both the peak luminosities and colors (e.g., Hamuy et al. 1994).

Fortunately, along with expanded samples of SNe Ia
(e.g., Hamuy et al. 1996b; Riess et al. 1999), empirical rela-
tions were teased out of the data (Pskovskii 1977; Phillips
1993; Tripp 1998)'. When leveraged properly, this allowed for
a reduction in the scatter of the SNe Ia’s peak luminosities,
down to only ~0.1 mag (e.g. Hamuy et al. 1996a; Phillips et al.
1999; Goldhaber et al. 2001). Since the mid-1990s, sam-

Type Ia supernovae (SNe Ia) are quintessential distance indica-
tors used to map the expansion history of the Universe (Hubble
1926). These objects arise from the thermonuclear disruption
of one or more carbon-oxygen white dwarf (WD) stars in a
binary system (for contemporary reviews, see Maoz et al. 2014;
Liu et al. 2023, and references therein). As the WD approaches
the Chandrasekhar limit, a thermonuclear runaway ensues, lead-

ing to thefdisdrpp tiqn osfélijhe WD. Iklll the dpr;)ceds.s, siﬁniﬁca}nt ples of SN Ia have been expanded (e.g., Jhaetal. 2006;
amoul}tsho bra E)actl\{e | 1are synt E?lie » 1ee ﬁng t ehemlsl; Hicken et al. 2009; Ganeshalingam et al. 2010; Stritzinger et al.
sion of the bright optical transients, which typically reach pea 2011; Kirisciunas et al. 2017; Sakoetal. 2018; Tucker et al.

absolute B—band magqitudes (.)f MB R - 19.i I (e.g., Hamuy et al. 2022a; Do et al. 2025) and calibration techniques have improved
1996a). Given their high intrinsic peak brightness and apparent (e.z. Guy et al. 2007; Jha et al. 2007; Mandel et al. 2011, 2017;

uniformity, SNe Ia were considered to be an ideal luminosity- Burns et al. 2014, 2018). This means that SNe Ia now form the
distance indicator. However, with the discovery of the sublu- ’ ’
minous SNe 1991bg (Filippenko et al. 1992a; Leibundgut et al. - - - . o
1993) and the overluminous SN 1991T (Filippenko et al. 1992a; . Expanding upon earlier work of Pskovskii (1977), Phillips (1993)

Phillips et al. 1992), it became clear SNe Ia exhibit a consider- introduced the luminosity decline-rate parameter Am;s(B). This param-
’ ’ eter quantifies the change in the brightness of an SN Ia as measured

from the B-band light curve between the peak and 15 days later. Phillips
* Corresponding authors: email@subhashbose. com, demonstrated that Am;s(B) is correlated with the peak luminosity in the
max@phys.au.dk sense that bright SNe Ia exhibit light curves that decline more slowly.
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Fig. 1. Composite Bgr-band (11’ x 11”) image of ASASSN-20jq (green
marker) located within NGC 5002 and observed from the Post observa-
tory 15 days prior to B-band maximum.

bedrock of modern cosmological investigations aimed at pre-
cisely measuring the Hubble constant (e.g., Hamuy et al. 1995;
Freedman et al. 2001, 2009; Riess et al. 2016) and quantify-
ing the accelerated expansion of the Universe (e.g., Riess et al.
1998, 2021; Schmidt et al. 1998; Ganeshalingam et al. 2013;
Betoule et al. 2014; Scolnic etal. 2018; Burnsetal. 2018;
Perlmutter et al. 1999).

In recent years, a growing number of additional SN Ia sub-
types and subclasses have been identified in the literature, pop-
ulated by objects that deviate from the established luminosity-
width and color relations (see reviews by Taubenberger 2017,
Jha et al. 2019, and references therein). Mapping the full diver-
sity of peculiar SNe Ia is needed to ensure that cosmological
parameter estimates based on current and future SNe Ia sam-
ples are not biased by objects departing from the luminosity
decline-rate and luminosity-color relations. This provides inter-
esting new avenues to elucidate the origins of SNe Ia progenitor
systems and insights into how they explode.

In this paper, we present detailed optical observations of the
type Ia SN ASASSN-20jq (IAU designation SN 2020qgxp) dis-
covered soon after the explosion (see Sect. 2) by the All-Sky
Automated Survey for SuperNovae (ASAS-SN; Shappee et al.
2014; Kochanek et al. 2017) and initially classified as a transi-
tional SNe Ia (Stritzinger & Ashall 2020). Our analysis shows
ASASSN-20jq is an underluminous SN Ia with a broader-than-
expected light curve shape and prevalent spectral features asso-
ciated with intermediate mass elements. It also exhibits an early
excess of emission within the first days of explosion. These
attributes are reminiscent of objects linked to the loosely defined
2002es-like SNe Ia subclass (Ganeshalingam et al. 2012). We
also built upon the work of Hoeflich et al. (2021), who modeled
the late-phase near-infrared spectrum of ASASSN-20jq using a
Chandrasekhar-mass (M¢y) carbon-oxygen (C + O) white dwarf
(WD) with a relatively high-central density, which is dis-
rupted following an off-center deflagration-to-detonation transi-
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Table 1. Key parameters of ASASSN-20jq.

Parameters Values
Redshift: z 0.00368 + 0.00001
Distance: D 19.41 + 3.84 Mpc

Distance Modulus: p
Reddening: E(B—V )t
B-band peak magnitude: Mp max

31.44 + 0.43 mag
0.10 + 0.06 mag
—17.09 = 0.50 mag

UT 2020-08-03.8
ID 2,459,065.314 days

UT 2020-08-24.3
JD 2,459, 085.8 £ 0.5 days

Explosion time: fexp = ffirgt

B-band peak time: 75 max

B-band rise time 20.4*32 days
B-band decline rate: Am;s5(B) 1.35 £ 0.09 mag
Color-stretch: sgy 20.82
Synthesized °Ni mass: My; (0.088 + 0.008) M,

Host metallicity: 12 + log,,(O/H) 8.263 + 0.003 dex

tion (DDT). In this study, we extended their model to include
optical wavelengths as well. After including the effects of macro-
scopic mixing, the model was found to be in good agree-
ment with both the optical and near-infrared (NIR) nebular
spectra.

In Sect. 2, we discuss the discovery, first detection, and last
nondetection of ASASSN-20jq as well as the distance to the
host galaxy. Section 3 offers a description of data collection.
The analysis of the photometric and spectroscopic data is pre-
sented in Sects. 4 and 5, respectively. In Sect. 6, we discuss the
properties of the host galaxy, while Sect. 7 presents the results,
compares them with those of other supernovae, and analyzes
the nebular spectra using the off-center DDT model. Finally, we
summarize our findings in Sect. 8.

2. Discovery and distance to ASASSN-20jq

ASAS-SN discovered ASASSN-20jq on UT 2020-08-08.13
using the “Cecilia Payne-Gaposchkin” telescope in South Africa
(Bock et al. 2016; Holoien et al. 2017) with an apparent g-band
magnitude of m, = 16.79 £ 0.08. Upon reporting to the transient
network server (TNS), it received an international astronomical
union (IAU) designation of SN 2020gxp. In Sect. 4.2 below, we
combine the ASAS-SN discovery information with recovered z-
band photometry obtained with Pan-STARRS (PS) a day prior,
as well as the last nondetection limits inferred from ASAS-SN
and ATLAS images to obtain a robust constraint of ASASSN-
20jq’s time of first light (hereafter, #4;().

With J2000 coordinates of o = 13"10m37579, 6 =
+36°37'43764, ASASSN-20jq was located in the SBm type
galaxy NGC 5002 (see Fig. 1) at a heliocentric redshift z =
0.00368 +0.00001 (SDSS Collaboration 2017). The most recent
Tully-Fisher measurement to this galaxy implies a distance of
19.41+3.84 Mpc (Cosmicflows-4; Kourkchi et al. 2020a), which
we adopt to set the absolute luminosity scale. The Tully-Fisher
distance is consistent with the estimate from the Cosmicflows-
3 Distance- Velocity calculator (Kourkchi et al. 2020b) adopting
a smoothed velocity field model (Shaya et al. 2017). The key
parameters of ASASSN-20jq are listed in Table 1.
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Fig. 2. Optical BgVriz-band light curves of ASASSN-20jq along with “max_model” template light curve fits (black dashed lines) computed by
SNooPy (Burns et al. 2011). The indicated offsets have been added to the light curves for clarity. Epochs of spectral observations are marked by
vertical bars at the bottom, the epoch of the B-band maximum is indicated with a black vertical line, and the explosion epoch is marked by a blue

vertical dashed line.

3. Observations and data reductions

We initiated a multi-band photometric and spectroscopic cam-
paign shortly after the initial discovery. Our follow-up spanned
over a year and in addition to combined resources of ASAS-SN,
and the 2.6 m Nordic Optical Telescope (NOT) on La Palma,
Spain, through the NOT Un-biased Transient Survey (NUTS2;
Holmbo et al. 2019)?, optical photometric data were obtained
with the 2.0 m Las Cumbres Observatory Global Telescope net-
work (LCOGT; Brown et al. 2013), the 0.6 and 0.8 m telescopes
at Post Observatory SRO (CA, USA) and Post Observatory May-
hill (NM, USA), and the 0.9 m Schmidt telescope at Asiago,
Italy. Our photometry is also complemented by photometry from
the ZTF survey. All of the broadband imaging data were reduced
following standard procedures.

Prior to computing photometry, host-galaxy subtraction was
performed on all science images. To do so, a common set of
BgV'riz-band images containing the field of the host galaxy were
obtained two years after discovery by the Aarhus-Barcelona cos-
mic FLOWS project® using the LCOGT 2 m telescope. The tem-
plate images were subtracted from the science images using
the SUBPHOT package, which is an extension of the differen-
tial photometry pipeline DIFFPHOT*. The SUBPHOT pipeline first
analyzes image quality, optimizes the images as a pre-requisite
for template subtraction and aligns the science images with
templates, following which it employs the HOTPANTS software
(Becker 2015) to perform the optimal image subtraction.

2 https://nuts.sn.ie/
3 https://flows.phys.au.dk/
4 https://pypi.org/project/diffphot/

Differential PSF photometry of ASASSN-20jq was com-
puted using DIFFPHOT pipeline on the sequence of template sub-
tracted science images. Photometry was calibrated using com-
mon field stars from PS photometric catalog (Flewelling et al.
2020). Prior to computing zeropoints for calibration, the PS
catalog photometry is converted to the Johnson BV and Sloan
griz photometric system using the color relations of Tonry et al.
(2012). The BgVriz-band light-curves of ASASSN-20jq extend-
ing between —15 days to +339 days relative to the epoch of B-
band maximum are plotted in Fig. 2. In this paper, unless oth-
erwise stated, the time of B-band maximum brightness (#zmax
in Table. 1 and Sect. 4.1) is used as the reference epoch. The
photometry is listed in Table. A.1, along with ZTF photometry,
which leads to more densely sampled g- and r-band light curves.

Thirteen low-resolution optical spectra of ASASSN-
20jq were obtained using multiple facilities including the
NOT (+ALFOSC), the 8.4m Large Binocular Telescope
(LBT, +MODS; Pogge etal. 2010), the 2.2m Hawai’i tele-
scope (+SNIFS; Aldering et al. 2002, through SCAT survey
Tucker et al. 2022a), the 1.8 m Copernico telescope (+AFOSC),
the 3.6 m Telescopio Nazionale Galileo (TNG, +LRS), and the
10.4 m Grand Telescopio Canarias (GTC, +OSIRIS). The jour-
nal of spectroscopic observations is provided in Table 2. The
spectroscopic data were reduced and calibrated following stan-
dard procedures.

The spectroscopic evolution of ASASSN-20jq is shown in
Fig. 3 with the key features labeled’. The first three spectra were

5> The spectra are electronically available at the Weizmann Interactive
Supernova Data Repository (WISeREP; Yaron & Gal-Yam 2012).
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Table 2. Journal of spectroscopic observations.

Date (UT) JD- Phase“ Telescope
2,459,000 (days) Instrument
2020-08-14.90 076.40 -9 NOT/ALFOSC
2020-08-21.87 083.37 -2 NOT/ALFOSC
2020-08-25.84 087.34 +2  Copernico/AFOSC
2020-11-18.00 171.50 +85 LBT/MODS
2020-12-18.24 201.74  +116 TNG/LRS
2020-12-24.61 208.11 +122 UHS88/SNIFS
2020-12-31.61 215.11  +129 UHS88/SNIFS
2021-01-14.59 229.09  +143 UHS88/SNIFS
2021-02-04.58 250.08 +164 UHS88/SNIFS
2021-02-12.00 257.50 +171 LBT/MODS
2021-04-11.01 315.51 4229 NOT/ALFOSC
2021-06-16.00 381.50  +295 LBT/MODS
2021-07-28.91 424.41  +337 GTC/OSIRIS

Notes. @ Rest-frame days relative to the epoch of B-band maximum,
ie., JD 2,459,085.8.

obtained on —9days, —2 days, and +2 days cover the so-called
photospheric phase of the SN evolution, while the remaining
spectra extending between +85 days and +337 days provide a
nebular phase window into the inner ejecta of the progenitor star
(see Hoeflich et al. 2021, and below).

4. Broadband photometry
4.1. Photospheric phase optical light curves

The multi-band photometry in Fig. 2 shows the bell-shaped
light curves ubiquitous to thermonuclear SNe. Our coverage
nicely samples in most bands the rise to maximum and the post-
maximum declining phases. At some time between +30 days to
+60 days when ASASSN-20jq was located behind the Sun, the
transition occurred to the linear declining phase powered by *°Co
to °Fe radioactive decay energy deposition, which is followed
for several hundred days.

Generic SNe Ia and overluminous 1991T-like objects exhibit
double-peaked i-band light curves. ASASSN-20jq does not show
a distinct secondary maximum; rather, its i-band light curve
exhibits a flatter profile over ~20 days near the maximum. This
morphology is typical of many “peculiar” subtypes including
1991bg-like (Krisciunas et al. 2009), 2002cx-like (Foley et al.
2013), 2003fg-like (Ashall et al. 2020), and 2002es-like (e.g.,
Burke et al. 2021, see their Fig. 4) SNe Ia.

In Fig. 2, we also overplot (along with each observed
light curve) their corresponding best-fit template light curves
computed using the SNOOPY [SuperNovae in object-oriented
Python; Burns et al. 2011] code. As ASASSN-20jq is a peculiar
supernova, we made use of the so-called “max_model” function
to compute these template fits (see Stritzinger et al. 2010, Eq. 5).
Inspection of the template fits indicates a reasonable agreement
in all but the i-band, which is due to ASASSN-20jq lacking of a
distinct secondary maximum.

In addition to template light curve fits, the early light curves
were fit with Gaussian process (GP) spline function to obtain
estimates of the peak magnitude and the epoch of maximum.
These results along with those obtained from template fitting are
summarized in Table 3. The spline fits provide mpmax = 14.76 £
0.03 mag, a time of peak tgmsx = JD 2,459,085.8 + 0.5 days,
and a light-curve decline-rate parameter of Am;s(B) = 1.35 =
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0.09 mag. The corresponding peak absolute magnitude (cor-
rected for reddening, see below) is Mp max = —17.09 +£0.50 mag,
which is ~2mag fainter than normal SNe la with a similar
decline rate.

4.2. Estimating the epoch of first light and the rise time

The first detection of ASASSN-20jq was made from a PS sur-
vey z-band image taken on UT 2020-08-05.25, which corre-
sponds to —19days prior to the epoch of B-band maximum.
Previous (and rather shallow) nondetection limiting g-band and
o-band apparent magnitudes of 16.9 and 18.46 were estimated
from ASAS-SN and ATLAS survey images taken on UT 2020-
08-04.14 and UT 2020-08-04.29, respectively (see Table A.1).
Comparing the nondetection and discovery epoch to the epoch of
B-band maximum indicates a minimum rise-time for ASASSN-
20jq of ~19.4 + 0.7 days. This value is typical for normal SNe Ia
(e.g., Taubenberger 2017).

