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2 PHILLIPS ET AL.

Understanding the nature of the luminous 1991T-like supernovae is of great im-
portance to supernova cosmology as they are likely to have been more common in
the early universe. In this paper we explore the observational properties of 1991T-
like supernovae to study their relationship to other luminous, slow-declining Type Ia
supernovae (SNe Ia). From the spectroscopic and photometric criteria defined in
Phillips et al. (2022), we identify 17 1991T-like supernovae from the literature. Com-
bining these objects with ten 1991T-like supernovae from the Carnegie Supernova
Project-1I, the spectra, light curves, and colors of these events, along with their host
galaxy properties, are examined in detail. We conclude that 1991T-like supernovae
are closely related in essentially all of their UV, optical, and near-infrared proper-
ties — as well as their host galaxy parameters — to the slow-declining subset of
Branch core-normal supernovae and to the intermediate 1999aa-like events, forming
a continuum of luminous SNe Ia. The overriding difference between these three sub-
groups appears to be the extent to which *°Ni mixes into the ejecta, producing the
pre-maximum spectra dominated by Fe III absorption, the broader UV light curves,
and the higher luminosities that characterize the 1991T-like events. Nevertheless, the
association of 1991T-like SNe with the rare Type Ia CSM supernovae would seem to
run counter to this hypothesis, in which case 1991T-like events may form a separate
subclass of SNe Ia, possibly arising from single-degenerate progenitor systems.

Keywords: Type la supernovae (1728), Supernovae (1668), Observational cosmology
(1146)

1. INTRODUCTION

The degree to which Type Ia supernovae (SNe Ia) represented a homogenous
class of explosions was a matter of considerable debate in the 1980s (e.g. Branch
1981; Pskovskii 1984; Cadonau et al. 1985). The first indisputable evidence for sig-
nificant differences came with the observation of high-velocity intermediate mass
elements (IMEs) in SN 1984A (Branch 1987) and the discovery of three pecu-
liar events: SN 1986G (Phillips et al. 1987), SN 1991T (Filippenko et al. 1992a;
Phillips et al. 1992; Ruiz-Lapuente et al. 1992), and SN 1991bg (Filippenko et al.
1992b; Leibundgut et al. 1993). SN 1991T was extremely well observed
(Filippenko et al. 1992a; Phillips et al. 1992; Ruiz-Lapuente et al. 1992; Jeffery et al.
1992; Mazzali et al. 1995; Gomez et al. 1996; Lira et al. 1998; Blondin et al. 2012;
Silverman et al. 2012) and displayed reasonably normal optical light curves, albeit
with a relatively slow decline rate after maximum of Ami5(B) = 0.95 + 0.05 mag’
(Lira et al. 1998). Nevertheless, the optical spectrum at pre-maximum phases was

T CCAPP Fellow

1 Amy5(B) is defined as the amount in magnitudes that the supernova fades in the first 15 days since

the time of B-band maximum (Phillips 1993).
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dominated by strong absorption features of Fe III instead of the Si II, Ca II, and S IT
lines that are typically observed in the spectra of other SNe Ia at these phases. By
two weeks after maximum light, however, the spectrum of SN 1991T had evolved to
one closely resembling a normal Type Ia event?.

Attempts to interpret the spectra of SN 1991T focussed on the strong Fe IIT absorp-
tion and the absence of IMEs in the earliest spectra. Filippenko et al. (1992a) sug-
gested that a “double detonation” initiated at the boundary between the C-O core and
He envelope of a white dwarf (Nomoto 1982) could explain the prominent Fe-group
elements in the outer layers of the SN, although they could not rule out a “delayed det-
onation” (DDT) model of a Chandrasekhar-mass C-O white dwarf (KKhokhlov 1991a).
More recently, Townsley et al. (2019) proposed that the detonation of a thin layer of
helium on the surface of a 1 M, C-O white dwarf can reproduce the spectra and light
curves of “normal” SNe Ia, but the question of whether 1991T-like (henceforth “91T-
like”) SNe can also be successfully modeled as a double detonation was not addressed.
However, Polin et al. (2021) found that the [Ca II]/[Fe II] ratio in the optical nebular
spectra of luminous (Mp < —19 mag) SNe Ia, including SN 1991T, cannot be repro-
duced by the double detonation mechanism. Ruiz-Lapuente et al. (1992) favored a
DDT that did not produce significant IMEs in the outermost layers, but pointed
out (as did Filippenko et al. 1992a) that models of DDT explosions provide a better
match to normal SNe Ia than they do to SN 1991T. Mazzali et al. (1995) carried out
extensive modeling of both pre-maximum and post-maximum spectra and concluded
that SN 1991T was likely produced by a late transition from deflagration to detona-
tion (e.g., Yamaoka et al. 1992) that led to the production of ~ 0.6 My, of *Ni in the
outermost 1 M, of the ejecta. Fisher et al. (1999) speculated that SN 1991T was a
“super-Chandraskhar” (SC) explosion resulting from the merger of two white dwarfs,
but this was motivated by an incorrectly assumed distance that led to an overesti-
mate of the peak luminosity. Mergers will also produce asymmetric envelopes that
are inconsistent with polarization measurements (see §9). An abundance tomography
study by Sasdelli et al. (2014) concluded that DDT models provided the best match
to SN 1991T, but that the peculiar distribution of elements with the IMEs dominant
only in a narrow shell wedged between °Ni-rich and O-rich zones required an early
(high-density) transition from deflagration to detonation. Fisher & Jumper (2015)
have suggested that the gravitationally-confined detonation (Plewa et al. 2004) of an
accreting Chandrasekhar-mass white dwarf could explain 91T-like supernovae, where
the outer Fe-group elements are produced by a strongly off-center deflagration. How-
ever, detailed calculations of this model by Seitenzahl et al. (2016) were not found
to be in good agreement with the observed properties of SN 1991T. A pulsational-
driven detonation (PDD; Khokhlov 1991b), in which an initial deflagration stalls and
the inner region collapses until a detonation occurs at the border between processed

2 In this paper, a “normal Type Ia supernova” refers to the “core-normal” definition of Branch et al.
(2006).
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and unprocessed elements, was suggested for SN 1991T by Hoeflich et al. (1994).
Hoeflich & Khokhlov (1996), Quimby et al. (2007), and, more recently, Aouad et al.
(2022) have emphasized that a PDD could lead to the IMEs being confined to a rel-
atively narrow velocity range. Nevertheless, such models predict significant amounts
of unburned carbon in the outermost layers of the ejecta (Baron et al. 2008), which
is not observed in 91T-like SNe.

A few years after the discovery of SN 1991T, Nugent et al. (1995) argued that the
differences observed in the maximum light optical spectra of SNe Ia — from the
fast-declining, sub-luminous SN 1991bg, to the slow-declining, luminous SN 1991T
— could be ascribed to differences in temperature corresponding to the amount of
%Ni produced in the explosion, with 91T-like events representing the highest tem-
peratures (largest "°Ni masses). Hoeflich et al. (1996) independently showed that the
luminosity—decline rate relation (Phillips 1993) could be modelled by the explosions
of Chandrasekhar mass white dwarfs that produce varying amounts of *Ni, affecting
both the peak luminosity as well as the diffusion time for photons escaping from the
outer ejecta. Observations of SN 1999aa (Filippenko et al. 1999), which showed a
pre-maximum spectral evolution intermediate between that of SN 1991T and normal
SNe Ia (Li et al. 2001a; Garavini et al. 2004), supported the idea that 91T-like events
are simply extreme examples of normal SNe Ia (Branch 2001; Garavini et al. 2004).
However, a recent abundance tomography study of SN 1999aa by Aouad et al. (2022)
found abundance peculiarities in the outer ejecta like those deduced for SN 1991T
by Sasdelli et al. (2014), concluding that a temperature increase alone cannot ac-
count for the differences between these SNe and normal events. O’Brien et al. (2024)
reached a similar conclusion that a combination of both abundance and ionization dif-
ferences is required to explain the transition from normal to 91T-like SNe. Moreover,
the discovery of the Type Ia-CSM supernovae (SNe Ia-CSM) events (Hamuy et al.
2003b; Aldering et al. 2006; Prieto et al. 2007; Dilday et al. 2012; Taddia et al. 2012;
Silverman et al. 2013b) that show 91T-like spectra at early epochs before the com-
mencement of a strong interaction with circumstellar material (CSM) suggests that
91T-like SNe might be fundamentally different than normal SNe Ia (Dilday et al.
2012).

Phillips et al. (2022) (henceforth, Paper I) described a new method for classifying
91T-like events through the combination of one or more optical spectra obtained
at phases < +10 days and an ¢/I-band light curve to identify ten 91T-like SNe in
the second phase of the Carnegie Supernova Project (CSP-II; Phillips et al. 2019;
Hsiao et al. 2019). This sample was used to demonstrate that 91T-like SNe are 0.1-
0.6 mag more luminous than normal SNe Ia with similar post-maximum decline rates
(see also Boone et al. 2021; Yang et al. 2022). In this second paper, we explore the
optical, near-infrared (NIR), and utraviolet (UV) characteristics of 91T-like SNe,
and compare them with the properties of 1999aa-like (henceforth “99aa-like”) and
slow-declining Branch “core-normal” (CN) SNe. The new classification method for
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identifying 91T-like SNe is reviewed in §2 and applied to produce a sample of 17
91T-like events culled from the literature. Next, in §3 and §4, we discuss different
aspects of the optical and NIR spectra of 91T-like events, comparing them with
99aa-like and other luminous SNe la. In §5, general characteristics of the optical and
ultraviolet light curves, including color evolution and pseudo-bolometric light curves
are considered. In §7, host galaxy properties are discussed, while in §8, observations of
the best-observed SNe Ia-CSM at early phases when the ejecta—CSM interaction was
weakest are reviewed. Finally, in §9, we summarize our findings and briefly speculate
on the general question of the progenitors and explosion mechanisms of luminous
SNe Ia.

2. LITERATURE SAMPLE OF 91T-LIKE SUPERNOVAE

The defining feature of 91T-like SNe is the unusual weakness in pre-maximum and
maximum-light optical spectra of features due to IMEs, specifically Si IT A\6355,
Ca IT H & K, and S II A\5449,5622. In Paper-I, we demonstrated that 91T-like
events could be identified from one or more measurements of the pseudo-equivalent
width (pEW) of the Si IT A\6355 absorption obtained at phases < +10 days®. An i/I-
band light curve is also important to differentiate 91T-like SNe from 02cx-like (a.k.a.
“Type Tax”) and 03fg-like (formerly called “Super-Chandrasekhar”) events that can
also show weak Si IT A6355 and blue continua at similar epochs, as the latter SNe do
not show a distinct secondary maximum and their ¢/7-band light curves peak after
B maximum (Gonzélez-Gaitan et al. 2014; Ashall et al. 2020).

To summarize, we employ both spectroscopic and photometric requirements for
classifying a SN as a 91T-like event, which we define as follows:

e Spectroscopic: At least one pEW(Si II A6355) measurement before +10 days
that is consistent with the trajectory of SN 1991T in a plot of pEW(Si IT A6355)
versus light curve phase. In practical terms, this translates to pEW (Si II A\6355)
<20 A at —10 days, < 40 A at maximum, and <50 A at +10 days. As discussed
in Paper I, precise phase information is critical to distinguishing between 99aa-
like and 91T-like events (e.g., the spectrum of a 99aa-like SN obtained a week
before maximum is virtually identical to one of a 91T-like event observed at
maximum).

e Photometric: An i/I-band or NIR light curve that reaches maximum before
the epoch of B maximum and displays a clear secondary maximum.

Using the above criteria in Paper I, a total of ten 91T-like events were discovered
in the CSP-II sample of 214 SNe Ia. Applying the same criteria to spectra and light
curves available in the published literature through 2019, we have identified an addi-
tional 17 91T-like SNe, along with eight suspected members of this subclass. Details

3In this paper, all phases are given with respect to the epoch of B maximum, unless otherwise

specified.
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regarding the identification of these objects are given in Appendix A, with Table A1l
providing the SN and host galaxy names, heliocentric redshifts, decline rate and
color stretch? measurements, along with spectroscopic and photometric references.
A sampling of their optical spectra covering phases from —12 to +4 days is illus-
trated in Figure 1. All spectra have been corrected for Galactic reddening using the
Schlafly & Finkbeiner (2011) recalibration of the Schlegel et al. (1998) infrared-based
dust map and assuming Ry = 3.1. However, no corrections for host galaxy reddening
have been applied, which likely accounts for the differences in the continuum slopes
of the spectra of objects such as SNe 1995bd and 2017dfb.

In the next two sections, we discuss the optical and NIR spectroscopic and pho-
tometric characteristics of 91T-like SNe based on observations of the CSP-II and
literature samples.

3. OPTICAL SPECTRA

For a detailed description of the early evolution of the optical spectra of 91T-
like SNe, the reader is referred to §3.3 of Paper I. As illustrated in Figure 1, at
the earliest epochs, the only strong features visible are the two absorption lines at
observed wavelengths of approximately 4230 A and 4910 A, which correspond to
Fe TIT A\4404,5129. Much weaker absorption ascribed to blends of Ni III lines and to
the Si IIT AAA4553,4568,4575 multiplet 2 (hereafter referred to as Si ITI A4560) has
also been identified at these early epochs (e.g., see Mazzali et al. 1995). The spectra
remain essentially unchanged until —7 days when a weak Si II A6355 absorption
feature becomes visible. A few days before maximum, features corresponding to
Ca Il H & K and S IT A\5449,5622 can also be identified. Note that the two Fe III
features remain strong throughout these phases. However, by +14 days, the optical
spectra of 91T-like SNe have evolved to closely resemble those of normal SNe Ia,
making it more difficult to distinguish them (see the bottom panel of Figure 1 of
Paper I).

The left panel of Figure 2 shows the evolution of the expansion velocities® of
SN 1991T, measured for the minima of the absorption features of Si IT A6355, Si III
A4560, S IT AA5449,5622, and Fe IIT A\4404 compared with similar measurements for
the Branch CN SN 2011fe. Examining this plot, the first thing to note is that the
evolution of the Si IIT A4560 velocities closely mimics that observed for SN 2011fe.
The Si IT A\6355 velocities, on the other hand, show a strikingly different behavior,
with those of SN 2011fe falling monotonically with time, hugging the lower 1o edge
of the expansion velocities for CN SNe, whereas those of SN 1991T remain essentially
flat at a value of ~ —10,000 km s~', which is approximately the same value that
the Si IT velocities of SN 2011fe had leveled to by +10 days. This peculiar behav-

4 The color stretch parameter, sy, is a dimensionless parameter defined as the time difference between
B-band maximum and the reddest point in the (B —V) color curve divided by 30 days, where typical
SNe Ia have spy~1. As demonstrated by Burns et al. (2014), spy does a better job than Am;s(B)
of sorting in luminosity SNe Ia with Am;5(B) > 1.7 mag.

5 Note that all expansion velocities quoted or plotted in this paper were calculated using the relativistic
Doppler formula (see equation 6 of Blondin et al. 2006).
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Figure 2. (left) Comparison of velocity measurements of the Si II, Si III, S II, Fe III,
and O I ions for SNe 1991T and 2011fe. The measurements correspond to the absorption
minima of each line. The gray shaded band displays the RMS dispersion of CN SNe Ia from
Folatelli et al. (2013). (right) Same plot comparing velocity measurements for SNe 1999aa
and 2011fe.

ior of SN 1991T is illustrated in Figure 3 where the time evolution of the spectra
of SN 1991T in the wavelength regions of the Si TIT A4560 and Si IT A6355 lines is
plotted. Absorption due to Si IIT A\4560 is clearly present in the —11.4 days spectrum,
and increases in visibility while also decreasing in velocity through —4.0 days. This
feature may still be faintly present at +3 days, but by 46 days cannot be clearly dis-
cerned. In contrast, Si IT A6355 absorption does not become obvious until —6.9 days,
although it may be faintly present as early as —9.9 days. In contrast to Si III A\4560,
the velocity of the minimum of the Si IT A6355 absorption remains nearly constant
during the entire period that it can be identified in the spectrum.

S 11 AA5449,5622 absorption is visible in the spectra of SN 1991T for a ~10-day
period centered on maximum light and at slowly decreasing velocities which closely
resemble the measurements for SN 2011fe. Note, however, that the S II lines in
SN 2011fe were clearly visible for a much longer period, extending from the first
spectrum obtained at —15 days until nearly +10 days. This difference likely reflects
the higher ionization of the outer ejecta of SN 1991T, as evidenced by the strength of
the Fe IIT absorption compared to Fe II at these same epochs. Taken together, these
measurements demonstrate that the IMEs in both SNe were present at a similar range
of expansion velocities in spite of the odd behavior of the Si IT A6355 velocities.

