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ABSTRACT

We present photometric and spectroscopic observations of the 03fg-like type Ia supernova (SN Ia)
ASASSN-15hy from the ultraviolet (UV) to the near-infrared (NIR). ASASSN-15hy shares many of the
hallmark characteristics of 03fg-like SNe Ia, previously referred to as “super-Chandrasekhar” SNe Ia.
It is bright in the UV and NIR, lacks a clear ¢-band secondary maximum, shows a strong and persistent
C 11 feature, and has a low Si 11 A6355 velocity. However, some of its properties are also extreme among
the subgroup. ASASSN-15hy is underluminous (Mg peax =—19.14751% mag), red (B — V) Bmaz =
0.1870-0% mag), yet slowly declining (Am;5(B)=0.72 £ 0.04 mag). It has the most delayed onset of
the i-band maximum of any 03fg-like SN. ASASSN-15hy lacks the prominent H-band break emission
feature that is typically present during the first month past maximum in normal SNe Ia. Such events
may be a potential problem for high-redshift SN Ta cosmology. ASASSN-15hy may be explained in the
context of an explosion of a degenerate core inside a nondegenerate envelope. The explosion impacting
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the nondegenerate envelope with a large mass provides additional luminosity and low ejecta velocities.
An initial deflagration burning phase is critical in reproducing the low *’Ni mass and luminosity, while
the large core mass is essential in providing the large diffusion time scales required to produce the
broad light curves. The model consists of a rapidly rotating 1.47 Mg degenerate core and a 0.8 Mg
nondegenerate envelope. This “deflagration core-degenerate” scenario may result from the merger
between a white dwarf and the degenerate core of an asymptotic giant branch star.

Keywords: supernovae: general — supernovae: Type la supernova — supernovae: individual (ASASSN-

15hy)

1. INTRODUCTION

Type Ia supernovae (SNe Ia) are one of the most
precise extragalactic distance indicators in the cosmos.
Their high intrinsic luminosity and apparent uniformity
enable them to be used in cosmological studies, such
as mapping the expansion history of the universe (e.g.,
Riess et al. 1998; Perlmutter et al. 1999), measuring the
Hubble constant, and determining the equation of state
of dark energy (e.g., Riess et al. 2007; Sullivan et al.
2011; Suzuki et al. 2012).

SNe Ia are thought to come from the thermonuclear
explosions of at least one carbon-oxygen white dwarf
(C/O WD) in a binary system (Hoyle & Fowler 1960).
The explosive products are mainly dictated by nuclear
physics, and, to first order, it is the effectiveness of
this burning that determines the observed photometric
and spectroscopic properties (e.g., Hoeflich & Khokhlov
1996; Mazzali et al. 2007). These luminous events are
powered by the decay of radioactive ®®Ni. The amount
of 56Ni produced determines the peak luminosity (Ar-
nett 1982), while the interplay between 56Ni, luminosity,
and opacity determines the light-curve shape (Mazzali
et al. 2001). For normal SNe Ia, brighter objects produce
more %°Ni and also have broader light curves (Phillips
1993; Nugent et al. 1995; Phillips et al. 1999).

However, the ejecta mass and the exact details of the
explosions are still debated, and the progenitor systems
and explosion mechanisms of SNe Ia are still not fully
understood (e.g., Maoz et al. 2014). Some of the pos-
sible progenitor scenarios are single degenerate, double
degenerate, triple/quadruple systems, and core degen-
erate. The single-degenerate scenario consists of a C/O
WD and a nondegenerate companion star which is ei-
ther a red-giant, main sequence or He star (e.g., Whe-
lan & Iben 1973; Nomoto et al. 1984), whereas the dou-
ble degenerate scenario consists of two WDs that merge
on dynamical or secular time scales (Iben & Tutukov
1984; Webbink 1984). Another scenario consists of col-
lisions of two WDs (e.g., Rosswog et al. 2009). Based on
secular Lidov-Kozai mechanism, Thompson (2011) sug-
gested that “something akin to a collision” may occur
in a triple system. Going beyond the secular approxi-

mations, Katz & Dong (2012),Kushnir et al. (2013),Pe-
jcha et al. (2013) found that direct collision between
two WDs may result in a thermonuclear explosion in
a triple/quadruple system. Finally, the core-degenerate
(CD) scenario describes the merger of a WD and the
degenerate core of an asymptotic giant branch (AGB)
star within its nondegenerate envelope (Livio & Riess
2003; Kashi & Soker 2011; Ilkov & Soker 2012). In each
scenario, the mass of the exploding WD may be near,
below, or above the Chandrasekhar mass limit (Mcy)
depending on the exact configuration of the system or
the type of the companion star. Furthermore, the flame
front may propagate as a deflagration, detonation or
may transition between these two propagation speeds.

As observations of SNe have accumulated, many pecu-
liar subtypes of SNe Ia with unique and extreme obser-
vational properties have emerged. It is currently unclear
which combinations of progenitor systems and explo-
sion mechanisms lead to the observed SN Ia diversity.
One of the most rare peculiar subtypes is the “super-
Chandrasekhar” or 03fg-like SNe.! To date there have
only been a handful of well-studied SNe Ia identified as
members of this subtype, including: SN 2003fg (Howell
et al. 2006), SN 2006gz (Hicken et al. 2007; Maeda et al.
2009), SN 2007if (Scalzo et al. 2010; Yuan et al. 2010;
Childress et al. 2011), SN 2009dc (Yamanaka et al. 2009;
Tanaka et al. 2010; Silverman et al. 2011; Taubenberger
et al. 2011; Hachinger et al. 2012), SN 2012dn (Chakrad-
hari et al. 2014; Parrent et al. 2016; Nagao et al. 2017,
Taubenberger et al. 2019), ASASSN-15pz (Chen et al.
2019), and LSQ14fmg (Hsiao et al. 2020). Furthermore,
Ashall et al. (2021) presents data of 5 more 03fg-like
SNe.

Generally, 03fg-like SNe have high peak luminosi-
ties (Mp < —19.3 mag), slow decline rates (Ami5(B)
< 1.1 mag), and long rise times (typically > 21 d, e.g.,
Silverman et al. 2011; Taubenberger et al. 2011). They
also have a primary i-band maximum that peaks after

1In this work we follow the nomenclature of naming a subtype
after the first SN of its kind discovered (i.e., 03fg-like), as it is
not clear if the ejecta mass of these objects in fact exceeds Mcy,.
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that of the B band (e.g., Ashall et al. 2020). These
objects have also been shown to be bright in the ultra-
violet (UV) in comparison to normal SNe Ia (Silverman
et al. 2011; Taubenberger et al. 2011; Brown et al. 2014b;
Chen et al. 2019). However, not all members of this sub-
type are overluminous. For example, SN 2012dn has a
relatively fainter peak luminosity (Mp = —19.3 mag,
Taubenberger et al. 2019) comparing to those SNe Ia
that have similar decline rate, yet it still shares the other
similarities of the 03fg-like group mentioned above.
03fg-like SNe exhibit low expansion velocity gradients
and have weaker Ca 11 features than normal SNe Ia at
early times (e.g., Scalzo et al. 2010; Taubenberger et al.
2011; Chakradhari et al. 2014). Furthermore, the vast
majority of these objects show very strong C 11 features
that persist past maximum light. Carbon lines, if de-
tected in a normal SN Ia, are usually only observed in
spectra within a few days of the explosion. Another
peculiar spectroscopic feature of 03fg-like SNe is the ab-
sence of the H-band break near 1.5 pm within the first
month past maximum light (Taubenberger et al. 2011;
Hsiao et al. 2019). In normal SN Ia, the strength and
velocity of the H-band break is directly linked to the
amount and distribution of °°Ni in the ejecta (Wheeler
et al. 1998; Hsiao et al. 2013; Ashall et al. 2019a,b).
The origins of these 03fg-like events are still under de-
bate. Most recently, a class of interaction scenarios has
emerged among the possible theoretical interpretations.
Early suggestions of single-degenerate, rapid rotating
super-Mgp, WD (Howell et al. 2006; Hachisu et al. 2012)
have been challenged since the model simulations could
not reproduce the slow expansion velocities on top of the
high luminosity regardless of the explosion mechanism,
such as pure detonation, pure deflagration and delayed
detonation (e.g., Pfannes et al. 2010; Hachinger et al.
2012; Fink et al. 2018). The “interaction” (e.g., Yuan
et al. 2010; Hachinger et al. 2012; Taubenberger et al.
2013; Noebauer et al. 2016; Taubenberger et al. 2019) or
“envelope” models (e.g., Khokhlov et al. 1993; Hoeflich
& Khokhlov 1996; Scalzo et al. 2010, 2014; Hsiao et al.
2020), in which the interaction between the exploding
WD and surrounding circumstellar medium (CSM) pro-
vides an additional energy source and slows down the
expansion, present a promising route to explain these
peculiar events. Recent works have shown photometric
evidence of CSM such as the NIR excess in SN 2012dn
(Yamanaka et al. 2016; Nagao et al. 2017) and possible
wind interaction in LSQ14fmg (Hsiao et al. 2020). How-
ever, the nature of the “envelope” is still under debate
(e.g., pre-explosion wind material, the product of dou-
ble degenerate merger, or the envelope of an AGB star
in the core degenerate scenario; Kashi & Soker 2011;

Ilkov & Soker 2012; Aznar-Siguan et al. 2015) and there
is currently no spectral evidence of interaction observed
so far.

Extensive follow-up observations of 03fg-like SNe are
rare. The advent of wide-field and untargeted searches
created an opportunity for advancement in the studies
of 03fg-like SNe, as they are generally located in low-
mass, low-luminosity environments (Howell et al. 2006;
Childress et al. 2011; Taubenberger et al. 2011; Chakrad-
hari et al. 2014; Hsiao et al. 2020), and therefore may
have been missed by previous surveys. The Carnegie Su-
pernova Project-IT (CSP-II; 2011-2015) obtained high-
precision, rapid-cadence observations of over 100 SNe Ia
(Phillips et al. 2019; Hsiao et al. 2019), mainly from un-
targeted searches. Omne of the objects observed by the
CSP-II was the 03fg-like SN Ia ASASSN-15hy located
in a nearby low-luminosity host galaxy.

We present photometric and spectroscopic follow-up
observations of ASASSN-15hy, a new 03fg-like object
sharing the vast majority of the general properties as
previous members but also exhibiting extremeness, such
as being the faintest, reddest and having the most de-
layed i-band peak time within the subgroup. The ob-
servations and data reductions are summarized in Sec-
tion 2. The host properties and extinction are presented
in Section 3. In Sections 4 and 5, the photometric and
spectroscopic properties of ASASSN-15hy are analyzed,
respectively. Model simulation and interpretation are
discussed in Sections 6 and 6.3. Finally, we conclude in
Section 7.

2. OBSERVATIONS

ASASSN-15hy (aka PS15aou) was discovered by the
All Sky Automated Survey for SuperNovae (ASAS-SN,
Shappee et al. 2014; Kochanek et al. 2017) in an im-
age taken with the double “Cassius” telescope on 2015
April 25.21 UT at V ~16.4 mag and was confirmed two
days later in another image taken with the Las Cum-
bres Observatory 1-m robotic telescope in Sutherland,
South Africa (Holoien et al. 2015). It was spectroscopi-
cally classified by the Public ESO Spectroscopic Survey
for Transient Objects (PESSTO; Smartt et al. 2015) as
a young peculiar SN Ia with similarities to SN 2003fg
and SN 2006gz on 2015 April 27.36 UT (Frohmaier
et al. 2015). On the same day as the classification,
at ~ —11.5 d relative to the rest-frame B-band max-
imum, the CSP-II started an optical and near-infrared
(NIR) follow-up campaign using the 1-m Swope, 2.5-
m du Pont, and the 6.5-m Baade telescopes, located
at the Las Campanas Observatory (LCO) in Chile. In
this paper, we present complementary multiwavelength
photometric and spectroscopic observations of ASASSN-
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Figure 1. The observed UV, optical, and NIR light curves of
ASASSN-15hy. The solid markers represent CSP-II photom-
etry. Swift UVOT UV and ASAS-SN V-band photometry
(including detection limits) are plotted with open markers.
The blue vertical lines on the bottom of the figure indicate
the epochs of optical spectral observations, whereas the red
ones indicate those of NIR spectral observations.

15hy from the CSP-II, ASAS-SN, Swift, and Gemini.
ASASSN-15hy is only second 03fg-like object with a
NIR spectroscopic time series and has a multiband light-
curve data set from UV to NIR. Note that the photomet-
ric observation gap between +31 d and +96 d are due
to the lack of available observation time of the CSP-II
during the Chilean winter. The photometry and obser-
vation logs are listed in Appendix A.

2.1. Photometry

The ASAS-SN observations of ASASSN-15hy consist
of V-band photometry, including 30 nondetection lim-
its. The ASAS-SN images were reduced with an au-
tomated pipeline that uses the ISIS package (Alard &
Lupton 1998; Alard 2000) for image subtraction, the

IRAF? apphot package for performing aperture pho-

Table 1. Properties of ASASSN-15hy. %

ASASSN-15hy

A k.a. PS15a0u

a (J2000) 20"10™02°.35

0 (J2000) —00°44'21".31
JDmax(B) 2457151.6 + 0.4
JDmax(V) 2457155.6 + 0.7
J Dmax (1) 2457157.1 £ 0.5
J Dmax () 2457158.9 + 1.1
Amis(B) 0.72 £+ 0.04 mag
Amis(V) 0.44 £+ 0.03 mag
Amis(r) 0.28 £+ 0.02 mag
Amas (i) 0.12 + 0.02 mag
mB,maxb 15.72 = 0.01 mag
Y max 15.38 + 0.01 mag
mr,maxb 15.30 + 0.01 mag
mi,maxb 15.50 £+ 0.01 mag
MB max© —19.1475 14 mag
My max© —19.36™91 mag
M max © —19.3870 1% mag
M max© —19.10731% mag
SBV 1.24 £ 0.18

E(B —V)uw 0.13 mag

Host

Heliocentric redshift 0.0185 + 0.0003
CMB redshift 0.0176 £ 0.0003
Distance modulusd 34.33 £ 0.11 mag
E(B — V)host 0.007%-% mag
Stellar mass M, (0.77 £ 0.16) x 10° Mg
log10(sSFR) —10.21 + 0.31 yr~!

@ All photometric parameters are in the CSP-IT natural
system.

bpeak apparent magnitude without any corrections.

€Peak absolute magnitude with K-correction, Milky Way
and host-galaxy extinction correction.

d0Obtained from the CMB redshift, including the
uncertainty due to peculiar velocity dispersion (assuming
300 km sfl). The cosmological parameters assumed for this
work are Ho =73 km s~" Mpc ~', Qp, = 0.27 and

Qa =0.73.

2 IRAF was distributed by the National Optical Astronomy Obser-
vatory, which was managed by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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tometry, and the AAVSO Photometric All-sky Survey
(APASS, Henden et al. 2015) for calibration.

CSP-II optical photometric observations in the
uBgVri bands of ASASSN-15hy were obtained with the
e2v 4112 x 4096 pixel CCD imager attached to the
Swope 1-m telescope at LCO. The NIR Y JH images
were taken using RetroCam on the LCO 2.5-m du Pont
telescope. RetroCam employs a single chip Rockwell
1024 x 1024 HAWATII-1 HgCdTe detector.

The CSP-II photometric observations were reduced
following the procedure described in Phillips et al.
(2019). Both optical and NIR images of ASASSN-
15hy were background subtracted, with optical and NIR
host-galaxy template images obtained at the Swope and
Baade telescopes respectively, more than +300 d past
maximum light. Point-spread-function photometry was
used to compute the SN magnitude with respect to
local-sequence stars, which were calibrated with stan-
dard star fields. An i-band finder chart, with labeled
local-sequence stars, is shown in Fig. Al.

Finally, UV wvw2, uvm2, uvwl, and optical ubv pho-
tometry was obtained (PI: Holoien) with the Ultraviolet
Optical Telescope (UVOT) onboard the Swift space-
craft (Gehrels et al. 2004; Roming et al. 2005). The
photometric reduction follows the same basic manner
outlined by Brown et al. (2009, 2014b).

Fig. 1 presents the observed light curves of ASASSN-
15hy. All photometry mentioned above is tabulated
in Appendix A. The basic observational parameters of
ASASSN-15hy are summarized in Table 1. As much as
possible, photometry in the BV ri bands are placed via
S-correction in the most recent CSP-II natural system
(Phillips et al. 2019), referred to as the “CSP natural
system” in the subsequent text.

2.2. Spectroscopy

Spectroscopic observations of ASASSN-15hy were ob-
tained using multiple telescopes and instruments. There
are 34 optical spectra (including 22 previously pub-
lished) from —11.6 d to +155.2 d and 6 NIR spectra
from —8.5 d to +71.7 d relative to rest-frame B-band
maximum, respectively. A journal of the spectroscopic
observations and the details of the published spectrum
are given in Appendix A.