To more accurately estimate the rise time, we fit the ris-
ing light curve with a power law function to estimate #g, the
time of first light (Fig. 4). As a first step, the PS z-band nat-
ural system recovered detection photometry was S-corrected
(Stritzinger et al. 2002) to the SDSS r band so that it can be
fit with our later r-band light curve. This was accomplished
by computing synthetic photometry convolving the respective
broadband filter response functions with an appropriate spec-
tral energy distribution (SED) of ASASSN-20jq. Due to the lack
of observed spectra of ASASSN-20jq at —19 days, we assumed
a range of possible SEDs and assign the results as limits of
the uncertainty associated with the transformed photometric
fluxes. To estimate the upper limit, we used the earliest publicly
available SN Ia spectrum, namely, SN 2017cbv at —18.3 days
(Hosseinzadeh et al. 2017); whereas to estimate a lower limit we
use the —9 days spectrum of ASASSN-20jq. A black-body SED
was also considered, adopting a temperature of ~1.0 x 10*, K
at approximately +1.5 days after #4, of SN 2011fe (Zheng et al.
2018). However, this value falls within the range assumed based
on the spectra of ASASSN-20jq and SN 2017cbv.

With the transformed z- to r-band PS photometry, a power-
law function was fitted to the early rising r-band light curve of
ASASSN-20jq using the Markov chain Monte Carlo (MCMC)
package MCMCSTAT (Haario et al. 2006), which employs adap-
tive Metropolis samplers (Haario et al. 2001). The MCMC fit
was performed using all early r-band data points extending up to
—7days (Conley et al. 2006; Ganeshalingam et al. 2011). A pre-
liminary least-squares fit was first conducted to obtain an initial
power-law model, which was then used as the starting parameter
for the MCMC fitting process.

The top panel of Fig. 4 shows the early rising r-band light
curve of ASASSN-20jq along with the last ATLAS o-band non-
detection limit and the best-fit MCMC model. The bottom panel
presents the 2D probability density of the MCMC sample for the
power-law index parameter « and #g. The best fit corresponds
to an @ = 1.99%03 and f5 of JD 2,459,065.3*} (UT 2020-
08-03.8), which is 1.5 days before the epoch (UT 2020-08-05.3)
of the recovered PS z-band detection and —20.47}2 days rela-
tive to ¢ max. The inferred value of a is fully consistent with the
expanding “fireball” model characterized by a = 2.

However, a close inspection of the PS z-band discovery pho-
tometry that had been transformed to the SDSS r band obtained
on —19 days indicates that it is a 3-¢ outlier relative to the power-
law fit. This suggests an excess of flux by 2.3 + 1.3 mag rel-
ative to the expanding fireball model, at least during the first
1.4 days of the estimated fg.. It is worth emphasizing that,
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Table 3. Peak time, apparent, and absolute magnitudes for each filter.

Filter Imax max — !Bmax (days) Mpax (Mag) Mpax (Mag) M nax b (mag)
(JD —2459000) Spline Spline SNooPy Spline

B 85.8+0.8 s 14.76 £ 0.06 14.65+0.03 —-17.09 +0.50

\% 88.4 +3.0¢ 2.6 +3.1¢ 14.09 £ 0.08 14.15+0.03 —-17.66+0.48

g 86.6 + 0.9 08+1.2 1450 £0.03 14.35+0.02 -17.31+0.49

r 87.3 +2.0¢ 1.5+2.2¢ 14.06 + 0.23 14.00 +0.03 —-17.65+0.52

i 85.7+1.0 -0.1+12 1449 £ 0.03 14.23+0.03 -17.15+0.45

Notes.  The larger uncertainties for V and r band measurements are due to poor sampling of the light curve near the peak. ®’ Quoted uncertainties
account for errors in the estimated apparent peak magnitude, distance, and extinction.

A169, page 5 of 26



Bose, S., et al.: A&A, 699, A169 (2025)

T T
Model o (£ — tirs)”
® r-band Flux -
O  Last non-detection (ATLAS-o band)
©  First detection (PS-z — r band) g

=
[ee]
T

=
(2}
T

=
~
T

=
N

Relative flux
=
o

o

Residual
ok
;
1

-20 -18 -16 -14 -12 -10 -8 -6
Phase (t) days relative to B-band maximum

o)
3f g

9
25 5%

First detection |

'95% 68%

R

2 b |

15}

/

Power-law index «

L L 1 L 1 1 1
-26 -24 -22 -20 -18
t firs¢ days relative to B-band maximum

Fig. 4. Top panel: Early-time r-band light curve of ASASSN-20jq. This
also includes the first photometric detection of ASASSN-20jq made by
PS in the z band, which has been S-corrected to the SDSS r-band sys-
tem. Also plotted is the ATLAS o-band nondetection limit reported pre-
viously. Overplotted the r-band light curve is the best MCMC-fit of a
single power-law function (solid curve) with inferred probability lim-
its (shaded region). Bottom panel: 2D probability density of MCMC
sample between the fit parameters — time of first light #5. and power-
law index a. Having a confirmed detection at —19 days (vertical blue
dashed line), only the region in green is valid parameter space. The
contours correspond to 68% and 95% confidence intervals. The solid
black lines indicate the mean of the MCMC sample for parameters
tarse = —20.4 days (vertical) and @ = 1.99 (horizontal).

although the early bump is statistically significant, there is inher-
ent uncertainty in the S-corrected photometric data point due
to the assumed SED at —19days. The range of SEDs consid-
ered includes those of SNe 2011fe and 2017cbv, which are not
representative of 2002es-like SNe and may differ from that of
ASASSN-20jq at such an early phase. Additionally, SN 2017cbv
exhibited an early flux excess, which could further influence the
photometric transformation.

4.3. Late-phase light curve

The high-cadence photometry of ASASSN-20jq extending
beyond +50 days enables a robust measurement of the
post maximum *°Co — %%Fe powered light curve decline
rate. Normal SNe Ia typically exhibit B- and V- linear
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Fig. 5. Subtyping of SNe Ia based on light curve properties as per
Ashall et al. (2021). Specifically, the color-stretch parameter sgy, is
plotted vs. 78 defined as the difference between the epoch of i- and
B-band light curve maximum.

decline rates of ~1.4mag per 100days (e.g., Lair et al. 2006;
Stritzinger & Sollerman 2007; Leloudas et al. 2009).

A best-fit linear function to the B-band light curve of
ASASSN-20jq between +75 days to +230 days reveals a decline
rate of 2.3 + 0.1 mag per hundred days, while similar fits to the
r- and i-band data give decline rates of 2.8 + 0.1 and 2.2 + 0.1
mags per hundred days, respectively. We also note that the post
+250 days i-band light curve exhibits a slower decline relative to
the continued linear decline exhibited by the g and r bands (see
Fig. 2), indicating a shift in the percentage of total flux towards
infrared bands. Similar late-time flattening in /-band was also
seen in SN 201 1fe (Munari et al. 2013).

4.4. Photometric classification

For SNe Ia sub-types exhibiting double-peaked light curves
(i.e., normal and 1991T-like SNe Ia), the i-band light curve
reaches peak luminosity typically 3—5 days prior to epoch of B-
band maximum. On the other hand, for subtypes without promi-
nent double-peaked light curves (i.e., 1991bg-like, SNe Iax, and
2003fg-like), the epoch of the i-band maximum occurs after that
of the B band (Krisciunas et al. 2009; Stritzinger et al. 2015;
Ashall et al. 2021). Ashall et al. (2021) recently leveraged these
empirical findings to provide a photometric-based means to sub-
type SNe Ia. By comparing the difference between the epochs
of peak i- and B-bands (#:8), and the light curve color-stretch
parameter (sgy)° they find clear groupings of known SNe Ia sub-
types. We recreate the results of Ashall et al. (2021) in Fig. 5.
Our spline fits to the photometry of ASASSN-20jq indicate
#=B = (.1 days. This places ASASSN-20jq within a sparsely

max

% The color-stretch parameter, sgy, is the number of days for the B—V
color to reach its maximum value normalized by 30 days (Burns et al.
2014). This epoch marks a transition in the ionization state of the pho-
tosphere as Fe III recombines to Fe Il (Burns et al. 2014; Wygoda et al.
2019).
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Fig. 6. Apparent (B — V) and intrinsic (B — V), color evolu-
tion of ASASSN-20jq. The intrinsic color evolution of the normal
SN 2011fe (Richmond & Smith 2012), the low-luminosity SN 1991bg
(Turatto et al. 1996), and the Lira relation for different sgy values
(Burns et al. 2014) are also plotted. To construct the color-curve of
ASASSN-20jq, the B- and V-band light curves were interpolated with
low-order splines which were then evaluated at the same epochs. The
vertical dashed line marks the lower limit of the time of B—V maximum
of ASASSN-20jq as the data only captures the rising part of the color
curve. The vertical bars at the top of the figure indicate the range of
sgy values for the SNe Ia-normal, 1991bg-like, and 2002es-like sam-
ples populating the luminosity versus sgy diagram presented in Fig. 8.

populated region of the figure, with no overlap between the
major SN Ia subclasses.

4.5. Colors and the reddening estimation

Figure 6 shows the apparent B—V color evolution of ASASSN-
20jq extending from the time observations were commenced
through +100d. Also plotted for comparison are the intrin-
sic (B — V)g color-curves associated with the normal type Ia
SN 2011fe and the subluminous SN 1991bg. An inspection of
the color evolution of ASASSN-20jq reveals a dearth of cover-
age and, as a result, the peak of the B—V color was not captured.
We therefore obtain a lower limit on the color-stretch parameter
of sgy > 0.82. This value is consistent with sgy = 0.76 + 0.08,
as determined by the SNOOPY template light curve fits shown in
Fig. 2.

An inspection of Fig. 6 reveals the apparent B —V col-
ors of ASASSN-20jq are redder than those of SN 2011fe by
~0.1 mag at maximum, and typically between ~0.1-0.3 mag
over the entire photospheric phase. The peak color difference
between ASASSN-20jq and SN 2011fe is fully consistent with
those of other 2002es-like SNe Ia (see, e.g., Burke et al. 2021).
As the coverage of ASASSN-20jq between +30 days to +90 days
is nearly nonexistent, we were unable to estimate the host red-
dening via the Lira relation; although we note that the limited

0.98

0.96

Normalized Flux

094t : : : : \ .
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Fig. 7. Na1 D lines at the rest wavelength of the host galaxy. The
—2.4 days spectrum is normalized by the local continuum. The D1 and
D2 lines are unresolved in this low-resolution spectrum. The estimated
EW for the Na1l D profile is 0.69 + 0.04A and the corresponding
E(B = V)hos 15 0.091 + 0.020 mag.

observations in hand do imply that ASASSN-20jq experiences
minimal host reddening.

Next, we turn to the Nal D absorption lines detected in
spectra obtained at —2 days and +85 days to ascertain the host-
reddening of ASASSN-20jq. Using the —2 day spectrum, with
its higher signal-to-noise ratio (S/N), we measured the pseudo-
equivalent width (pEW) of the Na1 D feature as pEW(Nal D) =
0.69 + 0.04 A (see Fig. 7). Adopting the empirical-based rela-
tion prescribed by Poznanski et al. (2012), this translates to
E(B—V)post = 0.091 + 0.020 mag. Similarly, we measured the
Nar1 D profile in +85 days spectrum and obtain a E(B—V)pe Of
0.064 + 0.037 mag. However, we discarded the later measure-
ment due to its low signal-to-noise (S/N) spectrum. Phillips et al.
(2013) further studied the relation between pEW(Nal D) and
reddening using an expanded data sample of high-resolution
spectroscopy of SNe Ia, as well as using measurements in the
Milky Way. They found a dispersion in the Milky Way correla-
tion of ~68% instead of ~20%, as suggested by Poznanski et al.
(2012). Therefore, with the addition of an ~68% uncertainty to
the reddening estimated above, we arrived at our final adopted
reddening value of E(B—V)pest = 0.091 + 0.062 mag. This value
is similar to the value inferred from the Na1 D versus reddening
relation calibrated based on the broad-band colors of stripped-
envelope SNe (Stritzinger et al. 2018; Rodriguez et al. 2023),
which implies a somewhat higher E(B — V)poge =~ 0.17 mag.

Combining our adopted host reddening with the
Milky Way reddening measured along the line of sight to
ASASSN-20jq, corresponding to E(B-V)yw = 0.0096 mag
(Schlafly & Finkbeiner 2011), yields a total E(B — V)i =
0.10 + 0.06 mag. Upon adopting the standard total-to-selective
absorption value of Ry = 3.1, it provides a V-band extinction
value of AY' = 0.31 + 0.19 mag.

4.6. ASASSN-20jq is a significant outlier in luminosity-width
relation

The left panel of Fig. 8 shows the SNe Ia luminosity-width
relation (or the Phillips 1993 relation) populated with normal
SNe Ia from the Carnegie Supernova Project (Hamuy et al.
2003; Phillips et al. 2019), along with members of known
SN Ia subtypes. The bright end of the distribution is populated
by bright normals, overluminous 1991T-like (Filippenko et al.
1992b; Phillips et al. 1992, 2022), 2002ic-like (Hamuy et al.
2003), and 2003fg-like (Howell et al. 2006; Ashall et al. 2021)
subtypes. The faint end of the distribution is populated by the so-
called transitional SNe Ia (e.g., iPTF 13ebh; Hsiao et al. 2015),
the low-luminosity 1986G-like (Phillips et al. 1987) subtype,
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Fig. 8. Absolute magnitude vs. light curve shape diagrams populated with the Carnegie Supernova Project SN Ia sample (Contreras et al. 2010;
Stritzinger et al. 2011; Krisciunas et al. 2017; Ashall et al. 2021; Phillips et al. 2022), along with members of known SN-Ia subtypes, a handful
of 2002es-like objects, and ASASSN-20jq. References for the expanded comparison sample are provided in Sect. 4.6. The left panel relates the
peak absolute B-band magnitude (M) to the light curve shape parameter Am;s(B) (Phillips 1993), while My is plotted in the right panel vs. the

color-stretch parameter, sgy (Burns et al. 2014).

and the subluminous 1991bg-like subtype. Additional pecu-
liar subtypes including 2000cx-like (Li et al. 2001), 2002cx-like
(Tax, Li et al. 2003), and 2002es-like objects are also included.
Specific 2002es-like objects (Ganeshalingam et al. 2012) are
PTF10ops (Maguire et al. 2011), iPTF14atg (Cao et al. 2015),
and SN 2016ije (Lietal. 2023). These are further comple-
mented by other objects with commonalities to 2002es-like SNe
including SN 2006bt (Foley et al. 2010; Stritzinger et al. 2011),
SN 20060t (Stritzinger et al. 2011), SN 2019yvq (Burke et al.
2021), SN 2022vqz (Xietal. 2024), and SN 2016hnk
(Galbany et al. 2019; Jacobson-Galan et al. 2020).

In the left panel of Fig. 8, we can see ASASSN-20jq
is located ~2.5mag below the Phillips relation, sandwiched
between a handful of 2002es-like and 2002cx-like SNe being
more luminous, and SN 2016hnk being less. The Am;s(B)
parameterization is known to be degenerate for low-luminosity,
fast-declining SNe Ia (e.g., 1991bg-like SNe). Turning to the
right panel, which instead relies on the more robust color-
stretch parameter, sgy (Burnsetal. 2014), we see that sgy
parameter does a good job in significantly reducing the scat-
ter along the Phillips relation, particularly for the fast declining
SNe Ia. Among other SNe, the reduced dispersion also brings
SN 2016hnk close to the distribution of 1991bg-like SNe Ia.
This is also the case of SN 2002es and other similar 2002es-
like objects such as SNe 2016ije (Lietal. 2023), 2019yvq
(Miller et al. 2020), and 2022vqz (Xi et al. 2024). Remarkably,
ASASSN-20jq appears immune to the sgy standardization as
well, since it remains 2.5 mag below the luminosity-color-stretch
relation, and it is the only significant outlier in the comparison
sample.