As also shown in Figure 2, expansion velocities measured for the minimum of the
strong Fe IIT A\4404 absorption in SN 1991T are observed to decrease rapidly from
near —12,500 km s™* at —12 days to —5,000 km s™* at +6 days. Although Fe III
is likely present in the earliest spectra of SN 2011fe, this feature is dominated by
absorption due to Mg IT A\4481 (Parrent et al. 2012) and, thus, a comparison cannot
be made.
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Figure 3. Series of optical spectra of SN 1991T showing the time evolution of the Si III
4560 (left) and Si I A6355 (right) absorption features. The blue dashed lines illustrate the
approximate velocity evolution of both lines.

The right panel of Figure 2 displays a plot of the expansion velocities of the same
absorption features in the spectra of SN 1999aa. In contrast to what was observed
for SN 1991T, the pre-maximum expansion velocities of Si IT A6355 steadily declined,
following the evolution of the measurements for SN 2011fe until approximately max-
imum light, and then plateaued at a value of —10,500 km s~'. The evolution of the
Si ITT A4560 velocities is similar to that observed for SN 2011fe, although at some-
what higher values and perhaps approaching an asymptote of ~ —9,500 km s 'at
maximum. The S IT A\5449,5622 lines show a slow decline in velocity similar to that
observed for SN 2011fe at the same epoch, but displaced by ~ 500 km s~* to higher
values. In the case of Fe IIT A\4404, a monotonic decline is observed for SN 1999aa,
very similar to that found for SN 1991T. Again, the conclusion is that the IMEs in
SN 1999aa occupy a similar range of expansion velocities as they do in SN 1991T and
SN 2011fe.

The similarity of the velocity evolution of the Si IIT A4560 line in all three SNe
is particularly interesting, as this is a high excitation multiplet (19 eV versus 8 eV



10 I

TTT | TTTT | TTTT | TTTT | TTTT TTT | TTTT | TTTT | TTTT | TTTT |
- Si Il A6355 T S 11AA5449,5622
-12000 _ + -
o -10000— %, o ol O%O -
€ I ] o l
< -8000- N w _
2 [ %= 10017 T ’
'O -6000r | e Literature + CSP-II - —
O B o Literature + CSP-Il,n<8 | |
0
> AR
c — i1 A4560 1% FelllA4404 A
2 -12000-% -+ .
R S i -
9 -10000- - -
< o
L] I ° T I
-80001 + -
-60001 + -
_I 11 | 1111 | 1111 | 1111 | 1111 |__I 11 | 1111 | 1111 | 1111 | 1111 |_

10 -5 0 5 10 -10 -5 0 5 10
Days Sinces
max

Figure 4. Expansion velocity measurements of the Si II A6355, Si IIT A4560, S II
AAD449,5622, and Fe IIT A4404 absorption features for all of the 91T-like SNe in the lit-
erature and CSP-II samples. Where > 3 measurements for the same SN could be made,
these are joined by solid lines. Velocities for the same features in the spectra of SN 1991T
are plotted for comparision. Error bars are not shown in order to keep the plot uncluttered,
but typically are £500 km s~! or less. The gray shaded bands display the RMS dispersion
of CN SNe Ia from Folatelli et al. (2013).

for Si II A6355) that is strongly subject to non-LTE effects. Particularly where ion-
ization/excitation effects play a strong role, the behavior of this feature might be
expected to vary significantly between SNe Ia subclasses. The observed similarity of
the behavior of the Si IIT A\4560 line is thus a strong argument that these three SNe
are physically very closely related to each other.

Unfortunately, none of the 91T-like SNe in the literature and CSP-II samples have
as many spectral observations as SN 1991T. However, we can still get an idea of
how these events compare by plotting expansion velocities for all of the available
spectra in the same figure. Such plots are shown for the Si IT A\6355, Si IIT 4560,
S II AA\5449,5622, and Fe IIT 4404 features in Figure 4. Within the distribution
of the velocities of all four of these features, those for SN 1991T fall in the lower
part of the envelope of measurements. The behavior of Si II A6355 is particularly
interesting. The measurements for nearly all of the SNe fall uniformly between —9, 000
and —12,000 km s, with no hint of a decline in the average velocity between —10 and
+10 days. 91T-like SNe are thus the extreme members of the “low-velocity gradient”
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to the blue and red were used to define a continuum that has been subtracted from the
spectra.

group of SNe Ia as defined by Benetti et al. (2005). The apparent ubiquity of a Si IT
“velocity plateau” in 91T-like SNe was pointed out previously by Scalzo et al. (2012,
2014b) based on fewer objects, and has been interpreted as evidence of the IMEs being
confined to a narrow region in velocity space (Scalzo et al. 2014b; Taubenberger 2017),
perhaps due to a density enhancement in the outer layers of the ejecta (Quimby et al.
2007). Nevertheless, Figure 4 shows that absorption due to Si IIT A4560 is observed to
range from —8, 000 to —12, 500 km s~ * for the 91T-like SNe in our samples. Likewise,
the S IT A\5449,5622 absorption ranges between —7, 500 and —10, 000 km s~ .

It is instructive to compare the Si IT A6355 absorption line profiles of SN 1991T,
SN 1999aa, and SN 2011fe. This is shown in Figure 5 where the profiles are plotted
at pre-maximum epochs and also within a few days of maximum. The epochs for
SN 1991T and SN 1999aa were chosen so that the strength of the absorption was
similar. Early-on, the blue wings of all three SNe reach velocities of approximately
—20,000 km s™*, once again demonstrating that the IMEs cover a similar range in ve-
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locity space. At maximum, the profiles are somewhat sharper, with those of SN 1991T
and SN 1999aa taking on a nearly triangular shape.

O I A7774 was observed in a spectrum of SN 1991T obtained ~1 week after max-
imum light (Filippenko et al. 1992a). In DDT models of SNe Ia, primordial C and
O are found in a thin outer shell. Oxygen is also a product of explosive C burning
in SNe Ia, and its velocity is expected to be constant once the photosphere recedes
below the inner edge of the C-burning zone which, in both normal and sub-luminous
events, has occurred by maximum light (e.g., see Figure 1 of Hoeflich et al. 2017).
Indeed, constant velocity in the O I line is observed in the prototypical Branch CN
SN 2011fe (see Figure 2).

As illustrated in Figure 6, the expansion velocities of O I A7774 and Si IT A6355 at
maximum light are strongly correlated for SNe Ia in the CSP-I sample. SN 1991T
lies clearly in this trend, as do the 99aa-like and 91T-like SNe in the CSP-II sample
for which we were able to measure O I A7774 velocities.

Nebular-phase optical spectra of 91T-like SNe are extremely scarce — none were
obtained of the ten 91T-like SNe observed by the CSP-II, and spectra of only two
have been published in the literature: SN 1991T (Gémez & Lopez 1998; Mazzali et al.
1998; Silverman et al. 2012) and SNF20080723-012 (Taubenberger et al. 2013). Fig-
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the spectra are: SN 1991T (Gémez & Loépez 1998), SNF20080723-012 (Taubenberger et al.
2013), SN 1999aa (Silverman et al. 2012), and SN 2011fe (Zhang et al. 2016b).

ure 7 displays spectra obtained ~250 days after t(Bpa:) of SN 1991T and
SNF20080723-012. Shown for comparison are similar-epoch spectra of SN 1999aa and
the Branch CN SN 2011fe. All four spectra are remarkably similar, with the strongest
emission features due to blends of forbidden lines of Fe II and Fe III. Mazzali et al.
(1998) found that the width of the [Fe III] 4700 feature was inversely correlated with
Am;y5(B), implying a relationship between the amount of ®Ni produced in the explo-
sion and the extent to which it has been mixed outward in the ejecta. Later studies
(Blondin et al. 2012; Silverman et al. 2013a; Graham et al. 2022) have concluded that
this correlation is weak (or non-existent) for SNe Ia with Am5(B) < 1.5 mag, al-
though for the most-luminous events this may reflect the breakdown of Ami5(B) as
a luminosity indicator (Phillips et al. 2022). For the four spectra shown in Figure 7,
the two 91T-like SNe display the broadest emission features compared to the less-
luminous SN 1999aa and SN 2011fe. The only other clear difference between the
spectra of the 91T-like events and the other two SNe is the profile of the blend of the
[Fe 11] and [Ni I1] features between 7000 and 7600 A. For the two 91T-like SNe, it
appears that emission due to [Ca II] A7291,7324 is also contributing to the blend. In
contrast, for normal bright SNe such as SN 2011fe, [Ca II] emission does not appear
strongly in the nebular spectrum until ~ 4400 days (e.g., see Tucker et al. 2022a;
Kumar et al. 2023).
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In DDT models, Ca is produced at the interface between Si/S and the lower density
portion of the ejecta where nuclear statistical equilibrium (NSE) conditions were
reached (see Figure 3 of Hoflich et al. 2002). As emphasized by Wilk et al. (2020),
[Ca 1] emission is strongly coupled to the radiation field — and, by extension, to the
6Ni. Thus, the earlier appearance of the [Ca II] lines in 91T-like SNe may reflect the
greater mixing of *Ni into the IMEs.

4. NEAR-INFRARED SPECTRA

A total of nine NIR spectra of four 91T-like SNe were obtained during the course
of the CSP-II®. Apart from a spectrum of SN 1991T at maximum light published
by Meikle et al. (1996), as far as we are aware, these are the first NIR spectra to be
obtained in the photospheric phases of 91T-like events. These data, which are plotted
in the left panel of Figure 8, were acquired with the Folded-port IR Echellette (FIRE)
on the 6.5 m Magellan Baade telescope at Las Campanas Observatory. FIRE spectra
of several 99aa-like SNe were also obtained during the CSP-II. Spectra of three such
objects covering a similar range of phases as the 91T-like SNe are plotted in the right
panel of Figure 8 for comparison. Details of the acquisition and reduction of the
FIRE spectra are given by Hsiao et al. (2019). A log of these FIRE observations is
listed in Table 1.

In general, the evolution of the 91T-like and 99aa-like SNe in the NIR is quite
similar. The principal exception is the Ca IT AA8498,8542,8662 triplet absorption
which, as expected from the optical spectra, is stronger in the 99aa-like SNe at com-
parable epochs. However, by one month after maximum, the strength is nearly the
same in both subtypes. In Figure 9, the three earliest spectra of the 91T-like event
LSQ12gdj are compared with NIR spectra of the Branch CN SN 2011fe at similar
phases (Hsiao et al. 2013). Published spectrophotometry by Pereira et al. (2013) has
been used to extend the NIR spectra of SN 2011fe to cover the Ca IT AA8498,8542,8662
triplet. The spectra of LSQ12gdj are seen to closely resemble those of SN 2011fe,
with the major exception again being the weakness of the Ca II triplet absorption in
LSQ12gdj, especially in the first two epochs (—3.4 and +2.5 days). At these same
epochs, Mg IT A1.0927 pm absorption is also clearly visible in the spectra of SN 2011fe,
but is not readily identified in LSQ12gdj.

As observed at optical wavelengths, at phases beyond +7 days, the NIR spectra of
91T-like (and 99aa-like) SNe are not easily distinguished from the spectra of Branch
CN SNe. At these epochs, the NIR spectra become dominated by the Ca II triplet and
features due to Fe-group elements (see Figures 8 and 9). At a phase of +10+5 days, a
prominent double-peaked emission feature is observed in the H-band window between
the two telluric bands. This is the so-called “H-band break” (Wheeler et al. 1998;

6 These spectra were published by Lu et al. (2023) and are available on the CSP website
(https://csp.obs.carnegiescience.edu/data).


https://csp.obs.carnegiescience.edu/data

1991 T-LIKE SUPERNOVAE 15
99aa-like SNe

91T-like SNe

L B B

o @ ®

-3.4d

Mg I,
ol sil
Mg i

1.0927um

Fell,Col

log ]O(FA) + constant

log ]O(FA) + constant
w N
T T

= ff s
N~ :
30\) (2]
-0 o

o B T e b b b b b b

E SN1991T
1| — LsQizgdj
F |— snz013u
E SN2014eg
SN2013b7]

| +32.1 d

F | — LsQi2nz
F | — SN2013nh I
F | — sN20126 |

E . M - - I -
0 1.0 15 2.0
Rest Wavelengthugn)

Figure 8. (left) NIR spectra of four 91T-like SNe observed in the course of the CSP-II.
Included for comparison is the spectrum of SN 1991T published by Meikle et al. (1996).
Phases with respect to t(Ba.) are indicated for each spectrum. The spectra have been
corrected for telluric absorption; wavelength regions of the strongest telluric features are
shaded in gray and indicated by the earth symbol. (right) Similar plot of the NIR spectra
of three 99aa-like SNe observed by the CSP-II. Some of the more notable absorption and
emission features are labelled by their major contributors.

o sl b b B b v b

1.0 — 15
Rest Wavelengthugn)

Hoflich et al. 2002; Hsiao et al. 2013; Ashall et al. 2019) which is composed of a blend
of Fe II, Co 11, and Ni IT emission lines. The iron and cobalt at these phases are the
product of the radioactive decay of **Ni produced in the explosion.

One of the few lines in the NIR for which it is possible to measure an expansion
velocity is Mg IT A\1.0927 pym. Figure 10 shows a blow-up of the 0.8-1.3 um spectral
region for the 91T-like LSQ12gdj, the 99aa-like events LSQ12hzj and SN 2013hh, and
the Branch CN SN 2011fe. Absorption due to Mg IT A1.0927 pm was clearly visible
in the earliest spectra obtained of SN 2011fe, and remained detectable until a few
days after maximum (Hsiao et al. 2013). This line is identified in the two spectra
plotted in the right-hand panel of Figure 10. Also observed is an absorption feature
at ~1 pm which is due to a blend of Mg IT AX0.9218,0.9244 pum, O T X\0.9265 pm,
and Si IT X0.9413 pum. These same features appear to be present in the spectra of
the 99aa-like SNe LSQ12hzj and SN 2013hh. However, in the 91T-like LSQ12gdj, the
situation is not so clear. While there are broad dips in the spectra of all three SNe near
where Mg IT A1.0927 pm might be expected, the evidence for detectable absorption
near 1 pum is weak at best. Likewise, there are no obvious absorption features in
the spectra of LSQ12gdj at the expected positions of the Mg IT A\0.9218,0.9244 pm,
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Table 1. Log of FIRE NIR Spectroscopic

Observations
UT Date MJD t(Bmaz) a Exposureb

SN2012G

2012-02-04.28 55961.28 +12.1 8.5
LSQ12gdj

2012-11-19.14 56250.14 —3.4 20.0
2012-11-25.17 56256.17 +2.5 31.7
2012-12-03.10 56264.10 +10.2 37.0
2013-12-27.06 56288.06 +33.4 44.9
2013-01-03.06  56295.06 +40.2 47.6
LSQ12hzj

2013-01-06.24 56298.24 —3.2 26.4
SN2013U

2013-02-16.08 56339.08 +3.9 21.1
2013-02-28.20 56351.20 +15.6 31.7
SN2013bz

2013-05-19.19 56431.69 +21.6 18.5
SN2013hh

2013-12-14.35 56640.35 +2.0 12.7
2013-12-20.34 56646.34 +7.9 16.9
2014-01-01.34 56658.34 +19.8 8.5
2014-01-09.35 56666.35 +27.9 8.5
2014-01-14.32 56671.32 +27.9 8.5
SN2014eg

2014-12-08.05 56999.05 +7.7 8.5

@Phase in days with respect to the epoch of B maxi-
mum, t(Bmaz ), corrected for time dilation.

b Total exposure time in minutes.

O T X0.9265 pm, and Si IT A\0.9413 pm lines. The absence of these Mg II, Si 11, and
O I features in the pre-maximum- and maximum-light NIR spectra of LSQ12gdj is
consistent with the high level of ionization displayed by the optical spectra of 91T-like
SNe at these same epochs.