This work contribute twelve optical spectroscopic ob-
servations of ASASSN-15hy. Five of them were obtained
with the FAST spectrograph (Fabricant et al. 1998) on
the 1.5-m Tillinghast telescope at the F. L. Whipple
Observatory (FLWO 1.5 m) and were reduced using a
combination of custom IDL and standard IRAF proce-
dures (Matheson et al. 2005). Four of the optical spec-
tra were taken with the SPRAT spectrograph on the

EFOSC2 e ALFOSC === SPRAT LRIS
KAST = \WiFeS e FAST

Observer frame wavelength (4)
4000 5000 6000 7000 8000 10000

®  ® ASASSN-15hy

+2.0d
+3.3d
+4.

log10(F,) + constant

+81.8d

4r “‘w‘ +98.6d
I ' M +105.30
3 [ r LY - \‘p “ W ‘W“ A
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\“‘(““ i ‘\‘ “
|
0 . . . . . .
4000 5000 6000 7000 8000 10000

Rest frame wavelength (4)

Figure 2. Optical spectroscopic time series of ASASSN-
15hy of a selected sample. Regions of strong telluric absorp-
tions are marked with vertical gray bands. The colors rep-
resent various telescopes and instruments. Note that some
edges of the spectra are grayed out for presentation purposes
due to the high level of noise.

2-m Liverpool Telescope (LT, Steele et al. 2004) and re-
duced using the LT pipeline (Piascik et al. 2014). Two
spectra obtained with ALFOSC on the Nordic Optical
2.5-m Telescope (NOT) and one spectrum taken with
WFCCD mounted on the 2.5-m du Pont telescope were
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Figure 3. NIR spectroscopic time series of ASASSN-15hy.
The strongest telluric absorptions are marked with vertical
gray bands.

all reduced in the standard manner using IRAF scripts.
The optical spectroscopic observations of ASASSN-15hy
are shown in Fig. 2.

The NIR spectral observations were obtained using
GNIRS (Elias et al. 1998) on the 8.2-m Gemini North
Telescope (GN), FLAMINGOS-2 (F2, Eikenberry et al.
2008) on the 8.2-m Gemini South Telescope (GS), and
FIRE (Simcoe et al. 2013) on the 6.5-m Baade Tele-
scope. The observing techniques and reduction proce-
dures of these three instruments are described in Hsiao
et al. (2019). The NIR spectra of ASASSN-15hy are
presented in Fig. 3.

2.3. Host Observations

Integral-field spectroscopy of the host galaxy of
ASASSN-15hy was obtained when the SN had faded, on
2017 July 19 UT, with the Multi-Unit Spectroscopic Ex-
plorer (MUSE, Bacon et al. 2010), mounted on the Unit
4 telescope at the ESO Very Large Telescope (VLT UT4)
of the Cerro Paranal Observatory. These host observa-
tions were obtained as part of the All-weather MUSE
Supernova Integral-field Nearby Galaxies (AMUSING,
Galbany et al. 2016a) survey, an ongoing project study-
ing the environments of SNe by means of the analysis of
a large number of nearby SN host galaxies.

MUSE provides a wide field-of-view of approximately
1’x1" and a square spatial pixel size of 0.2 x0.2"”. This
limits the spatial resolution of the data to the atmo-
spheric seeing during the observations, which was 1.6”

while observing the host galaxy of ASASSN-15hy. The
spectroscopy covers a wavelength range from 4750 to
9300 A, with a mean spectral resolution A\/AX ~3000
and a spectral sampling of 1.25 A.

3. HOST PROPERTIES

The host-galaxy properties of 03fg-like SNe can be ex-
treme, and as a group, distinct from those of normal
SNe Ia. Detailed studies of these galaxies are there-
fore likely pertinent to understanding the origin of 03fg-
like SNe. With the integral-field spectroscopy taken by
MUSE, we conducted a similar analysis to that pre-
sented by Hsiao et al. (2020) in order to obtain several

measurements of galaxy properties, both at the location
of ASASSN-15hy and for the galaxy as a whole.

3.1. Host Redshift

In most Swope images of ASASSN-15hy, the SN ap-
pears hostless, which is remarkable given that the esti-
mated redshift based on the SN spectrum is z = 0.025,
which is relatively nearby (Frohmaier et al. 2015). With
the deeper MUSE data, a faint and extended source is
apparent in the synthetic r-band image (left panel of
Fig. 4), produced by convolving the transmission func-
tion of the CSP r-band filter with the MUSE datacube.
The extended source observed to the south east (SE)
of the SN is presumed to be the host of ASASSN-15hy.
We manually defined a contour (marked with green in
Fig. 4) that includes the extended source but excludes a
foreground star. Note that another bright point source
within the contour in the synthetic r-band image is a
foreground star and is excluded in the analysis. The ex-
tracted spectrum within this contour revealed the typi-
cal emission lines of a star-forming galaxy.

A heliocentric redshift for the host galaxy of zpelio
= (0.0185 + 0.0003 was derived by measuring the po-
sitions of the strongest emission lines, such as Ha,
[O 11] 5007 A, and HB. Correcting to the cosmic mi-
crowave background (CMB) rest frame yielded zomp =
0.0176 £ 0.0003, which translates to a distance modu-
lus (p) of 34.33 £ 0.11 mag assuming Hy = 73 km s7!
Mpc ~1, Q,, = 0.27 and Qu = 0.73 for the cosmologi-
cal parameters. Note that the quoted uncertainty in p
includes an assumed peculiar velocity dispersion of 300
km s~!.

3.2. Host Environment

To study the host properties of ASASSN-15hy, the
MUSE data were analyzed using methods similar to
those of Galbany et al. (2014, 2016b) and Hsiao et al.
(2020). The right panel of Fig. 4 shows the extinction-
corrected Ha emission map of the host and reveals struc-
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Figure 4. Host-galaxy images of ASASSN-15hy extracted from the MUSE datacube. The left panel corresponds to the synthetic
CSP r-band image, and the right panel is the extinction-corrected and stellar population subtracted gas-phase emission line
map of Ha. The SN position is marked with a red cross in both panels, and the host galaxy is defined by a green contour (the
bright point source inside the contour in the left panel is a foreground star). The numbers from 1 to 6 mark the field stars that
show residuals in the Ha map. Letter A in the right panel marks the position of the host structure where analysis is performed

(see Appendix C.1).

tures across the galaxy that are not seen in the syn-
thetic r-band image shown in the left panel of Fig. 4.
Spectra were extracted at several locations, and sim-
ple stellar population analysis was performed in order
to obtain several measurements characterizing the host-
galaxy properties. These measurements are listed in Ta-
ble 2.

The host of ASASSN-15hy has a low stellar mass and
extremely low metallicity indicated by the subsolar oxy-
gen abundance. It contains a remarkably young stellar
population component based on the high Ha equiva-
lent width. Furthermore, this low-mass galaxy is very
efficient in producing new stars, as shown by the high
specific star formation rate (sSFR). The details of the
host environment analysis and the results are presented
in Appendix C.1.

In the context of 03fg-like SNe, the properties of the
host environment of ASASSN-15hy are largely consis-
tent with other group members. The MUSE observation
of the LSQ14fmg host shows similar properties, such as
low metallicity, low stellar mass, high sSFR, and a rela-
tively young stellar population component (Hsiao et al.
2020). The host of SN 2007if was also shown to be a low-
stellar-mass and metal-poor galaxy (Scalzo et al. 2010;
Childress et al. 2011). The host environment of 03fg-like
objects indicates that they are likely to originate from
low-metallicity and young progenitors (Childress et al.
2011; Khan et al. 2011; Silverman et al. 2011; Tauben-

berger et al. 2011). However, the current small sample
and the lack of a complete and consistent theoretical
scenario hinder our ability to disentangle these effects
and identify the dominant environmental driver for this
class of objects.

3.3. Host-galaxy Extinction

Obtaining an accurate value of the host-galaxy ex-
tinction of 03fg-like SNe is difficult. As described by
Scalzo et al. (2012), the Lira relation (Lira 1996; Phillips
et al. 1999) does not hold for these objects. Never-
theless, Chen et al. (2019) derived a color excess for
SN 2009dc by utilizing the Lira method and assum-
ing that ASASSN-15pz has zero host-galaxy reddening.
This strategy relies on the assumption that the differ-
ence in the late-time B — V color is not intrinsic to the
SN Ia. In this work, the relation between E(B —V) and
the Na 1 D equivalent width (EW) from Poznanski et al.
(2012) and Phillips et al. (2013) was adopted to estimate
the host reddening and extinction of ASASSN-15hy.

Each optical spectrum of ASASSN-15hy was inspected
for a narrow Na 1 D absorption at the redshift of the host
galaxy, and no absorption features were found. A de-
tection limit of EW < 0.1 A was estimated using the
WiFeS spectrum taken on 2015 May 13, selected for
its relatively high resolution and signal-to-noise ratio
(S/N). The detail of the methodology is described in
Appendix C.2. The Na 1 D absorption from the Milky
Way (MW) was measured to have an EW of 0.82 +
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Table 2. Properties of ASASSN-15hy and the host environment from the MUSE data.

Location HaEW 12 + log10(O/H) Stellar mass SFR log10(sSFR)
(A) O3N2 (dex) D16 (dex) (logio(M./Mp)) (Mg yr™h) (yr™h)
SN 30.48+0.89 8.43 £ 0.11 8.04 £ 0.35 6.77 £ 0.10 0.2040.09x107%  —10.47 & 0.61
Structure A 75.30+0.48  8.21+0.14 7.84+0.15 1.2140.28x1073 .
Global 33.25+0.28  8.34%+0.14 7.87£0.16 8.89 £ 0.09 0.048+0.007 —10.21 £ 0.31

0.25 A in the same spectrum, corresponding to a MW
color excess of (B —V)yw = 0.134+0.09 mag based on
the relation presented in Poznanski et al. (2012). This
is consistent with the value obtained from the Galactic
reddening map of Schlafly & Finkbeiner (2011).

From the nondetection of the host-galaxy Na 1 D lines,
we assume zero extinction throughout the paper. The
extinction estimate from the Balmer decrement of the
MUSE observation at the location of the SN is also
consistent with zero. An extinction uncertainty §Ay
= 0.08 mag is estimated based on the MW Na 1 D
and extinction measurements compiled by Phillips et al.
(2013) and references therein, using the Na 1 D EW de-
tection limit of 0.1 A. This translates to an uncertainty
of 0.03 mag for the color excess. Hence, throughout
this work, a host-galaxy color excess of E(B — V )post =
0.0019-93 mag is adopted for ASASSN-15hy.

ASASSN-15hy is dim in the optical and red in B — V
near maximum in comparison to the 03fg-like group (see
Section 4) and begs the question whether these proper-
ties are intrinsic to the SN or due to host-galaxy redden-
ing. Comparisons of the spectral energy distributions
(SEDs) of ASASSN-15hy with those of well-observed
03fg-like SNe Ia show that these properties are likely
to be intrinsic to the SN. To match the optical flux of
ASASSN-15hy to those of ASASSN-15pz or SN 2009dc
by invoking host-galaxy extinction requires an enormous
intrinsic UV flux from ASASSN-15hy that is 2 —5 times
higher than the UV bright SN 2009dc and ASASSN-
15pz. The nondetection of Na 1 D reaffirms that the
SED differences are dominated by differences in the in-
trinsic properties. Details of the SED comparisons are
presented in Appendix C.3.

4. PHOTOMETRIC PROPERTIES

The observed light curves of ASASSN-15hy are pre-
sented in Fig. 1. In this section, the photometric prop-
erties of ASASSN-15hy are analyzed by comparing light-
curve parameters, such as the B-band decline rate’

Am;5(B) and the color stretch? spy, as well as the
shapes of the light and color curves relative to other
SNe Ia. The basic observational parameters of ASASSN-
15hy are summarized in Table 1.

Six of seven published 03fg-like objects so far:
SN 2006gz (Hicken et al. 2007), SN 2007if (Scalzo et al.
2010; Friedman et al. 2015; Krisciunas et al. 2017),
SN 2009dc (Taubenberger et al. 2011; Hicken et al. 2012;
Friedman et al. 2015; Krisciunas et al. 2017), SN 2012dn
(Chakradhari et al. 2014; Yamanaka et al. 2016; Tauben-
berger et al. 2019), ASASSN-15pz (Chen et al. 2019),
and LSQ14fmg (Hsiao et al. 2020), are included for com-
parison in this section. Note that SN 2003fg (Howell
et al. 2006) is not included in the comparison due to the
lack of B- and V-band light curves. A well observed nor-
mal SN Ia, 2007af (Krisciunas et al. 2017), is included
for comparison in this section. All photometry is K-
corrected (and S-corrected if the filter function is avail-
able) following the manner described in Appendix B.

These SNe were selected for comparison to ASASSN-
15hy as they allow for the full diversity of properties
to be explored, and other subclasses (such as 2002cx-
like, 1991bg-like) are not included here due to highly
distinct differences with 03fg-like objects (see Fig. 1 of
Taubenberger 2017).

4.1. Luminosity Width Relation

SNe Ia follow a luminosity width relation (LWR),
where SNe Ia with broader light curves are intrinsically
brighter, and SNe with narrower light curves are dimmer
(Pskovskii 1977; Phillips 1993; Phillips et al. 1999). This
relation serves as a cornerstone of modern SN Ia cos-
mology. To determine where ASASSN-15hy and other
03fg-like SNe are located on the luminosity-width dia-
gram, the K-corrected B-band light curves were used
to directly measure the time of maximum, decline rate
Am;5(B), and the apparent peak magnitude mp max.
These measurements were obtained through a Gaus-
sian process interpolation included in the SuperNovae
in object-oriented Python (SNooPy; Burns et al. 2011,
2014) package. Finally, MW and host-galaxy extinction

3 Amj5(B) is the change in magnitude between maximum light
and +15 d past maximum in a certain band (Phillips 1993).

4 spy is the difference in time between B-band maximum and the
reddest point in the B — V' color curve, normalized by 30 days
(Burns et al. 2014).
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Figure 5. The luminosity width relation (Phillips relation)
for normal SNe Ia from the CSP-I (Krisciunas et al. 2017) is
demonstrated by gray markers. Published 03fg-like objects
(see references in text) are plotted in colored markers. All
absolute peak magnitudes are corrected for MW extinction
and host-galaxy extinction.

corrections and distance modulus were applied to the
M B max t0 obtain the absolute peak magnitude Mp max,
hereafter Mp for short.

ASASSN-15hy  reached B-band maximum at
JDiax(B) = 2457151.6 + 0.4, has a Am;5(B) of 0.72 +
0.04 mag, and a mp max of 15.72 = 0.01 mag. As sug-
gested in Section 3.3, there is no evidence of ASASSN-
15hy suffering from substantial host-galaxy extinction.
Hence, only a MW color excess E(B—V)yw = 0.13 mag
was used to correct the photometry of ASASSN-15hy,
which translates to a B-band extinction of Agp =
0.53 mag based on the extinction law from Cardelli
et al. (1989) assuming Ry = 3.1. Converting to ab-
solute magnitude, using the Ap value above, and a p
of 34.33 £+ 0.11 mag from the host-galaxy redshift in
the CMB frame gives Mp = —19.14 £ 0.11 mag. This
corresponds to a Mp of —19.14701% mag if including
the uncertainty of the host extinction.

Figure 5 demonstrates where ASASSN-15hy and other
03fg-like events are located on the luminosity-width di-
agram. ASASSN-15hy is intrinsically the least lumi-
nous 03fg-like SN and is located below the LWR for
normal SNe Ia; whereas SN 2006gz, SN 2012dn, and
ASASSN-15pz blend into the normal population; and
SN 2007if, SN 2009dc, and LSQ14fmg are all overlumi-
nous compared to normal SNe Ia. The corresponding
adopted p and reddening values of the 03fg-like SNe
are tabulated in Table 3. A pu of 32.09 £+ 0.32 mag
and E(B — V)pest = 0.19 £+ 0.01 mag (obtained from
SNooPy) are adopted for the normal SN Ia 2007af.

ASASSN-15hy is almost one magnitude dimmer than
SN 2009dc despite the fact that they have very simi-

Table 3. Distance modulus and color excess values adopted
for comparison sample of 03fg-like SNe Ia.

SN zomB i EB-V)¢ EB-v)?