4.7. Absolute magnitude and bolometric light curves

Figure 9 compares the absolute B-band magnitude light curves
of ASASSN-20jq with a comparison sample consisting of
the normal SN 2011fe (Richmond & Smith 2012), as well as
the low-luminosity SNe 1991bg (Turatto et al. 1996), 2002es
(Ganeshalingam et al. 2012) and 2016hnk (Galbany et al. 2019).
The top panel demonstrates the peak magnitude of ASASSN-
20jq is sandwiched between SNe 2002es and 2016hnk, and
that its post maximum phase follows a standard decline
rate.
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Fig. 9. Absolute B-band magnitude light curves of ASASSN-20jq
compared with the normal SN 2011fe, the subluminous SN 1991bg,
as well as the peculiar SNe 2002es and 2016hnk. The adopted dis-
tance, A" extinction, and references of the comparison sample are as
follows: SN 2011fe — 6.79 Mpc, 0.93 mag (Richmond & Smith 2012;
Patat et al. 2013), SN 1991bg — 17.0 Mpc, 0.0 mag (Leibundgut et al.
1993), SN 2016hnk — 68.35 Mpc, 1.48 mag, (Galbany et al. 2019), and
SN 2002es — 73.2 Mpc, 0.00 mag (Ganeshalingam et al. 2012).

To estimate the quantity of °Ni synthesized during
ASASSN-20jq’s disruption, we constructed and modeled a
UVOIR bolometric light curve. First, the broad-band opti-
cal light curves were interpolated using Gaussian Process
spline functions. A reddening correction was applied adopt-
ing E(B — V)ix = 0.10mag. Next, using the bolometric func-
tion contained within SNooPy, 1991bg-like spectral templates
from Nugent et al. (2002) were color-matched to the reddening-
corrected broad-band colors of ASASSN-20jq’. To account
for flux beyond the spectral range of the spectral templates

7 The Nugent templates are electronically available at https://c3.
1bl.gov/nugent/nugent_templates.html
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Fig. 10. Modeling the UVOIR bolometric light curve with a radioactive
%Ni decay model (solid lines). The UVOIR light curve of ASASSN-
20jq (top panel), its time-weighted integrated luminosity (middle
panel), and the ratio *L/ ( f Lt dz) (bottom panel) which is defined inde-
pendent of the 3*Ni mass are shown. Phase is in days since the adopted

time of first light, which is 20.4 days before the epoch of the B-band
maximum (see Sect. 4.2).

we (i) extended the SED bluewards of the atmospheric cut-
off by linearly extrapolating to zero flux at 2000 A and, (ii)
extended the SED redwards of the i-band spectral range using
a Rayleigh-Jeans tail extending to 20 000 A. Upon integration
of the color-corrected spectral templates, the integrated flux val-
ues were converted to luminosity adopting the distance quoted
in Table 1. The resultant UVOIR light curve is plotted in the top
panel of Fig. 10.

We now describe the method used to estimate the **Ni mass
from the UVOIR light curve of ASASSN-20jq. In short, the
UVOIR light curve was fit with an energy deposition function
associated with the radioactive **Ni—>°Co—>°Fe decay chain.
The best-fit model is over-plotted to the UVOIR light curve in the
top panel of Fig. 10. The model fit consists of two free param-
eters corresponding to the °Ni mass (My;) and the y-ray trap-
ping parameter fy,. While all the positron kinetic energy from

56Co decay is allowed to be deposited, only [1 — e”%/*)] frac-
tion of y-ray energy is trapped in the envelope. At late times,
(>200days) when positron energy becomes comparable to the
fraction of y-ray deposition energy, the model luminosity tends
to become degenerate between My; and fy,. Therefore, in the
middle panel of Fig. 10, we fit the time-weighted integral of the
luminosity, which indicates that at all times during the evolu-
tion of ASASSN-20jq its energy budget can be explained solely
by the °Ni decay chain (Katz et al. 2013). In other words, there
is no evidence from the model fit for any additional sources of
energy deposition. Furthermore, plotted in the bottom panel is
the ratio L/ ( f Lt dt) which breaks the late-time degeneracy
between My; and fy,, as it is independent of My; (Katz et al.
2013). This ratio is used to independently and accurately tune

the fp, parameter, while the model in the top two panels are
used to determine the My;. The best-fit model corresponds to
to, = 58 £ 5days and a low My; = 0.088 +0.008 M,,. Such a low
MNy; has been seen only for a few underluminous 1991bg-like
SNe (Scalzo et al. 2019; Sharon & Kushnir 2020), thereby indi-
cating that ASASSN-20jq exhibits one of the lowest My; esti-
mates known for SNe Ia to date.

5. Spectroscopic analysis

Here, we present our analysis of the spectroscopic time-series of
ASASSN-20jq. First, the photospheric phase spectra are exam-
ined and compared to other similar epoch SNe Ia covering a
range of subtypes. Finally, the late-phase spectra are considered.

5.1. Photospheric phase

Figure 11 provides a comparison between the -9 days
and —-2days spectra of ASASSN-20jq to similar phase
SNe Ia representative of a variety of SN Ia subtypes. This
includes pre-maximum spectra of the 1991bg-like SN 1999by
(Matheson et al.  2008), SN 1986G (Phillips et al. 1987),
SN 1991T (Mazzali et al. 1995), SN 2006bt (Stritzinger et al.
2011), and maximum or post-maximum spectra of SN 2011fe
(Pereira et al. 2013), the type Iax SN 2008A (McCully et al.
2014), SN 1991bg (Filippenkoetal. 1992a), SN 2010lp
(Mazzaliet al. 2022), SN 2016hnk (Galbany etal. 2019),
SN 2002es (Ganeshalingam etal. 2012), and SN 2019yvq
(Miller et al. 2020).

At a quick glance the most prominent spectral line features
of ASASSN-20jq are consistent with those present in normal
SNe Ia such as SN 2011fe. However, a more detailed inspection
reveals that ASASSN-20jq is spectroscopically peculiar, sharing
some commonalities with 2002es-like SN Ia, but also exhibits a
number key differences.

The photospheric phase spectra of ASASSN-20jq have a
number of conspicuous features which are labeled in Fig 11.
These include the S 11 W-shaped doublet, the SiIl 115972, 6355
doublet, O1 17773, and the Call 118498, 8542, 8662 near-
infrared triplet features. These features are all common to nor-
mal SNe Ia, but typically do not appear as prevalent as they do in
ASASSN-20jq. Indeed, similar prevalent absorption profiles are
a characteristic of subluminous 1991bg-like and other underlu-
minous 2002es-like objects within the comparison sample. From
the —2 days and +2 days spectra of ASASSN-20jq, the O147773
pEW values are measured to be 220 + 5A, and 222 + 7A.
These values are approximately twice as high as those inferred
from maximum light spectra of the subluminous SNe 1991bg
(pEW =~ 130 A) and 2016hnk (pEW ~ 112 + 4 A), as measured
using the Python package spextractor (Burrow et al. 2020).

Interestingly, unlike most underluminous SNe Ia like
SNe 1986G, SNe 1991bg and SN 2002es, ASASSN-20jq lacks
a conspicuous ~4150 A Tin absorption feature (see Fig. 11) at
maximum light. However, only the pre-maximum spectrum at
—9 days is possibly showing a weak TiII absorption line.

We go on to place ASASSN-20jq into context with known
SNe Ia spectroscopic relations based on a number of decline-
rate and spectroscopic indicators. These include Simt 45972 and
16355 pEW measurements and the Sill 16355 Doppler line
velocity as measured from the position of maximum absorption
(vabs) measured from spectra obtained within three days of the
epoch B-band maximum.

8 https://github.com/anthonyburrow/spextractor
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Fig. 11. Photospheric spectra of ASASSN-20jq compared with similar epoch spectra of other SN Ia types with key spectral features marked and
labeled. The comparison sample includes subluminous SNe 1991bg, 1999by, and 2016hnk, the normal SN 2011fe, the overluminous SN 1991T,
the Type Iax SN 2008A, and SN 2002es, along with several commonly referenced objects in our overall comparison, namely SNe 2006bt, 20101p,

and 2019yvq. See text for references.

The Branch diagram provides a spectroscopic sequence
among the SNe Ia population that reflects the degree of ion-
ization above the photosphere (Nugent et al. 1995; Branch et al.
2006). Our Branch diagram comparing the pEW values of Sill
A5972 and Sill 46355 is plotted in Fig. 12. We measure Sill
A5972 and 46355 pEW values from the —2 days of ASASSN-
20jq of 54+4 A and 145+4 A respectively, and from the +2 days
spectrum 63 + 4 Aand 152 + 4A. As per the Branch classifica-
tion scheme, ASASSN-20jq falls on the extreme end of ‘Cool’
(CL) type populated by low-luminosity, fast-declining SNe Ia
as well as the so-called transitional SNe Ia subtype (see, e.g.,
Hsiao et al. 2015). ASASSN-20jq is an extreme CL type, and
with Si11 16355 pEW values of ~150 ;X, also rivals the values
exhibited by some of the “broadest” broad line (BL) SNe Ia in
the comparison sample.

Next, we investigated other spectroscopic based relations
that have similar groupings to the Branch diagram, while
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including information on the velocity of the Sil 16355 fea-
ture. In Fig. 13 the near maximum Sill 15972 pEW (top)
and SiTt 16355 pEW (bottom) measurements of ASASSN-
20jq are plotted versus the Sill 16355 Doppler velocity as
inferred from the position of maximum absorption (here-
after, v(SiIl)yps). The comparison SNe Ia sample consists of
Carnegie Supernova Project (CSP) objects presented recently by
Morrell et al. (2024), and augmented with the CSP 2003fg-like
sample (Ashall et al. 2021), SN 2002es (Ganeshalingam et al.
2012), and the 2002es-like objects: iPTF14atg (Cao et al. 2015),
SN 2006bt (Foley et al. 2010), SN 20060t (Silverman et al.
2012), SN 2010lp (Mazzali et al. 2022), SN 2016ije (Li et al.
2023), SN 2016jhr (Jiang et al. 2017), SN 2019yvq (Miller et al.
2020), SN 2022vqz (Xietal. 2024), and SN 2022ywc
(Srivastav et al. 2023).

Between —2 and +2 days, ASASSN-20jq exhibits SilIl v,p
value between —12 500 + 600 kms~! to —11700 + 550 kms~.
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Fig. 12. Branch diagram comparing the pEW values of the Sill 15972
and 16355 spectral features measured at maximum light. The diagram
is populated by the Carnegie Supernova Project sample of SNe Ia
(Folatelli et al. 2013; Morrell et al. 2024). Our measurements from two
near-maximum light spectra of ASASSN-20jq are plotted in purple, as
well as those inferred of nearly a dozen peculiar SNe Ia with common-
alities with SN 2002es (see text). In addition, we plot the sample of
2003fg-like objects (Ashall et al. 2021). The Branch diagram subtypes
labeled are CN: core normal, BL: broad line, CL: cool, and SS: shallow
silicon.

These values place ASASSN-20jq near the boundary between
the normal and high-velocity SNe Ia groups, as defined by
Wang et al. (2009) at —11 800km s~".

5.2. Nebular phase spectroscopy

Figure 14 contains our nebular phase spectra of ASASSN-20jq
compared with similar epoch spectra of a comparison sample.
Similar to the comparison sample, the blue end of ASASSN-
20jq’s spectrum exhibits several broad feature complexes at the
same spectral ranges as the known blends of multiple forbid-
den [Fe 111] and [Fe 11] line transitions observed in SNe Ia. How-
ever, similarly to the 2002es-like SN 2010lp, these features in the
ASASSN-20jq spectra are more subdued as compared with the
normal, 1991T-like, and even SN 1991bg in terms of line widths
and strengths. In addition, as in the case of normal SNe Ia, the
+229 day spectrum of ASASSN-20jq exhibits forbidden [Co 111]
A5888; whereas at the red end of the spectrum, we can iden-
tify a conspicuous emission complex extending roughly between
~7000-7600 A. In normal SNe Ia, this feature is thought to be
a blend of [Fe11] 47155 and [NiI1], while for ASASSN-20jq we
also see two narrow, partially resolved peaks. Each component
is characterized by a FWHM velocity of ~1200kms~! and are
formed by forbidden [Ca1l] 417291, 7324 emission.

Strong [CaTl features are rarely observed at similar epochs
in normal SNe Ia, and when documented typically appear after
~+400days with broad and unresolved doublet components
(e.g., Tucker etal. 2022b; Kumar et al. 2023). However, the
[Ca1l] doublet has been documented to appear in members of
the low-luminosity 2002cx-like and 2002es-like subclasses, as
well as a handful of 2003fg-like SNe Ia. As demonstrated by the
Fig. 14, the [Ca1l doublet appear resolved in SN 2016hnk, the
2002es-like SN 20101p, and the Type Tax SN 2008A.
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Fig. 13. Wang et al. (2009) diagrams comparing the Si1l 115972, 6355
pEW and Doppler velocity (v(SiII),,s) measurements from near maxi-
mum spectra of the Carnegie Supernova Project sample (Morrell et al.
2024; Ashall et al. 2021). Measurements made from the two nearest to
maximum light spectra of ASASSN-20jq are plotted as purple points,
as well as those inferred from nearly a dozen peculiar SNe Ia with com-
monalities with SN 2002es. Branch types are same as in Fig. 12. The
vertical line separates normal and high-velocity SNe Ia as defined by
Wang et al. (2009).

Recently, Siebert et al. (2023) reported the presence of a
resolved [Call doublet with FWHM velocities of 180kms™!
appearing after +240days in the 2003fg-like SN 2020hvf.
However, close inspection of Fig. 14 does reveal an inkling
of [Call] in the +258days spectrum of SN 1991T (see
Phillips et al. 2024, for a discussion), while it also appears to
contribute to this complex feature in the +264 days spectrum
of SN 2010lp (Taubenberger et al. 2013). Finally, with respect
to Ca, ASASSN-20jq exhibits a rather broad emission feature
between 8500-9000 A formed by the Ca I near-IR triplet. A sim-
ilar prevalent feature is also present in the comparison spectra of
SNe 20101p and 2019yvq.
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Fig. 14. Nebular spectra comparison. Spectra of ASASSN-20jq
obtained at +229days and +337days compared with nebular spec-
tra of SN 1991T (Gémez & Lopez 1998), SN 2011fe (Zhang et al.
2016), the low-luminosity SN 1991bg (Turatto et al. 1996), the SN Iax
2008A (McClully et al. 2014), the peculiar SN 2016hnk (Galbany et al.
2019), as well as the 2002es-like SN 20101p (Taubenberger et al. 2013),
and SN 2019yvq (Tucker et al. 2021). Prominent spectral features are
labeled with associated ion following Wilk et al. (2020).

Figure 15 presents a multi-panel plot of discrete spec-
tral sections in the velocity domain with respect to the rest
wavelengths of [CoIi] 25888, [O1] 446300, 6363, and [Ca1]
AAT7291, 7324. In the left panel, the [Co1II] feature is centered
at its rest position. This is juxtaposed with the [CaT1l] doublet
(right panel) that exhibits a significant redshift of ~1700 kms~!
with respect to its rest wavelength, and this offset remains con-
stant throughout the evolution captured by the time-series show-
ing in Fig. 3. In fact, inspection of the time-series also reveals
the [Ca1] features emerge already by +85 days. Over time the
strength of the [CaTIl emission increases relative to the contin-
uum flux, with each component exhibiting an FWHM veloc-
ity of ~1200km s~!. This is reminiscent of some SNe Iax’s,
for example, SNe 2005hk, 2008A and 2010ae (Sahu et al. 2008;
McClully et al. 2014; Stritzinger et al. 2014).

