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Abstract

We present optical and near-infrared photometric and spectroscopic observations of the fast-declining Type Ia
supernova (SN) 2015bo. SN 2015bo is underluminous (Mzp= —17.50 £ 0.15 mag) and has a fast-evolving light
curve (Am15(B)=1.91 + 0.01 mag and sgy = 0.48 £ 0.01). It has a unique morphology in the observed V —r
color curve, where it is bluer than all other supernovae (SNe) in the comparison sample. A *°Ni mass of
0.17 £ 0.03 M., was derived from the peak bolometric luminosity, which is consistent with its location on the
luminosity—width relation. Spectroscopically, SN 2015bo is a cool SN in the Branch classification scheme. The
velocity evolution measured from spectral features is consistent with 1991bg-like SNe. SN 2015bo has a SN twin
(similar spectra) and sibling (same host galaxy), SN 1997cn. Distance moduli of p=34.33 +0.01 (stat) £
0.11 (sys) mag and p = 34.34 4 0.04 (stat) £ 0.12 (sys) mag are derived for SN 2015bo and SN 1997¢n, respectively.
These distances are consistent at the 0.060 level with each other, and they are also consistent with distances derived
using surface-brightness fluctuations and redshift-corrected cosmology. This suggests that fast-declining SNe could
be accurate distance indicators, which should not be excluded from future cosmological analyses.

Unified Astronomy Thesaurus concepts: Supernovae (1668)

Supporting material: machine-readable table, data behind figure

1. Introduction

Type Ia supernovae (hereafter SNe Ia) have many astrophysical
and cosmological applications. They are one of the major sources
of metal enrichment (Raiteri et al. 1996), used as standard candles
(e.g., Phillips 1993; Phillips et al. 1999; Burns et al. 2018), and
they established the acceleration rate of the universe (e.g., Riess
et al. 1998; Perlmutter et al. 1999). SNe Ia have additional
applications: they continue to be used to calculate the Hubble
constant (e.g., Riess et al. 2016; Burns et al. 2018; Khetan et al.
2021), improve constraints on the equation-of-state for the dark
energy w parameter (e.g., Betoule et al. 2014; Scolnic et al. 2018),
and investigate the distribution of dark matter in galaxies (e.g.,
Feindt et al. 2013).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

It is apparent that SNe Ia are not an entirely uniform class of
objects; rather, there are a growing number of subtypes. These
include the overluminous 1991T-like SNe Ia (e.g., Filippenko
et al. 1992a; Phillips et al. 1992); 2003fg-like SNe Ia, which are
brighter in the near-infrared (NIR) and have long rise times
(e.g., Howell et al. 2006; Hicken et al. 2007; Hsiao et al. 2020;
Ashall et al. 2021; Lu et al. 2021); 2002cx-like SNe Ia, which
show light curves that are both broad and faint (e.g., Li et al.
2003; Foley et al. 2013); 2006bt-like SNe Ia, with the broad,
slowly declining light curves seen in high-luminosity SNe Ia,
yet lacking a prominent secondary maximum in the i band as
seen in low-luminosity SNe Ia (e.g., Foley et al. 2010); 2002ic-
like SNe Ia that exhibit Balmer emission lines found in Type
IIn core-collapse SNe (Hamuy et al. 2003); and, lastly, 1991bg-
like subluminous SNe Ia (e.g., Filippenko et al. 1992b;
Leibundgut et al. 1993; Turatto et al. 1996). In addition to
these broad categories, there are also several types of SNe Ia
that straddle the boundaries between these subtypes. One of
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Figure 1. Finder chart for SN 2015bo constructed from an i-band image
obtained with the Swope telescope on 2015 April 19 at 08:56:55 UT.

these is the so-called transitional SNe Ia. Transitional SNe
bridge the gap between normal and 1991bg-like SNe. They
tend to be fast declining and exhibit other features of 1991bg-
like SNe, but are not entirely consistent with the 1991bg-like
SNe classification. Examples of transitional objects include
SN 1986G, SN 2003hv, SN 2004eo, SN 2007on, SN 2011iv,
iPTF13ebh, and SN 2015bp (e.g., Phillips et al. 1987; Pastor-
ello et al. 2007; Leloudas et al. 2009; Hsiao et al. 2015; Ashall
et al. 2018; Gall et al. 2018; Wyatt et al. 2021). For a full
review of all subtypes, see Taubenberger (2017).

Roughly 18% of all SNe Ia are considered 1991bg-like SNe (Li
et al. 2011). It is hotly debated if they are produced by
Chandrasekhar (Ch)-mass or sub-Ch-mass explosions (e.g., Hoflich
et al. 2002; Stritzinger et al. 2006; Blondin et al. 2018). In addition
to being subluminous (Mp> — 18 mag; Taubenberger 2017),
1991bg-like SNe differ in many ways compared to normal SNe Ia.
For example, 1991bg-like SNe light curves differ photometrically
with their faster rise and decline and less luminous peak (hence the
classification as subluminous). Whereas other SNe have either a
shoulder or a second maximum in the i band, 1991bg-like SNe
have neither (Ashall et al. 2020). However, it is in their
spectroscopic properties where 1991bg-like SNe differ the most:
they have noticeably stronger Ti I and O I features than other types,
and also have a strong Sill feature at 5972 A (Nugent et al. 1995;
Benetti et al. 2005).