(mag) (MW, mag) (host, mag)

2006gz 0.023  34.95%+0.09 0.05 0.1840.05
2007if 0.073  37.51+£0.03 0.07 0.0

2009dc 0.022  34.79+£0.09 0.06 0.10+£0.07

2012dn 0.009 33.28:&0.21[) 0.05 0.04+0.01
ASASSN-15pz  0.014  33.89+0.14 0.01 0.0

LSQl4fmg 0.065  37.24+0.03 0.05 0.13£0.15

ASASSN-15hy 0.0176  34.33£0.11 0.13 0.00 +0.03

@Obtained from the CMB redshift with the same cosmolog-
ical parameters assumed for ASASSN-15hy (see Section 3.1
).

b Corrected for infall towards the Virgo cluster and the Great

Attractor (recession velocity = 3,306 km s~!, Mould et al.
2000).

€Obtained from Schlafly & Finkbeiner (2011).

dAdopted from Hicken et al. (2007), Scalzo et al. (2010),
Taubenberger et al. (2011), Taubenberger et al. (2019), Chen
et al. (2019), Hsiao et al. (2020) and this work respectively.

lar Am;5(B) values, NIR luminosities (see Section 4.2),
and spectral properties (see Section 5). If ASASSN-
15hy followed the LWR, for its absolute Mp magni-
tude of ~ —19.14 mag, it would be expected to have
a Amjs(B) of ~ 1.4 mag, demonstrating the uniqueness
of this event. Cosmology light-curve fitters are liable to
give incorrect results for SNe similar to ASASSN-15hy
because of the red intrinsic color at maximum (see Sec-
tion 4.3).

4.2. Light-curve FEvolution

Figure 6 compares the optical rest-frame K-corrected
BVrilight curves of ASASSN-15hy and other SNe in the
comparison sample described earlier. A 91T-like SN Ia,
LSQ12gdj (Scalzo et al. 2014) is added to the sample for
comparison. Another peculiar object, SN 2006bt (Fo-
ley et al. 2010; Stritzinger et al. 2011; Krisciunas et al.
2017), which is underluminous but slowly declining, is
also included in the comparisons since it has a similar -
band light-curve shape to 03fg-like SNe Ia. The B- and
V-band light curves of all SNe in the figure have similar
shapes but differ in time scale. ASASSN-15hy evolves
more slowly on the rise compared to the SNooPy SN Ia
template, but behaves similarly to some other 03fg-like
SNe. The rise time of ASASSN-15hy (22.5 £+ 4.6 d), de-
termined by fitting the flux converted from the CSP-II
and ASAS-SN V-band pre-maximum magnitudes with a
second order polynomial, is similar to most of the 03fg-
like objects where values can be determined. In this re-
spect, ASASSN-15hy is particularly similar to SN 2007if
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Comparison of K-corrected BVri light curves. The magnitudes are normalized to the peak magnitude in each
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in the B band in (b). The black lines are the Ia template light-curves fits ASASSN-15hy using SNooPy, treating it as if it were

a normal SN Ia.

(Scalzo et al. 2010) and SN 2009dc (Silverman et al.
2011; Taubenberger et al. 2011), which have rise times
of 24.2 £ 0.4 d and 23 &+ 2 d, and decline rates Amy5(B)
of 0.71 + 0.03 mag and 0.71 £+ 0.06 mag respectively.
From maximum light to ~+30 d, ASASSN-15hy has
similar behavior to the comparison SNe. However, after
30 d past maximum light, ASASSN-15hy has among the
slowest declining light curves in all BV ri bands. In the
B band, ASASSN-15hy declines by ~1.0 mag from +30
to +90 d, whereas SN 2009dc declines by ~1.4 mag, for
example.

The r- and i-band light curves of ASASSN-15hy are
similar to other 03fg-like objects but differ significantly
from other SNe Ia. In the r band, normal and 91T-like
SNe show a shoulder feature at ~+15 d after peak, while
ASASSN-15hy and other 03fg-like objects generally do
not show this feature. In the ¢ band, ASASSN-15hy has
a slower rise compared to normal and 91T-like SNe Ia
and lacks a pronounced secondary maximum. Note that
SN 2006bt also lacks a clear secondary maximum in the
¢ band, however, it differs in NIR light-curve properties
and spectra compared to 03fg-like objects (see below).
ASASSN-15hy has an i-band primary maximum that oc-
curs after the B-band maximum and has a difference in
peak times (tff%‘) of 7.2 £ 1.1 d. Although this is a ubiq-
uitous property of 03fg-like objects (Ashall et al. 2020),
ASASSN-15hy has the largest value of t?f%lf among all

03fg-like objects included in Ashall et al. (2020), which
have a mean of 3.0 &+ 2.1 d.

In fact, the overall trend of BVri peak times and
decline rates indicates the extreme nature of ASASSN-
15hy. ASASSN-15hy declines progressively more slowly
and peaks progressively later in time, from blue to red-
der bands. This trend is significantly different from the
normal SN Ia 2007af, which does not show the same
progressive change especially from r to ¢ band. On the
other hand, the 03fg-like objects all show a relatively
smooth transition, similar to ASASSN-15hy. However,
ASASSN-15hy is on the extreme end in its light-curve
properties, including the slowest decline rate and the
largest difference in peak times in both r and ¢ bands.

To compare the intrinsic brightnesses of ASASSN-
15hy and others, Fig. 7 presents the absolute magni-
tudes, corrected for MW and host extinction, of the
comparison SNe Ia in the wvm?2 and uBY JH bands.
The larger error bars are due to the high uncertainties in
the host reddenings for some of the comparison SNe Ia.
UVOT photometry of the comparison SNe was obtained
from the Swift Optical Ultraviolet Supernova Archive
(SOUSA,; Brown et al. 2014a) via the Swift Supernova
website.”

5 https://pbrown801.github.io/SOUSA /
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ASASSN-15hy is UV bright and has a peak absolute
magnitude of —18.1770 31 mag in the uvm2 band, which
is more than 1 mag brighter comparing to the normal
SN Ia 2007af around the same time, consistent with
other 03fg-like objects (Taubenberger et al. 2011; Brown
et al. 2014b; Chen et al. 2019). The uvm2 light curve of
ASASSN-15hy is most comparable to SN 2012dn, and
they both peak earlier than the normal SN ITa 2007af.
The early bright UV feature of 03fg-like SNe may be ex-
plained by the shock interaction (e.g., Fryer et al. 2010;
Blinnikov & Sorokina 2010; Taubenberger et al. 2011;
Hachinger et al. 2012; Scalzo et al. 2012).

During the photospheric phase, ASASSN-15hy is one
of the faintest 03fg-like SNe in the v and B bands at B-
band maximum. It is ~1.4 and ~1.0 mag fainter than
SN 2009dc in the v and B band, respectively. In fact,
ASASSN-15hy is fainter than the normal SN Ta 2007af,
which has a faster decline rate. Interestingly, ASASSN-
15hy has a similar brightness to other 03fg-like SNe in
the NIR bands.

As shown in Fig. 7, the NIR light curves of ASASSN-
15hy are broader, brighter than normal SNe Ia and do
not have two distinct maxima, similar to other 03fg-like
objects. In the Y and H bands, ASASSN-15hy contin-
ued to rise in brightness over the duration of our NIR
observations and does not appear to have reached peak
by the final observations at ~+22 d past B-band maxi-
mum, which have magnitudes of —19.45 and —19.39 mag
respectively. The 03fg-like events SN 2009dc, SN 2012dn
and ASASSN-15pz all show weak secondary maxima
around 430 d in the J band, similar to the timing of
the NIR secondary maximum for a normal SN Ta. Un-
fortunately, our J-band light curve does not extend to
these epochs.

SN 2006bt shares some similar properties in the opti-
cal with 03fg-like objects, but shows a different evolution
in the NIR; for example, SN 2006bt showed a decrease in
flux in the Y band after the B-band peak. Clearly, NIR
light curves can be used as a powerful diagnostic to dis-
tinguish 03fg-like SNe from other subclasses of SNe Ia.

4.3. Color Curves

The observed uvm2 —u, B -V, r —14, g — r, and
J — H color curves of ASASSN-15hy are presented in
Fig. 8, along with those of other 03fg-like SNe and the
normal SN Ia 2007af. Here, host extinction corrections,
which are themselves uncertain, are not applied to all
comparison SNe.

In B—V and g —r, ASASSN-15hy shows the reddest
observed colors of all 03fg-like SNe at maximum light
and has values of 0.18 = 0.01 mag and 0.07 £ 0.01 mag
respectively, compared to an range of —0.04 to 0.09 mag
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Figure 7. Comparison of the absolute magnitudes in UV
uvm?2, optical uB and NIR Y JH. The absolute magnitudes
are computed from M = m — u — Amw — Anost- Except for
the B band, light curves in this figure are not K-corrected
due to the lack of spectroscopic coverage.

and —0.21 to —0.07 mag for other 03fg-like SNe. This
color difference would be even more pronounced after
correcting for host-galaxy reddening, since ASASSN-
15hy has negligible host extinction. These colors of
ASASSN-15hy evolve monotonically redward from the
first observation at —11.5 d relative to the B-band max-
imum until ~+30 d. While most of other 03fg-like SNe
show local color minima around 0 d similar to the nor-
mal SN Ia 2007af, except for SN 2007if (it is unclear due
to the lack of observations). If ASASSN-15hy has such
local minimum, the timing of the bluest point would be
much earlier than most of the other 03fg-like SNe. Al-
though any possible host-galaxy extinction may shift the
B —V color curve vertically, the shape of the color curve
would not change significantly. Thus, ASASSN-15hy is
unique in that it does not have an initial phase where it
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Figure 8. Comparison of color curves. B — V, r — i, and
g — r color curves were obtained from K-corrected BgVri
photometry. The color curves in the UV and NIR bands are
not K-corrected due to the lack of spectroscopic coverage.
All data presented are MW extinction corrected.

evolves bluer in B —V and g —r, as well as the reddest
color among 03fg-like SNe at B-band maximum. Our
observations may not be early enough to capture the
bluest point of B — V and g — r; nevertheless, this turn
over point is shown to be possibly the earliest among
03fg-like SNe.

The color stretch parameter, sgy, can also be used
to characterize a SN Ia and is determined by locat-
ing the timing of the reddest point in the B — V' color
curve (Burns et al. 2014). ASASSN-15hy has an spy of
1.24 4+ 0.18 (the large error due to the lack of photomet-
ric coverage at the reddest point). ASASSN-15hy, along
with all other 03fg-like SNe, have spy values larger than
1.0, matching the slowest decliners in the normal pop-
ulation. The large spy together with a late t?fag are
uniform features of these 03fg-like SNe, enabling clas-
sification between peculiar subgroups of SNe Ia (Ashall
et al. 2020).

The r — i color curve of ASASSN-15hy is also unique
compared to normal SNe Ia and the majority of 03fg-
like events. As Hsiao et al. (2020) have shown, the r —
color curve is one of the more obvious ways to distinguish
this subclass from normal objects. Compared with nor-
mal SNe Ia, these peculiar 03fg-like objects evolve more
slowly in time, as well as having shallower peaks and
troughs in their r — i evolution. These differences are
most likely caused by the unusually broad i-band light
curve in 03fg-like objects that also display very weak or
missing i-band secondary maxima. Within the 03fg-like
group, there is a large scatter in r —4 colors at the epoch
of B maximum. ASASSN-15hy is separated from the
majority of 03fg-like members and is at least ~0.1 mag
redder than other 03fg-like objects around the time of
r—4 minimum, but is not as extreme as LSQ14fmg. The
unusually flat 7 — ¢ color of LSQ14fmg is suggested to
be the outcome of interaction of the SN ejecta with a
superwind of an AGB star (Hsiao et al. 2020), which
could potentially be the case for ASASSN-15hy as well.

The top panel of Fig. 8 shows the Swift UVOT
uvm?2 —u color curves. ASASSN-15hy evolves to the red
up to ~+20 d and then turns blueward. This is simi-
lar to the other members of the 03fg-like group (e.g.,
SN 2009dc and 2012dn), and ASASSN-15hy appears to
be the bluest at early times. The blue UV —optical color
(uvm2—u = 1.7240.16 mag at B-band maximum) may
indicate a lack of line-blanketing from Fe lines compar-
ing to other members, possibly caused by differences in
metallicity (e.g., Lentz et al. 2000) or caused by differ-
ences in the outer slope of the density profile of the ejecta
(Walker et al. 2012). Conversely, the uvm2 — u color of
the normal SN Ia 2007af starts quite red and evolves
monotonically blueward over time. 03fg-like SNe are
known to be UV-blue as well as UV-bright at early times
(Milne et al. 2013; Brown et al. 2014b; Chen et al. 2019),
and this unique early UV evolution separates them from
the normal population.

The J — H color curve of ASASSN-15hy is similar to
that of SN 2009dc and other 03fg-like SNe but evolves
differently when compared to the normal SN Ia 2007af.
This is not a surprise given the difference between the
NIR light curves of 03fg-like and normal SNe Ia. For ex-
ample, normal SNe Ia become rapidly redder in J — H
until ~+15 d past B-band maximum, then drop to a
local blue minimum at ~+30 d. They then evolve to
the red again as the observations show. The J — H red
bump ~+15 d is thought to be associated with the evo-
lution of the H-band break and the unveiling of iron
group elements in the ejecta (Wheeler et al. 1998). Un-
like normal SNe Ta, ASASSN-15hy becomes redder more
slowly over time and only increases ~0.3 mag from 0 to
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+20 d, whereas SN 2007af increases ~1.5 mag during
the same time period. SN 2009dc and SN 2012dn also
show a similar slow reddening at early times and then
flatten off in color between +15 to +40 d, possibly due
to the lack of a H-band break in the NIR spectra. It
is noteworthy that SN 2007if evolves bluer in J — H af-
ter +15 d until the last observed epoch, although the
uncertainties are large.

5. SPECTROSCOPIC PROPERTIES

The spectroscopic data set of ASASSN-15hy has broad
wavelength coverage and high cadence. In total, there
are 42 optical (—11.6 to +155.2 d) and 6 NIR (—8.5
to +71.7 d) spectroscopic observations, enabling a de-
tailed look at the spectral features and evolution of a
rare 03fg-like object. Note that all phases in this sec-
tion are relative to the epoch of B-band maximum and
corrected for time dilation, unless otherwise stated.

5.1. Optical Wavelengths

The first two optical spectra were taken concurrently
with the first Swope multifilter observations (Fig. 2) and
appear blue as confirmed by the B — V color (Fig. 8).
The SED then evolves redwards rapidly. The early
optical spectra are dominated by P-Cygni profiles of
intermediate-mass elements (IME; such as Si, Ca, and
S), unburned elements (C and O), and iron group ele-
ments (IGEs). Most of these features are also prevalent
in the spectra of normal SNe Ia. However, there is a lack
of higher-ionization species such as Fe 111 in ASASSN-
15hy, which are typical of normal, slow-declining SNe Ia.

5.1.1. Comparison of Spectral Features

The left panel of Fig. 9 presents a pre-maximum opti-
cal spectrum of ASASSN-15hy with labeled line iden-
tifications, as well as comparisons between ASASSN-
15hy and a variety of subclasses of SNe Ia. The ions
present in ASASSN-15hy are similar to those observed
in the normal SN 2011fe. The notable differences are
the overall weaker spectral features in ASASSN-15hy,
particularly the Ca 11 features as well as the stronger
C 11 features. The weak spectral lines of ASASSN-15hy
resemble those of SN 1991T and SN 2012Z (02cx-like).
However, the ionization states of these two objects are
much higher than ASASSN-15hy, as the early spectra
of SN 1991T and SN 2012Z are dominated by Fe 111
lines (Filippenko et al. 1992a; Stritzinger et al. 2015).
ASASSN-15hy does not exhibit the Ti 11 feature around
4000 A, which is present in 06bt- and 91bg-like SNe (e.g.,
Filippenko et al. 1992b; Foley et al. 2010). Overall, the
spectra of ASASSN-15hy are remarkably similar to the
03fg-like event SN 2009dc (Taubenberger et al. 2011),

demonstrating that this object belongs in the 03fg-like
subclass.

The right panel of Fig. 9 presents a comparison be-
tween ASASSN-15hy and other 03fg-like SNe around one
week after B-band maximum. All of the objects have a
similar ionization state, are dominated by IMEs, show
weak Ca 11 H&K features, and most have persistent C 11
absorptions past maximum light. However, the strength
and velocity of the Si 11 A6355 feature vary within this
subclass.

SN 2009dc and ASASSN-15hy are the two 03fg-like
SNe ITa that have the most complete optical spectro-
scopic data sets. Figure 10 shows the time series com-
parison between these two 03fg-like objects. Again,
these two objects have very similar evolution in their
spectral features, except for the slightly redder color of
ASASSN-15hy. The C 11 A6850 line is still present in
both ASASSN-15hy and SN 2009dc around one week af-
ter maximum, while C 11 in a normal SN Ia, if present at
all, usually disappears soon after the explosion (Tauben-
berger et al. 2011; Folatelli et al. 2012). The strong and
persistent C 1I feature implies substantial unburned ma-
terial in the ejecta (Howell et al. 2006; Hicken et al.
2007).