In the middle panel of Fig. 15, we can see a prominent and
narrow emission line with an extended feature on its red side
(between 2000 to 6000 kms™') starting from +229 d. The peak
of the feature is close to the 6364 A, which is the red component
of the [O1] doublet. However, the lack of any such emission at
6300 A poses a problem because at the late nebular phase, in
the partially optically thin limit, the 6300 A component of the
doublet is expected to be equal or stronger in strength com-
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Fig. 15. Post-maximum (+85 to +337 days) spectra of ASASSN-20jq
plotted in velocity domain with respect to the rest wavelengths, as
indicated on top of figure panels, of [Co1I1] (left), [O1] (middle) and
[Caql] (right) lines. The pair of the black dashed lines in the mid-
dle panel represents the rest-positions of the [O I] doublet components.
The pair of red-dashed lines represent the position of the [O 1] doublet
redshifted by 2200kms™" to best match the observed feature beyond
+229 d. The [Ca1] doublet in right panel shows a systematic redshift of
~1700km ™! throughout the evolution.

pared to the 6364 A line (ranges within 1 < Lg3oo/Leszesa <
3 from optically thick to thin limit; e.g., Li & McCray 1992;
Jerkstrand et al. 2014). Therefore, we suggest this structure is
associated with an [O1] doublet (146300, 6364) redshifted by
~2200kms~!, which would imply the prevalent emission peak
is the redshifted 6300 A component. The top panel of Fig. 16
shows the zoomed region of the tentative [O1] doublet for the
last three nebular spectra. In the plot, a pair of vertical solid
red lines are included that correspond to the redshifted posi-
tions of the [O1] doublet. This nicely coincides with the peak
and the structure of the emission features. The identification of
the redshifted [O 1] doublet is further corroborated by the sim-
ilar redshift observed in the [CalIl emission doublet. To fur-
ther validate the [O 1] line identification, in the bottom panel of
Fig. 16 we fit the doublet components and estimate a flux ratio of
Le30o/Lesea = 1.67, which is well within the expected range of
the line transitioning from optically thick to thin limit. We also
considered other possibilities for the origin of this emission fea-
ture. The peak of the emission line coincides with SiTt 16355,
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Fig. 16. Top panel: [O1] 116300, 6364 doublet region for the last three
nebular spectra of ASASSN-20jq are plotted in velocity domain with
respect to 6300 A. The pair of black dashed lines represent the rest
position of the [O1] doublet lines 116300, 6364, while the dashed red
lines represent the [O1] doublet redshifted by ~2200kms~'. Bottom
panel: Pseudo-continuum subtracted [O 1] 116300, 6364 doublet region
of the +229 d spectrum. A two-component Gaussian profile is fitted with
FWHM constrained to be the same. The flux ratio of the doublet com-
ponents Lgzgo/ Lesss 1s estimated to be ~1.67 and the FWHM for each
component is #1900 kms™.

but such narrow emission associated with Sill is not expected at
such late phases. We also considered the possibility of Ha emis-
sion blue-shifted by ~10000km s~!, though eventually rejected
this scenario due to a lack of any similar narrow HB emission
feature.

Beginning by at least +122 days, ASASSN-20jq exhibits a
highly asymmetric tilted-top [FeIl] 47155 emission line pro-
file that remains throughout the nebular phase. This is identi-
cal to the [FeII] 1.644 micron line profile of ASASSN-20jq as
illustrated by Fig. 17. The blue and red wings of both [Fe1r]
emission lines are almost symmetrically positioned about the
rest wavelengths. However, the asymmetric tilted top of the
line profiles makes the peak appear to be shifted red-ward
by ~1400km s~!. As discussed in Sect. 7.2, the nebular line
profiles provide clues to the explosion physics and viewing
angle.

[Fe I1) 16433A
r [Fe IT) 7155A

Scaled F A

-10 -5 0 5 10
Velocity (103 km s'l)

Fig. 17. Comparison of optical [FeI1] 27155 and NIR [Fe 1] 116433
nebular emission lines plotted in velocity scale. Both lines have iden-

tical profiles, being highly asymmetric with a tilted top and peaks red-
shifted by ~1400 kms™'.

6. Host-galaxy properties

The host galaxy of ASASSN-20jq is classified as a lenticular,
irregular barred spiral (SBm) galaxy, which is the same designa-
tion for the Large Magellanic Cloud (LMC). Such galaxies have
a disk but lack spiral arms, are of low gas content, and as a result,
typically have low star formation rates (SFRs).

An optical spectrum of the host-galaxy NGC 5002
was obtained by the Sloan Digital Sky Survey (SDSS-II;
Abazajian et al. 2009). Fortuitously, the location of the instru-
ment fiber was also placed only 3” away from the location of
ASASSN-20jq. The extracted 1D spectrum is plotted in Fig. 18.
The spectrum was fit using the stellar population package
STARLIGHT (Cid Fernandes et al. 2005), providing a best-fit
combination of simple stellar population (SSP) models. The
resulting fit was removed from the observed spectrum and the
resulting pure gas-emission phase spectrum of NGC 5002 is
also shown in Fig. 18.

The extinction-corrected line flux measurements were used
to estimate both the gas-phase metallicity (12 + log(O/H))
and SFR density (ZSFR). Unfortunately, the [O 11T] 25007 fea-
ture is saturated and has been removed from the public spec-
trum. We therefore turned to the OH_N2 calibration from
Pettini & Pagel (2004) and OH_S2 from Dopita et al. (2016),
providing metallicity values of 8.263 + 0.003 dex and 8.021 +
0.009 dex, respectively. These oxygen abundance values corre-
spond to 0.37 and 0.21 times the solar metallicity value (i.e.,
~8.69 dex, Asplund etal. 2009), thereby bracketing the oxy-
gen abundance of the Small Magellanic Cloud (SMC), which
is approximately 0.25 times the solar value, or equivalently
~8.03 dex (e.g., Russell & Dopita 1992). This value would pre-
dict a significant [O 1] 45007 emission, which is consistent with
the feature being completely saturated in the observed SDSS
spectrum; see region in Fig. 18 highlighted in yellow. In com-
parison, this value falls within the bottom 5th percentile of the
PISCO sample (Galbany et al. 2018; updated as of September
2024), which represents the largest collection of SN host galax-
ies observed using integral field spectroscopy. The most metal-
poor SN Ia host galaxy in this sample has a metallicity of
7.98 dex and is associated with SN 2003du.

We next estimate the SFR which in turn provides
an estimate of the SFR density (XSFR) and the specific
SFR (hereafter sSFR) of NGC 5002. We measure an Ha
flux value of (2.47+0.12)x 10" ergs™! from the gas-phase
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Fig. 18. 1D spectrum extracted (black line) from an SDSS-II spectral observations of NGC 5002, obtained from a position in proximity to
ASASSN-20jq and with prominent nebular emission features from the host marked and labeled. The underlying stellar population is modeled
using STARLIGHT (red line) and subtracted from the observed spectrum. The resulting gas-phase spectrum is shown in blue. The most promi-
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metallicity.

stellar-subtracted SDSS-II spectrum. Based on the Kennicutt
(1998) calibration between Hea flux and SFR suggests NGC 5002
has a SFR of (5.85 + 0.02) x 107 M,, yr~!. Dividing the SFR by
the area covered by the SDSS-II fiber in Kpc gives a gas phase
SFR density of ZSFR = (1.27 +0.03) X 107> M, yr~! kpc~2. This
value corresponds to the 50th percentile compared to all PISCO
SNe Ia host galaxies, in other words it has an average sSFR
value in relation to the PISCO sample. To estimate the sSFR
we simply divide the SFR estimate above by the stellar mass
covered by the fiber, which from the STARLIGHT fit shown in
Fig. 18 indicates (7.20 + 0.23) x 10° M. This implies a sSFR of
(8.12+0.02)x 107! yr~!, This corresponds to the 50th percentile
compared to all PISCO SNe Ia host galaxies.

Next, from the Ha feature in the subtracted SDSS-II spec-
trum, we measure a high pEW value of 168 + 0.5 A. Using
the SSP models from Starburst99 (Leitherer et al. 1999), the
pEW value is consistent with ionization of the gas driven pri-
marily by a very young stellar population of only a few mil-
lion years old. Indeed, the average luminosity weighted age
of log,, = 7.25 + 1.51, or roughly 10-15Myr, is inferred by
our STARLIGHT SSP fitting. Comparing to the PISCO sam-
ple, these two values are in the 1st percentile of the PISCO
sample.

7. Discussion

7.1. Comparison of ASASSN-20jq with 2002es-like and
other similar underluminous SNe la

ASASSN-20jq exhibits many photometric and spectroscopic
characteristics that deviate from normal SNe Ia, but are more
consistent with SN 2002es and some of the other members of
the 2002es-like subclass. We now highlight some of the simi-
larities among the 2002es-like population, and when appropriate
explore the growing observational diversity within the sample.
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7.1.1. Light curve evolution

As shown in Fig. 2, the i-band light curve of ASASSN-20jq
does not display two distinct peaks; instead, it exhibits a single
peak, a characteristic commonly observed among most sublu-
minous 1991bg-like, 2002es-like, and even lax SNe. Measure-
ment of the peak times for the B- and i-band light curves yields
=B values close to zero. As illustrated in Fig. 5, this posi-
tioning places ASASSN-20jq within a relatively sparsely pop-
ulated area of the parameter space. The figure further shows
that, while the expanding sample of 2002es-like and 2006bt-like
supernovae tend to have 7.2 values confined to a narrow range
between 0 and +3 days, their sgy values span a broader range
that includes both subluminous 1991bg-like objects and, occa-
sionally, 2003fg-like SN Ia subclasses.

The intrinsic B—V colors of ASASSN-20jq at peak and along
the Lira relation are redder than those of normal SNe Ia, although
they are not as red as SN 1991bg (see Fig. 6). This trait is typi-
cal among 2002es-like objects (Xi et al. 2024). Additionally, as
illustrated in Fig. 8, ASASSN-20jq reaches a peak My that is
significantly underluminous relative to its inferred light-curve
decline-rate parameter, Am;s(B), a pattern consistent with the
extended 2002es-like comparison sample. Notably, as demon-
strated in the right panel of Fig. 8, even after correcting for light
curve shape using the sgy parameter, ASASSN-20jq remains a
considerable outlier relative to the 2002es-like comparison sam-
ple and SN 2016hnk.

In examining the early light curve evolution presented in
Sect. 4.2, the flux of ASASSN-20jq during the first 1.4 days
of explosion is approximately 2 magnitudes brighter than pre-
dicted by the expanding fireball model with a single power-law
fit (see Fig. 4). A two-day gap between the initial and subsequent
photometric epochs limits detailed analysis, yet the presence of
early excess emission in the rising light curve of ASASSN-20jq
agrees with other 2002es-like SNe Ia discovered and followed up
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shortly after explosion, including iPTF14atg (Cao et al. 2015),
iPTF14dpk (Cao et al. 2016), SNe 2016jhr (Jiang et al. 2017),
2019yvq (Miller et al. 2020; Burke et al. 2021; Tucker et al.
2021), 2022vqz (Xi et al. 2024), and 2022ywc (Srivastav et al.
2023).

In the days following fg, each of these SNe Ia displayed
an early flux excess, about two magnitudes or more above
what would be anticipated from the expanding fireball model.
This initial phase includes a rapid brightening, creating a dis-
tinct “bump” of varying intensities. For instance, ASASSN-
20jq and iPTF14atg reached initial absolute magnitudes around
—14.5 to —15 in the optical, while SNe 2016jhr, 2019yvq, and
2020vqz were brighter, around —16 to —16.5. In the case of
the extraordinary SN 2022ywc, the early absolute magnitude
reached as high as —19. Furthermore, the rise times to maxi-
mum brightness across the 2002es-like sample show diversity.
iPTF14atg reached peak in approximately 22days (Cao et al.
2016), iPTF14dpk in about 16 days, SN 2016jhr in 18.9 days,
SN 2019yvq in 17.5days (Burke et al. 2021), ASASSN-20jq
in roughly 20.4 days, SN 2022vqz in approximately 18.6 days
(Xi et al. 2024), and SN 2022wyc in 20.9 days (Srivastav et al.
2023).

We note that the initial outburst radiation field for these
SNe are ultraviolet (UV) prevalent, as revealed by Swift in
iPTF14atg (Cao et al. 2015) and SN 2019yvq (Miller et al. 2020;
Burke et al. 2021; Tucker et al. 2021). However, for ASASSN-
20jq we lack UV observations to identify such UV excess.
Similar UV excesses and blue UV colors have been identi-
fied in 2003fg-like SNe Ia (Hoogendam et al. 2024). In these
cases, early UV emission could be a signature of interac-
tion between the expanding SN ejecta and circumstellar mate-
rial (CSM) (e.g., Levanon & Soker 2017; Moriya et al. 2023;
Maeda et al. 2023; Hoogendam et al. 2024). However, it should
also be noted that deep radio observations of several SNe Ia
could never detect early radio emissions to infer any CSM inter-
action (see e.g., Chomiuk et al. 2016; Lundqvist et al. 2020).
Other scenarios that may explain the rising light curves are
(i.) the interaction between the expanding SN ejecta and a
nondegenerate companion (Kasen 2010; Maeda et al. 2014),
(ii.) significant mixing of °Ni to the outer layers of the ejecta
(Piro & Morozova 2016; Magee et al. 2018) or (iii.) S0Ni synthe-
sized in the outer ejecta following a surface ignited double deto-
nation (Nomoto 1982; Woosley & Weaver 1994; Livne & Arnett
1995; Hoeflich & Khokhlov 1996; Shen et al. 2018), and finally,
(iv.) the violent merger of two WDs (Iben & Tutukov 1984;
Webbink 1984; Pakmor et al. 2010, 2012).

7.1.2. Spectroscopy

The comparison of optical spectra taken around maximum light
in Fig. 11 reveals a number of commonalities among ASASSN-
20jq and 2002es-like SNe Ia. These SNe Ia exhibit promi-
nent intermediate mass element features of Sill 415972, 6355,
O1 47773, and Call near-infrared (NIR) triplet absorption. The
strength of these features in the 2002es-like objects are gener-
ally stronger than seen in normal SNe Ia, suggestive of a lower
ionization state of the underlying emission region (Nugent et al.
1995). We go on to explore the diversity among key spectral indi-
cators associated with Sill and O1I features. We briefly touch on
the presence or lack thereof of features associated with Till at
~4150 A and C 11 16580 lines.

Referring to the Branch diagram in Fig. 12, since 2002es-
like objects tend to reach lower peak luminosities than normal
SNe Ia, their underlying ionization state leads to them exhibiting

substantial overlap with the CL SN Ia parameter space, which is
primarily occupied by transitional and subluminous SNe Ia.

The comparison sample of 2002es-like objects also extends
beyond this region, moving towards the 2003fg-like subclass and
reaching pEW values of Sill 45972 as low as approximately
20 A. The 2002es-like sample shows minimal, if any, overlap
with the SS and CN subclasses of SNe Ia. Lastly, two objects,
SNe 2006bt and 2019yvq, which are not necessarily bona fide
members of the 2002es-like group, have broader Sill features,
placing them among the BL subtype.

Examining the energetics of 2002es-like SNe, as traced by
v(SiM),ps (see the Wang diagram in Fig. 15), we find that most
of the comparison sample exhibits velocities between —6000
and —10000kms~'. However, SN 20060t and ASASSN-20jq
reach velocities near the threshold that separates normal from
high-velocity SNe Ia (i.e., v(Sill)zs = —11500kms™"), while
SNe 2006bt and 2019yvr show even higher values, exceeding
—-14000kms~!.

Focusing on the OT1 47773 feature, ASASSN-20jq shows a
pEW of 220 A, which is nearly twice as strong as in sublumi-
nous SNe Ia and almost four times higher than in CN SNe Ia
(Zhao et al. 2016). This value ranks as the highest within the
2002es-like comparison sample, whose measurements include:
SN 2002es (pEW ~ 93 + 3 A), SN 2006bt (pEW ~ 97 + 2 A),
SN 20060t (PEW =~ 98 + 1 A), SN 2010lp (pEW =~ 133 + 3 A),
iPTF14atg (pEW ~ 87 + 1 A), SN 2016ije (pEW ~ 114 + 2 A),
SN 2019yvq (pEW ~ 62+5 A), SN 2022vqz (pEW ~ 70+2 A),
and SN 2022ywc (pEW ~ 57 + 2 A).

Referring to the +3 days spectrum of SN 2002es in Fig. 11,
a flux suppression can be seen between 4000-5000 A. A more
pronounced absorption trough is visible in SN 1991bg (peak
Mp = —16.9mag), while a weaker dip is noted in the transi-
tional SN 1986G (peak Mp = —17.8 mag). The presence and
strength of this trough are temperature-dependent, leading to the
formation of TiIl (Filippenko et al. 1992a), with additional con-
tributions from Fell and Mg1I lines (e.g., Mazzali et al. 1997;
Doull & Baron 2011). Brighter SNe Ia generally have higher
photospheric temperatures at peak where Fe II transitions domi-
nate the blue part of the optical spectrum. In even hotter SNe Ia,
like 1991T-like and 2003fg-like events, Fe Il features become
more prominent due to the higher ionization state.