Ashall et al. (2019) have demonstrated that the maximum expansion velocity of
the %Ni distribution in the SN ejecta may be directly determined by measuring the
wavelength of the blue edge of the H-band break, veqp. Thus the H-band break
provides a measure of the extent in velocity space of the °Ni in the SN ejecta.
Ashall et al. (2019) found a strong correlation between the maximum velocity of the
%Ni and the color stretch parameter, sgy-. This result is consistent with the obser-
vation that the Fe cores of luminous SNe Ia extend to higher velocities than those
of low-luminosity events (Mazzali et al. 1998; Blondin et al. 2012; Silverman et al.
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Figure 9. Comparison of the NIR spectra of the 91T-like event LSQ12gdj and the Branch
CN SN 2011fe at three different phases. Identifications of the strongest features are given.
The spectra of SN 2011fe have been combined with the optical spectrophotometry published
by Pereira et al. (2013) in order to include the Ca IT A\8498,8542,8662 triplet feature. These
extensions are denoted by the dashed black lines. Wavelength regions of the strongest
telluric features are shaded in gray and indicated by the earth symbol.

2013a; Graham et al. 2022). Figure 11 shows the expansion velocity of °Ni as mea-
sured from the H-band break, veqg., plotted versus spy for the Ashall et al. (2019)
sample. Added to the plot are the veq5 measurements derived from our FIRE spectra
of three 99aa-like events (SN 2012G, SN 2013hh, and ASASSN-14me) and two 91T-
like SNe (LSQ12gdj and SN 2014eg). In keeping with their extreme character and
high-ionization spectra at early epochs, the %°Ni in 99aa- and 91T-like SNe is observed
to extend to maximum velocities ranging from —14,000 to nearly —16,000 km s~
Again, for comparison, the maximum velocity reached by the *Ni in the Branch CN
SN 2011fe was ~ —13,300 km s .
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Figure 10. Comparison of the 0.8-1.3 pum spectra of the 91T-like SN LSQ12¢gdj, the 99aa-
like events LSQ12hzj and SN 2013hh, and the Branch CN SN 2011fe a few days before and
after maximum light. Identifications of the strongest features are given. See text for further
details.

To our knowledge, the only NIR nebular spectrum of a 91T-like SN to be published
is of SN 1991T itself, obtained by Spyromilio et al. (1992) at 4338 days with respect
to B maximum. Based on this spectrum, these authors argued that the explosion that
produced SN 1991T synthesized a large °Ni mass, which was the same conclusion
reached by Bowers et al. (1997) in an independent analysis. Figure 12 displays a
portion of this spectrum centered on the [Fe II] 1.644 pm emission line. Unlike
the blended nebular emission features observed at optical wavelengths, this line is
relatively isolated (although, as Figure 12 shows, a few weak lines are likely present
in the wings), and thus provides information on the distribution of Fe in the inner
ejecta of the SN. Although the spectrum of SN 1991T is noisy, it is seen that the wings
of the line extend to ~15,000 km s 'at this epoch. Over-plotted for comparison in
the same Figure is the [Fe I1] 1.644 um line observed for the slow-declining Branch CN
SN 2013aa (Kumar et al. 2023). The profiles are generally similar to within the signal-
to-noise ratio of the 1991T spectrum. In principle, the profile of the [Fe II] 1.644 pm
line can be used along with models to discern information on the initial white dwarf
central density and magnetic field (Penney & Hoeflich 2014; Diamond et al. 2015,
2018; Hristov et al. 2021), but higher-quality NIR nebular spectra of 91T-like SNe
will be needed for such a study.
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5.1. Optical Light Curve Morphology

The 91T-like SNe identified in the literature and CSP-II samples are uniformly char-
acterized by slow-declining (high-color stretch) light curves. The weighted mean de-
cline rate for the confirmed members of the literature sample is Am;5(B) = 0.99 mag
with an rms dispersion of 0.17 mag, while for the CSP-II sample it is 0.85 mag with
a similar dispersion of 0.18 mag. The weighted average of the color stretch values
for the literature sample is sgy = 1.17 with an rms dispersion of 0.08, while for the
CSP-II sample the numbers are nearly identical (sgy = 1.18 with a dispersion of
0.05).

Normalized light curves in the BV r: bands for 11 of the literature sample of 91T-like
SNe are displayed in Figure 13a.” The B and V light curves of the SNe show a remark-
ably small amount of dispersion. In contrast, the r- and i-band light curves plotted in
the lower panels of this figure show a significant diversity in the morphology of the sec-
ondary maximum. The divergence is greatest at the epoch of the minimum between
the primary and secondary maxima of the ¢ band, which occurs at ~ +15 days. In
general, the strength and timing of the secondary maximum is a strong function of de-
cline rate (Hamuy et al. 1996b; Riess et al. 1996; Krisciunas et al. 2001; Burns et al.
2014; Dhawan et al. 2015), although large differences in the strength for SNe with
similar decline rates are occasionally observed (Krisciunas et al. 2001).

Figure 13b displays the normalized BVr: light curves for the CSP-II sample of ten
91T-like SNe. The exquisite precision of the CSP-II photometry reveals just how
similar the B and V light curves are over the first month following maximum light.
Again, however, the i-band light curves show considerable diversity in the depth of
the minimum between the primary and secondary maxima. This diversity is also
reflected in the r light curves, although to a lesser extent.

Figures 14a and b show equivalent plots of the normalized BVri light curves of
99aa-like and Branch CN SNe observed by the CSP-II. The Branch CN SNe were
selected to have decline-rate values similar to those of the 91T-like events (Am;5(B) <
1.1 mag), and will be referred to henceforth in this paper as “slow-declining” CN SNe.
The weighted average decline rates of these two samples — Am;5(B) = 0.93 mag
with a dispersion of 0.11 mag for the 99aa-like events and Am;s5(B) = 0.94 mag
with a dispersion of 0.09 mag for the slow-declining CN SNe — are insignificantly
different from the mean value for the 91T-like SNe, consistent with the conclusion of
Phillips et al. (2022) that decline rate alone cannot be used to distinguish between
the most luminous SNe Ia. The B and V light curves are quite uniform, whereas the
1-band light curves, like those of the 91T-like SNe, display a dispersion in the depth of
the minimum between the primary and secondary maxima. However, neither sample
includes SNe with as small depths as 91T-like events such as SN 1997br and OGLE-
2014-SN-107.

" The photometry for most of the literature SNe was actually obtained in the Johnson BV and Cousins

RI systems, but has been K-corrected to the CSP-II BVri bandpasses.
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corrections have been applied using the Hsiao et al. (2007) spectral template. The light
curves in each filter were then shifted vertically to the same magnitude at maximum light
after correction for time dilation. Decline rates, Ami5(B), for each SN are given in paren-
theses. (b) Same as (a), but for BVri light curves of the ten 91T-like SNe observed by the

CSP-1I.
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Figure 14. (a) BVri light curves of 12 99aa-like SNe observed by the CSP-I. K-corrections
have been applied using the Hsiao et al. (2007) spectral template. The light curves in each
filter were then shifted vertically to the same magnitude at maximum light after correction
for time dilation. Decline rates, Amy5(B), for each SN are given in parentheses. (b) Same
as (a), but for BVri light curves of 11 slow-declining Branch CN SNe observed by the
CSP-II.
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Figure 15. (left) Relationship between the depth of the minimum between the primary
and secondary maxima of the i-band light curves and the color stretch parameter, spy, for
a combined sample of SNe Ia from the CSP-I and CSP-II with Branch classifications. Solid
symbols correspond to objects whose light curves are plotted in Figure 13b and Figures 14a
and b. The inset plot illustrates an example of how the depth (the red line) is measured
for each SN. (right) B-band Hubble residuals in magnitudes (upper panel) and the decline
rate parameter, Amj5(B), (lower panel) plotted versus the depth of the minimum between
the primary and secondary maxima of the i-band light curves for 91T-like, 99aa-like, and
slow-declining CN SNe observed by the CSP-II. The larger symbols in the lower diagram
correspond to SNe whose values of Amj5(B) were measured directly; the smaller symbols
correspond to those where SNooPy template fits were used to measure the decline rate.
Linear regression fits are shown in both panels as dashed lines. Values of the Pearson
correlation coefficient, p, are also indicated.

We attempted to quantify the depth of the minimum between the primary and
secondary maxima of the i-band light curves by fitting a line to both maxima and
measuring the amount in magnitudes from this line to the deepest part of the mini-
mum. This procedure is illustrated for LSQ12gdj in the inset to left half of Figure 15.
The resulting depth measurements for those SNe Ia in the CSP-I and CSP-II samples
with sufficient sampling of both maxima are plotted versus color stretch in the same
figure. Although there is significant dispersion in the measurements, a clear trend is
observed with the depths increasing from the Branch CL SNe, through the BL events,
and into the CN SNe. For sgy 2 1.0 (Amy5(B) < 1.1 mag), the depths of most of
the i-band light curves are fairly constant, except for a few outliers with particu-
larly small depth measurements. The three largest outliers — OGLE-2014-SN-107,
SN 2013U, and CSS130303:105206-133424 — are all 91T-like SNe. Unfortunately, the
depth of i-band minimum for SN 1991T itself is difficult to measure because of the
poor phase coverage of the secondary maximum of the Lira et al. (1998) photometry,
but we estimate that it was between 0.2-0.3 mag (see Figure 13a).

In the upper right half of Figure 15, Hubble diagram residuals are plotted versus
the depth of the minimum between the primary and secondary maxima of the i-band
light curves. The data again correspond to the CSP-II samples of 91T-like, 99aa-
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like, and slow-declining CN SNe. A weak correlation is observed in the sense that
slow-declining SNe Ia with smaller depth measurements tend to be more luminous
than events with deeper minima. In the lower right panel, Amj5(B) for the same
SNe is plotted versus the depth of the minimum between the primary and secondary
maxima of the i-band light curves. A moderately strong negative correlation is also
observed between these two parameters. It should be noted that both correlations are
driven in large part by the three 91T-like SNe with the smallest depth measurements.
However, in the plot of Am;5(B) versus depth, similar trends are observed separately
in all three subclasses of SNe.

The secondary maximum is a consequence of the recombination of Fe III to Fe II
(Kasen 2006; Jack et al. 2015), and its strength and timing can be affected by several
factors including the mass and mixing of %°Ni, the abundance of stable iron-group
elements synthesized in the core, the progenitor metallicity, and in particular for the
i-band, the abundance of calcium in the outer layers of the ejecta (Kasen 2006). The
large luminosities of 91T-like SNe (Boone et al. 2021; Phillips et al. 2022; Yang et al.
2022) and the H-band break measurements presented in §4 provide direct evidence
that these objects are characterized by large %Ni masses, with significant mixing to
high velocities in the ejecta. According to the models presented in Kasen (2006), the
effect of mixing °Ni outward into the region of the IMEs is to advance the secondary
maximum by a few days and to decrease its contrast with respect to the primary
maximum. This is exactly what is observed for the most-luminous 91T SNe observed
by the CSP-II, OGLE-2014-SN-107 and SN 2013U (see Figure 13). Less clear is the
physics behind the correlation between Am;5(B) and the i-band depth measurements.

5.2. Optical Color Evolution

Figure 16 displays the observed (B — V') and (r — ) color evolution of the 91T-like,
99aa-like, and the slow-declining CN SNe in the CSP-II sample whose light curves
are plotted in Figure 13b and Figures 14a and b. The numbers in the legends in
parentheses after the name of each SN are the E(B—V"),,s values derived from SNooPy
fits to the combined uBgVriY JH photometry. Considering the strong similarity and
small dispersion in the shapes of the B and V light curves displayed in Figure 13b
and Figure 14a and b, it is not surprising that the color evolution in (B — V) of these
three groups is also very similar. The Lira relations (Burns et al. 2014) included in
Figure 16 indicate that the majority of the SNe in each group have suffered host galaxy
reddenings of F(B — V) < 0.25 mag, consistent with E(B — V),s values derived
from SNooPy fits to the full photometry as well as equivalent width measurements of
the host Na I D absorption (see §7.3)%. The color evolution in (r — i) of the 91T-like
SNe is also quite similar to that of the 99aa-like and slow-declining CN SNe except
for the larger dispersion observed at phases between 10-25 days past maximum in

8 While it is not a given that the 91T-like SNe should follow the Burns et al. (2014) Lira relation
which was constructed from the CSP-I sample that did not include any 91T-like events, the close
similarity of the spectra of 91T-like SNe to 99aa-like and slow-declining CN SNe at epochs greater
than +30 days (e.g., see Paper I) suggests that it may apply to all slow-declining SNe Ta.
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Figure 16. Evolution of the apparent (B —V') and (r —i) colors of 91T-like (left), 99aa-like
(middle), and slow-declining CN SNe (right) observed by the CSP-II. These are the same
objects whose BVri light curves are plotted in Figure 13b and Figures 14a and b. The
color measurements have been K-corrected and also corrected for Milky Way reddening.
The numbers in parentheses after the names of the SNe in the legends are the values of
E(B — V)post estimated using SNooPy. The dashed lines in the (B — V') plots are the Lira
relations for unreddened SNe as given in equation 6 of Burns et al. (2014).

the colors of the 91T-like events. The latter reflects the dispersion in the depth of
the minimum between the primary and secondary maxima of the i-filter light curves
observed for the 91T-like SNe.

In Figure 17, the (B — V') and (r —¢) color evolution of the 91T-like, 99aa-like, and
slow-declining CN SNe with SNooPy-inferred host galaxy reddenings of E(B—V)0s <
0.10 mag is compared. The agreement is generally good between the three groups.
Some of the observed dispersion is likely due to host reddening, but there is almost
certainly an intrinsic component as well, especially in the (r — i) colors. The largest
dispersion is observed for the slow-declining CN SNe, with the (B — V') colors of
LSQ14gov and LSQlbaja at phase > 15 days appearing noticeably bluer than the
other slow-declining CN events.

We conclude that the optical colors of the 91T-like SNe are generally similar to
those of 99aa-like and slow-declining Branch CN SNe. This is especially true within
a week of maximum light. The largest differences in colors are observed in (r — 1)



26 PHILLIPS ET AL.

Slow-declining CN:

o ASASSN-14kq (0.08)
© ASASSN-15cd (0.04)
> LSQ1l14auy (0.10)
A& LSQ14gov (0.02)
v iIPTF14gnl (0.06)
< LSQ15aja (0.04)

[Ter T T[T rrrrrr
<

o
o
g

99aa-like:

SN2012G (0.07)
| ; | ; | : | : | : | : | : SN2013ad (0.01)

I I I I I I I ASASSN-14hp (0.01)
ASASSN-14me (0.09)
ASASSN-15as (0.01)
LSQ12agh (0.05)
PS15sv (0.10)

_ﬁ
— A
A
S .
1
1
1
1
ll
IIIIIIIIIIIIIIIIII

ga_
@E
gEr
@eag:’.""
g
g
PN

91T-like:

o LSQ12gdj (0.07)
o CSS130303:105206-133424 (0.09)

o MASTER OT 093953.18+165516.4 (0.06)
A SN2014dl (0.10)

v OGLE-2014-SN-141 (0.10)

llllllllll%lﬁll*l
0
'gﬁ;
Q
B
[
()

IIIIIIIIIIeI

I NI T T AT (T R
-10 0 10 20 30 40 50 60
Days SinceB, .

Figure 17. Color evolution in (B—V') and (r—1) of the 91T-like (magenta symbols), 99aa-
like (cyan symbols), and slow-declining CN SNe (black symbols) with low host reddenings
E(B — V) <0.10 mag observed by the CSP-II. The dashed line in the (B — V') plot is the
Lira relation for unreddened SNe as given in equation 6 of Burns et al. (2014).

at 10-25 days past maximum, and are ascribed to the larger dispersion in the depth
of the minimum between the primary and secondary maxima of the ¢-filter light
curves, which is peculiar to the 91T-like SNe. It should be noted, however, that
Stritzinger et al. (2018) published evidence for a strong dichotomy in the “slopes”
of the (B — V) colors of Branch SS (“shallow-silicon”) and CN SNe during the first
5 days following explosion. These authors found that, with the exception of SN 2012fr
(discussed in §5.4), the Branch SS events (which are the combination of 99aa- and 91T-
like SNe) were observed to have blue, nearly constant colors over this period, whereas
the Branch CN SNe exhibited red colors that evolved rapidly. Unfortunately, this
difference is apparent only in the first few days following explosion, and none of the
91T-like or 99aa-like SNe plotted in Figures 16 or 17 were caught that early. On the
basis of observations of SNe Ia discovered within five days of explosion, Bulla et al.
(2020) have disputed the existence of a dichotomy of slopes in the early evolution
of the (g — r) colors of Branch SS and CN events, but rather argue that there is a
continuous distribution of these. However, the Bulla et al. measurements have large
associated errors, and the range of slopes observed in the evolution of the (g—1) colors
over the first five days is approximately half that observed in (B — V). Clearly, more
high precision photometry of SNe caught very soon after explosion will be needed to
resolve this point.
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5.3. Ultraviolet Light Curve Morphology

Since 2005, the Neil Gehrels Swift Observatory (Gehrels et al. 2004) has provided
a unique opportunity to study the UV properties of SNe la (see the review by
Brown et al. 2015). Over the years, Swift Ultra-Violet/Optical Telescope (UVOT;
Roming et al. 2005) photometry has been obtained for a number of 91T-like, 99aa-
like, and slow-declining Branch CN SNe. In Figure 18, the normalized Swift/UVOT
light curves in the U, UVW1, UV M2, and UVW?2 filters are plotted for some of the
best-observed of these events, which are also listed in Table 2. Clearly the strong
similarity of the light curves of the 91T-like, 99aa-like, and slow-declining Branch CN
SNe observed at optical wavelengths does not extend to the UV. In particular, the
rising light curves to maximum of the 91T-like and 99aa-like events are significantly
broader in all three filters than those of the slow-declining Branch CN SNe. Moreover,
it appears to be the case that the 91T-like SNe reach maximum at UV wavelengths
several days earlier than the 99aa-like and slow-declining Branch CN events. At post-
maximum epochs, the light curves show less dispersion. The broader pre-maximum
UV light curves of the 99aa-like and 91T-like SNe were previously noted and described
by Jiang et al. (2018) who referred to these objects as luminous early-excess SNe, or
“EExSNe Ia”. These authors concluded that all 99aa-like and 91T-like SNe showed
such enhanced UV emission when discovered sufficiently early, which they ascribed
to a “SNi-abundant outer layer”.