5.1.2. Si11 and C 11 Evolution

To compare the line profiles of ASASSN-15hy and
other SNe quantitatively, we measured the velocities and
pseudo-equivalent widths (pEW) of the Si 11 A6355 and
C 11 A\6850 features. We first divide the flux by the lo-
cal continuum around the feature, which is constructed
by connecting the two local maxima on both sides of
the feature. The area is integrated to obtain the pEW.
The position of the absorption minimum is obtained
by fitting a Gaussian profile to obtain the blue-shifted
velocity. To estimate the measurement uncertainties,
we bootstrap-resample the flux 500 times repeating the
above process. The mean and standard deviation of the
realizations are adopted as the measured value and cor-
responding error for each pEW and velocity measure-
ment.

ASASSN-15hy has small pEW values for Si 11 A5972
and A6355 near maximum light, which places it in the
“shallow silicon” (SS) group on the Branch diagram
(Branch et al. 2006). This is a common characteristic
of 03fg-like events (e.g., Taubenberger et al. 2011; Hsiao
et al. 2020), as shown in Fig. 11. The only 03fg-like SN
that might sit in a different area of the Branch diagram
is SN 2012dn; however, this SN also has a lower luminos-
ity than most of the other 03fg-like SNe. Interestingly,
the underluminous ASASSN-15hy is sitting closer to the
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Figure 9. Spectroscopic comparisons of ASASSN-15hy and other SNe Ia. Panel (a) compares ASASSN-15hy with a normal
SN Ia and other subgroups, including SN 2011fe (Zhang et al. 2016), SN 2009dc (Taubenberger et al. 2011), SN 1991T (Filippenko
et al. 1992a), SN 2006bt (Foley et al. 2010), SN 2012Z (Stritzinger et al. 2015) and SN 2015bo (Yaron & Gal-Yam 2012), around
a week before B-band maximum. The gray spectrum in the background is ASASSN-15hy at —9.3 d, and the spectra in color
are the comparison SNe Ia around a similar phase. Panel (b) compares ASASSN-15hy with other published 03fg-like objects
around a week after B-band maximum. The gray spectrum in the background is ASASSN-15hy at +4.5 d, the purple ones are
other 03fg-like SNe Ia around a similar phase, and the normal SN Ia 2011fe is included for comparison as well. The telluric

features are marked using the color corresponding to the SN.

brighter 03fg-like SNe, such as SNe 2007if and 2009dc,
on the Branch diagram.

The velocity of Si 11 A6355 for ASASSN-15hy ranges
from ~ 9,300 km s~! at -10 d to ~ 8,600 km s~ ! at
+2 d and is ~ 2,000 km s~—! slower than the normal
SN 2011fe. The lack of a rapid velocity decline at early
times appears to be a consistent trait of 03fg-like SNe,
as shown in the top panel of Fig. 12, indicating that
the Si layer is confined to a narrow range. ASASSN-
15hy shows a velocity plateau at ~ 8,600 km s~! from
—5 to +2 d. Similar behavior was also reported in the
bright 03fg-like object SN 2007if (Scalzo et al. 2010). In
general, the velocities of ASASSN-15hy and other 03fg-
like SNe are relatively lower than the mean velocity of
SS SNe Ia from Folatelli et al. (2013), however, there is
a large spread of velocity among the group.

In ASASSN-15hy, it is not possible to determine the
Si velocity evolution after 42 d, because the blending

of the low-excitation Fe 11 \6456, A6516 lines with the
Si 11 A6335 feature causes a sudden drop in in what is
measured as the Si velocity. Therefore, after +2 d the
measurement does not represent the true velocity of the
Si 11 A6355 feature. This blending effect is usually seen
in subluminous SNe Ia at similar early phases (Galbany
et al. 2019) and at later times in normal SNe Ia (e.g.,
Folatelli et al. 2013). This velocity drop has been pre-
viously mistaken as a distinguishing feature of 03fg-like
objects (Scalzo et al. 2012). The fact that we see this
blending effect so early in ASASSN-15hy may be an in-
dication that there is a low ionization state in the line-
forming region.

The C 11 A6580 velocity of ASASSN-15hy is similar
to the Si 11 A6355 velocity at —11 d (~ 9,300 km s~1),
but diverges from the Si 11 velocity shortly after this
time period. By B-band maximum, the C 1I velocity is
~ 2,500 km s~! lower than the Si 1velocity. This is in
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Figure 10. Spectroscopic time series comparison of

ASASSN-15hy and SN 2009dc in the optical. Spectra of
ASASSN-15hy are plotted with purple colors and those of
SN 2009dc (Taubenberger et al. 2011) around similar phases
are plotted with gray in the background. Regions of strong
telluric adsorptions in the rest frame of ASASSN-15hy are
marked with the purple symbols at the top.

contrast with the majority of the comparison SNe which
show similar velocity gradients for C 11 A6580 and Si 11
A6355.

Previous studies have shown that for normal SNe Ia
the C 11 and Si 11 velocity evolution is similar (Parrent
et al. 2011; Folatelli et al. 2012). However, ASASSN-
15hy has a pre-maximum C II velocity decline rate of
~ 3,000 km s~! per 10 days but only ~500 km s~! per
10 days for Si 11. This diverging behavior in velocities is
also seen in SN 2012dn (Chakradhari et al. 2014; Par-
rent et al. 2016; Taubenberger et al. 2019). This may
indicate that there is carbon-rich material below the Si
layer, or more likely, it could be a projected velocity and
ionization effect. If the C 11 is in a confined region just
above the photosphere, more absorption is seen from
the material not moving directly towards the observer,
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Figure 11. Branch diagram (Branch et al. 2006) with the
pseudo-equivalent width of Si 11 A6355 and A5972, The open
markers are the measurements from Folatelli et al. (2013),
the filled diamonds with purple edges are the measurements
from this work of the currently available 03fg-like objects.

which results in a projection effect that makes the ma-
terial appear to be at a lower velocity (Hoeflich 1990).

Despite the differences in velocity of C 11 A6580 within
the 03fg-like subgroup, ASASSN-15hy and most other
members of this subgroup have large pEW values for this
ion, which continues past maximum light. It persists
much longer than in normal SNe Ia, such as SN 2011fe,
as shown in the bottom panel of Fig. 12. The C 11 pEW
of ASASSN-15hy has a value of ~19 A at —11 d and
gradually decreases with time, disappearing around 2
weeks past maximum light. In contrast, the normal
SN Ia 2011fe only has a pEW of ~5 A at —17 d, which
rapidly declines to ~2 A within 5 days, and then gradu-
ally disappears while approaching maximum light. This
is evidence of substantial unburned material within the
ejecta of ASASSN-15hy.

5.2. Near-infrared Wavelengths

ASASSN-15hy has 6 NIR spectra covering epochs
from —8.5 to +71.7 d, making it only the second 03fg-
like object with NIR spectral observations (the first one
being SN 2009dc). All spectra have high S/N allowing
for unambiguous identifications of several lines and their
evolution.

5.2.1. Line Identification and Fvolution

A number of spectral lines in ASASSN-15hy are iden-
tified and labeled in Fig. 13 (a). The line list from
Marion et al. (2009), as well as line identifications from
Taubenberger et al. (2011), Hsiao et al. (2015, 2019)
and Gall et al. (2012), were used as a guide to identify
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the NIR features in ASASSN-15hy. The NIR spectra of
ASASSN-15hy mainly consist of Ca 11, Mg 11, Fe 11, and
Co 11 lines with a possible contribution from C 1.

The strongest feature in the NIR is the Ca 11
0.8538 pum IR triplet, which is also present in the region
overlapping with the optical spectra. Multiple Mg 11
lines also were identified: 0.9227, 1.0927, 1.6787, and
2.1369 pm. These line identifications were confirmed
by examining these features in velocity space, where
they all follow a similar velocity trend, shown as solid
symbols in the left panel of Fig. 13 (b). The Mg 11
0.9227 pm feature may also have contributions from
O 1 and Si 11, but in ASASSN-15hy these are minor as
the velocity evolution of this feature matches the other
Mg 11 lines. We attribute the absorption feature seen at
~0.97 pm (marked orange in Fig. 13) to be a blend of
Mg 11 1.0092 pm and Fe 11 0.9998 pm. Thus, the blend-

-+ Mg110.9227um

4- - Mg111.0092um T T

Rest frame phase since B-band maximum (day)

(b) Velocity measurements of assumed ions.

Figure 13. The line identifications of the NIR spectra of
ASASSN-15hy. Panel (a) shows the first five NIR spectra of
ASASSN-15hy and the most likely ion labels for the corre-
sponding features. The vertical gray bands mark the regions
of strong telluric adsorptions. Panel (b) presents the veloc-
ity measurements of several assumed ions. The open markers
represent features with possible blending. The velocities of
optical Si 11 and C 11 are also plotted as reference. The colors
of the features are consistent in the two panels.

ing likely affects the velocity evolution of these two ions
presented in Fig. 13 (b). This feature is likely to have a
significant contribution from Fe 11 by +8.1 d. The pres-
ence of Fe 1I at this time period is consistent with the
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Figure 14. NIR spectral comparison of ASASSN-15hy with three SNe Ia: the 03fg-like object SN 2009dc (Taubenberger
et al. 2011) (left panel), the normal SN 2012fr (Contreras et al. 2018; Hsiao et al. 2019) (middle panel), and the transitional
iPTF13ebh (Hsiao et al. 2015) (right panel). The vertical red lines in the right panel mark the positions of prominent C I lines
in iPTF13ebh. The regions of the strongest telluric adsorptions are marked with vertical gray bands.

optical spectroscopy of ASASSN-15hy, where a velocity
drop in the Si 11 A6355 feature due to the blending with
Fe 11 A\6456 and A6516 was observed around the same
time.

The IGE features become stronger with time. As
shown in the 4+22.8 d spectra, Fe 11 0.9998, 1.0500, and
1.0863 um are all clearly visible and are also seen in
SN 2009dc (Taubenberger et al. 2011). Co 11 2.1365,
2.2205, 2.3613, and 2.4596 pm emission features are also
present in the 2.1 — 2.4 um region in the same spectrum.

5.2.2. Possible C'1 Detection

Throughout the NIR spectral observations, there
are no strong C 1 features such as those observed in
SN 1999by (Hoeflich et al. 2002), iPTF13ebh (Hsiao
et al. 2015) or SN 2015bp (Wyatt et al. 2021), but a weak
C11.0693 pum line may be present in ASASSN-15hy at
—8.5and —1.5 d. the right panel of Fig. 14 shows a notch
at ~1.03 pm (marked with dark red) next to the absorp-
tion of Mg 11 1.0927 pm. This is similar to the position of
the C 1 1.0693 pm feature in iPTF13ebh at early times,
where the feature is strong and unambiguous. The weak
notch in ASASSN-15hy would correspond to a velocity
of ~ 12,000 km s~! assuming that it originated from C 1
1.0693 pm. Such a velocity at —1.5 d is ~ 6,000 km s=!
faster than the optical C 11 A6580 line. This velocity dif-
ference could be due to a large carbon envelope in the
ejecta that extends to higher velocities. An ionization
change throughout the envelope could cause C 1 and C 11
to have distinctly different observed velocities. Further-
more, if the C 11 layer is small, the velocity could appear

lower than the location of the bulk of the C 11 material
due to projected velocity effects (see Section 5.1.2).

Unfortunately, there are no other clear C 1 features,
such as C11.1754 pm, in the first two NIR spectra. The
next observation at 4+8.1 d contains two newly formed
features aroun 1.02 and 1.12 pm, marked red and pink
in Fig. 13 (a), respectively. These may be attributed
to C11.0693 um and 1.1754 um. However, these lines
are more likely produced through absorption from IGEs,
due to their similarity in velocity to the Fe 11 lines. We
do not exclude the possibility that these two features
are blended with weak C I.

5.2.3. Missing H-band Break

Interestingly, ASASSN-15hy does not show an H-band
break near 1.5 pym until 472 d. For a normal SN Ia,
the H-band break (Kirshner et al. 1973) appears around
+3 d and peaks in strength around ~+10 to +12 d (e.g.,
Hsiao et al. 2013), as demonstrated by SN 2012fr (Con-
treras et al. 2018; Hsiao et al. 2019) in the middle panel
of Fig. 14. The H-band break is produced by a multi-
plet of allowed Co 11, Ni 11, and Fe 11 emission lines that
emerge when the photosphere recedes deep into the **Ni
rich region (Wheeler et al. 1998; Hoeflich et al. 2002).
The strength of the H-band break has been found to cor-
relate with SN Ta light-curve shape (Hsiao et al. 2013),
and the outer blue velocity (vedqge) of the break has been
found to directly trace the outer °°Ni region in the ejecta
(Ashall et al. 2019a,b). The absence of an H-band break
suggests that the photosphere has not reached the core
of the %6Ni region by +30 d. This absence was also noted
in SN 2009dc (Taubenberger et al. 2011).
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Despite the peculiar behavior of the H-band break,
Co 11 features are apparent in the 2.1—2.4 um region at
+23 d, which is a similar phase to the onset of these
features in all three comparison SNe in Fig. 14. It has
been proposed that these Co 11 features form in the same
region as the H-band break (Wheeler et al. 1998). We
rule out the lack of the H-band break being caused by
an ionization effect, since 91T-like SNe Ia show strong
H-band breaks but have a higher-ionization state than
ASASSN-15hy (M.M. Phillips et al. in preparation).
The missing H-band break in ASASSN-15hy could be
evidence of an opacity difference between the H and
K bands for this peculiar object (see Appendix D.3 for
more details).

The NIR spectra of ASASSN-15hy and SN 2009dc are
nearly identical in both color and evolution of the line
profiles, as shown in the left panel of Fig. 14. ASASSN-
15hy shows both similarities and discrepancies when
compared to a normal SN Ta. The early time NIR spec-
tra of ASASSN-15hy have smooth continua and show
shallow IME features such as Mg 11, which is consistent
with both SN 2009dc and SN 2012fr. However, after
maximum light the features of ASASSN-15hy are differ-
ent from the normal SN Ta 2012fr, especially in the 1.2
to 1.6 pm region. As discussed above, part of this is due
to the delayed onset of the H-band break and distribu-
tion of %Ni. After maximum light, SN 2012fr presents
strong absorption features near 1.2 pm, thought to be
the cause of the rapid decrease in J-band magnitude
that is seen in normal SNe Ia (Branch et al. 1983; Elias
et al. 1985). However, ASASSN-15hy shows a limited
decrease of the flux in this region, which is consistent
with its broad and slowly-declining J-band light curve
(see Fig. 7).

6. MODEL RESULTS

In this section, we briefly discuss the physics of
ASASSN-15hy, provide one possible interpretation of
the data, and compare the data to explosion models. A
more in depth description of our modeling assumptions
and methodology can be found in Appendix D.

6.1. Envelope models

In this work, we employ the parameterized frame-
work of spherical envelope models (Hoeflich & Khokhlov
1996) and make use of the observed spectral evolution
and photometric properties of ASASSN-15hy to con-
strain model parameters. This class of models has been
previously shown to provide a consistent picture for the
03fg-like object LSQ14fmg (Hsiao et al. 2020) and the
observed slow rise and decline of SN 2009dc (Noebauer
et al. 2016). The envelope models may be consistent

with the core degenerate (CD) scenario (e.g., Kashi &
Soker 2011). The CD scenario consists of the explosion
of a degenerate core within a nondegenerate envelope.
In this scenario, the ignition process and thermonuclear
explosion may be triggered by the merger between the
core of an AGB star and a WD: 1) on dynamical time
scale which results in a detonation (Kashi & Soker 2011;
Aznar-Siguan et al. 2015; Taubenberger 2017), or 2) on
secular time scales which may lead to an early defla-
gration phase with a transition to a detonation, subse-
quently called “Deflagration-CD” (DCD) (Hoeflich et al.
2019). We stress that in our models the nature of the en-
velope is unknown. It may be the nondegenerate outer
envelope of an AGB star in the CD scenario, but we do
not rule out other possibilities.

The main model parameters are: the mass of the non-
degenerate envelope M,y; the radius of the nondegen-
erate envelope Re,y; the extent of the He and C layers
in mass and velocity space; the initial metallicity Z; the
mass of the hydrostatic, possibly rotating, core which
is referred to as the core mass, M qe; the amount of
mass burnt during the deflagration phase, Mg.q, which
is controlled by the transition density at which the de-
flagration transforms into a detonation py,; and possible
interaction with the nearby environment or wind.