As seen in Fig. 11, SN 2002es (peak Mp = —17.8 mag)
and SN 2010lp (peak unknown) display a Till feature that
has been considered characteristic of the 2002es-like subclass.
However, in the maximum light spectra of SN 2006bt (peak
Mp = —18.8 mag), SN 2019yvq (peak Mp = —18.4 mag), and
ASASSN-20jq (Mg = —17.1 mag), this trough is absent or very
weak. The relationship between the feature and luminosity is
not straightforward. For instance, SN 2022ywc (peak Mp ~
—19 mag) also shows significant suppression in the 4000-5500 A
range, similar to SN 2016hnk (peak Mp = —16.7 mag). While
the presence of weak Till features has been suggested in other
2002es-like SNe, such as PTF10ops (peak Mg = —17.7 mag),
iPTF14atg (peak My = —17.9mag), SN 2016ije (peak Mp =
—17.7mag), and SN 2022vqz (peak Mp = —18.1 mag), we con-
sider the evidence in these cases to be rather inconclusive.

We conclude our discussion of the photospheric phase spec-
tra by focusing on carbon, which as carbon burning produces
oxygen, likely indicates unburned material from the C + O WD
progenitor. However, only a handful of C11 lines appear in the
optical range, and these are generally quite weak compared
to the more prominent spectra features. C1I features typically
emerge in the days following the explosion, with CII 16580
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being the most prominent, often appearing as a notch redward
of the Simm 16533 line. The C1 16580 feature is observed
in the pre-maximum spectra of about 30% of normal SNe Ia
(Parrent et al. 2011; Thomas et al. 2011; Folatelli et al. 2012;
Silverman et al. 2012). It is also prevalent in the pre-maximum
spectra of SN 2006gz (Hicken et al. 2007) and in some other
2003fg-like SNe Ia, such as SN 2009dc (Yamanaka et al. 2009),
SN 2007if (Scalzo et al. 2010), SN 2012dn (Taubenberger et al.
2019), LSQ14fmg (Hsiao et al. 2020), PSN J0910+5003 and
ASASSN-16ex (Tiwari et al. 2023).

A persistent and relatively prevalent CI1 16580 feature
has been identified in the 2002es-like iPTFl4atg with a
v(C)s * —6000kms™! (Cao et al. 2015) and in SN 2016ije
with a 0(CI)gs ~ —4500kms~! (Liet al. 2023). Foley et al.
(2010) reported evidence of CII 46580 in the —4 and —3 days
spectra of SN 2006bt with v(CII),s =~ —5200kms~!, and by
reaching maximum light the feature no longer appeared in its
spectrum. Since this velocity is lower than what is typically
observed in normal SNe Ia, Foley et al. (2010) suggested that the
carbon might result from circumstellar interaction with carbon-
rich material. However, as with normal SNe Ia, carbon is not
universally present in 2002es-like objects, with no evidence of
C1I in the pre-maximum spectra of PTF11ops (Cao et al. 2015),
SN 2019yvq (Miller et al. 2020), or SN 2022vqz (Xi et al. 2024).
The —9 days spectrum of ASASSN-20jq shows a notch just red-
ward of the SiIl 46533 emission component, which, if caused
by C11I, would imply an unusually low velocity of v(CII)yps ~
—-2300kms~'.

We shift our focus to the nebular optical spectra of ASASSN-
20jq and other 2002es-like objects. Over time, these sources
offer an increasingly deeper view into the inner regions of the
ejecta. The nebular spectra of ASASSN-20jq resemble those of
SN 1991bg, but with even weaker Fe-group complexes due to
an absence of [FeTI] lines, as shown and labeled in Fig. 14.
ASASSN-20jq closely resembles the 2002es-like SN 2010lp,
sharing similarly weak Fe-group element complexes and a
prominent double-peaked [Ca11] feature. Additionally, the nebu-
lar spectrum of SN 2010lp displays a complex double-peaked
[O1] 416300,6363 emission doublet on top of a broad base.
The emission features of SN 2010Ip exhibit a full width at
half maximum (FWHM) velocity of approximately 1700 kms™".
Interestingly, these features are blueshifted and redshifted by
2000kms~' and 1800kms~!, respectively, relative to the [O1]
16300 rest wavelength, suggesting the presence of an asymmet-
ric oxygen emission region in SN 2010lp (Taubenberger et al.
2013). A similar feature, attributed to [O1] 116300,6363, was
observed in the nebular spectrum of iPTF14atg (Kromer et al.
2016), although the low S/N of the data prevented precise mea-
surements of these features.

As discussed in Sect. 5.2 and shown in Fig. 16, the three
nebular spectra of ASASSN-20jq, taken between +229 and
+357 days, reveal a feature that likely corresponds to a double-
peaked [O 1] 116300,6363 doublet, redshifted by 2200 km s7L,
with an FWHM of ~1900kms~! for each component. Unlike
core-collapse SNe, [OI] emission is extremely rare to be
detected in SNe Ia. Based on the analysis of the nebular spec-
trum of ASASSN-20jq, the redshifted [CaII] and the tentative
[O1] features may be explained by a viewing angle effect com-
bined with an asymmetric explosion (see Section 7.2).

We also considered the possibility of the origin of the red-
shifted [O 1] and [CaT1f lines from the leftover material stripped
off from a nondegenerate He-rich companion (see Liu et al.
2013; Lundqvist et al. 2015). Liu et al. (2013) models suggest
that depending on the viewing angle to the axis of SN and com-
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panion, these emission lines are shifted by ~500—2000 kms~'.

Lundqvist et al. (2015) suggested in such a scenario [OT] and
[Can] emission lines of widths of ~1000kms~' would be
formed. Although such a scenario might explain the redshifted
[O1] and [Ca1] lines that we observe in ASASSN-20jq, it
is expected that the strength of those lines from stripped-off
materials will be much weaker than that we see in ASASSN-
20jq. For ASASSN-20jq the peak intensities are ~1.5-9.0 x
107 ergs~'em 2 A~ for [O1] and [Ca1ll lines at +229 days.
Lundqvist et al. (2015) modeled such stripped off emission
lines for SNe 2011fe and 2014J, which at the distance of
ASASSN-20jq are two orders of magnitude weaker than the
[O1] and [Ca1l line intensities of ASASSN-20jq. Addition-
ally, Botyanszki et al. (2017) predicted from their non-local ther-
modyamic equilibrium (NLTE) nebular spectral modeling that
lines originating from materials stripped from hydrogen-rich or
helium-rich companion would also show He I lines stronger than
[O1] and [CaT1] lines, and in case of ASASSN-20jq no He I lines
are detected. Therefore, we disfavor the origin of these lines
from stripped-off materials.

We conclude this section by mentioning the host properties
of ASASSN-20jq in the context of the known characteristics
of 2002es-like SN hosts. White et al. (2015) previously noted
(based on a limited sample of 2002es-like SNe identified by
PTF/iPTF) that these events typically occur in massive early-
type, luminous galaxies with minimal star formation. However,
as the sample of 2002es-like SNe has grown, exceptions to this
trend have emerged. For instance, SN 2016ije was found in a
bluer, low-mass star-forming galaxy (Liu et al. 2023), which is
more comparable to the host of ASASSN-20jq.

7.2. Extending the Hoeflich et al. (2021) model comparison
to optical wavelengths

Hoeflich et al. (2021) presented a NIR spectrum of ASASSN-
20jq obtained at +192days past the epoch of B-band maxi-
mum with the W. M. Keck Observatory equipped with the Near
Infrared Echellette Spectrograph (NIRES), along with a model
spectrum computed with the HYDRA (HYDro RAdiation) trans-
port code (Hoeflich 1990; Hoeflich et al. 1995, 2017; Hoflich
2003, 2009). In the following, the synthetic spectrum at optical
wavelengths is compared with the late-phase observed spectrum
of ASASSN-20jq. Before doing so, we first present a concise
summary of the model details. For a comprehensive description
of the numerical methods and model setup, the reader is referred
to Hoeflich et al., (2021, see their Sect. 4 and references therein).

Hoeflich et al. successfully modeled the NIR spectrum of
ASASSN-20jq with a high-central density WD near accretion-
induced collapse, that underwent an off-center DDT, producing
(similar to transitional SNe Ia, e.g., Gall et al. 2018) compa-
rable amounts of °Ni during the deflagration and detonation
phases. In this scenario, large-scale asymmetries associated with
the deflagration phase burning products are absent. However, the
off-center DDT triggers a detonation burning phase that pro-
duces a *°Ni bulge. This asymmetry in the ejecta gives rise to
tilted-top Fe line profiles and prominent [Ca I emission features
(see below). These unique conditions explain the observed spec-
tral asymmetries and light-curve peculiarities, distinguishing
ASASSN-20jq as a rare SNe Ia event (see Hoeflich et al. 2021,
for details). The production of comparable amounts of *°Ni in
the deflagration and detonation phases is in contrast to Branch-
normal (*°Ni production is dominant in the detonation phase)
and subluminous SNe ITa, where °Ni production is dominant in
the deflagration phase. Furthermore, the absence of low-velocity
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Fig. 19. Schematic outlining the Hoeflich et al. (2021) off-center DDT
explosion model of a Mc,-mass C+ O WD. Initially, centrally located
C + O burning initiates a deflagration flame front, which due to the high
central density of the WD, produces an inner, spherical region of elec-
tron capture (EC) elements (depicted by filled cyan circle) consisting
mostly of stable Fe-group elements. The EC region lays within a spher-
ical shell of remaining deflagration ash consisting mainly of radioactive
%Ni (green ring). After consuming 0.3 M, of the WD and the leading
edge of the deflagration flame front reaches p;,, a ~2000kms™! off-
center DDT is triggered (black point). As the DDT occurs on a mov-
ing background, the detonation burning front requires time to reach and
fully consume the remaining C + O ejecta. As a result, the detonation
burning products are distributed asymmetrically, and as depicted in the
schematic by the intensity of yellow which reflects the abundance mass
fraction of *°Ni, the majority of the *Ni produced during the detona-
tion burning phase is distributed in a banana shape region with a ring
surrounding the deflagration burning ash and along a positive viewing
angle relative to the equator. Depending on the viewing angle, nebular
emission lines will appear blue- or red-shifted.

%Ni in ASASSN-20jq reduces radioactive energy storage in the
inner regions, resulting in enhanced energy emission around
maximum brightness compared to predictions from Arnett’s law
(Arnett 1982). This mechanism in combination with the opac-
ity is linked to the brightness-decline relation for typical SNe Ia.
Consequently, the light curve of ASASSN-20jq approaches the
radioactive decay curve with a slower post-maximum decline,
further distinguishing it from typical SNe Ia (e.g., Hoeflich et al.
1993, 2017; Kasen et al. 2006).

The synthetic spectrum presented in Hoeflich et al. (2021) is
the result of a 3D NLTE radiative and particle transport calcu-
lations based on density and abundance profiles generated from
a 2-D hydrodynamic simulations for the high-density WD dis-
rupted following an off-center DDT. The explosion model is
one of a grid of models spanning normal-bright to sublumi-
nous SNe Ia (Hoeflich et al. 2017). As detailed in Hoeflich et al.
(2021), model 5p02822d40.16 is most aligned with key photo-
spheric phase observables of ASASSN-20jq, including its peak
brightness and light-curve decline rate. The model consists of a
relatively high central density (0. = 4 x 10° gecm™) C + O Mcy,-
mas WD evolved from a 5 M, main sequence star with solar
metallicity. This high central density is a requirement to pro-

duce the flatter profile with a tilted top of [Fe1] lines, as seen
in Fig. 17. While the environment around ASASSN-20jq indi-
cates low metallicities (similar to those of the SMC), the models
presented here did not account for this. The metallicity effect
on the nuclear burning should be small, since the density dom-
inates the electron capture rates. However, the low metallicity
would affect the cooling and hence the accretion rate in single
progenitor and secular merger scenarios. The high densities we
find require low accretion rates, which are compatible with lower
metallicity; however, this was not directly accounted for in our
modeling.

Figure 19 provides a schematic of the adopted explosion
model. Initially, a thermonuclear runaway occurs within the cen-
tral region of the WD with nuclear burning occurring within a
subsonically propagating deflagration flame front. As the cen-
tral region of the WD is consumed, the WD’s core expands with
a velocity of ~2000-3000kms~!, leaving within its ashes an
inner region consisting mostly of stable electron capture (EC)
elements (e.g., **Fe, **Co and >®Ni), surrounded by a spherical
shell of mostly radioactive 3*Ni. Upon burning Mppr = 0.3 My
of the WD and the leading edge of the deflagration flame front
reaches the transition density of p;, = 1.6 x 107 gcm™, an off-
center detonation is launched at a single point located along the
north pole extending from the center of the WD. As the off-
center DDT occurs on an already expanding background, it takes
time for the detonation burning front to propagate to the oppo-
site side of the WD. When the burning front does reaches the
opposite side of the WD, burning occurs under lower densities
(as density decreases cubically over time) and hence at lower
temperatures. Consequently, an asymmetric distribution of all
burning products including Ca and *°Ni is produced during the
detonation burning phase. As indicated in Fig. 19, the asymmet-
ric distribution of 3°Ni leads to a banana shape ring distributed
between ~0° to 180° azimuthally around the outer deflagration
ash. The ring becomes thicker with increasing brightness and
decreasing central density of the WD. In addition to “°Ni, the
distribution of “°Ca produced during the detonation phase is also
asymmetric, and is distributed following a similar banana-shape
with a ring distribution as the *°Ni. This naturally leads to the
viewing angle effects on the line profiles as demonstrated in
Hoeflich et al. (2021, as shown in their Fig. 3).

Figure 20 offers a comparison of the optical/NIR nebular
spectrum of ASASSN-20jq with the synthetic spectrum of model
5p02822d40.1. With an ~40day difference in phase, the opti-
cal/NIR nebular spectra are not exactly matched in phase; how-
ever, as the spectral features evolve slowly (see Fig. 14) and
the synthetic spectrum corresponds to ~+205 days, the compari-
son can be considered robust. The model generally matches well
with the optical spectral range, particularly with the prominent
[Ca11] feature and most of the major line complexes. The preva-
lent [CaT1] feature in the synthetic spectrum is produced by “°Ca
created during the detonation burning phase. The [CalI] emis-
sion is a consequence of the significant overlap between the
abundance profiles of *°Ca and *°Ni (see Fig. B.1). Furthermore,
the [Ca1r] feature is double peaked and redshifted as natural con-
sequence of a —90° viewing angle (see also Hoeflich et al. 2021,
their Fig. 4 inset).

Turning our attention to bluer wavelengths, the synthetic
spectrum does show flux deficiencies relative to the observed
spectrum at the positions of several key Fe-group element com-
plexes. This includes line complexes associated with higher
ionization lines such as: [ColII] 14154, [CoII] 14624, [FeIiI]
4659, [CoIm] A5890, [Fema] 15272, [Coln] A16129,6197,
[Co1r] 28123, and [Fe 11] 18619.
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Fig. 20. Spectral synthesis model of the optical and NIR nebular spectrum. The optical spectrum was obtained on +229 days and the NIR spectrum
on +192 days (Hoeflich et al. 2021). Over-plotted in blue is the synthetic spectrum computed from a Mc, C+ O WD disrupted following an off-
centered delayed detonation explosion. This model is computed with a viewing angle of —90° as defined by the schematic in Fig. 19. At the blue
end of the optical spectrum the model underestimates the flux of several Fe 11+ Fe Il complexes. After recomputing the explosion model with
the addition of a 2000 km s™' macroscopic mixing scale of the **Ni-Fe into the lower density Ca-layer (see Fig. B.1), we obtain the synthetic
spectrum shown in red. The mixing model better reproduces the [Fe 1], [Fe 111], [CoII], and [CoIII] line complexes between ~4000-6000 A and
~8500—9000 A. The observed spectra have been scaled arbitrarily to match the model results.