Note that the slow-declining Branch CN SN 2017cbv stands out as an exception
in Figure 18, displaying a strong UV excess during the first five days of observa-
tions, but then reverting to a pre-maximum rise similar to the other slow-declining
Branch CN SNe. Hosseinzadeh et al. (2017), who discovered and described this phe-
nomenon, suggested that it might be due to an interaction with a companion star
or circumstellar material, or the presence of **Ni in the outermost ejecta. In their
study of 42 SNe Ia with early-time optical and UV light curves, Hoogendam et al.
(2023) classified SN 2017cbv as a “Double” event, showing a two-component power-
law rise. These authors found that such objects are more luminous than SNe la with
single-component power-law rises ten days before peak and earlier.

In interpreting these plots, care must be taken since no K-corrections have been
made. However, these are likely to be small at these relatively small redshifts (e.g.,
see Appendix B of Milne et al. 2013). It should also be noted that although the
peak transmission of the UVW1, and UVW?2 filters is in the UV, they both have
red tails that extend to optical wavelengths (e.g., see Figure 1 of Brown et al. 2010).
Thus, the effective wavelengths of these filters can shift significantly with light curve
phase as the color of the SN evolves, complicating the interpretation of the observed
differences. Nevertheless, the differences at early epochs must come from the UV due
to the uniformity of the optical light curves (see Figures 13, 14, and 17).
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Figure 18. Swift U, UVW1, UV M2, and UVW?2 light curves of 91T-like (magenta), 99aa-
like (cyan), and slow-declining Branch CN (black) SNe. The observations are corrected for
time dilation and normalized to the same magnitude at maximum light in each filter. The
time axis is the time (in days) with respect to the phase of By,4z.

5.4. Ultraviolet—Optical Color Evolution

The UV spectra of SNe Ia are known to display a greater diversity than is observed
at optical wavelengths (e.g., see Ellis et al. 2008; Cooke et al. 2011; Foley et al. 2016).
Early-on in the explosion, the principal source of opacity at optical and NIR wave-
lengths is electron scattering, causing the SN ejecta to become rapidly more trans-
parent (e.g., see Figure 1 of Hoeflich et al. 2017).
wavelengths is different since the opacity at early epochs is dominated by a very large

However, the situation at UV

number of overlapping lines of iron-peak elements that allow only the outermost lay-
ers to be penetrated (e.g., see Hoflich et al. 1998; Lentz et al. 2000; Sauer et al. 2008;
DerKacy et al. 2020). The brightness of SNe Ia in the UV compared to the opti-
cal has therefore been looked upon as a possible probe of the progenitor metallicity.
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Table 2. Host Galaxy Reddenings of SNe with
UV Photometry

SN Name E(B-YV) Ry Reference @

91T-like

LSQ12gdj 0.03 (0.01)  3.46 (0.95) 1
SN2016hvl 0.25 (0.02)  2.99 (0.61) 2
SN2017awz 0.09 0020 ... 3
SN2017glx 0.06 (0.01)  2.50 (0.27) 2
ASASSN-14kd  0.29 (0.02)  3.15 (0.38) 1
SN2014eg 0.32 (0.01)  2.20 (0.28) 1
99aa-like

SN2007S 0.47 (0.02)  2.40 (0.17) 1
SN2007cq 0.12 (0.01)  2.51 (0.22) 4
SN2009jr 0.61 (0.02)  1.66 (0.34) 5
SN2011fs 0.08 (0.01)  3.01 (0.39) 2
SN2012G 0.04 (0.01)  3.70 (1.02) 1
SN2012fr 0.07 (0.01)  2.33 (0.67) 1
iPTF14bdn  -0.03 (0.03)  3.00 (0.37) 6
SN2015M 0.09 (0.02)  2.92 (0.80) 1

Slow-declining Branch CN

SN2009cz 0.11 (0.01)  3.34 (0.72) 1
ASASSN-14lp  0.35 (0.01)  2.22 (0.20) 1
PS1-14xw 0.12 (0.02)  3.31 (0.75) 1
SN2011fe 0.06 (0.01)  2.99 (0.16) 7
SN2013aa 0.04 (0.02)  3.62 (0.99) 1

NoTE—Unless otherwise specified, the E(B—V') and Ry val-
ues were derived using the “color_model” model in SNooPy.
Errors are given in parentheses.

@References to photometric data used to derive host extinc-
tion parameters with SNooPy.

bE(B — V) derived using the “EBV_model2” model in
SNooPy”.

References— (1) CSP-II; (2) Stahl et al. (2019); (3)
Foley et al. (2018); (4) Ganeshalingam et al. (2010); (5)
Hicken et al. (2012); (6) Brown et al. (2014); (7) Photome-
try in the CSP-I filters synthesized from the spectrophoto-
metric data of Pereira et al. (2013)

Pan et al. (2020) claimed to observe just such an effect from UV spectroscopy, but
this assertion has been challenged by Brown & Crumpler (2020) based on an analysis
of UV—optical colors. Importantly, as argued by DerKacy et al. (2020), higher tem-
peratures in the outermost ejecta (e.g., produced by differing density profiles or *Ni
distributions) that alter the Fe III/Fe II ratio can significantly complicate efforts to
determine progenitor metallicity from UV spectra.

Figure 19 displays the extinction-corrected color evolution, (vvwl—v) and (uvm2—
wvwl), in the Swift UVOT filters for the 91T-like, 99aa-like, and slow-declining
Branch CN SNe listed in Table 2. Extinction corrections in the UV filters are compli-
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cated because the reddening coefficients (e.g. Aupw1 = Ruww1 X E(B—V)) are spectral
dependent and non-linear with increasing £(B — V') (Brown et al. 2010). In order to
estimate the UV extinction corrections for the UVOT filters we performed the follow-
ing steps for each SN. A UV spectrum of the slow-declining SN 2013dy (Pan et al.
2015) near maximum light was first dimmed by the line-of-sight Milky Way reddening
from Schlafly & Finkbeiner (2011) using the Cardelli et al. (1989) law with Ry = 3.1.
Best-fit host galaxy reddening E(B — V') and Ry values (listed in Table 2) inferred
from the optical and NIR colors of each SN using the method of Burns et al. (2014)
were then used to further extinguish the SN 2013dy spectrum. The magnitude dif-
ference between the original and extinguished spectra in each filter was taken as the
extinction value and used to correct the color.

The red and blue regions in Figure 19 show the color evolution (uncorrected for
reddening) of the near-UV red and blue groups from (Milne et al. 2013). Unlike the
optical colors, the differences in the (uvwl — v) color evolution between the three
subgroups are considerably more evident. All of the members of the three subgroups
lie within or below the blue edge of the Milne et al. (2013) blue group. However, the
pre-maximum colors of the 91T-like SNe are, on average, considerably bluer than the
colors of both the 99aa-like events and the slow-declining Branch CN SNe. This is
particularly true at the earliest epochs observed. In the case of the 91T-like LSQ12gdj,
the (uvwl — v) color grew steadily redder from —0.25 mag at —9 days to a value of
+0.55 mag at maximum light. This contrasts with the Branch CN SN 2011fe for
which the (uwvwl —v) color at —9 days was +0.90 mag, evolving through a minimum
value of +0.55 mag at —5 days, and then growing redder to +0.82 mag at maximum.
Except for SN 2012fr (see below), the (uvwl —wv) color evolution of the 99aa-like SNe
appears to be intermediate between that of the 91T-like events and the slow-declining
Branch CN SNe. The well-studied 99aa-like iPTF14bdn (Smitka et al. 2015), which
was discovered within a few days of explosion, showed a steady evolution to redder
(uvwl—u) colors from —16 to —9 days in contrast to the Branch CN SN 2011fe which
evolved rapidly from red to blue over the same period. Unfortunately, no 91T-like
SNe have yet been observed at these early epochs, although the steady evolution of
LSQ12gdj from bluer to redder (vvwl — v) colors from —9 to —5 days is clearly more
similar to iPTF14bdn than to SN 2011fe, albeit offset to bluer colors.

Comparison of the evolution of the (uvm2 — uvwl) color is limited by the small
number of SNe with well-observed uvm2 light curves. In general, the 91T-like and
99aa-like events display (uvm2—uvwl) colors that again fall within or below the blue
edge of the Milne et al. (2013) blue group. Interestingly, the blue colors of the 99aa-
like SNe 2007cq and 2015M, and the 91T-like SN 2016hvl, do not have corollaries
among the slow-declining Branch CN SNe, although small numbers may enter into
play here. Hoogendam et al. (2023) have suggested that the (uvm2—wuvwl) color can
be used to distinguish between normal SNe Ia and 02es-like (Ganeshalingam et al.
2012) and 03fg-like (Howell et al. 2006) events. It should be noted, however, that the
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Figure 19. Color evolution in (uvwl —v) and (vvm2 — uvwl) of the 91T-like (upper-left),
99aa-like (upper-right), and slow-declining CN SNe (lower). As detailed in the text, the
colors have been corrected for both Milky Way and host galaxy dust extinction. The near-

UV red and blue groups defined by Milne et al. (2013) are indicated by the red and blue
regions, respectively.

evolution of the (uvm2 —uvwl) colors of the two 99aa-like SNe, 2015M, and 2016hvl,
is indistinguishable from that of the 02es-like and 03fg-like SNe plotted in Figures 2
and 5 of Hoogendam et al..

The differences in the pre-maximum (uvwl — v) color evolution of the 91T-like,
99aa-like, and slow-declining Branch CN SNe are likely related to the differences
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observed by Stritzinger et al. (2018) in the slope of the (B — V') color evolution at
early epochs between Branch SS and CN events. As will be presented in §7.2, there
is no strong evidence that the distributions of the gas phase metallicities of the local
host galaxy environments of the 91T-like, 99aa-like, and slow-declining Branch CN
SNe are significantly different. It is unlikely, therefore, that the differences in the
pre-maximum (uvwl —v) color evolution seen in Figure 19 are a metallicity effect. In
their study of the 99aa-like iPTF14bdn, Smitka et al. (2015) obtained Swift UVOT
grism spectra revealing that the blue (uvwl — v) color of this object at early epochs
was a temperature effect produced by a predominance of doubly-ionized iron-peak
elements that created an opacity “window” at near-UV wavelengths. This effect was
ascribed by these authors to the mixing of °*Ni into the outer ejecta.

Finally, the (uvwl — v) color evolution of the 99aa-like SN 2012fr deserves special
mention since, at the earliest epochs, it more closely resembles that of the Branch
CN SN 2011fe rather than the 99aa-like iPTF14bdn. The fact that SN 2012fr falls
near the border separating the Branch SS and CN subtypes (Childress et al. 2013b;
Contreras et al. 2018) may partially explain this. However, as discussed in detail
by Contreras et al. (2018), SN 2012fr showed photometric and spectroscopic proper-
ties that link it more closely to the peculiar Branch SS SN 2000cx (Li et al. 2001b;
Candia et al. 2003) than with typical Branch SS SNe.

6. PSEUDO-BOLOMETRIC LIGHT CURVES

In this section we calculate UV-optical integrated luminosity light curves for three of
the best observed examples of 91T-like, 99aa-like, and slow-declining Branch CN SNe
Ta: LSQ12gdj (Scalzo et al. 2014b), iPTF14bdn (Smitka et al. 2015), and ASASSN-
141p (Shappee et al. 2016). To create these “pseudo-bolometric” light curves we em-
ployed the following procedure. Ultraviolet data for the 91T-like SN LSQ12gdj, the
99aa-like iPTF14bdn, and the slow-declining Branch CN SN ASASSN-14lp were ob-
tained from the Swift Optical Ultraviolet Supernova Archive (SOUSA; Brown et al.
2014), and optical photometry was obtained from Scalzo et al. (2014b), Smitka et al.
(2015), and Shappee et al. (2016), respectively. A grid of the observation dates was
created, and magnitudes from the filters were linearly interpolated so that each epoch
had a magnitude in each filter. At each epoch, the closest spectral epoch (in days
since By,) from the UV spectral series of ASASSN-14lp was selected. To mimic
the actual path of the photons, this rest-frame spectrum was reddened by the esti-
mated host galaxy dust. The resulting host-reddened spectrum was then redshifted
to the observer frame of the SN and reddened by the Milky Way reddening from
Schlafly & Finkbeiner (2011). That spectrum, which mimics what would reach the
Earth, was then color-matched to be consistent with the multi-band photometry
of the epoch that was actually observed. The reddened, redshifted, color-matched
spectrum was then dereddened by Milky Way dust, deredshifted into the rest frame
and dereddened by the estimated host dust, and converted from observed flux to
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Table 3. Bolometric Light Curve Parameters

SN (m — M) (mag) @ t(Bmax)b t(first light)c Rise Time (days)d
ASASSN-14lp  30.82 (0.45)  57015.3 (0.0) 56998.9 (0.1)€ 16.3 (0.1)
iPTF14bdn 3000 (0.14) 568222 (0.1) 56803.8 (0.5 18.1 (0.5)
LSQ12¢dj 35.48 (0.08) 56253.6 (0.1) 56237.1 (1.0)9 16.0 (1.0)

@Distance moduli for iPTF14bdn and LSQ12gdj derived from zcopsp assuming standard
ACDM cosmology and a fixed Hubble constant Ho = 72 km s~! Mpc~!, density parameter
Q= 0.27, and cosmological constant parameter 25 = 0.73, with errors corresponding to
an assumed peculiar velocity of 300 km s—1. For ASASSN-14lp, the Tully-Fisher distance
modulus of Tully et al. (2016) for the host galaxy NGC 4666 was adopted, adjusted for
Ho =72 km s~ Mpc~1.

bMJID of B maximum derived from SNooPy fits to the available photometry. Errors given
in parentheses.

€ MJD of the time of first light. Errors given in parentheses. See text for details.
dRise time to B maximum in days, corrected for time dilation.

€ Shappee et al. (2016)

fcao et al. (2014)

9 Scalzo et al. (2014b)

luminosity using the distance to each object (see Table 3). This spectrum was then
integrated between the wavelengths of 2000 and 9000 A. Although NIR photome-
try was not included in the calculation of these pseudo-bolometric light curves since
no such data are available for iPTF14bdn, the contribution of the NIR is typically
<20% over the first three weeks after B,,,, for slow-declining SNe Ia (Scalzo et al.
2014a,b; Contreras et al. 2018). Beyond this phase, our light curves will significantly
underestimate the total UV-optical-NIR luminosity.

Figure 20 displays the results of these calculations where total luminosity from 2000
9000 A is plotted versus time since first light. The host galaxy reddenings adopted for
LSQ12gdj and ASASSN-14lp are given in Table 2, while for iPTF14bdn we assumed
zero host reddening. As indicated in Table 3, distances for LSQ12adj and iPTF14bdn
were calculated using their host galaxy redshifts, whereas for ASASSN-14lp we opted
to use a Tully-Fisher distance because of the proximity of its host. Fortunately, the
times of first light of these three SNe are known to +1 day or better (see Table 3).
Note that Scalzo et al. (2014b) independently computed a UV-optical-NIR bolometric
light curve for LSQ12gdj. After correction to the same Hubble constant, our result
compares reasonably well through 20 days past ¢(By,..), after which the additional
luminosity from the NIR included in the Scalzo et al. (2014b) calculation becomes
noticeable.