The central density (p.) is calculated using the equa-~
tions of hydrostatic equilibrium for models with Mcope
up to Mcy, (Hoeflich et al. 1998). For models with M oye
in excess of Mcyp, we assume fast rotating cores that ig-
nite at a central density of 7 x 10° g ecm™2 (Yoon &
Langer 2005). These densities are found at the lower
end of the classical delayed-detonation models and may
be attributed to He- or C-accreting WDs within the
Mgy, class of explosions (Telesco et al. 2015; Diamond
et al. 2015, 2018). For these values of p., approximately
0.08 Mg of electron rich iron-group elements are pro-
duced.

To first order, specific observational parameters are di-
rectly linked to model parameters. This produces a set
of selection criteria that allows us to determine the best
matching model. The main criteria are: Mep,, which
determines the final “shell” velocity indicated by the Si
line region formed in quasi statistical equilibrium (QSE)
(Hoeflich & Khokhlov 1996; Quimby et al. 2007); and
Renv, which determines the width of the shell. With
increasing radius, the shell becomes more confined in
velocity space (Fig. D1); and Mo determines the dif-
fusion time scales and therefore the rise time to max-
imum light (Hoeflich & Khokhlov 1996; Dessart et al.
2014; Shen & Moore 2014). The detonation in a sub-
Mecn (Meore ~1 Mg) model produces a rise time that
is too short, and models with Mqoe = 1.8 Mg produce
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a rise time that is too long by several days. The best
agreement was found with a model of Mo = 1.47 Mg
that puts ASASSN-15hy near, but over Mcy,.

The secondary selection criteria in the case of DCD
are: pg or Mgeq, which regulates the ®6Ni production
and therefore the luminosity, if all other parameters are
kept the same, in the same fashion as in the classical
delayed detonation models (e.g., Hoeflich et al. 2002).
In general within the CD scenario, the metallicity, Z
and the relative amount of My, control the color B—V,
the UV and NIR flux, and the formation of CO.

6.2. Best Matching Model

ASASSN-15hy’s relatively low peak luminosity and
broad light curves place it into a specific, and some-
what unusual, area of parameter space. As ASASSN-
15hy has a low Si velocity at maximum light, which
translates into a relative large M, previous sets of
envelope models which detonate (Khokhlov et al. 1993;
Hoeflich & Khokhlov 1996; Quimby et al. 2007) predict
a higher peak luminosity than majority of other 03fg-
like events and generally slower rise and decline (Noe-
bauer et al. 2016). The secondary model criteria such
as Mgen and Z may be the keys to explain the peculiar-
ity of ASASSN-15hy. The explanation under the DCD
envelope model, the underlying physics, and the path to
arrive at the best matching parameters are presented in
Appendix D. Here we summarize the main results.

The best matching model (a slightly modified ver-
sion of DCDO07, see Appendix D.4) has the follow-
ing parameters: My, = 0.7 Mg, Renv = 10 Reore,
Myeeny = 0.1 Mg, Meoye = 1.47 Mg, Z = 107 Zg,
Mgeq = 0.42 M, and a total 5°Ni mass = 0.87 M. The
large Mo was required to produce long diffusion time
scales and a broad light curve; a large My, is required
to produce the low observed ejecta velocities exemplified
by Si 11; the low metallicity produces the long rise and
lack of line blanketing relative to the normal SNe Ia; and
the low transition density or large Myeq ensures that the
56Ni mass is lower than that which is produced in other
03fg-like objects and thus, the luminosity of the SN is
low. Finally, a small Ry, which was determined by the
velocity range of Si 11, produces an extended density en-
hancement in the outer layers of the ejecta rather than
a confined density shell, which would be produced by
larger envelope radii. The chemical structure is largely
consistent with the observed velocity and velocity range
of the ions (see Appendix D.2 and D.3). Note that up
to 40% of the total luminosity comes in the form of hard
X-rays and UV at early times in our model, as discussed
in Appendix D.4.

In Fig. 15, the effects of metallicity Z and core mass
More are illustrated using the following models: the
high Z (Z = Zp) and low Meore (Meore = 1.2 Mg)
DET2ENV6 model of Hoeflich & Khokhlov (1996) in
the left panel and our best matching DCDO07 with Z =
10~* Zg in comparison to DCD07 with Z = 10710 Z
in the right panel. The low-mass DET2ENV6 model has
0.6 Mg of Meyy, similar to the best matching parame-
ter of ASASSN-15hy, but shows a rise time significantly
shorter than the observation and a very asymmetric light
curve. Moreover, its high Z leads to an optically thick
C/0 shell, and the low Mo, leads to a shorter rise time
and faster evolution that is inconsistent with ASASSN-
15hy. The DCDO7 models (Mcore = 1.47 M), as shown
in the right panel of Fig. 15, provide overall match-
ing light-curve shapes and luminosities as the observed
ones. Comparing the Z = 107* Z; and Z = 10710 Z,
DCDO07 models shows a more extended dark phase as Z
increases, and the Z = 10~ Z; model is more consis-
tent with the early ASAS-SN nondetections.

ASASSN-15hy requires a rather large envelope mass
that has a significant amount of He left in the outer
layers combined with a low metallicity and a late defla-
gration to detonation transition. The significant amount
of helium and the low progenitor metallicity below that
of the host galaxy points to an old, low-mass progeni-
tor. Note that, despite the considerable amount of He,
narrow He lines may not be detected due to the low
opacity in the outer layer and gamma-ray trapping, such
that the necessary gamma-rays to excite the He are not
available (e.g., Graham 1988). ASASSN-15hy is not a
typical 03fg-like object compared to the current public
sample. An analysis on larger sample is needed to deter-
mine whether the model parameter space of ASASSN-
15hy is common for 03fg-like SNe or not.

6.3. DCD Models in Context

In the following discussion, we put ASASSN-15hy and
our model in a larger context. The basic characteristics
are the explosion of a degenerate core of &~ Mcy embed-
ded in a compact high-mass envelope with a significant
fraction of He ~ 0.1 — 0.2 My and low Z. The result-
ing explosion has a red color at maximum light for a
03fg-like object, a low luminosity, and took place in a
low-metallicity galaxy with ongoing star formation.

The best matching model has a low transition density
from deflagration to detonation (DDT) which results in
an extend phase of the deflagration burning similar to
the sublumious classical SNe Ia models. As discussed in
Appendix D.4 a low metallicity and C/O ratio can be
expected to shift the DDT to low densities (Poludnenko
et al. 2019). Thus, the very low Z may be the key for
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Figure 15. Comparison of the absolute BVi-band light curves between models and ASASSN-15hy. The light curves are shown
relative to explosion and B-band maximum. The observations have been K-corrected (except for the nondetection limits in open
squares) and corrected for Galactic reddening. Left panel: The low-mass high-metallicity DET2ENV6 model (Mcore = 1.2 Mg
and Z = Zg) from Hoeflich & Khokhlov (1996) is presented as an illustrative case. Right panel: The best matching DCDO7
model with Z = 10™* Z, (solid lines) is shown in comparison to the DCD07 model with Z = 107'° Z, (dashed lines).

understanding why ASASSN-15hy is a subluminous CD
explosion.

Our analysis suggests that ASASSN-15hy can be de-
scribed by the DCD scenario in which the explosion
starts as a rather long deflagration phase and turns into
a detonation. An initial deflagration requires a WD
companion merging with the central core of an AGB
star on secular time scales rather than on dynamical
ones. This is similar to classical delayed detonation Mcy
models, which have a long deflagration phase and low
transition densities. These models may explain tran-
sitional and subluminous SNe Ia (Hoeflich et al. 2002;
Patat et al. 2012; Hsiao et al. 2015; Ashall et al. 2016,
2018; Galbany et al. 2019).

In normal SNe Ia, a low transition density is rare and
produces intrinsically red optical colors similar to that
observed in ASASSN-15hy. Within the DCD frame-
work, subluminous objects that behave like ASASSN-
15hy should be rare and the low metallicity suggests that
the progenitor may have been a Pop II/III star. Low-
mass AGB stars in metal-poor environments are carbon
stars with highly enhanced Ba and other s-process el-
ements (Aaronson & Mould 1980; Cohen et al. 2006;
Kirby et al. 2015). Even though hydrogen is not appar-
ent in the spectra and the limits for ongoing mass loss
are rather low, hydrogen and s-process elements may be
detectable when the ejecta have cleared the low-density
cocoon that has a size of a few tenths to a few light years

and was produced by prior mass-loss episodes (Dragulin
& Hoeflich 2016). We do not expect Balmer lines to ap-
pear right away, but when the envelope collides with the
edge of the cocoon in ~ 1 — 10 yr. This collision may
lead to a revival of X-ray emission.

For degenerate cores (or WDs), the C/O ratio in-
creases with decreasing main sequence mass Mygs as
a result of stellar evolution. At lower mass and hence
lower central temperatures, during the central stellar He
burning, o capture on '2C dominates triple-c, result-
ing in low C/O ratios (C/O ~ 0.1 —0.2). The subse-
quent He-shell burning occurs at higher temperatures.
Thus, shell burning results in ratios close to the statis-
tical equilibrium (C/O =~ 1). Because of the size of the
convective He burning core decreases with Myg and Z
(Dominguez et al. 2001), the overall C/O ratio also de-
creases with Mys and Z. The CD scenario requires an
explosion during the AGB phase. A common-envelope
phase is more common for more massive stars. Stars
of mass ~ 5 — 7 Mg have evolutionary times of ~ 10%
years and may be expected to be related to starburst
episodes. Although there is a strong correlation between
low-metallicity, starburst galaxies and 03fg-like in gen-
eral (L. Galbany et al, in preparation), the progenitor
system of ASASSN-15hy may have been produced in a
previous episode of star formation. This may indicate
that 03fg-like SNe come from a diverse group of progen-
itors.
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6.4. Alternative Scenarios

Under the class of interaction or envelope models, sev-
eral studies on 03fg-like objects have suggested that the
origin of the envelope material could come from WD-
WD mergers (e.g., Scalzo et al. 2010; Hachinger et al.
2012; Taubenberger et al. 2013; Noebauer et al. 2016).
Here we briefly discuss the alternative progenitor sys-
tems based on the parameter space described above.
However, numerical simulations and comparisons are be-
yond the scope of this work.

The dynamical merger of two WDs may be an alter-
native possible scenario for ASASSN-15hy and 03fg-like
objects (e.g., Pakmor et al. 2010, 2012). This scenario
may produce a similar overall structure, light curves,
and spectra when compared to CDs of ~ 2 Mg that
undergo detonation burning. However, it is not obvi-
ous how, in this framework, one would produce an ex-
plosion with similar conditions as ASASSN-15hy. Our
models of ASASSN-15hy require an extended nondegen-
erate envelope consisting of He/C/O without extensive
mixing and high density outer material, which favors
a CD/AGB scenario. Furthermore, a long deflagration
phase is required to produce the low ®°Ni mass, which
cannot be achieved in a dynamical merger, since these
models detonate. Finally a total ejecta mass exceed-
ing the Mgy is required to produce the observed light
curves. This may disfavor the secular merger scenario
(Piersanti et al. 2003), which explodes near Mcy, as a
viable scenario for ASASSN-15hy.

Though there is no polarimetric observations available
for ASASSN-15hy, the lack of polarization in the other
two 03fg-like explosions, SN 2009dc (Tanaka et al. 2010)
and SN 2007if (Cikota et al. 2019), may disfavor explo-
sion mechanisms with strong, large scale asymmetries,
such as dynamical mergers (Bulla et al. 2016). How-
ever, this does not exclude the possibility that a major-
ity of 03fg-like SNe are the result of dynamical mergers.
ASASSN-15hy and LSQl4fmg (Hsiao et al. 2020) are
consistent with the DCD scenario, however, these two
are on the extreme ends among the current 03fg-like ob-
jects. A larger sample of 03fg-like events and larger scale
of model comparison are needed for future analysis.

7. CONCLUSION

Photometric and spectroscopic observations of
ASASSN-15hy have been presented, covering —12 to
+155 d relative to B-band maximum. ASASSN-15hy
has many similar characteristics to previously discovered
03fg-like SNe Ia. However, ASASSN-15hy also shows
its own uniqueness and provides additional insight into
this peculiar subgroup.

ASASSN-15hy has the following properties that are
similar to other 03fg-like SNe:

e Slowly evolving (rise time = 22.5 + 4.6 d in V-
band) and broad light curves (Am;5(B) = 0.72 +
0.04 mag),

e No distinct secondary maxima and peaking later
than normal SNe Ia in the 1Y JH bands,

e A relatively blue UV—optical color (uvm2 —u =
1.72 £ 0.16 mag at B-band maximum),

e Bright peak luminosity in  both UV
(Myvmz = —18177521 mag) and NIR
(My < —19.39 mag),

e Weak Ca 1I but strong and persistent C 11 spectral
feature,

e A relatively low Si 11 velocity (Vs; = 8,600 +
200 km s™! at maximum light) and lacks an early
time rapid velocity decline,

e No prominent H-band break feature in the first
month past B-band maximum.

AMUSING observations show that the host of
ASASSN-15hy is a low-mass, low-metallicity galaxy
with a relatively young stellar population. These
properties are generally consistent with other 03fg-like
events. The host galaxy of ASASSN-15hy is barely vis-
ible in optical images, but in the Ha map, the host is
clearly visible.

Despite similarities mentioned above with previously
published 03fg-like SNe, ASASSN-15hy is unique in sev-
eral ways. At optical wavelengths, it is dim compared
with classical 03fg-like events and even when compared
with normal SNe Ia with similar decline rates. It has
a peak absolute magnitude of Mp = —19.14701} mag,
which is a ~ 1 mag dimmer than SN 2009dc and located
below the LWR, of normal SNe Ia. This makes ASASSN-
15hy the faintest SN among the current 03fg-like SNe Ia
sample. ASASSN-15hy is also the reddest and has a
observed B — V color of 0.18 + 0.01 mag at B-band
maximum, which is ~0.1 mag redder than the average
of other 03fg-like objects. Furthermore, ASASSN-15hy
has the longest delayed onset of its i-band primary peak
relative to that in the B band at 7.2 + 1.1 d.

We find that ASASSN-15hy is consistent with the “de-
flagration core-degenerate” scenario, which consists of
the secular merger of the degenerate core of an AGB star
and a WD inside the nondegenerate envelope of the AGB
star. The best matching model has the parameters:
Meny = 0.7 M®7 Renv = 10 Reores MHe,env = 0.1 M@;
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Megre = 1.47 My, Z = 107* Zo, Mgeg = 0.42 My,
and total M(°°Ni) = 0.87 Mg. A large core mass is
required in order to produce a broad light curve. To
produce a slow expansion velocity and a narrow IME
shell, a large envelope mass is needed. A major portion
of this envelope consists of He, which does not add to
the line opacity but contributes to the hydrodynamics
in the ejecta. Critically, a long deflagration phase is re-
quired to produce the observed low luminosity and red
B — V color. Finally, a metallicity of Z ~ 10~* Z is
required to provide a small opacity and a dark phase
on the rise, in order to match the early light curve and
avoid producing significant line-blanketing to block the
UV flux and over-redistribute the flux to the NIR.

The predominant host-galaxy type for 03fg-like ob-
jects has been low mass, low metallicity and star-
forming, including ASASSN-15hy, meaning that these
objects may be more common at high redshifts. This has
direct consequences for high-redshift dark energy exper-
iments. 03fg-like SNe Ia have similar light-curve shapes
in the B and V bands compared to normal SNe Ia and
therefore cannot be distinguished at high redshifts in
these rest-frame bands alone. Observations of redder
bands in the rest frame, such as ¢ band to NIR band,
are required to identify 03fg-like SNe Ia through purely
photometric means. Further studies on larger samples of
03fg-like SNe Ia are necessary to fully understand their
impact on dark energy experiments. Overall, more ob-
servations are required to test the consistency of the
model simulations to understand the physics of the pro-
genitors and the explosions.
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APPENDIX

A. PHOTOMETRY AND OBSERVATIONAL LOGS

Figure A1l presents the i-band finding chart of ASASSN-15hy with the positions of the local-sequence stars, used
for CSP-II photometric observations at LCO. ASAS-SN V-band nondetection limits and photometric observations, in
the standard system, are tabulated in Table A1l. The CSP-II optical photometry of ASASSN-15hy is presented in the
natural system (see Section 5.1 of Krisciunas et al. 2017) of the Swope+e2v (Phillips et al. 2019) in Table A2. The
host subtracted Swift UVOT photometry is shown in Table A3. The CSP-II NIR photometry is presented in the
natural system of the du Pont+RetroCam in Table A4.