We exclude both changes in the inclination angle towards a
more equatorial directions, and the 56N abundance as the culprit
of the discrepancy given the inherent degradation to the line pro-
files including both the conspicuous optical [Ca1] 4117291,7324
and NIR [Fe 11] 11.644 um features. Other possibilities could be
related to physical 3-D effects not included in the model. This
could take the form of either microscopic and/or macroscopic
mixing driven by velocity fields produced during the deflagration
burning phase. Microscopic mixing is known to enhance the Si
and S lines in the NIR for both normal-bright and subluminous
SNe Ia, but does not boost the optical Fe-group complexes (see
Hoflich et al. 2002; Diamond et al. 2018). On the other hand,
macroscopic mixing of the *°Ni to lower-density layers effec-
tively reduces recombination, which in turn produces a higher-
ionization state and thus increased emission from high ionization
lines such as those associated with [FeIlI] and [Co1III], and the
permitted Ca1l NIR triplet.

To this end, macroscopic, radial mixing was implemented
into the benchmark model which alters the final abundance pro-
files. This was accomplished by including a velocity scale grow-
ing from 20% of the local expansion velocity to a maximum
value of 2000kms~!, which is the expected typical value of
Rayleigh-Taylor instability driven large plumes of burnt mate-
rial and corresponding downdrafts of unburnt material ubiq-
uitous to deflagration models (Khokhlov 2001; Gamezo et al.
2003). The outcome of the inclusion of macroscopic mixing
is revealed by Fig. B.1 which contains the original model and
the mixed model abundance profiles. The inclusion of macro-
scopic mixing effectively leads to an increased overlap (in veloc-
ity space) between the *°Ni-rich region and the Ca region. As can
be seen in Fig. 20, the mixed model shows much better agree-
ment with the previously noted Fe-group element complexes and
the Call NIR triplet. Further comparison between the observed
and synthetic spectrum reveals the model underestimates the flux
of the purported [O1] feature as well as another small feature
around 8000 A likely formed by SilI 118044, 8243 and strad-
dled between the [CalI] and Call NIR triplet. The [O1] could
possibly be strengthened by additional mixing of oxygen into
deeper layers.
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Turning to the nebular Fe-group line profiles associated with
the forbidden lines of [Co1ll] 45888, [Felr] 47155 and [Fe11]
1.644 um, and the intermediate-mass elements (IMEs) of forbid-
den [O1] 216300,6364, and [CaII] 117291,7324, inspection of
Figs. 15 and 17 reveals that the Fe-group lines show no velocity
shifts relative to their rest wavelengths, while the IMEs lines of
[O1] and [Ca11] show red-shifts on the order of 2200 km s~! and
1700km ™!, respectively. The [O 1] lines are narrow, the FWHM
of the Gaussian fit of Fig. 16 is only ~1900kms~!, implying
that the excited oxygen is confined to a relatively narrow region
of velocity space. In relation to the off-center DDT model, as
~50% of the synthesized *’Ni is produced during the deflagra-
tion burning phase, it is distributed centrally in a roughly spheri-
cal configuration. On the other hand, the O and Ca features come
from elements synthesized during the detonation burning phase
and hence are located in the inner edge of the material above
the point of the DDT as defined in Fig. 19. The narrow velocity
extent is due to the fact that only excited oxygen emits and there
can be more oxygen in the ejecta than just that seen in the optical
spectrum.

8. Summary

In this work, we present a detailed analysis and comparison of
optical photometry and spectroscopy of the SN Ia ASASSN-
20jq located in a metal poor galaxy with a very young stellar
population, and average star formation rates. ASASSN-20jq is
a low-luminosity object peaking at an absolute B-band mag-
nitude Mp = —17.1 mag. The light-curve shape parameters of
Amys(B) = 1.35 + 0.09 mag and sgy R 0.82 are well within the
range of normal SNe Ia. Combined with the inferred peak abso-
lute magnitude, we find ASASSN-20jq to be a prominent outlier
in both the luminosity-width and luminosity-color-stretch rela-
tions. It appears ~2.5 mag fainter than implied by these calibra-
tion relations, which has not been seen for any other SNe Ia.
The i-band post-maximum light curve of ASASSN-20jq does
not show a secondary maximum, but a flatter evolution instead.
This is characteristic of 1991bg-like SNe Ia, as opposed to nor-
mal SNe Ia exhibiting distinct double peaks.
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We estimated the explosion epoch of ASASSN-20jq to be
—20.4 days before the B-band maximum by assuming a power-
law early-time rising light-curve while taking into account the
first detection and nondetection limits. This rise-time to max-
imum is within the observed diversity of 2002es-like SNe.
ASASSN-20jq is estimated to have a °Ni mass of 0.088 +
0.008 M, making it one of the lowest *°Ni mass estimate for
SNe Ia. We note that only a few underluminous 1991bg-like SNe
are known to have a comparable *Ni mass.

The photospheric phase spectra of ASASSN-20jq are mostly
similar to 1991bg-like and under-luminous 2002es-like objects.
However, it lacks a strong ~4150 A Tin feature at maxi-
mum light, which is characteristic of most under-luminous
objects. ASASSN-20jq shows unusually strong Sill 115972,
6355 absorption lines and, as evident from the Branch diagram,
the Sill line pEWs are stronger than most normal or under-
luminous objects. In addition, ASASSN-20jq also shows unusu-
ally strong O1 47773 and CalINIR triplet lines which are much
stronger (pEW > 2times) than those seen in normal or under-
luminous objects.

Nebular phase optical spectra of ASASSN-20jq are domi-
nated by [Fe11], [Fe11] and [Co 1] lines. While they are much
weaker than those seen for normal-luminosity SNe Ia, they do
resemble underluminous SNe. However, the [Fe 1] 17155 line is
an exception in that it is unusually stronger than that seen in nor-
mal, luminous, or underluminous SNe (except the 2002es-like
SN 20101p). We also identify identical tilted-top line profiles for
both optical and NIR [Fe11] 47155 and 116433 lines, which can
be attributed to the viewing angle effect of off-center DDT explo-
sion in the SN. Due to the tilted top of the [Fe11] lines, there is
an apparent redshift of the peak position by ~1400 kms~!. How-
ever, the overall structure including the red- and blue-wings is
symmetrically positioned around the rest wavelength, indicat-
ing no shift in the bulk of the [Fe II] emission. Another striking
feature in the nebular phase spectra is the strong and partially
resolved [Call] 417291, 7324 doublet, which can be identified
from +122 d onward. Except for a few SN-Iax, such strong and
resolved [CaIl] doublet lines are never seen in SNe Ia. In rare
cases, strong [Ca1] has been identified in normal SNe Ia only at
much later phases (~400 days), but those are always broad with
unresolved doublet components. Additionally, this entire [CaT]]
doublet profile is redshifted by ~1700kms~'. At ~6350 A, all
three nebular spectra of ASASSN-20jq show an emission fea-
ture with extended red wing. Although our investigation is lim-
ited by the low S/N of our spectra, we identified these features
as being most likely the [O1] 116300, 6364 doublet redshifted
by ~2200kms~!. The 6300 A component of the doublet corre-
sponds to the prominent peak of the emission complex, while
the pEW of the 6364 A component is weaker by a factor of 1.67
and dominated by the spectral noise. Detections of [O I] doublet
in thermonuclear SNe are extremely rare, having only been con-
clusively detected in SN 2010lp (Taubenberger et al. 2013) and
SN 2022pul (Kwok et al. 2024).

Interestingly, the forbidden emission lines from intermediate
mass elements, with respect to [Cam] and [O1] produced dur-
ing the detonation burning phase, show a redshift of roughly
2000kms~!. This is consistent with the off-center DDT sce-
nario for ASASSN-20jq, where the point of detonation is shifted
by a few times 103 kms~! in velocity space with respect to the
kinematic center of the explosion. On the other hand, the iron
group emission lines of [Fern], [Feir], and [CoI] show no
discernible shift, as around half of °Ni is produced during the
initial deflagration phase and is centrally distributed. Using the

off-center DDT model, we synthesized the optical and NIR neb-
ular spectra simultaneously. We also introduced macroscopic
mixing of the *Ni-rich region with the low-density Ca-rich
layers, which is in good agreement with the observed spectra.
Within M¢y, explosion models, objects similar to ASASSN-20jq
are expected to be rare compared to the population of Branch-
normal and subluminous SNe Ia. This rarity arises from the spe-
cific requirements: a high central-density WD that undergoes
an off-center DDT explosion, producing nearly equal amounts
of *Ni during both the deflagration and detonation burning
phases.

ASASSN-20jq shows several commonalities with 2002es-
like objects, beyond just a faint peak absolute magnitude, nor-
mal SNe Ia like Am;5(B) decline rate, and lack of secondary i-
band maximum. Spectroscopically, ASASSN-20jq also shows a
number of similarities with 2002es-like objects, including the
early appearance of detectable [Calll at +122days and strong
Sill 26355 and OT1 absorption features. However, 2002es-like
objects are a very diverse group of SNe Ia that do not have a
well-defined parameter space and ASASSN-20jq further con-
tributes to the diversity of this class. ASASSN-20jq also lacks
a number of features that are seen in some (but not all) 2002es-
like SNe, including the lack of a Till ~4150 A feature around
maximum light, peak-magnitudes fainter than most well-defined
2002es-like objects and a lack of unburnt carbon in the spectra.
However, other spectral characteristics, including the Silll line
velocities, are aligned with normal or overluminous 1991T-like
SNe Ia.
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Appendix A: Optical broadband photometry of ASASSN-20jq

Bose, S., et al.: A&A, 699, A169 (2025)

Table A.1 lists the optical broadband photometry of ASASSN-20jq.

Table A.1. Photometry of ASASSN-20jq

UT Date D - Phase” B % g r i z Telescope”
2,459,000 (days) (mag) (mag) (mag) (mag) (mag) (mag) / Inst.
2020-08-04.14  65.64 —-20.1 — — >16.90 — — — ASAS-SN
2020-08-04.29  65.79 -19.9 — — — >18.46¢ — — ATLAS-O
2020-08-05.25  66.75 -19.0 — — — — — 17.41 £ 0.030¢ PanSTARRS
2020-08-08.13  69.63 -16.1 — — 16.800 + 0.500 — — — ASAS-SN
2020-08-09.16  70.66 -15.1 17.336 £ 0.055 — 17.073 £0.040  16.533 £0.016  16.539 +0.040 — PO-NM
2020-08-09.89  71.39 -14.3 17.173 £ 0.077 16.602 + 0.040 16.944 + 0.038 16.497 +0.027 — — Asiago-0m9
2020-08-11.13  72.63 -13.1 16.708 + 0.046  — 16.483 + 0.051 16.081 + 0.039 16.146 + 0.046  — PO-NM
2020-08-12.13  73.63 -12.1 16.444 + 0.051 — 16.153 + 0.038 15.683 +0.028 15908 +0.045 — PO-NM
2020-08-13.13  74.63 -11.1 16.236 + 0.034  — 15.966 + 0.068 15.477 + 0.029 15528 + 0.040 — PO-NM
2020-08-17.13  78.63 -7.1 15299 +0.037 — 15.137 £ 0.054  14.676 + 0.021 14936 £ 0.035 — PO-NM
2020-08-19.15  80.65 -5.1 15.080 +£ 0.069 — 14.823 + 0.037 14.485 + 0.018 14700 + 0.031 — PO-NM
2020-08-23.13  84.63 -12 14.755 £ 0.062  — 14.617 + 0.071 14.244 + 0.040 14482 +0.034 — PO-NM
2020-08-23.86  85.36 -0.4 — 14.204 + 0.027 14482 +£0.032  14.154 £ 0.017 — — Asiago-O0m9
2020-08-26.13  87.63 1.8 — — 14.544 £ 0.068 — 14.524 +0.049 — PO-NM
2020-08-27.14  88.64 2.8 14.857 £ 0.048 — — — — — PO-NM
2020-08-28.14  89.64 3.8 14.865 +0.036  — 14.565 + 0.054 — — — PO-NM
2020-09-02.82  95.32 9.5 — — — — 14.656 + 0.064 — Asiago-0m9
2020-09-03.80  96.30 10.5 15.591 + 0.081 14.536 + 0.029 15.003 + 0.036 14.401 + 0.021 14.647 +0.016 — Asiago-0m9
2020-09-11.78 104.28 18.4 — 15.063 + 0.043 15.832 +0.043 14.768 + 0.057 14711 £0.025 — Asiago-0m9
2020-09-12.78 105.28 194 16.542 + 0.067 15.164 + 0.037 15.921 £ 0.040  14.805 + 0.021 14753 £ 0.023 — Asiago-0m9
2020-09-15.78 108.28 22.4 16.782 + 0.072 15.341 £ 0.032 16.151 + 0.036 14.974 + 0.020 14.834 £ 0.019 — Asiago-0m9
2020-09-17.79 110.29 244 16.925 +£0.072 15470 £ 0.030  16.274 + 0.035 15.071 £0.027 — — Asiago-0m9
2020-09-18.79 111.29 254 — — — — 14.960 + 0.020 — Asiago-0m9
2020-09-21.77 114.27 28.4 — 15.748 + 0.035 16.551 +0.049 15.360 + 0.023 15.166 + 0.028  — Asiago-0m9
2020-10-22.16  144.66 58.7 — 16.592 + 0.037 — — — — Asiago-0m9
2020-10-31.15 153.65 67.6 — — 17.416 £ 0.069 — — — Asiago-0m9
2020-11-01.16  154.66 68.6 — — — 16.781 + 0.039 16.672 +0.035  — Asiago-0m9
2020-11-07.15 160.65 74.6 — 16.996 + 0.045 17.514 + 0.048 16.956 + 0.034 16.795 + 0.035 — Asiago-0m9
2020-11-09.49 162.99 76.9 17.896 + 0.050 — 17.570 + 0.065 16.942 + 0.019 16.909 + 0.035 — PO-NM
2020-11-10.49 163.99 77.9 17704 £ 0.048  — 17.379 + 0.058 16.837 £ 0.042  16.878 £ 0.050 — PO-NM
2020-11-15.14  168.64 82.5 — 17.166 + 0.037 17.637 + 0.050 17.214 £ 0.030 17.082 +0.034 — Asiago-0m9
2020-11-21.49 174.99 88.9 18.045 £ 0.046 — 17.595 + 0.047 17.335 £ 0.023 17.242 +0.037 — PO-NM
2020-11-22.17 175.67 89.5 — 17.335 £0.034  17.711 £ 0.045 17.428 £ 0.036  17.284 £ 0.036 — Asiago-0m9
2020-11-22.49 175.99 89.9 18.024 £ 0.041 — 17.661 + 0.048 17.397 + 0.020 17.249 £ 0.043 — PO-NM
2020-11-22.52 176.02 89.9 — — 17.741 £ 0.114 17.426 + 0.078 — — ZTF
2020-11-25.51 179.01 92.9 — — 17.746 £ 0.046  — — — ZTF
2020-11-27.49 180.99 94.8 18.240 £ 0.042 — 17.739 + 0.045 17.510 + 0.019 17.384 £ 0.040 — PO-NM
2020-11-27.52  181.02 94.9 — — 17.831 + 0.098 17.587 £0.063 — — ZTF
2020-11-30.14  183.64 97.5 — 17.515 + 0.045 17.833 £0.052  17.746 + 0.046 17.526 + 0.040 — Asiago-0m9
2020-11-30.51 184.01 97.9 18.331 £0.067 — — — — — PO-NM
2020-12-01.51 185.01 98.9 — — — 17.680 + 0.053 — — ZTF
2020-12-04.45 187.95 101.8 18.603 + 0.080  — 18.032 + 0.062 17.705 + 0.032 17.298 +0.059 — PO-NM
2020-12-05.53 189.03 102.9 — — 17.914 + 0.060 17.738 £ 0.063  — — ZTF
2020-12-07.41 190.91 104.7 — — 17.715 + 0.047 17.574 £ 0.029 17470 £ 0.043 — PO-NM
2020-12-10.50  194.00 107.8 — — 17.950 + 0.078 17.931 £ 0.066  — — ZTF
2020-12-12.53 196.03 109.8 — — 18.080 + 0.080 17.957 + 0.071 — — ZTF
2020-12-14.17 197.67 111.5 — 17.861 £0.042 — — 17.748 £ 0.034 — Asiago-0m9
2020-12-15.52 199.02 112.8 — — 18.111 + 0.066 18.115 £+ 0.064 — — ZTF
2020-12-16.44  199.94 113.7 18.458 +0.049 — 18.162 + 0.045 18.152 + 0.027 17.807 £ 0.044  — PO-NM
2020-12-17.44  200.94 114.7 18.680 + 0.046  — 18.034 + 0.047 18.144 + 0.026 17.847 +£0.044 — PO-NM
2020-12-19.44  202.94 116.7 18.622 + 0.051 — 18.246 + 0.043 18.275 + 0.026 17.851 +0.044 — PO-NM
2020-12-19.53  203.03 116.8 — — 18.187 £ 0.069  18.263 £ 0.059 — — ZTF
2020-12-21.49  204.99 118.8 — — 18.247 £0.072  18.314 £0.095 — — ZTF
2020-12-23.15 206.65 120.4 — 18.140 + 0.043 — — 17.948 + 0.059 — Asiago-O0m9
2020-12-26.49  209.99 123.7 18.738 £ 0.047 — 18.368 £ 0.050  18.562 + 0.043 18.146 £ 0.049  — PO-NM
2020-12-27.49  210.99 124.7 18.960 + 0.064  — 18.502 + 0.044 18.429 + 0.036 18.164 £ 0.049 — PO-NM
2021-01-01.51 216.01 129.7 — — 18.526 + 0.119 18.644 + 0.131 — — ZTF
2021-01-02.49  216.99 130.7 18.859 +0.080 — 18.566 + 0.052  18.802 + 0.048 18.305 +£ 0.058 — PO-NM
2021-01-03.46  217.96 131.7 — — 18.658 £ 0.125 18.669 £ 0.097 — — ZTF
2021-01-05.46  219.96 133.7 — — 18.556 +0.106  18.866 +0.105 — — ZTF
2021-01-06.49  220.99 134.7 18.750 + 0.057 — 18.683 + 0.053 18.613 + 0.044 18.126 + 0.052 — PO-NM
2021-01-07.47  221.97 135.7 — — 18.602 + 0.086 18911 +0.134 — — ZTF
2021-01-09.51 224.01 137.7 — — 18.764 £ 0.082  18.957 £0.106 — — ZTF
2021-01-11.50  226.00 139.7 — — 18.862 £0.159  18.817 £0.352 — — ZTF
2021-01-13.16  227.66 1414 — 18.642 £ 0.041 — — 18417 £0.043 — Asiago-0m9
2021-01-13.43 22793 141.6 — — 18.797 + 0.093 19.022 +0.128 — — ZTF
2021-01-13.49  227.99 141.7 19.067 £ 0.052 — 18.853 + 0.048 18.806 + 0.051 18.587 +0.054 — PO-NM
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Table A.1. continued.