Two things are immediately evident in Figure 20. First, and most obvious, is the
much greater luminosity at maximum of the 91T-like LSQ12gdj, ~2-5 times greater
than the peak luminosities of iPTF14bdn and ASASSN-14lp. This is a much larger
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Figure 20. Pseudo-bolometric light curves of the 91T-like SN LSQ12gdj, the 99aa-like
iPTF14bdn, and the slow-declining Branch CN SN ASASSN-14lp integrated between 2000—
9000 A. The data are plotted as a function of time in days since first light. The gray shading
indicates the luminosity uncertainty for ASASSN-141p due to the large error in its distance
(see Table 3).

luminosity difference at peak than is observed at optical and NIR wavelengths, and
likely reflects the greater mixing of *Ni into the outer ejecta of the 91T-like SNe.
Secondly, LSQ12gdj reaches maximum approximately four days before the other two
SNe. Interestingly, the light curve of the 99aa-like iPTF14bdn is also somewhat
broader than those of LSQ12gdj and ASASSN-14Ip. Clearly there is a need for more
high-quality UV, optical, and NIR photometry of other 91T-like, 99aa-like, and slow-
declining to explore the full dispersion of bolometric light curve properties.

7. HOST GALAXIES

Luminous, slow-declining SNe Ia have long been known to preferentially occur
in star-forming galaxies (Hamuy et al. 1996a; Riess et al. 1999; Hamuy et al. 2000;
Sullivan et al. 2006; Neill et al. 2009). Indeed, all but one of the 91T-like SNe in
the literature and CSP-II samples with host morphological classifications in the
NASA/IPAC Extragalactic Database (NED) (2019)? occurred in spiral galaxies. In
this section, we examine and intercompare in more detail the host galaxy properties
of the 91T-like, 99aa-like, and slow-declining Branch CN SNe in the CSP-II sample.

9 NED is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract

with the National Aeronautics and Space Administration.
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7.1. Masses

Figure 21 displays the cumulative histogram of host galaxy masses of the full
sample of 193 CSP-II SNe Ia for which it was possible to unambiguously assign a
host. These measurements are taken from Uddin et al. (2023), and were derived from
uBgVriY JH imaging following the procedures detailed in Uddin et al. (2020). Plot-
ted in the same diagram are the host mass distributions for the CSP-II 91T-like,
99aa-like, and slow-declining Branch CN subsamples. Since the numbers of the 91T-
like and 99aa-like SNe are small, the histogram of the CSP-II Branch SS SNe — which
is the combination of the 91T-like and 99aa-like subsamples — is also included in the

figure.
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Figure 21. Cumulative histograms of the host galaxy masses of 91T-like (magenta), 99aa-
like (cyan), and Branch slow-declining CN SNe (black) observed by the CSP-II. Also plotted
is the host mass distribution of the Branch SS subsample (brown), which is the combination
of the 91T-like and 99aa-like SNe. The number of SNe in each of these subsamples is
indicated in the figure legend. The cumulative host mass distribution for the full sample of
193 CSP-II SNe Ia is plotted with a dashed blue line. Shown in the lower-right corner are
the p values derived from two-sample K-S tests with the full CSP-II SNe Ia sample serving
as the reference. These are color-coded to indicate the different CSP-II subsamples (CN =
slow-declining Branch CN; 99aa = 99aa-like; 91T = 91T-like; SS = 99aa-like + 91T-like).

A Kolmogorov-Smirnov (K-S) test comparing the cumulative distribution of host
masses of the slow-declining Branch CN SNe with the full sample of CSP-II SNe
gives a p value of 0.65, indicating that the K-S test is unable to distinguish the two
distributions at the 95% confidence level. A K-S test comparing the host masses of
the Branch SS SNe with the full CSP-II sample gives p = 0.10, meaning again that
it is not possible to distinguish between the two distributions at the 2-c level. A
K-S test comparing the 91T-like SNe with the full CSP-II sample returns p = 0.57,
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implying a similar conclusion, but the p value of 0.03 returned by a K-S test for
the 99aa-like subsample is inconsistent with this hypothesis. Thus, we conclude that
the distributions of host masses of the Branch SS and slow-declining Branch CN
subsamples are statistically indistinguishable from the distribution for the full CSP-
IT sample of SNe Ia, but there is some evidence that 99aa-like SNe explode in host
galaxies with somewhat lower masses. Larger samples of 91T-like and 99aa-like SNe
with well-determined host masses are needed to reach any stronger conclusions.

As detailed in §A.2, no true 91T-like events were found among the 121 SNe Ia
observed during the course of the CSP-I. However, nearly 90% of the SNe Ia in the
CSP-I sample came from targeted searches that are strongly biased toward luminous
(massive) host galaxies, whereas 96% of the CSP-II SNe were drawn from untargeted
searches. In Figure 22, which compares cumulative histograms of the host galaxy
masses of the CSP-I and CSP-II SNe Ia samples, it is clearly seen that the CSP-
I sample is heavily weighted towards massive hosts, consistent with other studies
comparing the distributions of host masses of SNe Ia discovered in targeted versus
untargeted surveys (e.g., see Figure 4 of Galbany et al. 2018). The median host mass
of the 91T-like SNe in the CSP-II sample is log (M},s:/Me) = 10.0, and nine out of
ten have log (Mpest/ M) values less than the median host mass of the CSP-I sample
of log (Mpest/Mg) = 10.6. In contrast, only 20% of the hosts in the CSP-I sample
have log (Mpost/Ms) < 10.0. Thus, it is not so surprising that the CSP-I sample
of SNe Ia does not include any 91T-like events, particularly considering the rarity of
these objects compared to the total population of SNe Ia (see §9).

7.2. Integral Field Unit Spectroscopy

Through integral field unit (IFU) spectroscopy, properties of the local (1 kpc?) SN
environment such as age, metallicity, and star formation rate can be studied. Of
the total of 51 SNe comprising the 91T-like, 99aa-like, and slow-declining Branch
CN events in the CSP-II sample, IFU observations are available for 45. Of these,
all but four reveal detectable ionized gas. The breakdown into subtypes of these 41
SNe is as follows: 7 91T-like SNe, 11 99aa-like events, and 23 slow-declining Branch
CN SNe. IFU data for 34 of these hosts were obtained as part of the All-weather
MUse Supernova Integral-field of Nearby Galaxies (AMUSING; Galbany et al. 2016;
Loépez-Coba et al. 2020) survey which is focused on studying the host environments of
different types of SNe. These observations were acquired using the Multi-Unit Spec-
troscopic Explorer (MUSE; Bacon et al. 2010) mounted on the Unit 4 (“Yepun”)
telescope at the ESO Very Large Telescope at the the Cerro Paranal Observatory.
The remaining seven hosts were observed with the Potsdam Multi-Aperture Spec-
trophotometer (PMAS Roth et al. 2005) in the PPak configuration (Kelz et al. 2006)
on the 3.5 m Calar Alto telescope as part of the PMAS /PPak Integral-field Supernova
hosts COmpilation (PISCO) program (Galbany et al. 2018).
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Figure 22. Cumulative histograms of the host galaxy masses of the CSP-I (black) and CSP-
IT (red) SNe Ia samples. Note the heavy weighting to larger masses of the CSP-I sample,
which was mostly drawn from targeted SN searches, compared to the CSP-II sample, which
came nearly entirely from untargeted searches. Also plotted is the host mass distribution
of the updated PISCO sample (see 7.2) which has been shifted to lower mass values by
0.12 dex to account for differences in the Hubble constants and stellar initial mass functions
(Rana & Basu 1992 versus Salpeter 1955) assumed in computing the masses for the CSP-I
and CSP-II samples (Uddin et al. 2020, 2023) and the PISCO sample (Galbany et al. 2018).

Analysis of the IFU spectroscopy was carried out following the procedures detailed
by Galbany et al. (2014) and Galbany et al. (2016). Briefly, after correction for Milky
Way dust extinction using the maps of Schlafly & Finkbeiner (2011), the stellar con-
tinuum in each spectrum was fit using STARLIGHT (Cid Fernandes et al. 2005, 2009)
which assumes that a galaxy can be represented as the sum of spectra of a single
stellar population with different ages and metallicities. The STARLIGHT fits were
then subtracted from the spectra to obtain pure nebular emission line spectra to al-
low measurement of fluxes for the strongest emission lines (Hj, [O III] A5007, Ha,
[N II] AN6548, 6583, and [S I} 6717, 6731). These measurements were then corrected
for host galaxy extinction using the observed ratio of the Ha and HS fluxes and assum-
ing an intrinsic ratio of 2.86 representative of typical H II regions. The star formation
rate (SFR) may then be calculated from the extinction-corrected Hoa flux (Kennicutt
1998) which, in turn, allows the SFR density (Xspr = SFR/area) and the specific
SFR (sSFR = SFR/mass) to be estimated. The Ha equivalent width (EW) provides
insight into the strength of current SFR compared to the past SFR and can be used
to estimate the age of the youngest stellar population (e.g., see Kuncarayakti et al.
2016, and references therein). Finally, the oxygen abundance of the ionized gas was
estimated using an empirical method (O3N2) based on the extinction-corrected flux
ratio of the [O III] A5007 and HA emission lines as calibrated by Marino et al. (2013).
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Figure 23. Cumulative histograms of local environmental properties derived from IFU
observations. Shown in the upper-left corner of each plot are the p values derived from two-
sample K-S tests with the updated PISCO sample serving as the reference sample. These
are color-coded to indicate the different CSP-II subsamples (CN = slow-declining Branch
CN; 99aa = 99aa-like; 91T = 91T-like; SS = 99aa-like + 91T-like).

Figure 23 displays cumulative histograms of four local parameters derived from the
IFU spectroscopy for the CSP-IT 91T-like, 99aa-like, Branch SS, and slow-declining
Branch CN SNe. Since IFU observations of the full sample of CSP-II SNe Ia are not
yet available, we use an updated version of the PISCO sample (Galbany et al. 2018)
as a reference. This sample now numbers 228 SNe Ia hosts, or double the number
published by Galbany et al. (2018). However, an important caveat is that slightly
more than half (56%) of the SNe in the PISCO sample were discovered in targeted
searches, and so the sample is biased to higher host galaxy masses than is the CSP-II
sample. As illustrated in Figure 22, the cumulative distribution of host masses of the
updated PISCO sample closely resembles that of the CSP-I.
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The cumulative distributions of the star formation rate parameters, srgr and sSFR,
for the CSP-II 91T-like, 99aa-like, Branch SS, and slow-declining Branch CN SNe
displayed in Figure 23 are all very similar, and also resemble the distributions of these
two parameters for the PISCO SNe Ia sample. This is born out by two-sample K-S
tests for each subsample compared with the PISCO sample which all give p > 0.05,
indicating that they cannot be distinguished at the 95% confidence level.

In the case of the Hae EW, the histograms of the CSP-II 91T-like, 99aa-like, and
Branch SS are, again, all consistent with being indistinguishable from the distribu-
tion of the same parameter for the PISCO sample. However, this is not the case
when comparing the slow-declining Branch CN SNe with the PISCO sample. Here,
Figure 23 shows that the median Ha EW for the slow-declining Branch CN SNe is
20 A whereas the median for the PISCO sample is 8 A. This is confirmed by the the
two-sample K-S test which gives p < 0.05, rejecting at the 95% confidence level the
hypothesis that they are consistent with the same distribution.

Regarding the local host galaxy oxygen abundance, the K-S test p values in the
0O3N2 diagram imply that the distributions for the 91T-like and slow-declining Branch
CN SNe are indistinguishable from the PISCO sample distribution, but the distri-
bution for the hosts of the 99aa-like SNe may be different. However, combining the
91T-like, 99aa-like, and slow-declining Branch CN SNe and then performing a K-S
test comparing the distribution of oxygen abundances with the PISCO sample yields
a p value of 0.05, in which case we cannot rule out the hypothesis that they are drawn
from the same population as the PISCO hosts.

In summary, in most cases, the local environment parameters derived from the
analysis of the IFU spectroscopy of the CSP-II 91T-like, 99aa-like, and slow-declining
Branch CN SNe hosts suggest that, overall, they are similar to the general population
of SNe Ia host galaxies as represented by the PISCO sample. The 99aa-like hosts
may have a lower median oxygen metallicity than the PISCO sample, and the slow-
declining Branch CN SNe appear to have a larger Hoe EW compared to the PISCO
sample. It will be interesting to see if these differences hold up when the full IFU
data set for the CSP-II sample can be used as the reference sample in place of the
PISCO sample.

7.3. Na I D Absorption

Optical spectra of SN 1991T showed prominent Na I D absorption at the redshift
of its host galaxy (Hamuy et al. 1991; Sivaraman et al. 1991; Wheeler et al. 1991).
The B-band light curve was also observed to flatten ~600 days after explosion be-
cause of a presumed light echo (Schmidt et al. 1994), which was confirmed by images
obtained a few years later with the Hubble Space Telescope by Sparks et al. (1999).
Sparks et al. interpreted the echo as arising from dust extending to ~50 pc from
the SN, but an unpublished reanalysis suggests that the dust could be much closer
(6-9 pc) and might have originated from the pre-explosion evolution of the progenitor
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system (Thormann et al. 2009). Although it is not clear if the gas that produced
the Na I D absorption in SN 1991T was associated with the dust that produced the
light echo, considering the possible link between 91T-like SNe and the Type Ia-CSM
subclass (see §8), it is interesting to ask whether 91T-like events preferentially show
stronger Na I D lines than do 99aa-like and slow-declining Branch CN SNe.
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Figure 24. (Upper) Equivalent width of the host galaxy component of Na I D absorption,
EW(Na I D), plotted versus the host reddening, E(B — V)gost, for the 91T-like, 99aa-
like, and slow-declining Branch CN SNe in the CSP-II sample. Plotted as a dashed line
is the relation given by Poznanski et al. (2012), while the gray area corresponds to the 1o
dispersion observed for lines of sight through the Milky Way (Phillips et al. 2013). (Lower)
Cumulative distributions of host galaxy equivalent widths for the 91T-like, 99aa-like, and
slow-declining Branch CN SNe in the CSP-II sample.

In an attempt to answer this question, Na I D equivalent widths were measured for
the 91T-like, 99aa-like, and slow-declining Branch CN SNe in the CSP-II sample. The
upper panel of Figure 24 shows these measurements plotted versus the host galaxy
dust extinction derived from analyses of the light curves using SNooPy. One third (9 of
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27) of the slow-declining Branch CN SNe, one fourth (3 of 12) of the 99aa-like events,
and one half (5 of 10) of the 91T-like SNe have 30 Na I D absorption detections.
The well-studied correlation between Na I D equivalent widths and color excess for
lines of sight through the Milky Way is plotted in the top panel of Figure 24. The
measurements for the SNe also display a loose correlation, albeit with considerably
more scatter, similar to that observed for a sample of 32 SNe Ia from high-dispersion
spectra (Phillips et al. 2013). In the lower panel of Figure 24, cumulative histograms
of all of the equivalent width measurements (including negative values) are plotted for
the three subsamples. The distributions for the 99aa-like and slow-declining Branch
CN SNe are quite similar, whereas that of the 91T-like events is skewed to higher
values. (This effect is also apparent in the upper panel of Figure 24.) However,
the numbers of 99aa-like and 91T-like SNe are small, and a K-S test comparing the
distribution of the 91T-like events to the slow-declining Branch CN SNe does not
allow us to reject the null hypothesis that the measurements for both subsamples are
drawn from the same population at the 95% confidence level. Clearly much larger
samples will be required to confirm or deny that interstellar Na I D absorption lines
are more common in 91T-like SNe.

8. SNE IA-CSM

As mentioned in the introduction to this paper, 91T-like SNe have been linked by
some investigators with the rare class of SNe Ia-CSM (see Silverman et al. 2013b;
Sharma et al. 2023, for detailed studies of the properties of these objects). In this
section, we take a close look at optical spectra of three of the best-observed examples
of SNe Ia-CSM at early phases when the SN ejecta-CSM interaction was weakest,
and compare them to spectra of SN 1991T at comparable epochs.