Among the previously published optical spectra, twelve were taken with KAST double spectrograph on the 3-m
Shane telescope at the Lick Observatory and the LRIS (Oke et al. 1995) on the 10-m Keck-I telescope at the W.M.
Keck Observatory and were published by Stahl et al. (2020). Another previously published series was obtained with
the WiFeS instrument (Dopita et al. 2007, 2010) on the Australian National University 2.3-m telescope (ANU) as
part of the ANU WiFeS SuperNovA Programme (AWSNAP, Childress et al. 2016). Note that red and blue spectra
observed on the same night were merged, yielding nine spectra in total from WiFeS. One classification spectrum taken
with the EFOSC2 on the ESO New Technology Telescope (NTT) by the PESSTO program (Smartt et al. 2015) is also
included and is publicly available on WISeREP (Yaron & Gal-Yam 2012). A log of the spectroscopic observations of
ASASSN-15hy is given in Table A5. The phases in all tables are expressed in rest-frame phase in days with respect to
B-band maximum JD = 2457151.6 £ 0.4.

45'}

______

Declination (J2000)

50

20h10m30s 15s 00s 09m45s

Right Ascension (J2000)

Figure A1l. The i-band finding chart of ASASSN-15hy. The optical (in yellow circles) and NIR (in red circles) local sequence
stars are indicated. The location of the SN is labeled with a red line.
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Table Al. ASAS-SN V-band photometry. %

JD UT Date Phase mag(err)

2457100.2 2015-03-18 —50.5 >17.11

2457108.9 2015-03-27 —42.0 >17.90

2457115.9 2015-04-03 —35.1 >16.73

2457116.9 2015-04-04 —34.1 >16.97

2457117.9 2015-04-05 —33.1 >17.19

2457129.8 2015-04-17 —21.4 >18.03

2457133.8 2015-04-21 —17.5 >17.53

2457137.8 2015-04-25 —13.6 16.42(0.10)
2457138.8 2015-04-26 —12.6 16.42(0.09)
2457139.8 2015-04-27 —11.6 16.12(0.08)
2457143.9 2015-05-01 —7.6 15.90(0.06)
2457147.8 2015-05-05 —3.8 15.52(0.12)
2457154.8 2015-05-12 3.1 15.37(0.05)
2457155.8 2015-05-13 4.1 15.51(0.05)
2457156.1 2015-05-13 4.4 15.42(0.05)
2457157.1 2015-05-14 5.4 15.42(0.05)
2457158.1  2015-05-15 6.4 15.48(0.05)
2457160.8 2015-05-18 9.0 15.48(0.06)
2457164.7 2015-05-22 12.8  15.51(0.06)
2457168.9 2015-05-26 17.0  15.88(0.06)
2457173.9 2015-05-31  21.9  15.96(0.09)
2457181.8 2015-06-08 29.6  16.30(0.10)
2457182.7 2015-06-09 30.5  16.52(0.14)
2457185.0 2015-06-11  32.8  16.59(0.13)
2457186.8 2015-06-13  34.5  16.45(0.09)
2457189.7 2015-06-16 37.4  16.57(0.13)
2457190.7 2015-06-17 38.4  16.33(0.09)
2457199.1 2015-06-25 46.6  16.72(0.07)
2457228.1 2015-07-24  75.1  17.48(0.13)
2457244.2  2015-08-09 90.9  17.65(0.15)

%Magnitudes in the standard system.
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Table A2. Swope e2v optical photometry of ASASSN-15hy.%

JD Phase u g B 1% r %
2457139.9 —11.5 16.33(0.01) 16.12(0.01) 16.21(0.01) 16.11(0.01) 16.05(0.01) 16.17(0.01)
24571409 —10.6 16.27(0.01) 16.03(0.01) 16.11(0.01) 16.01(0.01) 15.96(0.01) 16.08(0.01)
24571419 —9.6 16.22(0.01) 15.94(0.01) 16.03(0.01) 15.93(0.01) 15.82(0.01) 15.95(0.01)
24571429 —8.6 16.18(0.01) 15.86(0.01) 15.96(0.01) 15.85(0.01) 15.78(0.02)

2457143.8 —7.6 16.18(0.01) 15.81(0.01) 15.90(0.01) 15.78(0.01) 15.69(0.01) 15. 84(0 01)
24571449 —6.6 16.14(0.01) 15.74(0.01) 15.83(0.01) 15.69(0.01) 15.61(0.01) 15.79(0.01)
2457145.8 =57 16.13(0.01) 15.70(0.01) 15.79(0.01) 15.64(0.01) 15.59(0.01) 15.71(0.01)
2457146.9 —4.7 16.14(0.01) 15.65(0.01) 15.77(0.01) 15.60(0.01) 15.48(0.01) 15.67(0.01)
2457151.9 0.2 16.21(0.01) 15.55(0.01) 15.69(0.01) 15.42(0.01) 15.31(0.01) 15.55(0.01)
24571529 1.2 16.25(0.01) 15.53(0.01) 15.69(0.01) 15.40(0.01) 15.29(0.01) 15.49(0.01)
2457153.9 2.2 16.28(0.01) 15.54(0.01) 15.72(0.01) 15.40(0.01) 15.30(0.01) 15.53(0.01)
2457154.9 3.2 16.32(0.01) 15.56(0.01) 15.75(0.01) 15.40(0.01) 15.25(0.01) 15.47(0.01)
2457155.9 4.2 16.37(0.01) 15.56(0.01) 15.78(0.01) 15.38(0.01) 15.27(0.01) 15.46(0.01)
2457156.9 5.1 16.40(0.03) 15.60(0.01) 15.78(0.02) 15.40(0.02) 15.26(0.01) 15.48(0.01)
2457157.8 6.1 16.45(0.01) 15.61(0.01) 15.84(0.01) 15.42(0.01) 15.26(0.01) 15.46(0.01)
24571589 7.1 16.55(0.01) 15.65(0.01) 15.88(0.01) 15.42(0.01) 15.27(0.01) 15.45(0.01)
2457159.9 8.1 16.64(0.01) 15.69(0.01) 15.95(0.01) 15.44(0.01) 15.27(0.01) 15.45(0.01)
24571609 9.1 16.72(0.01) 15.75(0.01) 16.00(0.01) 15.48(0.01) 15.30(0.01) 15.47(0.01)
24571619 10.1  16.81(0.01) 15.79(0.01) 16.08(0.01) 15.49(0.01) 15.27(0.01) 15.46(0.02)
24571629 11.0 16.91(0.01) 15.85(0.01) 16.14(0.01) 15.52(0.01) 15.32(0.01) 15.48(0.01)
2457163.9 12.0 17.03(0.01) 15.91(0.01) 16.20(0.01) 15.56(0.01) 15.34(0.01) 15.46(0.01)
2457164.9 13.0 17.14(0.01) 15.97(0.01) 16.29(0.01) 15.61(0.01) 15.35(0.01) 15.50(0.01)
2457166.9 14.9 17.35(0.01) 16.12(0.01) 16.45(0.01) 15.70(0.01) 15.40(0.01) 15.48(0.01)
2457174.8  22.7  18.15(0.03) 16.64(0.01) 17.05(0.01) 16.06(0.01) 15.62(0.01) 15.62(0.01)
24571757 23.7  18.27(0.04) 16.70(0.01) 17.12(0.01) 16.08(0.01) 15.64(0.01) 15.56(0.01)
2457176.8  24.7  18.25(0.16) 16.82(0.05) 17.17(0.06) 16.14(0.07) 15.63(0.02) 15.66(0.04)
24571779  25.7 18.39(0.05) 16.81(0.01) 17.22(0.02) 16.18(0.01) 15.72(0.01) 15.61(0.01)
2457178.8  26.7  18.48(0.03) 16.88(0.01) 17.31(0.02) 16.21(0.01) 15.74(0.01) 15.61(0.01)
2457179.8  27.7  18.58(0.11) 16.86(0.02) 17.34(0.04) 16.23(0.01) 15.77(0.01) 15.62(0.01)
2457180.8  28.7  18.43(0.06) 16.96(0.01) 17.36(0.02) 16.33(0.02) 15.80(0.02) 15.67(0.02)
24571819  29.7 18.60(0.03) 17.00(0.01) 17.42(0.01) 16.34(0.01) 15.84(0.01) 15.70(0.01)
2457182.9  30.7 18.65(0.03) 17.04(0.01) 17.48(0.01) 16.37(0.01) 15.86(0.01) 15.69(0.01)
2457249.6  96.2  19.71(0.04) 18.08(0.01) 18.48(0.01) 17.69(0.01) 17.53(0.01)

2457250.6  97.2  19.65(0.07) 18.07(0.01) 18.50(0.02) 17.71(0.02) 17.53(0.01) 17.61(0.02)

%Magnitudes in the Swope+e2v natural system.
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Table A3. Swift UVOT photometry of ASASSN-15hy.%

JD Phase uvw2 uvm2 uvwl

2457142.1 —9.4 17.30(0.09) 17.32(0.09) 16.33(0.08) 15.20(0.06) 16.11(0.06) 15.98(0.08)
24571453 —6.2 17.61(0.10) 17.35(0.09) 16.44(0.08) 15.26(0.06) 15.88(0.06) 15.67(0.08)
2457147.3 —4.3 17.32(0.16)  16.32(0.08)

24571474 —4.2 17.41(0.10) 17.29(0.09) 15.21(0.06) 15.76(0.06) 15.61(0.07)
2457148.4 —3.2 17.53(0.10) 17.40(0.09) 16.47(0.08) 15.33(0.06) 15.88(0.06) 15.62(0.08)
2457149.1 =25 e S S 15.28(0.06) e A

2457149.2 —2.4 17.64(0.10) 17.51(0.09) 16.51(0.08) 15.32(0.06) 15.70(0.06) 15.55(0.07)
2457149.5 —2.1 17.73(0.10) . 16.54(0.08) . . .

2457149.6 —2.0 17.83(0.11) 17.36(0.09) e 15.34(0.06) 15.89(0.06) 15.55(0.07)
2457151.3 —0.3 17.76(0.10) 17.48(0.10) 16.50(0.08) 15.38(0.06) 15.72(0.06) 15.57(0.07)
2457154.3 2.6 17.87(0.12) 17.91(0.10) 16.61(0.08) 15.55(0.07) 15.88(0.06) 15.45(0.07)
2457155.3 3.6 18.08(0.11) 17.96(0.12) 16.83(0.08) 15.55(0.07) 15.81(0.06) 15.51(0.07)
2457156.4 4.7  18.08(0.12) 17.99(0.11) 16.89(0.08) 15.63(0.07) 15.88(0.06) 15.45(0.07)
2457157.0 5.3  18.17(0.12) 18.22(0.12) 16.97(0.09) 15.72(0.06) 15.95(0.06) 15.42(0.07)
2457158.4 6.6  18.23(0.15) 18.15(0.14) 16.91(0.10) 15.73(0.08) 16.04(0.07) 15.43(0.08)
2457170.4 184  19.35(0.33) e 18.22(0.21) 17.02(0.14) 17.04(0.10) 15.82(0.10)
2457173.0 21.0 cen 20.01(0.36) 18.76(0.17) 17.29(0.10) 17.03(0.07) 16.04(0.10)
2457175.6  23.5 19.05(0.24) 17.38(0.12) 17.30(0.09) 16.13(0.09)
2457181.6 29.4 e 19.19(0.21) 17.98(0.13) 17.59(0.08) 16.39(0.08)
2457181.7  29.5 20.31(0.31) . ... .. -

2457183.9 31.7 19.39(0.29) 17.83(0.14) 17.64(0.10) 16.48(0.10)
2457185.2  33.0 19.32(0.24) 17.97(0.14) 17.68(0.09)

2457185.3  33.1 . . 16.40(0.13)
2457187.8 35.5 e 18.26(0.16) 17.75(0.10) 16.51(0.09)
2457191.3  38.9 19.29(0.23) 18.27(0.16) 17.72(0.09) 16.59(0.09)
2457192.6  40.2 18.52(0.29) 18.11(0.16) 16.97(0.17)
2457197.0 445 18.49(0.19) 17.77(0.10) 16.84(0.11)

9Magnitudes are host subtracted.

Table A4. du Pont RetroCam NIR photometry.a

JD Phase Y J H
2457139.9 —11.5 15.97(0.01) 15.82(0.01)  15.83(0.02)
2457140.9 —10.5 15.88(0.01)  15.71(0.01)  15.75(0.02)
2457141.8 —9.6 15.77(0.01)  15.63(0.01)  15.61(0.03)
2457142.9 —8.6 15.71(0.01)  15.54(0.01)  15.55(0.03)
2457143.9 —7.6 15.65(0.01)  15.49(0.01)  15.47(0.03)
2457151.9 0.3 15.37(0.01)  15.16(0.01)  15.19(0.02)
2457152.8 1.2 15.35(0.01)  15.17(0.01)  15.17(0.02)
2457153.8 2.2 15.35(0.01)  15.16(0.01)  15.14(0.02)
2457170.8 18.8 15.09(0.01)  15.32(0.01)  15.03(0.01)
2457172.8 20.8 15.06(0.01)  15.34(0.01)  15.04(0.01)
2457173.8 21.8 15.03(0.01)  15.34(0.01)  15.02(0.02)

%Magnitudes in the du Pont+RetroCam natural system.
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Table A5. Spectroscopic observations of ASASSN-15hy.

JD UT Date Phase Telescope Instrument  Ref.%
Optical

2457139.9  2015-04-27 —11.6 ESO-NTT EFOSC2
2457140.0 2015-04-27 —11.4 Shane KAST
2457142.2 2015-04-29  —9.3 NOT ALFOSC
2457142.2  2015-04-29  —9.2 ANU WiFeS
2457146.3  2015-05-03  —5.2 ANU WiFeS
2457148.7  2015-05-06  —2.9 LT SPRAT
2457150.3  2015-05-07 —1.3 ANU WiFeS
2457150.7  2015-05-08  —0.9 LT SPRAT
2457151.7  2015-05-09 0.0 LT SPRAT
2457153.7  2015-05-11 2.0 LT SPRAT

2457155.0  2015-05-12 3.3 FLWO 1.5m FAST
2457155.9  2015-05-13 4.2 FLWO 1.5m FAST
2457156.2  2015-05-13 4.5 ANU WiFeS
2457160.9  2015-05-18 9.1 FLWO 1.5m FAST
2457161.9  2015-05-19 10.1 FLWO 1.5m FAST

NN DN NN BN WND B B RN WDND WNDNWWERE WWWWWks Wk k= wNn-—

2457187.0  2015-06-13  34.7 Shane KAST
2457189.5  2015-06-16  37.2 Keck-1 LRIS
2457191.1  2015-06-17 38.7 NOT ALFOSC
2457192.0  2015-06-18  39.6 Shane KAST
2457194.9  2015-06-21 42.5 FLWO 1.5m FAST
2457196.9  2015-06-23  44.5 Shane KAST
2457198.2  2015-06-24 45.7 ANU WiFeS
2457205.1  2015-07-01 52.5 ANU WiFeS
2457212.1  2015-07-08 59.4 ANU WiFeS
2457217.9  2015-07-14 65.1 Shane KAST
2457225.5  2015-07-22 72.5 du Pont WFCCD
2457227.9  2015-07-24 74.9 Shane KAST
2457234.9 2015-07-31  81.8 ANU WiFeS
2457252.0 2015-08-17 98.6 ANU WiFeS
2457258.9  2015-08-24  105.3 Shane KAST
2457286.7  2015-09-21  132.6 Shane KAST
2457305.6  2015-10-10  151.2 Shane KAST
2457306.7 2015-10-11 152.3 Shane KAST
2457309.7 2015-10-14  155.2 Shane KAST
Near-infrared
2457143.0  2015-04-30  —8.5 GN GNIRS 3
2457150.1  2015-05-07 —1.5 GN GNIRS 3
2457159.9  2015-05-17 8.1 GN GNIRS 3
2457174.9  2015-06-01 22.8 Baade FIRE 3
2457181.7  2015-06-08  29.5 GS F2 3
2457224.7  2015-07-21 71.7 GS F2 3

@1: Frohmaier et al. 2015; 2: Stahl et al. 2020; 3: this work; 4: Childress
et al. 2016.
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B. K- AND S-CORRECTIONS

In this work, K-corrections (Oke & Sandage 1968) were performed in the optical BV ri bands for all the comparison
SNe Ia presented in Section 4. Note that for SN 2007if and SN 2012dn, the SNIFS absolute-flux-calibrated spectra
(Scalzo et al. 2010; Taubenberger et al. 2019) were used to calculate the magnitudes by integrating the flux directly
under the CSP Swope+e2v passbands, hence no K- or S-corrections were needed. The K-corrections of SN 2007af,
SN 2006bt and LSQ12gdj were computed using SNooPy, which uses the Hsiao templates (Hsiao et al. 2007) for SNe
Ia.