UT Date D - Phase? B Vv g r i z Telescope?
2,459,000 (days) (mag) (mag) (mag) (mag) (mag) (mag) / Inst.

2021-01-15.49 229.99 143.7 — — 18.859 + 0.180 19.003 +0.219 18.509 + 0.102 — PO-NM,ZTF
2021-01-16.49 230.99 144.7 19.548 + 0.166 — 18.902 + 0.051 19.097 + 0.053 18.466 + 0.060 — PO-NM
2021-01-17.46 231.96 145.6 — — 18.863 + 0.105 19.200 + 0.090 — — ZTF
2021-01-17.49 231.99 145.7 19.350 + 0.129 — 18.904 + 0.048 19.087 + 0.044 18.554 + 0.051 — PO-NM
2021-01-18.48 232.98 146.7 19.275 + 0.059 — 18.852 + 0.058 — 18.600 + 0.051 — PO-NM
2021-01-22.49 236.99 150.6 19.350 + 0.076 — 18.957 +0.048 19.223 + 0.057 18.343 + 0.066 — PO-NM
2021-01-24.48 238.98 152.6 19.286 + 0.075 — 19.098 + 0.046 19.325 + 0.061 18.716 + 0.048 — PO-NM
2021-01-27.43 241.93 155.6 19.057 + 0.099 — 19.117 £ 0.070 19.355 + 0.087 18.767 + 0.063 — PO-NM
2021-02-03.44 248.94 162.6 — — — 19.459 +0.173 — — ZTF
2021-02-05.43 250.93 164.5 19.864 + 0.039 — 19.253 + 0.029 19.739 + 0.071 19.259 + 0.046 — PO-NM
2021-02-05.44 250.94 164.5 — — 19.219 £ 0.112 19.536 + 0.137 — — ZTF
2021-02-06.43 251.93 165.5 20.406 + 0.062 — — — — — PO-NM
2021-02-07.41 25291 166.5 — — 19.210 + 0.096 19.533 + 0.107 — — ZTF
2021-02-08.43 253.93 167.5 20.378 + 0.044 — 19.623 + 0.038 20.021 + 0.041 19.429 + 0.041 — PO-NM
2021-02-09.43 254.93 168.5 — — 19.205 + 0.160 19.721 + 0.131 — — ZTF
2021-02-10.43 255.93 169.5 20.134 + 0.051 — 19.399 + 0.031 — 19.428 + 0.068 — PO-NM
2021-02-11.43 256.93 170.5 20.186 + 0.044 — 19.370 + 0.032 19.735 £ 0.146 19.218 + 0.061 — PO-NM,ZTF
2021-02-12.43 257.93 171.5 20.523 + 0.059 — — — 19.343 + 0.050 — PO-NM
2021-02-13.37 258.87 172.4 — — 19.242 + 0.145 19.857 +0.179 — — ZTF
2021-02-17.44 262.94 176.5 — — 19.435 £ 0.144 19.823 +0.159 — — ZTF
2021-02-19.46 264.96 178.5 — — 19.430 + 0.125 20.035 +0.176 — — ZTF
2021-02-20.43 265.93 179.5 20.599 + 0.043 — — — 19.433 £ 0.044 — PO-NM
2021-02-21.42 266.92 180.5 20.523 + 0.042 — 19.843 + 0.032 — — — PO-NM
2021-02-22.39 267.89 181.4 — — 19.686 + 0.040 — 19.097 + 0.055 19.213 £ 0.153 LCOGT-2m
2021-02-22.43 267.93 181.5 20.730 + 0.067 — — — 19.695 + 0.063 — PO-NM
2021-02-23.43 268.93 182.5 — — 19.493 +0.145 19.965 + 0.222 — — ZTF
2021-02-23.43 268.93 182.5 — — 19.490 + 0.034 — 19.373 + 0.050 — PO-NM
2021-02-25.40 270.90 184.4 — — 19.471 + 0.204 — — — ZTF
2021-02-27.43 272.93 186.5 — — 19.670 + 0.324 — — — ZTF
2021-03-03.27 276.77 190.3 — — 19.771 £ 0.258 — — — ZTF
2021-03-05.43 278.93 192.4 20.733 +0.078 — — 20.585 + 0.065 19.650 + 0.254 — PO-NM
2021-03-07.32 280.82 194.3 — — 19.756 + 0.162 20.111 £0.183 — — ZTF
2021-03-10.43 283.93 197.4 20.753 + 0.060 — 19.926 + 0.043 — 19.344 + 0.075 — PO-NM
2021-03-17.41 290.91 204.4 — — 19.822 +0.121 — — — ZTF
2021-03-19.34 292.84 206.3 — — 19.806 + 0.198 20.602 + 0.248 — — ZTF
2021-03-21.35 294.85 208.3 20.957 + 0.098 — — 21.024 £ 0.078 19.666 + 0.050 — PO-NM
2021-03-24.31 297.81 211.2 — — 19.891 £ 0.305 — — — ZTF
2021-03-27.35 300.85 2143 20.671 + 0.220 — 19.972 +0.119 21.218 £ 0.212 19.860 + 0.111 — PO-NM
2021-03-31.31 304.81 2182 21.017 £ 0.211 — 19.717 £ 0.224 20.741 £ 0.201 19.908 + 0.081 — PO-NM,ZTF
2021-04-03.28 307.78 221.2 — — 20.019 +0.185 20.791 £ 0.318 — — ZTF
2021-04-05.30 309.80 2232 — — 20.319 + 0.226 — — — ZTF
2021-04-07.31 311.81 2252 21.326 + 0.093 — 20.410 + 0.066 21.347 + 0.160 20.277 £ 0.175 — PO-NM
2021-04-08.31 312.81 226.2 20.937 + 0.076 — 20.489 + 0.069 — 20.231 +0.174 — PO-NM
2021-04-09.26 313.76 227.1 — — 20.211 +0.213 — — — ZTF
2021-04-09.31 313.81 227.2 21.151 £ 0.128 — 20.492 + 0.068 — 20.279 + 0.161 — PO-NM
2021-04-10.31 314.81 2282 20.954 + 0.084 — 20.353 + 0.060 — 19.857 £ 0.104 — PO-NM
2021-04-13.29 317.79 231.1 21.124 + 0.087 — 20.331 +0.141 — 20.087 +0.132 — PO-NM,ZTF
2021-04-17.37 321.87 2352 — — 20.248 + 0.210 — — — ZTF
2021-04-19.31 323.81 237.1 — — 20.244 + 0.217 — — — ZTF
2021-04-20.26 324.76 238.1 — — 20.837 + 0.095 21.217 £ 0.190 — — PO-NM
2021-04-22.29 326.79 240.1 — — — — 19.930 = 0.119 — PO-NM
2021-04-23.28 327.78 241.1 — — — 21.038 +0.145 — — PO-NM
2021-04-24.26 328.76 242.1 — — 20.607 + 0.076 21.257 £ 0.073 20.182 + 0.038 — PO-NM-0m8
2021-04-25.27 329.77 243.1 — — 20.467 + 0.068 21.151 + 0.087 19.763 + 0.096 — PO-NM,PO-NM-0m8
2021-05-01.25 335.75 249.0 — — 20.689 + 0.077 — — — PO-NM
2021-05-01.28 335.78 249.1 — — 20.476 + 0.260 — — — ZTF
2021-05-03.24 337.74 251.0 — — — 21.736 + 0.100 20.441 + 0.203 — PO-NM
2021-05-04.32 338.82 252.1 — — 20.684 + 0.272 — — — ZTF
2021-05-05.23 339.73 253.0 — — — 22.401 + 0.166 20.289 + 0.037 — PO-NM
2021-05-08.32 342.82 256.1 — — 20.386 + 0.277 — — — ZTF
2021-05-10.30 344.80 258.1 — — 20.606 + 0.197 — — — ZTF
2021-05-13.23 347.73 261.0 — — — — 20.242 + 0.147 — PO-NM
2021-05-30.19 364.69 2719 — — — — 20.266 + 0.142 — PO-NM
2021-06-09.27 374.77 287.9 — — 21.305 + 0.136 22.626 +0.574 20.432 + 0.164 23.000 + 1.000 LCOGT-2m
2021-06-21.38 386.88 300.0 — — 21.635 +0.187 23.221 £ 1.016 20.613 +0.195 — LCOGT-2m
2021-07-02.36 397.86 3109 — — 21.989 + 0.250 — 20.683 + 0.209 — LCOGT-2m
2021-07-05.34 400.84 3139 — — 21.542 +0.165 — 20.863 + 0.243 — LCOGT-2m
2021-07-08.34 403.84 316.9 — — 21.759 + 0.205 — 20.790 + 0.227 — LCOGT-2m
2021-07-30.25 425.75 338.7 — — 21.901 + 0.233 — 20.875 + 0.246 — LCOGT-2m

Notes. @ Rest-frame days relative to the epoch of B-band maximum, i.e., JD 2,459,085.8. ® The abbreviations for the telescope/instrument are:
ASASSN - ASAS-SN quadruple 14cm telescopes; ATLAS-O - ATLAS survey telescope’s orange filter observation; PanSTARRS - Pan-STARRS
survey telescopes; ZTF - ZTF survey telescopes; Asiago-Om9 - 0.9 m Schmidt telescope at Asiago; PO-NM - Post Observatory 0.6 m telescope;
PO-NM-0mS8 - Post Observatory 0.8 m telescope; LCOGT-2m - Las Cumbres Observatory 2m telescope network. Data observed within 5hr
are represented under a single-epoch observation. © The reported magnitude is in ATLAS-Orange filter.  This z-band photometry is in the
PanSTARRS filter system.
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Appendix B: Supplementary material of the nebular model

Plotted in Fig. B.1 is the distribution of elements synthesized by the reference model 5p02822d40.16. The left panel displays the
angle-averaged composition of the model, while the right panel shows the abundance distribution incorporating macroscopic mixing
at 2000 kms~!. This mixing enhances the overlap of the 56N distribution with Ca and, to a lesser extent, with other intermediate-
mass elements.
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Fig. B.1. Angle-averaged composition of the multidimensional reference model 5p02822d40.16 with macroscopic mixing up to 2000 kms™'

(right) and without (left).

Table B.1 highlights the most significant contributors to the optical synthetic spectrum. It is important to note, however, that
these features are heavily influenced by numerous blends.

Table B.1. List of Relevant Optical Forbidden Lines from the Mixed Model.

Strength®  A[um] Ion Strength  A[um] Ton Strength  A[um] Ton Strength  A[um] Ion
0.4565 [CoIn] * 0.4567  [Nil] * 0.4569  [Co III] * 0.4571 [Co III]
0.4575 [Nill] * 0.4578  [Fell] ** 0.4583 [Co III] ** 0.4590 [SI]
* 04599  [Col] 0.4608  [Fe III] 04613 [ColI] 04617 [Col]
* 0.4623 [Cc1l HE 0.4624 [Coll] ** 0.4628 [Co III] 04629 [C]]
04629 [Nill] *E 0.4629 [Nill] 0.4631 [CollI] wokok 0.4641 [Fell]
wE 0.4659 [ColI] oAk 0.4660 [Fe III] woE 0.4666  [Fell] ok 0.4668  [Fe III]
* 04685 [Col] *E 0.4703  [Fe III] *E 04712 [Ni]] 0.4715 [Co 1II]
*E 0.4719 [Co III] *HE 0.4729  [Fell] 0.4735 [Coll] ** 0.4735  [FeIlI]
0.4738 [Col] * 0.4747  [Fell] woE 0.4749 [ColI] * 0.4756  [Fe IlII]
04771  [FeIlI] *E 04773  [Fell] HE 04776  [Fell] ¥ 0.4779  [FeIlI]
0.4794 [Coll] ** 0.4800  [FelI] ** 0.4804 [ColI] * 04815 [NiI]
oAk 0.4816  [Fell] 0.4818 [ColI] * 0.4837 [ColI] 0.4841 [ColI]
* 0.4854  [Fell] 04875 [Col] HE 0.4876  [Fell] * 0.4880 [Co II]
Ak 0.4891  [Fell] 0.4899 [Coll] ** 0.4900 [FelI] ok 0.4907  [Fell]
* 0.4910 [ColI] 0.4917 [CollI] * 0.4920 [ColI] * 0.4932  [FeIlI]
0.4933 [Oo1I] *E 0.4949  [Fell] ** 0.4952  [Fell] oHE 0.4960 [O1I1]
* 0.4960 [0 1II] * 04972  [Coll] 04972 [Col] ** 0.4975  [Fell]
0.4989 [ColI] * 0.4989 [ColII] wE 0.5007  [FeII] ok 0.5008  [FelI]
HoEE 0.5008 [O1I1] *E 0.5013  [Fe III] * 0.5016  [Co1I] ** 0.5022  [Fell]
* 0.5029  [Nil] * 0.5029  [Fell] * 0.5031 [ColI] * 0.5037  [Fell]
0.5045 [ColI] ok 0.5045 [Fell] * 0.5050 [Fell] ok 0.5062  [Fell]
0.5066  [Nill] 0.5070  [Co]] ¥ 0.5074  [Fell] * 0.5076  [Col]
0.5076  [Co]] 0.5080 [Col] * 0.5081 [ColI] * 0.5086  [Fe III]
wE 0.5109  [FeIl] Hokk 0.5113  [FeIl] wE 0.5115 [Co 1] 0.5116  [CoII]
0.5116  [Coll] * 0.5125 [Coll] 0.5134 [Nill] ** 0.5137 [Co III]
0.5149 [ColI] 0.5149 [ColI] ok 0.5160  [FelI] ok 0.5160  [FelI]
ok 0.5165 [Fell] ok 0.5167 [Co III] * 0.5174 [Fell] * 0.5177 [Co II]
*E 0.5183  [Fell] *E 0.5186  [Fell] * 0.5187 [Fell] 0.5193  [Co II]
*E 0.5193 [Co III] *E 0.5193 [Co III] ok 0.5221  [Fell] * 0.5229 [Co 1]
0.5237 [Co]] 0.5237 [Co]] 0.5245 [Col] 0.5246  [Co II]
*E 0.5249 [Co III] ** 0.5249 [Co III] 0.5252  [Col] 0.5253  [Co II]
0.5253 [ColI] HHE 0.5263  [Fell] 0.5265 [Col] ok 0.5270  [FelI]

A169, page 24 of 26



Table B.1. continued.