8.1. SN 2002ic

SN 2002ic was discovered approximately a week before maximum light by
Wood-Vasey et al. (2002) from images taken by the Near-Earth Tracking (NEAT)
program (Pravdo et al. 1999). An optical spectrum reported by Hamuy et al. (2002)
near maximum showed strong Fe III absorption features and weak Si II A\6355 ab-
sorption. Closer examination of this spectrum revealed prominent Ha emission with
a broad (1,800 km s™* FWHM) component suggestive of an ongoing SN eject-CSM
interaction (Hamuy et al. 2003a). In a detailed spectroscopic study covering the first
two months following discovery, Hamuy et al. (2003b) argued that the evolution of the
spectral features of SN 2002ic was very similar to that of a 91T-like SN, but diluted
in strength by continuous emission arising from the ejecta-—CSM interaction that also
accounted for its enhanced luminosity (My ~ —20.1 mag) at maximum light. These
authors suggested that the progenitor system included a massive asymptotic giant
branch (AGB) star that had undergone significant mass loss prior to the explosion
of an accompanying white dwarf. Subsequent modeling by Wood-Vasey et al. (2004)
suggested the presence of a ~100 a.u. gap between the SN and the CSM, consistent
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Figure 25. Spectra of three SNe Ia-CSM (SN 2002ic, PTF11kx, and SN 2018evt). In
each panel, comparison is made with a spectrum of SN 1991T at a comparable epoch with
respect to B maximum.

with the AGB star having been in the protoplanetary nebula phase at the time of
explosion.

The top panel of Figure 25 displays the spectrum of SN 2002ic at a phase of +2 days.
For comparison, a spectrum of SN 1991T is shown at a comparable epoch. The
similarity of the two is obvious in spite of the dilution of the absorption features in the
spectrum of SN 2002ic. Although this interpretation was questioned by Benetti et al.
(2006) who suggested that SN 2002ic might be a Type Ic supernova surrounded by
hydrogen-rich CSM, the cases of PTF11kx and SN 2018evt (see below) argue strongly
that SN 2002ic was, indeed, a 91T-like event.

8.2. PTF1ikz
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PTF11kx was discovered approximately two weeks before B maximum by the Palo-
mar Transient Factory. The middle panel of Figure 25 shows a comparison of a
spectrum obtained by Dilday et al. (2012) at a phase of —3 days with the spectrum
of SN 1991T at —4 days. Aside from the presence of unusually strong and narrow
Ca II H & K absorption, the evolution of the optical spectra of PTF11kx closely
resembled that of SN 1991T until a strong ejecta—CSM interaction began two months
after explosion (Dilday et al. 2012). Our measurements of pEW(Si II \6355) from
—3 days to +9 days are fully consistent with the evolution of SN 1991T, and the
B/g, R/r, and I/i light curves over the first three weeks after maximum were also
consistent with those of a luminous, slow-declining SN Ia, with Mz ~ —19.3 mag at
maximum, with the 7 /i light curve showing a clear secondary maximum and a primary
maximum that appears to peak before B maximum (see Figure S1 of Dilday et al.
2012).

If the observations had ended a month after maximum, PTF11kx would have been
classified as a typical 91T-like SN. However, by day +41, the Ca IT H & K absorption
had disappeared, and was replaced by emission lines with a broad (~1,000 km st
FWHM) P-Cygni profile marking the beginning of a strong ejecta—CSM interac-
tion. At the same time, Ha also developed a broad P-Cygni profile. The timing
of this interaction implies a distance from the SN progenitor to the CSM of ~700 a.u.
(Dilday et al. 2012). Three months after maximum, the r-band light curve had flat-
tened at an absolute magnitude of —16.3 (Dilday et al. 2012), independently signaling
a strong CSM interaction, and declined only very slowly thereafter in observations
obtained up to ~300 days after maximum (Silverman et al. 2013c¢). The spectrum of
PTF11kx at these late times also closely resembled that of other SNe Ia-CSM (e.g.,
SN 2005gj) at similar epochs (Silverman et al. 2013c).

8.3. SN 2018euvt

SN 2018evt (ASASSN-18ro) was discovered with the All-Sky Automated Sur-
vey for Supernovae (ASASSN; Shappee et al. 2014) Cassius telescope on 2018
August 11.0 (UT). From a PESSTO spectrum obtained two days later, the
SN was classified as a 91T-like event approximately nine days before maxi-
mum light (Brimacombe et al. 2018).  Publicly-available ASAS-SN photometry
(https://asas-sn.osu.edu/photometry; Kochanek et al. 2017; Jayasinghe et al. 2019),
uncorrected for the contribution of the host galaxy, shows the V-band light curve
appearing to approach maximum around 2018 August 22 UT. Unfortunately, the
data end at this point, presumably since the SN was rapidly becoming inaccessible
in the evening twilight sky. However, when ASAS-SN observations were resumed
in mid-December of 2018, Dong et al. (2018) reported that the SN was still visi-
ble at an absolute g-band magnitude of about —19 mag — i.e., nearly four mag-
nitudes brighter than expected for a 91T-like SN. These authors also reported that
re-inspection of the PESSTO spectrum on 2018 August 13 UT revealed prominent Ha
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emission with a FWHM of ~1,000 km s~ from a likely ejecta~CSM interaction. Light
curves obtained by both ZTF (https://lasair.roe.ac.uk/object/ZTF18actuhrs/) and
Gaia (http://gsaweb.ast.cam.ac.uk/alerts/alert /Gaial8dwd/) show that SN 2018evt
declined at a rate of only ~0.005 mag day~! from mid-December 2018 through mid-
August 2019, confirming an ongoing shock interaction (see also Sharma et al. 2023).
Extensive optical and infrared observations of this object have been published by
Yang et al. (2023) and Wang et al. (2024).

The lower panel of Figure 25 shows the PESSTO spectrum of SN 2018evt is well-
matched by a spectrum of SN 1991T obtained nine days before B maximum, although
the Fe IIT absorption features in SN 2018evt are somewhat diluted in comparison.
This is one of the earliest spectra obtained of a SN Ia-CSM. Like PTF11kx, strong
interstellar Ca II H & K absorption is also clearly visible in the PESSTO spectrum,
whereas the interstellar Na I D lines are much weaker. This is unusual for SNe Ia, in
which the strength of the Ca II interstellar lines is normally comparable to, or less
than, the strength of the Na I D lines, consistent with the lines having been produced
in the cold interstellar medium of the host galaxy. However, strong Ca II compared
to Na I originating in the CSM is expected if the SN explodes in a binary system
with a red giant star which has undergone significant mass loss (Chugai 2008).

Spectropolarimetry of SN 2018evt was obtained by Yang et al. (2023) from ~172—
219 days after V maximum. Over this period, the continuum polarization decreased
slowly from 0.55+0.23% to 0.33 +0.18%. In contrast, the polarization position angle
remained constant to within the errors as the photosphere recessed. Taken together,
these observations suggest SN 2018evt exploded within a massive aspherical CSM,
with dust forming three years after explosion in a dense shell between the shocked
CSM and SN ejecta (Wang et al. 2024).

9. DISCUSSION AND CONCLUSIONS

The goal of this research has been to describe the observational properties of 91T-
like SNe at UV, optical, and NIR wavelengths, and to attempt to understand how
these events fit into the general scheme of SNe Ia. The main findings (including those
of Paper I) may be summarized as follows:

e 91T-like SNe are the extreme members of the Branch SS group in displaying
the weakest Si IT and Ca II absorption at maximum light of any SNe Ia. In
cases where a spectrum at maximum light is unavailable, they can be identified
by plotting the pseudo-equivalent width of the Si II \6355 absorption versus
light curve phase for ¢t — t(B:) < +10 days. They are differentiated from
02cx-like and 03fg-like SNe in possessing i/I-band light curves that reach max-
imum before the epoch of B maximum, and that also display a clear secondary
maximum.

e 99aa-like SNe are the less extreme members of the Branch SS group. Lacking
knowledge of light curve phase, they can be difficult to distinguish from 917T-like
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SNe. For example, the spectrum of a 99aa-like SN a week before maximum is
essentially identical to that of a 91T-like SN at maximum.

The optical spectra of 91T-like SNe observed at similar phases are quite similar.
At pre-maximum phases, they are dominated by the Fe IIT A\4404 and 5129
absorption features, although the overall strengths of these lines vary from
object to object.

91T-like SNe are distinguished from 99aa-like and slow-declining Branch CN
SNe by a nearly flat evolution of the Si IT A6355 expansion velocity over phases
ranging from —10 to +10 days with respect to B maximum. Nevertheless, over
similar phases, the Si ITI A4560 line covers a much larger velocity range (from
—12,500 km s™! at —12 days to —5,000 km s~" at +6 days for SN 1991T),
comparable to what is observed for 99aa-like and slow-declining Branch CN
SNe. This is confirmed by a comparison of the Si IT A6355 profiles of SNe 1991T,
1999aa, and the Branch CN SN 2011fe which shows that, in all three cases, the
blue wings extend to velocities of ~ 20,000 km s~ *.

The S IT A\5449,5622 lines of 91T-like SNe are only clearly visible at phases
between —5 and +5 days, but cover a similar velocity range observed for slow-
declining Branch CN SNe over the same period of time. Taken together with
the previous point, the overall impression is that the IMEs in 91T-like, 99aa-
like, and slow-declining members of the Branch CN class are present at similar
velocities in the ejecta. Hence, the weakness and flat velocity evolution of the
Si IT A6355 line in 91T-like SNe is explained not by the IMEs being confined to
a small velocity range in the ejecta, but rather by the higher ionization of the
outer ejecta in these objects, which also accounts for the enhanced strength of
the Fe III absorption.

The two optical nebular spectra of 91T-like SNe obtained to date are closely
similar to those of 99aa-like and slow-declining Branch CN SNe, with the ex-
ception of the profile of the [Fe I1] and [Ni II] features between 7000 and 7600 A
where strong [Ca II) A7291,7324 emission appears to also be present in the two
91T-like SNe. The earlier appearance of [Ca II] emission in 91T-like SNe is
perhaps explained by greater mixing of **Ni into the IMEs.

In general, the NIR spectra of 91T-like, 99aa-like, and slow-declining Branch
CN events such as SN 2011fe are very similar at comparable epochs. The
major difference is the weakness of the Ca II triplet and Mg II A1.0927 pm
absorption at maximum and pre-maximum epochs in the spectra of 91T-like
SNe which, again, is explained by higher ionization conditions in the ejecta.
Velocity measurements of the blue edge of the H-band break at approximately
10 days past maximum for the 99aa-like and 91T-like SNe observed by the CSP-
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IT range from —14, 000 to nearly —16,000 km s™*, providing direct evidence of
significant mixing of °*Ni into the outer ejecta.

91T-like and 99aa-like SNe, as well as many slow-declining Branch CN SNe,
have strikingly similar B and V' light curves, and cannot be distinguished on the
basis of photometric parameters such as Amy5(B) and sgy. However, 91T-like
SNe show a larger diversity in the depth of the minimum between primary and
secondary maxima of the i-band light curves. This behavior is consistent with
model predictions that greater mixing of *°Ni into the region of the IMEs has
the effect of advancing the secondary maximum by a few days and to decrease
its contrast with respect to the primary maximum.

The (B—V') and (r—1) color evolution of the 91T-like SNe from —10 to +7 days
is generally similar to that of the 99aa-like and slow-declining Branch CN SNe.
The largest differences are observed in (r — i) from 410 to +25 days, reflecting
the larger dispersion in the depth of the minimum between the primary and
secondary maxima of the i-band light curves of the 91T-like SNe.

Much greater differences in light curve morphology are observed at UV wave-
lengths, with the 91T-like and 99aa-like events displaying considerably broader
pre-maximum UV light curves compared to the slow-declining Branch CN SNe.
The data also suggest that 91T-like SNe reach maximum in the UV a few days
earlier than do the 99a-like and slow-declining Branch CN SNe. Post maximum,
the differences in the UV light curves are less pronounced. The broader UV
light curves and earlier peaks are indicative of higher temperatures, most likely
caused by the greater outward mixing of *Ni.

As expected, differences in the pre-maximum UV —optical color evolution be-
tween the 91T-like, 99aa-like, and slow-declining Branch CN SNe are also much
more dramatic than in (B — V') and (r — ). The blue UV—optical colors of the
91T-like and 99aa-like events compared to the slow-declining Branch CN SNe
are likely related to the differences in the slope of the (B — V') color evolution
in the first few days following explosion found by Stritzinger et al. (2018) in
comparing Branch SS and CN SNe.

Hubble diagram residuals for the CSP-II samples of 91T-like, 99aa-like, and
slow-declining Branch CN SNe provide clear evidence that 91T-like SNe are
over-luminous by ~0.1-0.6 mag compared to 99aa-like and slow-declining
Branch CN SNe. This difference in luminosity is remarkably constant from
optical to NIR wavelengths, arguing that errant host galaxy dust corrections
are not to blame. The data further suggest that 99aa-like events may be in-
termediate in luminosity between 91T-like SNe and slow-declining Branch CN
SNe with similar decline rates.
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e A pseudo-bolometric light curve integrated from 2000-9000 A of the 91T-like
LSQ12gdj indicates that the peak luminosity of this event was ~2-5 times
greater, and was reached ~4 days earlier, than the maximum pseudo-bolometric
luminosities of the 99aa-like iPTF14bdn, and the slow-declining Branch CN SN
ASASSSN-141p. This is considerably larger than the differences in peak lumi-
nosity observed at optical and NIR wavelengths, providing yet further evidence
of the greater extent of mixing of °°Ni into the outer ejecta of 91T-like SNe.

e Like most luminous, slow-declining SNe Ia, 91T-like events occur preferentially
in star-forming galaxies. The cumulative distributions of the host masses of
the 91T-like and slow-declining Branch CN SNe observed by the CSP-II are
indistiguishable from that of the full CSP-II sample. While there is some ev-
idence that 99aa-like SNe may prefer hosts with somewhat lower masses, the
distribution for Branch SS (91T-like + 99aa-like) SNe cannot be distinguished
from that of the full CSP-II sample.

e [FU observations of the local host environment indicate that the cumulative
distributions of the SFR density, ¥spr, and the specific SFR, eSFR, of the
CSP-II 91T-like, 99aa-like, Branch SS, and slow-declining Branch CN SNe are
indistinguishable from the distributions of the same parameters for the PISCO
sample of SNe Ta. The same conclusion applies to the cumulative histograms of
the Ho EW values of the CSP-II 91T-like, 99aa-like, and Branch SS SNe, but
the subsample of slow-declining Branch CN SNe is characterized by a median
Ha EW that is twice that of the PISCO sample. The local host galaxy oxygen
abundances of the CSP-II 91T-like, Branch SS, and slow-declining Branch CN
SNe are all consistent with the distribution of abundances of the PISCO sample,
but this hypothesis is rejected at the 95% confidence level when considering
the 99aa-like SNe alone. The strength of these conclusions is unfortunately
limited by the small numbers of SNe for which information on the local host
environment is available, as well as the inclusion of a significant number of
targeted SNe in the PISCO sample.

e Taken together as a group, 91T-like SNe may show somewhat stronger host
galaxy Na I D absorption in their spectra than do the 99aa-like and slow-
declining Branch CN SNe, but this conclusion is also weakened by the small
sample sizes, particularly in the case of the 91T-like SNe.

e Three of the best-observed SNe Ia-CSM at early phases when the ejecta—CSM
interaction was weakest displayed spectra that were identical to spectra of
SN 1991T at similar phases.

Based on these findings, it could be argued that 91T-like SNe are not “peculiar”
in the sense of being an intrinsically distinct phenomenon, but rather are connected
to the larger population of luminous, slow-declining SNe Ia. The main properties
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that distinguish the 91T-like SNe from the 99aa-like and slow-declining Branch CN
events are the higher ionization observed in their outer layers, their greater peak
luminosities, and their broader UV light curves, all of which are related to the amount
of ®*Ni produced in the explosion and the extent to which it is mixed outward into
the ejecta.

Spectropolarimetric observations provide further evidence that the Branch SS
SNe (i.e., 91T-like and 99aa-like events) are closely related to the slow-declining
Branch CN SNe. The continuum polarization observed for most SNe Ia is
low (~0.3%; Cikota et al. 2019), indicating global asphericities of 10% or less
(Chornock & Filippenko 2008). Nevertheless, polarization in lines such as Ca IT and
Si II can be significant, especially before maximum light, reaching values as large
as ~1% (e.g., see Wang & Wheeler 2008; Patat 2017; Cikota et al. 2019)°. From
a study of 17 SNe Ia, Wang et al. (2007) showed that the polarization of the Si IT
A6355 line corrected to tp,,, = —b d was highly correlated with the decline rate
parameter Amy5(B) for “spectroscopically normal” events, with the slowest-declining
(Branch CN and SS) SNe showing the least Si II polarization. In the context of DDT
models, these authors interpreted this result as evidence that these SNe have suffered
more complete nuclear burning, thus erasing most of the chemical inhomogeneities
produced by the initial deflagration phase.