For other peculiar 03fg-like objects, such as SN 2006gz, SN 2009dc, and ASASSN-15pz, the spectral time series of
SN 2009dc (Silverman et al. 2011; Taubenberger et al. 2011), SN 2012dn (Taubenberger et al. 2019), and the Hsiao
normal SN Ia templates (Hsiao et al. 2007) were used as different options for the assumed SED in order to determine
the K-corrections and the corresponding errors. The following procedures were followed for each SN Ta: (1) warp
all the spectral sets (SN 2009dc, SN 2012dn, Hsiao templates, and the observed spectra of the SN Ta in question) to
match the observed photometric colors of the SN Ia; (2) calculate the K-correction using the warped spectra from the
above step; (3) interpolate the K-corrections to the photometric epochs with Gaussian process (Rasmussen & Williams
2005) and with constant extrapolation if the desired epoch is outside the covered range; (4) choose the SED option
that produces the smallest x2 in K-correction values compared to the ones obtained from the observed spectra of the
SN Ia in question, in order to produce the final K-correction; and (5) at each photometric epoch, adopt the standard
deviation of the K-correction from all SED options as the final K-correction errors. Following the above procedures,
the optimal SED set for SN 2006gz, SN 2009dc, and ASASSN-15pz were spectral time series of SN 2012dn, SN 2009dc,
and SN 2009dc, respectively.

For photometry published in the natural system with known filter response functions, such as that obtained by the
Harvard-Smithsonian Center for Astrophysics (CfA) Supernova Group (Hicken et al. 2007, 2012), the light curves are
also S-corrected to the CSP-II Swope+e2v natural system. For photometry published in the standard systems, the
light curves are left as published without removing or applying color terms, such as the Las Cumbres Observatory
BVri light curves of ASASSN-15pz from Chen et al. (2019) and the multi-instrument S-corrected BV light curves of
SN 2009dc from Taubenberger et al. (2011). When computing the K-corrections in step 2), the rest-frame filters were
set to be the CSP-II Swope+e2v BV ri filters.

The optical spectroscopic data set of ASASSN-15hy are quite complete in time coverage and rapid in cadence. Thus,
it forms the base set of SEDs for the K-correction calculations for ASASSN-15hy. Figure B1 presents the comparison of
K-corrections computed with various SED options for ASASSN-15hy. The different sets of K-corrections are similar at
early times but diverge after +10 d past maximum light, especially in the ¢ band where 03fg-like SNe Ia show peculiar
light-curve evolution compared to normal SNe Ia. This divergence is captured in the adopted K-correction errors.
Among four 03fg-like objects, SN 2006gz, SN 2009dc, ASASSN-15pz, ASASSN-15hy, the average adopted K-correction
error is 0.01 mag. This is on the same level as the errors attributed to the diversity of spectroscopic features in normal
SNe Ia (Hsiao et al. 2007).
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Figure B1. The comparison of K-correction estimates for ASASSN-15hy, using various spectral time series (SN 2009dc,

SN 2012dn, Hsiao normal SN Ia templates, and observed spectra of ASASSN-15hy) as the assumed SED. The final adopted
K-correction values and the corresponding errors are also plotted.
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C. HOST-GALAXY ANALYSIS
C.1. Integral-field Spectroscopy

The analysis of the MUSE integral-field spectroscopy of the ASASSN-15hy host is detailed here, while the main
results were presented in Section 3.2. First, the MW extinction-corrected maps of the most prominent emission lines
were constructed. Spectra were then extracted using a 1.6” diameter aperture, similar to the FWHM of the observation,
and centered at two positions: one at the brightest nearby host Ha structures toward the SE of the SN (marked as
Structure A in the right panel of Fig. 4) and the other at the position of ASASSN-15hy. A simple stellar populations
analysis was performed on these two spectra and on the integrated global spectrum of the galaxy by summing up
the spectra in all spaxels while accounting for spatial covariance in the error budget. Several galactic parameters
were obtained from the three spectra including the ongoing SFR determined from the Ha emission line, the ratio of
young-to-old populations determined from the Hae EW, and the oxygen abundance (12 + log1o(O/H)) in both the
O3N2 (Marino et al. 2013) and D16 (Dopita et al. 2016) scales.

The spectrum extracted at the location of ASASSN-15hy has a low S/N with a very noisy stellar continuum. The
Balmer Ha and H S lines were detected, and they indicate the presence of gas ionized by ongoing star formation at that
location. This location show subsolar oxygen abundance implied by both O3N2 and D16 calibrators and relatively high
sSFR. From the spectrum extracted at the location of Structure A, the oxygen abundance is substantially subsolar.
The oxygen line at A5007 is as bright as Ha, pointing to very low metal content. This is supported by the location of
the line ratios in the BPT diagram (Baldwin et al. 1981), falling below the Kewley et al. (2001) demarcation line at the
edge where low-metallicity regions fall, similar to the host of LSQ14fmg (Hsiao et al. 2020). The HoEW of Structure
A is relatively high, indicating a significant contribution from populations as young as ~10 Myr (See Kuncarayakti
et al. 2018 for example). Regarding global properties, we found a SFR of 0.048 4 0.007 Mg yr~—! and a stellar mass
of (0.77 £ 0.16) x 10° Mg, corresponding to a logio(sSFR) of —10.21 4= 0.31 yr~!. The global spectrum also yielded
relatively high HoeEW and low subsolar oxygen abundances in both the O3N2 and D16 calibrators. As discussed in
Section 3.2, such low-mass and low-metallicity host environment are typical for the 03fg-like SNe. Analysis with a
larger sample are underway (L. Galbany et al, in preparation).

C.2. Detection Limit of Na1 D

A detection limit of EW < 0.1 A was estimated using the WiFeS spectrum taken on 2015 May 13, selected for
its relatively high resolution and S/N. Here, we outline the procedures for estimating the detection limit. First, an
idealized spectrum was created by Gaussian smoothing and oversampling the observed WiFeS spectrum. Artificial
absorption lines with varying depths and widths, simulating the narrow Na 1 D absorptions, were then added to the
idealized spectrum. The resolution was degraded to match the resolution of WiFeS with the R3000 grating. The
spectrum was then resampled at the same wavelength grid as the observed WiFeS spectrum. Finally, random flux
noise was added using the uncertainties measured from the observed spectrum.

The strength of the simulated Na 1 D absorption was decreased until the EW measured from the degraded spectrum
was on the same level as the 10 EW measurement error determined through 100 realizations of degraded spectra.
The EW measured using the corresponding idealized spectrum is then taken as the detection limit. We estimated for
ASASSN-15hy that the Na 1 D EW is 0.0 + 0.1 A. Note that the derived detection limit is robust against varying
width of the simulated Na 1 D absorption, as well as resolution further degraded by seeing, for example, by a factor of
2.

C.3. Comparisons of Spectral Energy Distribution

By comparing the SED (covering from ~2000 to ~8000 A) of ASASSN-15hy to those of well-studied 03fg-like SNe,
we further investigate whether the relative faintness of ASASSN-15hy in the optical is due to host-galaxy extinction.
SN 2009dc (Taubenberger et al. 2011; Krisciunas et al. 2017) and ASASSN-15pz (Chen et al. 2019) were chosen for
this test due to their similarity in spectroscopic properties with ASASSN-15hy and the availability of photometry in
the UV. They have host color excess E(B —V') values of 0.1 (Taubenberger et al. 2011) and 0.0 mag (Chen et al. 2019),
determined by the EW of Na 1 D, from the corresponding literature. The SED of ASASSN-15hy is extinction and
reddening “corrected” to match those of SN 2009dc and ASASSN-15pz. The best matching extinction parameters, Ry
and E(B—V), were selected by locating the minimum of the averaged Normalized Root Mean Square Error (NRMSE)
between the comparison SEDs over the selected four epochs presented in Fig. C1. Note that the weight of the uvm2
was set to 0.05 when calculating the NRMSE to avoid bias due to the significant extinction in the UV.
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Figure C1. The host-galaxy extinction simulation of ASASSN-15hy by matching the SED to SN 2009dc (top row, using
Swift uwvm2 u and CSP uBgVri bands) and ASASSN-15pz (bottom row, using Swift uvm2 u and Las Cumbres Observatory
BVri bands). The left-hand panels of each row show the averaged NRMSE between the reference SED and simulated SED of
ASASSN-15hy with corresponding extinction parameters, ratio Ry and color excess E(B — V'), ranging from 0.1 to 6.0 and 0.01
to 0.04 mag respectively. Note that it would require unusually high UV flux if ASASSN-15hy were to have a similar flux as

SN 2009dc/ASASSN-15pz in the optical.

Unusually high intrinsic UV flux would be required for ASASSN-15hy if it is to match the overall SED of the
reference SNe, especially in the optical region, with the best-fit Ry and E(B — V). The derived intrinsic SED of
ASASSN-15hy has an average of 2 and 5 times of the flux in the uvm?2 band compared to those of SN 2009dc and
ASASSN-15pz respectively, which translates to ~0.8 and ~1.7 mag brighter in magnitudes. Such high UV flux is not
likely as SN 2009dc and ASASSN-15pz are already UV bright compared to normal SNe Ia (Taubenberger et al. 2011;
Brown et al. 2014b; Chen et al. 2019). Given the above result from the SED extinction test and the minimal extinction
derived from the nondetection of Na 1 D, we suggest that the apparent differences in the SEDs are intrinsic to the SNe
or their immediate surrounding environment.

D. MODEL SELECTION IN THE CORE DEGENERATE SCENARIO

In the context of the CD scenario, we explain how the photometric and spectral properties of ASASSN-15hy translate
to our chosen model parameters in details in this section, with the main results summarized in Section 6. Our goal is
to show how we obtain our best fit model parameters and not to present an overall model grid for the CD scenario. In
a star undergoing a common-envelope phase, we would expect that the hydrogen envelope is most stripped. We note
however, that every AGB star removes its envelope in the final stages such that it forms a naked C/O core that later is
seen as a white dwarf. One of the goals of this investigation is to probe for the ignition mechanism in ASASSN-15hy.

D.1. Model Construction and Free Parameters

In this work, we use the parameterized framework of spherical envelope models (Hoeflich & Khokhlov 1996) and
make use of the spectral evolution of elements and photometric properties to constrain model parameters. Similar
models were presented for the 03fg-like object LSQ14fmg (Hsiao et al. 2020). Here we list the main parameters and
selection criteria as mentioned in Section 6. The main parameters are:

1. the mass of the nondegenerate envelope Meyy,
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. the radius of the nondegenerate envelope Repy,
. the size of the He and C layers in mass and velocity space,
. the initial metallicity Z,

. the mass of the hydrostatic (possibly rotating) core; referred to as the core mass, Mcore,

S Ot e W N

. the amount of mass burnt in the deflagration phase, Mgeq or the transition density from the deflagration to
detonation burning py,,

7. possible interaction with the nearby environment or wind.

The parameters of the presented models are determined by the observational constraints. The primary selection
criteria allow us to determine the model parameter based on the observation properties are:

1. Meyny determines the final “shell” velocity indicated by the S line region formed in quasi statistical equilibrium
(QSE; Hoeflich & Khokhlov 1996; Quimby et al. 2007),

2. Reyny determines the width of the shell. With increasing radius, the shell becomes more confined in velocity space
(Fig. D1),

3. Mcore determines the diffusion time scales, therefore, the rise time to maximum light (Hoeflich & Khokhlov 1996;
Shen & Moore 2014; Dessart et al. 2014). The detonation in a sub-Mcy, (~1Mg) model produces a rise time
that is too short, and models with 1.8M produces one that is too long by several days. The best agreement
was found with a model of 1.47 M, that puts ASASSN-15hy near but over Mcy,.

The secondary selection criteria in the case of DCD are: p; or Mges which regulates the ®Ni production and
therefore the luminosity, if all other parameters are kept the same, as in the classical delayed detonation models (e.g.,
Hoeflich et al. 2002). Note that in general within the CD scenario, Z and the relative amount of My, controls the
color B —V, the UV and NIR flux, and the CO-formation.

D.2. Structure of the Explosion Models

For the simulations, we used our HYDrodynamical RAdiation code (HYDRA) which utilizes a nuclear network
of 218 isotopes during the early phases of the explosion and detailed, time-dependent non-LTE models for atomic
level populations and diatomic molecules (Sharp & Hoeflich 1990; Hoeflich et al. 1995), including - and positron
transport and radiation-hydrodynamics to calculate LCs and spectra (Hoflich 2003; Penney & Hoeflich 2014; Hoeflich
et al. 2017). Here, 912 to 1812 depth points are used. For possible interaction, a recent module is used based on
the work presented in Gerardy et al. (2007); Dragulin & Hoeflich (2016), and Hsiao et al. (2020), covering a larger
parameter space than existing published models (Hoeflich & Khokhlov 1996; Hsiao et al. 2020). The ranges covered
are 1.2 Mg < Mcore < 1.8 Mg, where we assume that the rotationally supported degenerate core follows the solutions
of Yoon & Langer (2005); 0.01 My < Mgy < 0.8 Ma; 5 Reore < Reny < 250 Reore; 10710 Zo < Z <1 Zg. The
metallicity range is chosen to cover the range from extreme Population III to Population I stars. Only the baseline
and best matching model are presented here, but the entire set of models will be discussed and applied to analyze a
sample of 03fg-like SNe Ia in future work.

Although the elemental contribution of a specific feature changes with time, we use the models to identify the
velocity range in which specific elements are present. Note that the model parameters have not been fine-tuned, and
that Rayleigh-Taylor instabilities are suppressed in spherical models, but may smear-out the edges in velocity space
by about 1,000 km s~!. The baseline model (DCDOT7) has the following parameters: Moy = 0.7 Mg, Renvy = 10 Reores
Myeenv = 0.1 Mg, Meore = 1.47 Mo, Z = 1071 Zg, Mgea = 0.42 Mg, and the total 5°Ni mass = 0.87 M. The
resulting density and abundance structures are shown in Fig. D1.

The overall structure consists of a central core of nuclear statistical equilibrium (NSE) burning products, layers of
IME produced by explosive O burning (Si/S & Ca) and explosive C burning (Mg, Ne, O), and outer unburned C/O
and He layers originating from the initial structure. As usual in this class of models, the presence of a nondegenerate
envelope results in the compression in velocity space of all burning layers (Hoeflich & Khokhlov 1996; Quimby et al.
2007).

Two peculiarities of the baseline model are: (1) the lack of a pronounced density shell when compared to a more
typical envelope model or the large-amplitude pulsating delayed-detonation (DDT) models (Hoeflich & Khokhlov 1996;
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Quimby et al. 2007; Hoeflich et al. 2017; Hsiao et al. 2020), and (2) that parts of the C/O envelope undergo burning.
Both are a direct consequence of the small Ry, of 10 Reore rather than an extended envelope with e.g. 100 Reore (see
Fig. D1). Typically, an exploding WD reaches the initial stage of free expansion after about 10 to 20 seconds. However,
in DCDO07, the compact shell gets overrun by the ejecta within 1 to 2 seconds. Thus, a new pressure equilibrium between
the shell and the inner material can be reached leading to a very shallow density shell-like feature between 0.7 and
1.4 Mg (see the left panels of Fig. D1). Moreover, the large envelope mass Mey,, combined with the early interaction
and lack of geometrical dilution of the ejecta, results in sufficiently high densities and peak temperature in the inner
layers of the shell for explosive C burning (producing O, Ne, and Mg) to take place (see the right panels of Fig. D1).
In the model DCDO07, the NSE, QSE and explosive C-burning products are below 7,500 km s~*, 6,500 — 14,000 km s~ !,
and 8,200 — 14,500 km s~!, respectively. The S velocity range is shifted relative to Si by ~ —500 and —1,000 km s~*
at the inner and outer edges of explosive O burning, when the transitions to NSE and C-burning occur, respectively.

In this model, very limited He burning, below the abundance level of 1073, takes place via helium capture on carbon,
12C(ar, )10, which also occurs during normal helium burning. For models with similar parameters but smaller M.,
larger Mye, or smaller Ry, explosive He burning can lead to an increased outer abundance of NSE, QSE, and explosive
C-burning products at high velocities, as is seen in some sub-Mcy, or Mcp-mass models with He-donors (Nomoto 1982;
Hoeflich & Khokhlov 1996; Shen & Moore 2014; Hoeflich et al. 2019). Corollary models with the same parameters
as DCDO7 but with a larger Ren, produce very few products of explosive C burning (lower right panel of Fig. D1)
compared to our model that shows more O/Ne/Mg (upper-right panel of Fig. D1).5

D.3. Resulting Spectral Constraints

Observed spectral measurements of ASASSN-15hy allow us to select the basic parameters for the model. In the
baseline model the Si abundance peaks at about 8,500 km s~!, which compares well with the observed Si 11 A\6355
velocity plateau in Fig. 12 and allows us to set Mepy. Renv determines the velocity range of elements. Our choice of
Reny is determined such that silicon is produced between 7,000 — 14,000 km s~!. The absorption minimum indicates a
velocity range for Si 11 A6355 of 5,000 — 9,500 km s—'. At later times, the feature around A6200 becomes increasingly
dominated by blends of Fe II lines (Fisher et al. 1999; Hoeflich 1995). Therefore, the lower velocity limit is uncertain.
The upper end of the Si velocity is better determined by the blue wing of the Si during early times (Hoeflich 1995;
Quimby et al. 2006) because Si is needed to produce a wing. The observed value of the wing indicates a somewhat
larger value (=~ 14,000 — 16,000 km s~!) than in our models. This may indicate a slightly smaller R.,, than adopted.
However, Shallow line wings are subject to blends and noise.