Bose, S., et al.: A&A, 699, A169 (2025)

Strength? Alum] Ion Strength  A[um] Ion Strength  A[um] Ton Strength  A[um] Ton
ok 0.5270  [ColI] * 0.5271 [NiII] *k 0.5272  [FeIlI] Ak 0.5275  [Fell]
* 0.5276  [Nill] * 0.5277  [Nill] 0.5279  [ColI] 0.5283  [NilI]
ko 0.5298  [Fell] 0.5299  [ColI] * 0.5300  [ColI] 0.5330  [ColI]
ok 0.5335  [Fell] * 0.5335  [ColII] ok 0.5349  [Fell] HHE 0.5350 [NiI]
0.5350 [CoT] * 0.5359  [ColI] 0.5367  [Coll] ok 0.5378  [Fell]
0.5388  [ColI] 0.5400 [CoT] * 0.5414  [FelIII] 0.5416  [ColI]
0.5416  [ColI] 0.5416 [Col] 0.5433 [Ni IT] ok 0.5435  [Fell]
* 0.5439  [Coll] 0.5448  [ColI] 0.5448  [ColI] * 0.5456  [Co III]
0.5456  [CoIII] ok 0.5472  [ColI] ok 0.5479  [Fell] 0.5515 [Col]
* 0.5528  [ColI] ok 0.5529  [Fell] * 0.5546  [ColI] * 0.5548  [ColI]
ok 0.5553  [Fell] ok 0.5558  [Fell] ok 0.5562  [Coll] * 0.5572  [ColI]
* 0.5574  [ColI] HEE 0.5579 [o1] ok 0.5582  [Fell] * 0.5588  [Fell]
* 0.5589  [Fell] * 0.5590  [Fell] * 0.5601  [ColI] * 0.5615  [Fell]
0.5620  [ColI] 0.5623 [CoT] 0.5625 [CoI] * 0.5629  [CoIII]
* 0.5629  [Fell] ok 0.5641 [FeI] * 0.5651 [Fe IT] * 0.5652  [Fell]
* 0.5659  [ColI] 0.5665  [Coll] 0.5670 [CoT] * 0.5670  [MnI]
ko 0.5675  [Fell] * 0.5676  [ColI] 0.5680  [ColI] * 0.5683  [ColI]
0.5690 [Col] * 0.5692  [Mnl] *k 0.5698 [FeI] 0.5705  [NilI]
ok 0.5711 [FeI] 0.5713  [Nill] * 0.5720  [Fell] * 0.5726  [ColI]
* 0.5727  [Fell] o 0.5730  [Mn]] *k 0.5731  [ColI] * 0.5746  [ColI]
ok 0.5749  [Fell] 0.5758 [Col] * 0.5758  [Fell] * 0.5769  [Fell]
* 0.5777 [Fe I] ok 0.5786  [MnI] * 0.5801 [Fe I1] 0.5803 [CoT]
ok 0.5806 [Fe ] * 0.5816  [ColI] ok 0.5836 [FeI] * 0.5837  [Fell]
0.5841  [CoIII] * 0.5846  [Fell] * 0.5849  [Fell] *k 0.5864  [Mnl]
* 0.5869 [FeI] o 0.5872  [Fell] wE 0.5874 [FeI] 0.5888 [CoI]
ok 0.5890  [CoIII] 0.5892  [ColI] 0.5894 [Col] * 0.5903  [Fell]
ok 0.5908  [CoIII] * 0.5915  [Fell]
0.5925  [Coll] ok 0.5936 [FeI] *k 0.5939 [FeI] * 0.5943  [Co 1]
0.5951 [CoII] * 0.5956  [ColI] * 0.5960 [CoT] * 0.5961 [CoII]
ok 0.5971 [Fe I] * 0.5984  [Fell] 0.5989  [Coll] 0.5989  [ColI]
* 0.6002 [FeI] * 0.6009  [NilI] 0.6016  [ColI] 0.6020  [ColI]
0.6022  [ColI] 0.6031 [Col] *k 0.6046  [Fell] 0.6051 [Col]
0.6058  [ColI] 0.6059  [ColI] * 0.6072 [CoT] 0.6075  [ColI]
* 0.6091 [Col] * 0.6097  [Fell] 0.6113  [ColI] 0.6113 [Col]
ok 0.6129  [CoIII] * 0.6149  [ColI] * 0.6154  [ColI] * 0.6187  [ColI]
0.6188  [ColI] * 0.6190  [FelII] wE 0.6190  [Fell] ok 0.6197  [Co 1]
* 0.6210  [CoIII] * 0.6247  [ColI] 0.6253  [ColI] 0.6258  [ColI]
* 0.6263  [Fell] 0.6265 [Col] * 0.6265 [CoT] * 0.6276  [ColI]
* 0.6282  [Fell] * 0.6289  [CoII] 0.6295  [CoII] ok 0.6302 [O1]
* 0.6302 [o1] 0.6303  [ColI] * 0.6316  [ColI] * 0.6318 [Col]
0.6343 [Col] 0.6352 [Col] 0.6352 [CoT] * 0.6355  [Fell]
0.6356  [ColI] 0.6356  [ColI] 0.6365 [CoT] HEE 0.6366 [o1]
* 0.6366 [o1] * 0.6367  [Nill] * 0.6388 [CoT] * 0.6389 [Col]
0.6393 [o1 * 0.6398  [Fell] 0.6400  [ColI] *k 0.6406 [NiI]
* 0.6406  [FelI] 0.6426  [ColI] o 0.6439 [NiI] * 0.6443  [NilI]
* 0.6469  [Nill] 0.6471  [ColI] * 0.6476  [Fell] * 0.6476  [Fell]
* 0.6484  [Fell] * 0.6487  [Fell] ok 0.6491 [NiI] 0.6506 [CoT]
0.6506 [Col] * 0.6513  [Fell] ok 0.6521 [Co IT] * 0.6529 [SiI]
* 0.6547  [Fell] * 0.6568  [Fell] ok 0.6578  [Co III] * 0.6586 [Col]
* 0.6586  [Fell] 0.6591 [SiI] wE 0.6606 [NiI] * 0.6634  [ColI]
0.6639 [CoI] * 0.6639 [Col] 0.6652 [CoT] * 0.6669  [Nill]
* 0.6674  [Fell] 0.6680 [CoT] 0.6680 [CoT] * 0.6685 [CoI]
* 0.6691 [Fe II] 0.6702  [NiIl] * 0.6702  [Fell] 0.6707  [ColI]
* 0.6710  [MnlII] * 0.6718 [S 1] ok 0.6732  [Fell] * 0.6732 [NiI]
* 0.6733 [S 1] * 0.6733  [ColI] 0.6747  [Coll] * 0.6748  [Fell]
* 0.6749  [Fell] * 0.6762 [CoT] 0.6765  [MnlI] * 0.6789 [NiI]
0.6792 [Col] * 0.6793  [Nill] * 0.6796  [Nill] 0.6799  [ColI]
0.6806 [Col] ok 0.6811 [Fe II] * 0.6815 [Ni II] 0.6821 [CoI]
0.6830  [ColI] * 0.6831 [Fe II] * 0.6850  [Nill] * 0.6852  [Mnl1I]
* 0.6851  [CoIII] HEE 0.6855  [ColII] ok 0.6874  [Fell] * 0.6876  [Fell]
0.6878  [ColI] * 0.6888  [ColII] o 0.6898  [Fell] 0.6907 [CoTI]
* 0.6913  [Nill] 0.6925  [Fell] * 0.6926  [ColI] * 0.6934  [ColI]
* 0.6936  [Fell] ok 0.6944 [NiI] ok 0.6947  [Fell] * 0.6951 [CoI]
* 0.6958  [NilI] 0.6958  [Nill] wE 0.6963  [CoIII] wE 0.6964  [CoIII]
ok 0.6968  [Fell] * 0.6974 [Col] * 0.6981 [Co IT] * 0.7004 [NiT]
* 0.7012  [ColI] * 0.7013  [Fell] 0.7014  [CoIII] 0.7019 [Col]
0.7030  [CoII] * 0.7031  [CoII] 0.7037  [Co1I] * 0.7050  [Fell]
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Table B.1. continued.

Strength? Alum] Ion Strength  A[um] Ion Strength  A[um] Ton Strength  A[um] Ton
* 0.7052  [ColI] * 0.7053  [ColI] * 0.7056  [Nill] * 0.7080  [NilI]
0.7100 [CoT] * 0.7102  [Co1I] * 0.7105 [Ni IT] ok 0.7132 [NiI]
* 0.7133  [Fell] * 0.7135 [CoT] * 0.7142  [CoII] 0.7145  [CoII]
0.7147  [ColI] * 0.7155  [CoIII] ok 0.7157  [Fell] * 0.7161 [Col]
ok 0.7162  [CoIII] * 0.7171  [Co 1] 0.7173  [Co1I] ok 0.7174  [Fell]
o 0.7196 [NiI] 0.7204  [Co 1] * 0.7221 [NiI] * 0.7249 [CoT]
* 0.7258  [NilI] * 0.7258  [ColI] 0.7258 [Col] * 0.7272  [CoIII]
* 0.7277  [ColI] oAk 0.7293  [Call] 0.7300 [CoI] 0.7300 [CoTI]
* 0.7310  [NilI] * 0.7321 [o11] ok 0.7322 [O1I] ok 0.7326  [Call]
* 0.7332 [oj * 0.7332 [o11] * 0.7332  [Fell] * 0.7333 (o
* 0.7333 o * 0.7360  [CoIII] 0.7365  [ColI] * 0.7372  [ColI]
* 0.7373  [Fell] 0.7373  [CoI] ok 0.7374  [CoIII] * 0.7375  [ColI]
* 0.7380  [NilI] HHE 0.7390  [Fell] 0.7394  [ColI] * 0.7396 [NiI]
* 0.7398 [NiI] * 0.7410  [CoII] 0.7414  [NilII] * 0.7424  [ColI]
0.7430 [Col] * 0.7434  [Fell] 0.7447  [ColI] HEE 0.7455  [Fell]
* 0.7466 [NiI] * 0.7469  [ColI] 0.7477 [CoT] * 0.7482  [Coll]
o 0.7499  [Co 1] o 0.7509 [NiI] 0.7511 [CoI] * 0.7521 [CoTI]
0.7522  [ColI] 0.7526  [ColI] *k 0.7541 [Co IT] * 0.7556  [ColI]
* 0.7564 [CoT] * 0.7570  [Co1I] 0.7584  [ColI] * 0.7614  [ColI]
* 0.7615  [NilI] * 0.7615  [FeIl] 0.7639 [CoT] 0.7639 [Col]
ok 0.7640  [FelI] * 0.7640  [Co1I] * 0.7645  [ColI] * 0.7658 [Col]
* 0.7667  [Fell] o 0.7689  [Fell] 0.7697  [Nill] 0.7701 [CoTI]
* 0.7704 [Col] 0.7706  [Co1I] * 0.7722  [Fell] * 0.7725  [ColI]
ok 0.7727 [ST] 0.7731  [Co1I] * 0.7735 [Fe IT] * 0.7737  [Fell]
0.7757  [ColI] o 0.7767  [Fell] * 0.7796  [Co1I] 0.7822  [Co 1]
0.7832  [ColI] * 0.7837  [ColI] * 0.7840 [Col] * 0.7876  [Fell]
ok 0.7910 [NiI] * 0.7914 [Col] * 0.7918 [CoT] * 0.7926  [ColI]
0.7932 [NiI] * 0.7936  [CoII] 0.7936  [CoII] * 0.7943 [CoT]
0.7972 [Col] * 0.7977  [Fell] 0.7992 [NiI] * 0.8030  [ColI]
* 0.8036  [Nill] 0.8036  [Nill] * 0.8047  [Fell] * 0.8049  [ColI]
0.8072 [Col] * 0.8080  [FelII] * 0.8112 [CoI] * 0.8114 [NiI]
ok 0.8123  [Coll] 0.8179 [Col] * 0.8180  [ColI] * 0.8197 [NiI]
* 0.8199  [Coll] * 0.8201 [Fe II] 0.8204 [NiI] * 0.8262  [Fell]
0.8273 [Col] * 0.8303  [NilI] 0.8306 [Col] * 0.8308  [Fell]
* 0.8336  [ColI] 0.8343 [CoT] ok 0.8389  [Fell] * 0.8413  [ColI]
* 0.8414  [Fell] * 0.8466  [ColII] * 0.8469 [NiI] * 0.8469  [ColI]
* 0.8482  [Fell] * 0.8489 [Col] * 0.8492  [Fell] 0.8500  [ColI]
* 0.8543  [ColI] 0.8545 [Col] * 0.8546 [CoT] *k 0.8574  [ColI]
* 0.8577  [Fell] * 0.8578  [Fell] * 0.8583  [CoII] * 0.8597 [CoT]
* 0.8602  [ColI] ok 0.8603  [Fell] ok 0.8619  [Fell] * 0.8626  [ColI]
* 0.8691 [Col] 0.8694  [Coll] * 0.8706  [Nill] * 0.8709  [ColI]
* 0.8711 [Fe II] o 0.8718  [Fell] ok 0.8730 [CT] * 0.8737  [Fell]
* 0.8741 [Fe II] 0.8776 [CoT] * 0.8827  [Fell] * 0.8835 [NiT]
ok 0.8846 [NiI] * 0.8855  [ColI] * 0.8864  [Fell] * 0.8888  [Fell]
ko 0.8894  [Fell] 0.8899  [Nill] 0.8899  [ColI] * 0.8934  [Fell]
* 0.8968  [ColI] * 0.8993 [Col] * 09015  [ColI] * 0.9022 [Col]
o 0.9036  [Fell] o 0.9054  [Fell] * 0.9057 [CoI] * 0.9085  [ColI]
* 0.9086  [Fell] * 0.9135 [Col] * 09136  [Fell] 09149  [ColI]
* 0.9205  [Fell] * 0.9205  [Coll] ok 09229  [Fell] *k 0.9234  [Fell]
* 0.9247  [ColI] o 0.9270  [FelIl] wE 0.9338  [CoII] ok 0.9345  [ColI]
0.9347 [CoI] * 0.9354  [Fell] * 09372 [ColI] 0.9377  [Nill]
* 0.9384  [Fell] * 0.9387  [Fell] * 0.9414 [Fe I] * 0.9439  [Fell]
0.9447  [FellI] * 0.9468  [Fell] * 0.9472  [Fell] wE 0.9474  [Fell]
* 0.9493  [Fell] * 09517  [Fell] 0.9529 [Col] * 0.9541 [CoII]
* 0.9555  [Fell] * 0.9593  [Fell] ok 09642  [Coll] * 0.9662 [Fe I]
* 0.9672  [Fell] * 0.9685  [Fell] * 0.9696 [CoI] 0.9704  [FellI]
* 09714  [Fell] 0.9760  [Nill] * 0.9805 [Fe I] * 0.9827 [CI]
* 0.9829 [FeI] o 0.9853 [CT]

Notes.  For each transition, the markers indicate the following levels of detectability: strong (* * *), moderate (+x), weak (x), and scarcely
detectable (), superimposed on the quasicontinuum created by a large number of lines. The relative strength (S) is determined by integrating the
envelope, expressed as f A;j X njdV, where n; represents the particle density of the upper level. The qualitative indicators for line strength are
approximately more than 50%, 20%, 10%, 5 %, and less than 5% of the maximum photon emissivity of features relative to the wavelength range
shown in Fig. 20. The rest wavelength is provided in micrometers (um), along with the identification of the corresponding ion. Most spectral
features are heavily blended, except for the feature associated with [Fe II] at 1.644 ym, which remains distinguishable due to the Doppler shift
smearing each transition by approximately 3%. The transitions are listed in ascending order of wavelength from left to right.
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