Viewing angle effects can be considered using early time Si II velocity gradients and
nebular phase line velocity shifts to examine the distribution of material along the
observer’s line of sight. The Si IT A6355 “velocity plateau” (Scalzo et al. 2012, 2014b)
and low-velocity gradient classification (Benetti et al. 2005) at early times are incon-
sistent with observing the outer layers of the ejecta at a “steep” viewing angle. As
shown in Figure 12, the nebular phase spectrum of SN 1991T has a fairly symmetric
[Fe II] 1.644 pm and only slightly blueshifted emission line profile indicating that the
iron-group elements located around the geometric center of the SN ejecta. The com-
bination of low polarization with early- and late-time line velocity evolution suggests
that 91T-like SNe Ia do not exhibit the asymmetries expected from a significantly
off-center ignition (Maeda et al. 2010).

In spite of the large amount of data presented in this paper in support of the
idea that 91T-like SNe are simply the extreme members of the general population
of luminous SNe Ia, the association of 91T-like events with the rare SNe Ia-CSM
may be difficult to reconcile with the original Nugent et al. (1995) conclusion that
the progression from normal to 91T-like SNe is purely a temperature effect. In the
majority of the SNe Ia-CSM discovered to date, the CSM interaction began too
early to be able to clearly detect spectral features of the underlying SN (e.g., see
Silverman et al. 2013b). However, in a recent study by Sharma et al. (2023) of 12
SNe Ta-CSM discovered in the course of the Bright Transient Survey of the Zwicky

10°As paraphrased by Patat (2017), SNe Ia “are globally spherical explosions [that] show chemical
asymmetries”.
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Transit Factory (ZTF), underlying SN Ia absorption features were observed for three
SNe. One of the three is SN 2018evt, whose observations were discussed in §8.2, while
the other two are SN 2020gxz and SN 2020aekp. In all three cases, the first spectrum
obtained revealed strong Fe III absorption and weak or missing Si IT A\6355 consistent
with a 91T-like classification.

The host galaxies of SNe Ta-CSM have a similar range of masses and absolute
magnitudes as the star-forming hosts of the general population of luminous SNe Ia
(Sharma et al. 2023). However, 91T-like events are rare in the local universe as
shown in a recent study by Desai et al. (2024). From the V-band light curves of 404
SNe Ia discovered by ASAS-SN from 2014-2017, these authors derived a volumetric
rate for 91T-like SNe of 8.5 T17 x 102 yr=! Gpc=® h2, which translates to ~ 4% of
all SNe Ia that obey the peak luminosity versus decline rate relation. In the same
paper, a rate for SNe Ia-CSM of 10 7 yr~! Gpc~ h3, was estimated. These numbers
imply that 91T-like SNe outnumber SNe Ia-CSM by a factor of 85 + 62, and we thus
might conclude that only a small fraction of 91T-like SNe have CSM interactions.
However, the case of the 91T-like SN 2015cp, for which the ejecta—CSM interaction
was not initially observed but was visible two years after maximum (Graham et al.
2019), begs the question of whether a CSM interaction might eventually be detectable
for many (or even all) 91T-like SNe if observations were to continue indefinitely'!.
Graham et al. estimated that the percentage of luminous SNe Ia with late-onset
CSM interaction was 6%. More recently, Dubay et al. (2022) derived rates from
Galaxy Evolution Explorer (GALEX; Martin et al. 2005) light curves of a much larger
sample of 1,080 SNe Ia covering a range of luminosities. These authors concluded that
< 5.1% of SNe Ia undergo late-onset (between 0 and 500 days after discovery) CSM
interactions as strong as that observed for PTF11kx, and that weaker interactions
such as observed for SN 2015cp occur < 16%. Thus, it is conceivable (although
far from proven) that the “91T-like” and “Ia-CSM” subtypes refer to one and the
same population of SNe Ta. Nevertheless, Badenes et al. (2008) concluded that the
observed X-ray emission of the supernova remnant 0509-67.5 in the Large Magellanic
Cloud, whose light echo spectrum is best matched by a 91T-like SN (Rest et al. 2008),
is consistent with interaction with an assumed uniform ambient medium of density
10724 g em™3, placing strong constraints on the density and location of any CSM
associated with this SN.

The purpose of this paper has been to present a comprehensive review of the UV-
optical-NIR properties of 91T-like SNe. In a companion paper (Hoeflich et al., in
preparation), these observations will be used to study possible models for the pro-
genitors and explosion mechanism(s). It is worth remarking, however, that the ac-
cumulation of evidence to date points to the progenitors of the SNe Ia-CSM being

11 Unfortunately, only a single optical spectrum of SN 2015cp was obtained at a phase of +45 days,
precluding a comparison of its spectral evolution at earlier epochs with other 91T-like SNe. Indeed,
because of the late phase of this spectrum, Graham et al. could not completely rule out a match
with a “normal SN Ta.”
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single-degenerate systems — i.e., with a main-sequence or evolved, non-degenerate
companion'?. Except in the case of the recently-described SN 2020eyj which showed
a helium-rich CSM (Kool et al. 2023), the CSM for all other SNe Ia-CSM discov-
ered to date appears to have been hydrogen-rich. If 91T-like SNe actually are the
extreme members of luminous SNe Ia, then the implication is that a significant frac-
tion of, or perhaps even all, luminous SNe Ia might also be the product of single-
degenerate binary systems. A number of studies have attempted to address the
progenitor system question through observations and modelling of early-time light
curves with mixed conclusions (e.g., Fausnaugh et al. 2021; Burke et al. 2022b,a;
Magee et al. 2022; Deckers et al. 2022; Fausnaugh et al. 2023). Some of these have
suggested that as many as ~30% of SNe Ia show excess blue flux at very early epochs
that may be consistent with interaction with a non-degenerate companion, and two
of the best-observed of these SNe, 2017cbv (Hosseinzadeh et al. 2017) and 2018oh
(Dimitriadis et al. 2019; Shappee et al. 2019), were luminous, slow-declining events.
However, for the nearby, well-observed Branch CN SN 2011fe, early observations at
optical and UV wavelengths have been used to place tight constraints on the pres-
ence of a non-degenerate companion (Bloom et al. 2012; Brown et al. 2012). Mixing
of 5°Ni into the outer ejecta or the presence of circumstellar material could also pro-
duce an early blue excess (Piro & Morozova 2016), complicating the interpretation
of early light curves. Perhaps the strongest argument against the single-degenerate
scenario for normal, luminous SNe Ia is the absence of narrow (~ 1000 km s™')
stripped-companion H I emission in nebular-phase spectra (e.g., Mattila et al. 2005;
Leonard 2007; Shappee et al. 2013; Sand et al. 2016; Tucker et al. 2020; Sand et al.
2021).

Thus, it is still not clear what the relationship is between normal luminous SNe Ia
and the 91T-like events. This is an important question to resolve, not only from
the point of view of understanding the progenitor systems and explosion mechanisms
of SNe Ia, but also for SN Ia cosmology. The association of luminous SNe Ia with
host galaxies undergoing significant star formation implies that the decline rates of
SNe Ia are a function of the ages of the progenitor systems. Indeed, the distribution of
decline rates (or stretch) in SN Ia populations has been shown to shift to events with
brighter, slower light curves at high redshift (Howell et al. 2007; Nicolas et al. 2021).
While 91T-like SNe represent a relatively small fraction of the total SN Ia population
in the local universe, in the CSP-II sample they amounted to ~ 25% of the luminous
SNe with (Am5(B) < 1.1 mag). If the C-O white dwarf progenitors of 91T-like
SNe have evolved from the high end of the possible range of main-sequence masses,
then 91T-like SNe may well dominate the population of SNe Ia in the early universe
(z ~ 4-11) (Chakraborty et al. 2023). Either optical spectroscopy, UV light curves

12 Shen et al. (2013) have pointed out that hydrogen-rich material is also ejected prior to explosion in
double-degenerate systems consisting of a He white dwarf and a C-O white dwarf, but this most
likely occurs hundreds or thousands of years before the SN explodes.
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(or spectra), or perhaps narrow-band light curves of features such as Si II A6355 or
Ca Il H & K as (Nordin et al. 2018; Boone et al. 2021) will be required to recognize
them since, as emphasized in Paper I and by Boone et al. (2021), Yang et al. (2022),
and, most recently, by Bi et al. (2024), 91T-like SNe cannot be identified on the basis
of decline rate (or light curve shape) as measured at optical wavelengths.

From statistics and spectra extracted from the Transient Name Server (TNS)
between 2021-2023, when the ASAS-SN (Shappee et al. 2014), ATLAS (Tonry 2011),
and ZTF (Masci et al. 2019) surveys were all active, we estimate that 91T-like SNe
explode within 100 Mpc at a rate of only ~2 per year. The aforementioned volumetric
rate for 91T-like SNe derived from ASAS-SN alone by Desai et al. (2024) implies a
similar value of ~1 per year within this distance. It is incumbent, therefore, to

13

obtain detailed X-ray, UV, optical, and infrared observations — from the earliest
moments following explosion to nebular-phase epochs — of future nearby 91T-like
SNe whenever the opportunity presents itself. Photometric monitoring at very late
epochs with the Vera Rubin Observatory to search for late-onset CSM interactions
in these 91T-like events, as well as for all nearby, luminous SNe Ia, will also be key
to understanding the interrelations and progenitors systems of these cosmologically-
important objects.

13 https:/ /www.wis-tns.org/
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Figure A1l. Evolution of the pEW(Si II A6355) measurements for Branch SS-class SNe Ia
in the Blondin et al. (2012) spectroscopic sample classified as Wang-class “91T” (a) and
“N” (b). The trajectories of SN 1991T and SN 1999aa in these diagram are plotted for
reference.

APPENDIX

A. 91T-LIKE SUPERNOVAE FROM THE LITERATURE

In this appendix, we consider a sample of nearby 91T-like SNe derived from the
literature. This sample is undoubtedly incomplete as the number of discovered SNe
has grown exponentially since the 1990’s (e.g., see Figure 2 of Stritzinger et al. 2018).
However, as far as we are aware, it includes most of the best-observed examples of
the 91T-like phenomenon discovered through 2019.

Al. CfA

One of the largest samples of SNe Ia spectra published to date is from the Harvard-
Smithsonian Center for Astrophysics (CfA) Supernova Group (Blondin et al. 2012).
These authors provided Branch et al. (2006) classifications for each supernova hav-
ing a spectrum obtained near maximum, and also independently classified the SNe
in the Wang et al. (2009) system consisting of four classes — “Normal (N)”, “HV”,
“91T-like”, and “91bg-like”. The Wang classes correspond reasonably closely to the
Branch et al. (2006) CN, BL, SS, and CN subgroups, respectively, although the crite-
rion used by Wang et al. (2009) to classify 91T-like events of “weak Si I absorption
and prominent Fe III lines in the near-maximum spectra” is non-quantitative. As a
case in point, all SNe listed by Blondin et al. (2012) as Wang 91T-like also belong to
the Branch SS class, but some SNe classified as Branch SS events were categorized
as Wang Normal.

Figure A1 displays the time evolution of pEW (Si IT A6355) for the SNe Ia classified
as “SS 91T” and “SS N” in the Blondin et al. (2012) sample. Shown for comparison
are the trajectories of SN 1991T and SN 1999aa. Clearly only a few SNe — SN 1999ab,
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SN 2003hu, and SNF20080522-000 — are as extreme as SN 1991T. The published I-
band light curve of SNF20080522-000 shows a secondary maximum and a primary
maximum that peaked before B maximum (Scalzo et al. 2012), consistent with a 91T-
like event. Unfortunately, the /-band photometry of SN 1999ab (Jha et al. 2006) and
SN 2003hu (Ganeshalingam et al. 2010) does not allow us to determine if the primary
maxima peaked before B maximum, but we strongly suspect that both of these SNe
were 91T-like.

The rest of the objects in the CfA sample are mostly consistent with SN 1999aa
events with the exception of SN 2005eu. Pre-maximum pEW(Si II A6355) measure-
ments of this SN resemble a 99aa-like event, but the single post-maximum spectrum
obtained at a phase of +7.5 days has a pEW(Si II A\6355) consistent with 91T-like
SNe. Figure A2a shows spectra of SN 2005eu at phases of —10 days and +7 days
with respect to the epoch of B maximum. For comparison, spectra of SN 1991T and
SN 1999aa at similar phases are plotted in the same figure. At —10 days, neither is a
good match to SN 2005eu due to the absence of strong Fe III absorption in the latter
SN, while at +7 days, SN 1991T provides a better match. Also included in this figure
are spectra of the 03fg-like SN 2006gz (Hicken et al. 2007), which resemble the spectra
of SN 2005eu at both epochs, except for somewhat stronger Si IT A6355 absorption.
Light curves of SN 2005eu in BV RI are displayed in Figure A2b. The best-fitting
SNooPy templates do a poor job of matching the B photometry beyond +30 days, and
fail to fit the I-band light curve in general. There is a hint that the I light curve may
have peaked after B maximum; nevertheless, it displays a clear secondary maximum,
whereas SN 2006gz — like most other 03fg-like SNe — was characterized by a broad
i-band light curve with no clear secondary maximum. Although it is unclear how to
classify SN 2005eu, we conclude that it was most likely neither a 91T- or 99aa-like
event.

We also checked for additional 91T-like events among the SNe for which
Blondin et al. (2012) did not provide Branch and Wang classes because no spec-
tra were obtained within a few days of maximum. One object, SN 1995bd, for which
four spectra were obtained by Blondin et al. between —12 and —7 days is clearly
consistent with the 91T-like class (see Figure Al) and also meets the photometric
requirement.

A2, CSP-1

Spectra of a sample of 126 SNe Ia observed by the CSP-I have been published
by Folatelli et al. (2013) and Morrell et al. (2024). Like Blondin et al. (2012), these
authors provided both Branch et al. (2006) and Wang et al. (2009) classifications for
each supernova having a spectrum obtained near maximum. The temporal evolution
of pEW(Si IT A6355) for the SNe Ia classified as Branch SS in the CSP-I sample is
shown in Figure A3a. Note that two of the CSP-I SNe are classified as both “SS” and
Wang et al. (2009) “HV”, demonstrating further that there is not a perfect one-to-one
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Figure A2. (a) The spectrum of SN 2005eu at —10 days is compared with spectra at
similar epochs of SN 1991T, SN 1999aa, and the 03fg-like SN 2006gz in the upper panel. In
the lower panel, a similar comparison at approximately +7 days is shown. (b) The BV RI
photometry of SN 2005eu published by Ganeshalingam et al. (2010) is plotted along with
best SNooPy fits.

correspondence between the Branch “SS” and Wang et al. “91T” classes. None of
the SNe in the CSP-I sample are as extreme as SN 1991T, although for one object —
SN 2006hx — the classification is ambiguous. The pEW(Si IT A6355) measurement,
obtained from the —8 day spectrum of this SN lies squarely in the 91T-like portion
of the diagram, whereas a spectrum taken five days later gives a measurement that is
consistent with a 99aa-like SN. The signal-to-noise ratio of the first spectrum is low,
and may suffer some host galaxy contamination. The second spectrum obtained at
—3 days shows strong Ca II absorption more typical of a 99aa-like event. We therefore
do not consider this SN to be a bona fide 91T-like SN.

We also checked for additional 91T-like events among the SNe in the Folatelli et al.
(2013) and Morrell et al. (2024) samples for which Branch and Wang classes were not
provided, but none were identified.