As discussed in Section 5.1.2 and common in thermonuclear explosions (Branch et al. 1983; Hoeflich 1995), the
spectral feature at roughly A6200 transitions from being formed by Si 11 to Fe 11 dominated when the photosphere
recedes from S/Si to the NSE layers past maximum. By +2 d from maximum light, the Si 11 A6355 feature is blended
with Fe 11 A6456, A6516. Note that the Fe is not primordial but produced by the radioactive decay chain Ni — %6Co
— 9Fe with half-life times of 6.1 and 77.1 d, respectively. The decay results in an Fe mass fraction Xg, ~ 0.1 at
~ 40 d past the explosion. Therefore, the interpretation of this feature being blended by Fe 11 does not depend on the
initial Z. The theoretical Mg velocities (8,200 — 14,500 km s~!) are consistent with the observations discussed in the
observational sections. A potential challenge for the model comes from the observed velocity range of the optical C 11
A6580 from 9,300 km s~! at —11 d to about 5,000 km s~! at ~ 410 d past maximum light. If the weak feature in
the NIR at 1.03 pm is indeed C 1, it implies a higher velocity of 12,000 km s~! at ~ —8.5 d. The early C 1 and C 11
velocities are marginally consistent with the model which shows C down to ~ 9,000 km s~!, but the C 11 velocity past
maximum is not.

The systematically lower velocity of C 11 A6580 may be understood as a limb effect. The optical C 11 A6580 feature
is situated on the emission portion of the Si 11 A6355 P-Cygni profile, subjecting the C 11 feature to a pronounced
limb-brightening effect (Hoeflich 1990). The C 11 absorbs radiation from an underlying disk that brightens towards
the edge. The result is that the C 11 absorption profile is dominated by low absorption velocities, due to the fact that
the observer sees the projected velocities (Hoeflich et al. 2002).

The possible early C 1 velocity in the NIR agrees with the peak C abundance in the models. C 1 has been previously
identified in SN 1999by, a subluminous SN Ia with an extended C-rich layer (Hoeflich et al. 2002). SN 1999by and

6 Note that M. can be slightly lower than 0.1 M without chang-
ing the discussion above. However, more C/O would result in an
earlier onset of CO formation at = 180 d in this model.
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Figure D1. Structure of the DCDO07 envelope model for ASASSN-15hy (upper panels) and, for comparison, a model with the
same parameters but an envelope 25 times its size (lower panels). The density and velocity structure is given as a function of
mass (left panels), and the abundances of the o elements are given as a function of velocity (right panels). The model with the
compact envelope shows no pronounced high-density shell and the IME, though confined, occupies a wider velocity range. In
contrast, a large Renv results in IME confined to a narrow velocity range (see text). Note that the bump in 56N corresponds to
the refraction wave produced by the DDT transition as is an artifact of the spherical models.

ASASSN-15hy are both red in their B — V' colors at maximum light. Rather than being dominated by ionized C, very
strong C I lines in the NIR are expected if the envelope of ASASSN-15hy is C rich. Since ASASSN-15hy does not
show strong C 1 lines but requires a large envelope mass for the overall abundance distribution, we conclude that the
He layer provides the mass without additional spectral features.

By about maximum light, the photosphere is formed in the NSE and IME layers. As in SN 1999by, the ejecta are
dominated by singly ionized iron-group elements, namely Fe 11 and Co 11. Within the spectral constraints, we suggest
a possible interpretation for the difference between the H- and K-band features in this object as an effect related
to the velocity gradient (%). As discussed in section 5.2, ASASSN-15hy shows the individual components of Co/Fe
multiplets in the K but not in the H band.

The appearance of H-band emission has been attributed to the fact that the photosphere recedes within the NSE
region and that the emission is powered by the incomplete Rosseland cycle (Mihalas 1978) well above the optical
photosphere. Because the envelope is optically thick in the UV to the outer layers, the Rosseland cycle redistributes
UV photons to the NIR. The emission is expected to be formed at similar radii in both the H (1.6 £ 0.3 pm) and
K (2.240.4 pm) bands because the lines originate from atomic levels with similar oscillator strengths and excitation
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energies (Fig. D2, lower panel). As this process is dominated by atomic physics, one would assume it should also hold
true for 03fg-like SNe Ia. However, observations show that this is not the case. In 03fg-like SNe, the °Ni region is
located in the deeper, high density layers where the photosphere recedes more slowly with time. Thus, less IGE are
above the photosphere at comparable times, and the features are weaker and develop later in time.

As a second effect, the quantitative difference between the H- and K-band properties in normal SNe Ia versus
03fg-like and subluminous SNe Ia can be understood in terms of differences in the velocity gradient. More precisely,
the differences in the opacities in the H and K bands are manifested by the quasi-continuum produced by many
overlapping lines. The optical depth due to expansion opacities is o % (Karp et al. 1977; Hoeflich et al. 1993), which
is illustrated in Fig. D2. The opacity is smaller by a factor of 2 — 3 in 03fg-like SNe compared to normal SNe Ia, and
the quasi-continuum over the H-band region is larger by a factor of two compared to the K-band region (see Fig. D2,
upper panel). As a result, the quasi-continuum forms close to the outer edge of **Ni in the H band, whereas the
photosphere recedes to well within the *°Ni region in the K band.

This interpretation is supported by the similarity of 03fg-like SNe and SN 1999by in their NIR evolution of the IGE
spectral features (Hoeflich et al. 2002). The larger emission in the H band is mostly due to thermalization at the
photosphere and results in a weak H-band break and weaker but present K-band features. In both cases, the >°Ni
is confined to low velocities layers (less than 6,000 to 7,000 km s~!), whereas the 55Ni in normal SNe Ia extends to
about 12,000 to 14,000 km s~ 1.

Note that temperature in the outer layers of the envelope is sufficiently low and the density is sufficiently high for
CO formation ~1 month after the explosion. However, with He substituting for the C/O mixture in the envelope, our
model forms CO only when the C/O is at low velocities and has cooled down, that is, 5 — 6 months after explosion.
However, the exact details of CO formation are subject to numerical uncertainties.

D.4. Resulting Light-curve Constraints

The comparison between the DCDO07 model and observed light curves is shown in Fig. 15. For comparison to
observations, we adopted a distance modulus of p = 34.33 mag (see Section 3.1), applied only the Galactic reddening
correction of F(B — V)myw = 0.13 mag (see Section 3.3), and aided our choice of the best matching model with
comparisons to the Doppler shifts of observed spectral features. The model’s post-maximum decline generally agrees
with that of ASASSN-15hy. As usual for cool envelope models (Hoeflich & Khokhlov 1996; Hsiao et al. 2020), they
do not show a strong secondary maximum, with the exception of luminous SNe, small M., and high metallicity,
Z ~ Zg. High metallicity is needed to produce a secondary maximum because iron group elements dominate the
opacity. The NIR flux is formed in the Wien tail of the energy distribution, thus the NIR luminosity L;p scales as
xT R129h7 - For bright SNe Ia, the photospheric radius increases well beyond the first maximum (Hoeflich et al. 1995).
However, for low temperatures, the photosphere begins to recede near the time of maximum light and the secondary
maximum in the i-band merges with the primary maximum (Hoeflich et al. 1995; Taubenberger 2017; Hsiao et al.
2020). The challenge is to find a model within our framework that is red in B — V', dim in the B band compared to
other 03fg-like objects, and luminous in both the UV and the NIR. while at the same time maintaining agreement in
the spectroscopic properties that set Mo, and Reny.

As has been shown with previous envelope models with a detonation and a 1.2 Mg core (Hoeflich & Khokhlov
(1996); see left panel of Fig. 15), the rise times increase with My, and the light curve becomes dimmer and broader
because geometrical dilution in the material of the degenerate WD decreases. However, for ASASSN-15hy, the core
mass needed to be increased to beyond Mcy, Mcore = 1.47 Mg to increase the diffusion time scales in the core, leading
to a slow pre-maximum rise consistent with observations.

A large Mg,y is inferred from the low Si 11 velocity and narrow Si 11 distribution in the observed spectra. However,
we need a fast receding photosphere and low opacities to avoid the photosphere forming in the massive C/O layers.
Opacities are dominated by IGEs with solar composition, or even typical Pop IT abundances with Z = Z, /3. For low
continuum opacities, we need He-rich material and a C/O ratio larger than that in carbon stars, with a metallicity set
to Z = 10710 Z, for the baseline model. The shell becomes optically thin within days, even in the UV, resulting in a
significant amount of hard UV and X-rays (= 40 — 50% of the luminosity), during the phase dominated by *’Ni decay
in the early part of the light curve. This avoids the redistribution of the IR luminosity via the incomplete Rosseland
cycle mentioned above. Virtually any metals would absorb the hard radiation from the inner region, heating the
shell and boosting the optical and IR luminosity by volume driven bound-free and free-free emission. The need for
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Figure D2. Formation of the H- and K-band features. Upper panel: The effect of the velocity gradient on the quasi-continuum
opacity in the NIR. For illustration, we show the broadband mean, quasi-continuum opacities (resolution R=10) as a function
of wavelength for gradients corresponding to a normal SN Ia for a Mcy mass explosion and our model (DCDO07). Lower panel:
We show the last scattering radius for a normal bright SN Ia calculated with HYDRA (adopted from Wheeler et al. 1998).
Individual emission features are formed if the individual components are well above the continuum. Although the opacities of
the individual components of the multiplets are comparable, in the K band the larger wavelength separation results in a smaller
quasi-continuum opacity, by a factor of 2. As a result, in DCDO07 and subluminous SNe Ia the K-band features are formed
well above the continuum whereas the photosphere in H remains close to the outer edge of the °°Ni region. Hence no emission
features are formed early on.

a low-metallicity model is consistent with the low metallicity of the host galaxy and the surrounding environment of
ASASSN-15hy (see Section 3.2 and Appendix C.1).

The model My, places ASASSN-15hy in the regime of super-M¢y, degenerate cores but only slightly above Mcy,.
Models with even larger M oo, such as that produced by the merging of two WDs on dynamical time scales, would
start as detonations and produce more *°Ni resulting in a brighter SN (Pakmor et al. 2012). Being close to Mcy
makes the ignition of deflagration burning likely (Khokhlov 1995; Niemeyer et al. 1996). One of the key ingredients of
the CD model is an extended deflagration phase that results in pre-expansion of the core prior to the deflagration to
detonation transition. Here, we use an extended deflagration burning of Myeq =~ 0.42 My to avoid a strong increase in
the °°Ni production for a small R.,,. Note that such a late transition from deflagration to detonation has only been
found in very subluminous SNe Ia (Hoeflich et al. 2017), which are rare in their own right.

The Z = 1071% Z, model produced early light curves that are approximately 1 mag brighter than the ASAS-SN
nondetection limits. Parts of the delay between the explosion and first light can be understood in terms of the initial
reheating phase. At early times, the temperature in the envelope cools rapidly, within minutes by adiabatic expansion.
Because of the small expansion velocity in the nickel region, y-rays are mostly trapped and don’t contribute to the
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heating of the outer material, resulting in delayed heating of the outer layers compared to normal SNe Ia. The duration
of this phase mostly depends on the geometrical dilution of the ®°Ni layers and thus, on the expansion velocity of
the 6Ni layers since the vy-ray opacity does not depend on temperature. This phase lasts until ~ 0.5 to 3.5 days
after the explosion for normal and subluminous SNe Ia, respectively (Hoeflich et al. 2002, 2017). As a result of the
low temperature in these phases, the optical opacities are very low, and this phase is characterized by an increasing
photospheric velocity with time, and rather blue B — V colors compared to models with solar metallicity and large
envelope masses, which have B — V & 0.3 — 0.4 mag (Hoeflich & Khokhlov 1996). In ASASSN-15hy, the velocities
are similar to a subluminous SNe Ia, but the mass is larger and thus, the density is higher, leading to high luminosity
from the degenerate core. The ~-rays then start to heat the outer layers of the degenerate core similar to subluminous
SNe Ia after about ~ 4 — 5 days. With Z ~ 0, the early radiation cannot excite C/O rich material, due to the lack of
strong line blanketing as commonly produced by lines of iron group elements. To effectively block the early radiation,
we need some elements with lower ionization potential and strong lines such as IGEs, for example, by mixing a small
amount of IGEs into the inner shell, boosting the opacity. More extended mixing would shorten the reheating.

The metallicity” was increased to Z = 10~% Z, at the interface of the degenerate core and the C/O region of the
shell. That is, the metallicity of the envelope was increased. Since the degenerate core fully burns increasing the
metallicity there will only have small effects and here, we are interested only in the opacity effects of the envelope on
the light curve, not in producing fully self-consistent models. The result is an extended ‘dark(er)’ phase, lasting about
one week after the explosion and an early red color (see Fig. 15). The increase in Z and the corresponding dark phase
bring this model within agreement of the ASAS-SN V-band nondetections and reproduces the observed apparent rise
time of ~ 24 days. Thus, we choose this modified baseline model with Z = 10~* Z; as our best matching model.
The V-band last nondetection flux at 16 d is slightly lower than the theoretical flux, but a change of 1 day in phase
from explosion between observations and the model is well within the model uncertainties expected by mixing at the
chemical interface between QSE and IGE elements (see Fig. D1). The increase in metallicity also brings the best
matching model into closer agreement with the UV observations (Section 4). The early low luminosity excludes the
presence of an ongoing interaction as suggested for LSQ14fmg (Hsiao et al. 2020), which would add a constant early
luminosity. Using the same approach and the nondetections being 2 mag below maximum light provides an upper
limit of the mass-loss rate of the AGB star to ~ 2 x 1077 Mg yr—!.

The mass of the degenerate core suggests the ignition begins as a deflagration and subsequently turns into a det-
onation as discussed above. To produce a subluminous SN we require a late transition density. A deflagration to
detonation transition is a common characteristic in reactive fluids in general, but the details in stellar explosions are
still under debate and may involve the Zel’dovich mechanism (i.e., the mixing of burned and unburned material),
crossing shock waves, magnetohydrodynamic-instabilities, and shear flows in a highly turbulent medium (Niemeyer
et al. 1996; Khokhlov et al. 1997; Livne 1999; Poludnenko et al. 2011; Hristov et al. 2018). Recently, semi-analytical
solutions have been developed that suggest that a DDT is unavoidable under C/O-WD conditions and that the transi-
tion density decreases with increasing specific nuclear energy production (Poludnenko et al. 2019). The model has low
metallicity, resulting in a late DDT transition and a subluminous SN. Therefore, we expect these ASASSN-15hy-like
objects are rare.

D.5. Future Prospects

We outline the limitations of this study, which should be seen as a starting point towards understanding the nature of
03fg-like SNe Ia. Due to the sensitivity of the models to the rise time and the possible ‘dark phase’, early-time data are
extremely important. Such data may be expected from ongoing and future campaigns such as and in particular, early
time UV spectra with HST to test for the chemical signature of the outer few tenths of a solar mass. The simulations
are based on spherical explosions involving deflagrations and shell interaction, both of which are Raleigh-Taylor (RT)
unstable. The steep chemical gradients are likely to be smeared out on RT scales, but full 3D hydro-simulations are
needed to determine the details. The picture provided by the model is consistent with the observations of ASASSN-
15hy, but forces the models into a particular corner of parameter space. Two 03fg-like objects, ASASSN-15hy and
LSQ1l4fmg are consistent with the scenario suggested here with clear predictions for larger samples. The super-
Chandrasekhar value of M, lends credence to the DCD scenario. However, both ASASSN-15hy and LSQ14fmg are
odd-balls in some respects. The lack of polarization in a few other 03fg-like explosions, such as SN 2009dc (Tanaka

7 For numerical reasons, a resolution of only ~ 10~*Mg is used at
the interface between the core and the envelope.
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et al. 2010) and SN 2007if (Cikota et al. 2019) is expected within the CD scenario, but not in merger scenarios without
massive envelopes. However, this does not exclude the possibility that a majority of 03fg-like SNe are the result
of dynamical mergers. A larger sample of 03fg-like events is needed for further analyses. A key difference between
scenarios should be expected in the predictions of the nature of the nearby environment. X-ray and radio observations
and a better characterization of the hosts are needed. Because of the similarity of the BV bands with normal SNe Ia,
03fg-like SNe could hide in data sets where the light curves are followed in only a few photometric bands. Observations
of redder bands such as the 7 band are required in order to distinguish these peculiar events as well as to exclude them
for cosmological use.
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