A.3. BSNIP

A large sample of SNe Ia spectra has been published by the Berkeley Supernova Ia
Program (BSNIP; Silverman et al. 2012; Stahl et al. 2020). These authors used SNID
(Blondin & Tonry 2007) to provide automated spectral classification of the SNe in
their sample. The standard SNID subgroups for SNe la are “la-norm”, “la-91T",
“Ia-91bg”, “lIa-csm”, and “la-pec”. However, Silverman et al. (2012) recognized that
the default SNID spectral templates for the Ia-91T category includes both 91T-like
and 99aa-like events, and so in order to separate these two classes, they created
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Figure A3. (a) Same as Figure A1, but for Branch SS-class SNe Ia in the Folatelli et al.
(2013) spectroscopic sample. (b) Same as Figure A1, but for SNe Ia in the Silverman et al.
(2012) spectroscopic sample which these authors classified as 91T-like and 99aa-like.

their own custom set of spectral templates for use with SNID. In Figure A3b, the
time evolution of pEW(Si IT A6355) is plotted for the SNe Ia in the Silverman et al.
(2012) sample classified as [a-99aa and Ia-91T. Here the discrimination between the
two subtypes is much better than for the CfA and CSP-I samples, with two events
(SN 1995ac and SN 1997br!?) clearly qualifying as 91T-like. Nevertheless, two events
classified by Silverman et al. (2012) as Ia-91T — SN 1999ee and SN 2004bv — do not
resemble SN 1991T in this diagram. These authors also classified two further SNe —
SN 2001eu and SN 2003K — as [a-91T events. However, the signal-to-noise ratio of
their single spectrum of SN 2001eu is low and the epoch is unknown since there is
no light curve available. In the case of SN 2003K, the first spectrum was obtained
13.4 days after B maximum when the differences between 91T-like, 99aa-like, and
slow-declining Branch CN SNe such as SN 1999ee are subtle. Hence, we consider the
[a-91T classifications assigned by these authors to these two SNe to be uncertain.
Stahl et al. (2020) classified three SNe — 2013dj, 2014dl, and 2018hfr — as [a-91T
using the same custom SNID templates as Silverman et al. (2012). SN 2013dj was
discovered on 2013 June 10.7 (UT) (Lipunov et al. 2013), with no object visible at
the same position ~1 month before. We measured pseudo-equivalent widths of 32 A
and 39 A, respectively, for the Si II A6355 and Ca II H & K absorption features
in the spectrum obtained by Stahl et al. (2020) on 2013-June 14.4 (UT), that are
consistent with either SN 1991T at ~4 days before B maximum, or SN 1999aa at
~10 days before maximum. A light curve is therefore required to resolve this ambi-
guity. Fortunately, SN 2013dj was independently discovered by the La Silla-QUEST
survey (Baltay et al. 2013) as LSQ13avx, and was observed to reach maximum light

4 1i et al. (1999) published extensive spectroscopic and photometric data for SN 1997br. This object
was the first 91T-like SN to be recognized after SN 1991T itself. The primary maximum of the
I-band light curve also peaked before the epoch of B maximum, and a clear secondary maximum in
this filter was also observed (Li et al. 1999).
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on approximately 2013 June 24 (UT) (D. Rabinowitz, private communication). The
Stahl et al. (2020) spectrum therefore corresponds to an epoch of —10 days, plus or
minus a few days, in which case SN 2013dj was likely a 99aa-like event. An un-
published spectrum obtained near the date of maximum confirms this conclusion
(P. Nugent, private communication). SN 2014dl is a bona fide 91T-like event as
confirmed by CSP-II photometry (see Paper I). Stahl et al. (2020) obtained three
spectra of SN 2018hfr (ASASSN-18xn), all of which were best matched by spectra
of the 91T-like template, SN 1997br. The date of maximum implied by the three
SNID fits of 2018 October 19.5 (UT) is consistent with the publicly-available ASAS-
SN (Shappee et al. 2014; Kochanek et al. 2017) g and V' light curves, confirming that
SN 2018hfr is likely to have been a 91T-like event. However, since an i/I-band light
is unavailable, we cannot rule out the possibility that it was a 03fg-like SN.

We also checked those SNe in the Silverman et al. (2012) sample classified as Ia-
norm. This search yielded only one event, SN 2004br, which should correctly be
classified as 91T-like. The photometry of this SN obtained by Ganeshalingam et al.
(2010) shows that the I-band light curve had a clear secondary maximum and a
primary maximum that peaked a few days before the B band. The single spectrum
published by Silverman et al. was taken at a phase of +3.5 days, and closely resembles
a spectrum of SN 1991T obtained at +3.1 days.

The pEW(Si II A6355) measurements given in Table 4 of Stahl et al. (2020) were
searched for unrecognized 91T-like SNe. We found two candidates — ASASSN-
15mi and SN 2017glx — which meet our criteria for classification as 91T-like events.
Stahl et al. (2020) obtained a single spectrum of ASASSN-15mi at a phase of +2 days
that is a good match for the +3.1 day spectrum of SN 1991T and the light curves
published by Foley et al. (2018) meet the photometric requirement. The spectrum
of SN 2017glx taken at +1.9 days as well as the spectrum of Zhang et al. (2017a)
obtained at —8.5 days are both consistent with the 91T-like classification, as are the
light curves published by Stahl et al. (2019).

A.4. Other Sources

A number of other SNe Ia have been identified as possible members of the 91T-like
class from classification spectra or in the literature. In many cases, these SNe should
more properly be classified as 99aa-like events based on the pseudo-equivalent widths
of the Ca Il H & K and Si IT A6355 absorption features. However, we have been able
to confirm 91T-like classifications for ten additional SNe, and for two that we suspect
were also 91T-like events. The temporal evolution of pEW(Si II A6355) for eight of
these SNe is shown in Figure A4, and each is briefly described in the remainder of
this section.

e SNF20070803-005 and SNF20080723-012: Scalzo et al. (2012) published spectra
and light curves of these two SNe Ia which they suspected to be 03fg-like events.
Unfortunately, the spectral data are not publicly available, and so we are unable
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Figure A4. Same as Figure Al, but for 91T-like events taken from other sources in the
literature.

to measure the evolution of the Si IT A6355 pseudo-equivalent widths. However,
as Scalzo et al. (2012) showed in Figure 3 of their paper, the spectra of these
two SNe obtained approximately a week before and a week after maximum
closely resembled spectra of SN 1991T and the 91T-like SNF200805224-000
(also observed by the CfA group) at similar epochs. As opposed to 03fg-like
SNe, the I-band light curves of SNF20070803-005 and SNF20080723-012 plot-
ted in Figure 1 of Scalzo et al. (2012) displayed strong secondary maxima, and
primary maxima that peaked before B maximum. Hence, these two SNe qual-
ify as 91T-like events. Two other objects in the Scalzo et al. (2012) paper —
SNF20070528-003 and SNF20070912-000 — also have spectra that closely re-
semble 91T-like SNe. Unfortunately, I-band light curves are not available for
either SN, and so although we suspect that they also were 91T-like events, this
cannot be confirmed with the data in hand.

SN 2011hr: Observations of this object were presented by Zhang et al. (2016a)
who pointed out its resemblance to SN 1991T, but who also suggested that
it might be a transitional object between 91T-like and 03fg-like SNe. Our
measurements of pEW(Si II \6355) from —13 days to maximum, plotted in
Figure A4, are consistent with the trajectory of SN 1991T. The photometry
published by Zhang et al. (2016a) reveals a clear secondary maximum in the
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I filter light curve, and is also consistent with the primary maximum in [
peaking before B-band maximum.

e LSQI12gdj: This SN was observed extensively by Scalzo et al. (2014b), who
concluded that it was “spectroscopically 91T-like”, and was included in the
CSP-II sample of 91T-like events (see Paper I). Figure A1 of Paper I shows that
the evolution of the pseudo-equivalent width of Si IT A6355 was more similar to
SN 1991T than SN 1999aa. The light curves plotted in Figure 2 of Scalzo et al.
(2014b) also clearly show that LSQ12gdj had a strong secondary maximum in
the ¢ band, and that primary maximum in ¢ was reached before B maximum.

e SN 2016hvl: This SN was discovered by ATLAS and classified by PESSTO
(Smartt et al. 2015) as “similar to SN 1999aa” at a phase of —10 to —8 days
(Dimitriadis et al. 2016). Published light curves provide a date of B maxi-
mum of MJD 57711 (Stahl et al. 2019), implying that the PESSTO spectrum
was obtained at a phase of —12 days. Si II A6355 absorption is too weak
to be detected in this spectrum, from which we estimate an upper limit of
pEW(Si 11 A6355) < 15 A (see Figure A4). Ca II H & K absorption is also
undetected, consistent with a 91T-like event. Two more spectra of this SN are
available on WISeREP (Yaron & Gal-Yam 2012), but unfortunately at phases
of +15 and 4103 when differentiating between 91T-like and 99aa-like SNe is
unreliable. The photometry of (Stahl et al. 2019) is of excellent quality, and
shows that there was a clear secondary maximum in /, with primary maximum
occurring before B maximum. It is highly probable, therefore, that SN 2016hvl
was a 917T-like SN.

e SN 2017awz: This is another SN discovered by ATLAS and classified by
PESSTO with the comment “best SNID match with SN Ta 91T-like 1998es at
—10 d” (Barbarino et al. 2017)'”. Photometry published by Yang et al. (2022)
confirms that the ¢-band light curve had an obvious secondary maximum, with
the primary maximum occurring before B maximum. The PESSTO spectrum,
which shows very weak Si IT \6355 absorption (see Figure A4) and little, if any,
absorption of Ca II H & K, is fully consistent with that of a 91T-like event.

e SN 2017dfb: Discovered by the ASAS-SN group (Stanek 2017), this SN was
classified by Tomasella et al. (2017) as being consistent with a 91T-like event
from a spectrum obtained with the Asiago 1.82 m Copernico Telescope. These
authors called attention to the strong interstellar Na I D absorption in the
spectrum (see Figure 1) suggesting significant host galaxy reddening.

e SN 2017hng: This SN was discovered by the PMO-Tsinghua Transient Sur-
vey survey (Xu et al. 2017), and confirmed spectroscopically by Zhang et al.

15 As demonstrated in §A.1, SN 1998es was actually a 99aa-like event.
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(2017b) who remarked that the spectrum “[matched| that of a young 91T-like
SN Ta at about -9 days after maximum.” Light curves published by Yang et al.
(2022) show that the i-band light curve peaked before B maximum and dis-
played a clear secondary maximum. The pEW(Si II A6355) measurement is
also fully consistent with the 91T-like classification (see Figure A4).

SN 2018apo: Discovered by ASAS-SN (Chen et al. 2018), this SN was classi-
fied by the PESSTO collaboration as a “young SNe Ia of the bright sub-types
91T and 99aa” (Malesani et al. 2018). The pEW(Si II A6355) measurement
obtained from this spectrum is fully consistent with a 91T-like classification
(see Figure A4). Yang et al. (2022) published gri photometry, with the ¢ filter
clearly displaying a secondary maximum. However, a B-band light curve is not
available, and so we cannot confirm that the primary ¢-band maximum occurred
before B maximum. Hence, we classify this SN as a suspected 91T-like event.

SN 2018eay: This SN was discovered by ZTF (Fremling 2018). Yin et al. (2018)
reported that the spectrum was that of a young SN Ia, similar to SN 1991T,
with F(B — V') ~ 0.5 mag of host galaxy reddening. Light curves obtained by
ZTF indicate that this spectrum was obtained approximately a week before g
maximum. The weak Ca II H & K and Si IT A\6355 observed in the spectrum
at this epoch confirms the 91T-like classification. The ZTF r-band light curve
shows a clear post-maximum ”shoulder” as would be expected for a 91T-like
event, but since a B-band light curve is not available, we list this object as a

suspected 91T-like SN.

SN 2019gwa: This SN was also discovered by ZTF (Nordin et al. 2019) and
classified by the Spectroscopic Classification of Astronomical Transients (SCAT;
Tucker et al. 2022b) Survey in Do et al. (2019) as a 91T-like SN with an age of
—T7.44+2 days. A spectrum obtained at nearly the same epoch by the PESSTO
collaboration (Frohmaier et al. 2019) shows weak or absent Ca II H & K and
Si II A6355 absorption with pEW ~ 16 A, consistent with a 91T-like SN caught
approximately one week before B maximum. Unfortunately, the photometry
published by Yang et al. (2022) does not include the ¢ filter, and so we are
unable to rule out the possibility that this SN was an 03fg-like event. However,
the ZTF r-band light curve shows a clear post-maximum ”shoulder” as would
be expected for a 91T-like event, and so we strongly suspect that this SN was,
indeed, a true 91T-like object.

A.5. Final List of 91T-like SNe from the Literature

Table A1l provides host galaxy names, redshifts, the decline rate parameters,

Amy5(B) and sgy, and references to the published spectroscopy and photometry

of the literature sample of 91T-like SNe discussed in this appendix.



1991 T-LIKE SUPERNOVAE 61

Table A1l. 1991T-like SNe from the Literature

SN Name Host Galaxy Zhelioa Am15(B)b SBVC Spectroscopyd Photometrye
Confirmed
SN1991T NGC 4527 0.0058 0.93 (0.02)  1.21 (0.01) 1,2,3 1,214
SN1995ac 2MFGC 17122 0.0499  0.86 (0.04) 1.19 (0.03) 5,6 7
SN1995bd UGC 3151 0.0146  0.88 (0.02) 1.10 (0.04) 5,6 7
SN1997br ESO 576-40 0.0070  1.12 (0.03) 1.19 (0.04) 5,6,8,9 8,10,11
SN2004br NGC 4493 0.0231  0.77 (0.04)  1.12 (0.02) 9 12
SNF20070803-005 GALEXASC J222623.66+211506.0 0.0317  0.85 (0.02) 1.17 (0.02) 13 13
SNF20080522-000 SDSS J133647.594+050833.0 0.0453  0.82 (0.04) 1.08 (0.06) 5,6,13 13,141 151
SNF20080723-012 anonymous 0.0745  1.38 (0.03) 1.21 (0.03) 13 13
SN2011hr NGC 2691 0.0134  0.83 (0.02) 1.20 (0.07) 16 16
LSQ12gdj ESO 472-G007 0.0303  0.73 (0.03) 1.14 (0.05) 17,18 197,20
SN2014dl UGC 10414 0.0330  1.05 (0.03)* 1.22 (0.05) 20,21,22 20
ASASSN-15mi MRK 0283a 0.0345 1.04 (0.10)* 1.19 (0.05) 22 23
SN2016hvl UGC 3524 0.0131  1.04 (0.01) 0.90 (0.03) 24 201,25,26,27
SN2017awz SDSS J110735.46+4-225104.2 0.0219  0.94 (0.04) 1.19 (0.04) 28 191,23,27
SN2017dfb ARK 481 0.0259  1.01 (0.03)* 0.98 (0.03) 29 27
SN2017glx NGC 6824 0.0118  0.87 (0.03) 1.19 (0.03) 22,30 191,25,27
SN2017hng 2MASX J04214029-0332267 0.0445  0.80 (0.03)* 1.26 (0.03) 31,32 27
Suspected
SN1998ab NGC 4704 0.0272  1.06 (0.03)* 1.19 (0.03) 5 11
SN2003hu 2MASX J19113272+4-7753382 0.0750  0.80 (0.08)* 1.29 (0.09) 4,5 33
SNF20070528-003 anonymous 0.1170  1.04 (0.05) 1.32 (0.04) 13 13
SNF20070912-000 GALEXASC J000436.74+180912.2 0.1230  1.09 (0.09) 1.33 (0.06) 13 13
SN2018apo ESO 268-G037 0.0163  0.82 (0.03)* 1.13 (0.03) 34 27
SN2018eay 1C 1286 0.0185 e e 35 36
SN2018hfr 2MASX J09305509-0434173 0.0226 e e 22,37 38
SN2019gwa SDSS J155841.104+111425.5 0.0550  0.93 (0.01) 1.10 (0.05) 39 27

@Heliocentric redshifts are from the NASA /TPAC Extragalactic Database (NED) (2019) except for the hosts of SNF20080723-012
and SNF20070528-003 whose redshifts are from Childress et al. (2013a).

b Ami5(B) decline rate in magnitudes (Phillips 1993) as measured with SNooPy. The 1o error is given in parentheses. An asterisk
indicates values derived from template fits only.

¢ spy color stretch (Burns et al. 2014) as measured with SNooPy template fits. The lo error is given in between parentheses.
d Spectroscopy references.
€ Photometry references. The 1 symbol indicates data not used in the SNooPy fits.

References— (1) Filippenko et al. (1992a); (2) Phillips et al. (1992); (3) Ruiz-Lapuente et al. (1992); (4) Lira et al. (1998); (5)
Blondin et al. (2012); (6) Matheson et al. (2008); (7) Riess et al. (1999); (8) Li et al. (1999); (9) Silverman et al. (2012); (10)
Altavilla et al. (2004) (11) Jha et al. (2006); (12) Ganeshalingam et al. (2010); (13) Scalzo et al. (2012); (14) Friedman et al.
(2015); (15) Hicken et al. (2012); (16) Zhang et al. (2016a); (17) Maguire et al. (2012); (18) Scalzo et al. (2014b); (19) Swift
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