One might suspect that, due to their astronomical impor-
tance, SNe Ia would be well understood; yet the progenitor
systems of SNe Ia, their explosion details, and the underlying
physical interpretation of the empirical relationships are not yet
fully known despite decades of research. SNe Ia are agreed to
come from the explosion of at least one carbon—oxygen (C-O)
white dwarf (WD; Hoyle & Fowler 1960). However, there are
several potential progenitor scenarios that could produce a SN
Ia. These are as follows: the single-degenerate (SD) scenario,
which consists of a single C—-O WD and a nondegenerate
companion star (Whelan & Iben 1973; Livne 1990; Nomoto
et al. 1997); the double-degenerate (DD) scenario, which
consists of two C-O WDs (Iben & Tutukov 1984; Web-
bink 1984); and the triple/quaternary scenario, which consists

Hoogendam et al.

of two C—O WDs in a system with at least one other companion
star (Thompson 2011; Pejcha et al. 2013; Shappee &
Thompson 2013).

For each of these scenarios, there are a variety of viable
explosion mechanisms and ejecta masses. A C-O WD may
accrete mass from a companion star until it approaches the
Chandrasekhar limit, where compressional heating in the center of
the explosion can start a thermonuclear disruption (e.g., Diamond
et al. 2018). This can occur in the SD (Whelan & Iben 1973) or
DD scenarios (Piersanti et al. 2003). Alternatively, a sub-Ch-mass
C-O WD may accrete a surface helium layer which can detonate
and produce an inward-moving shock wave and total disruption of
the WD (Nomoto 1980; Woosley & Weaver 1994; Hoeflich &
Khokhlov 1996). This is possible in both the SD or DD scenarios.
A sub-Ch-mass explosion may also result from a merger between
two C-O WDs (whose combined mass does not exceed the
Chandrasekhar limit; van Kerkwijk et al. 2010). Another
explosion mechanism in the DD progenitor scenario is where
two WDs violently merge as a result of angular momentum loss
from gravitational radiation; the heat generated from merging
provides the necessary spark for the powder keg (Iben &
Tutukov 1984). Finally, the head-on collision of two WDs, which
may be in a multiple system, can possibly produce a SNe Ia where
the explosion is triggered by a detonation wave (Raskin et al.
2009; Rosswog et al. 2009; Thompson 2011; Katz & Dong 2012;
Kushnir et al. 2013; Pejcha et al. 2013; Dong et al. 2015; Mazzali
et al. 2018).

One of the most important empirical relationships that SNe
Ia follow is the luminosity—width relationship. This study
utilizes the luminosity—width relation in two representations.
First, by examining the difference in B-band magnitude from
maximum light ({B)max) to 15 days past maximum (the
Aml5(B) quantity) against the absolute B-band magnitude
(Mp) (Phillips 1993; Phillips et al. 1999). Second, by
examining the time difference between the time of B-band
maximum and intrinsic B — V maximum normalized by 30
days (sgy) versus Mg (Burns et al. 2014). For both of these
relationships, more luminous objects have broader light curves;
however, sgy is a better indicator for fast-declining objects
such as 1991bg-like SNe because Am15(B) is not a reliable
measure of the decline rate for values greater than 1.7 mag
(Phillips 2012; Burns et al. 2014; Gall et al. 2018). The
physical understanding of the luminosity—width relation lies in
the amount of °Ni synthesized in the explosion (Nugent et al.
1995). More luminous objects produce more *°Ni (Stritzinger
et al. 2006), which provides more line opacity and increases the
diffusion timescales in the ejecta. This causes broader light
curves (e.g., Mazzali et al. 2007). In the case of the least
luminous objects, the *°Ni mass will be lower and line opacity
small, which causes quickly evolving light curves.

SNe Ia serve as excellent tools to calculate extragalactic
distances (Phillips 1993; Hamuy et al. 1996; Phillips et al.
1999) after correcting for the luminosity—width relationship
(see Hamuy et al. 1996). However, analyses of distances for
SNe Ia in galaxies with low redshifts (z < 0.1) have additional
variance due to peculiar velocities and host-galaxy bulk flows
relative to cosmological expansion. This can be avoided by
comparing SNe Ia that explode in the same galaxy (and thus
have the same bulk flow and peculiar velocity), known as
“siblings” (Brown 2014). Calculating distances using siblings
can also help mitigate systematic uncertainties stemming from
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the host-galaxy properties (Kelly et al. 2010; Lampeitl et al.
2010; Sullivan et al. 2010). Additionally, Scolnic et al. (2020)
used siblings to investigate correlations between SNe Ia light
curves and their host galaxies. Recent studies on SNe Ia
siblings include four SNe in NGC 1316 (Fornax A; Stritzinger
et al. 2010), SN2007on and SN 2011iv in NGC 1404 (Gall
et al. 2018), SN2013aa and SN 2017cbv in NGC 5643 (Burns
et al. 2020), and Biswas et al. (2022) investigated AT 2019Icj
and SN 2020aew;.

Fakhouri et al. (2015) introduced the term “twin” SNe. Twins
are SNe that show analogous spectral features that imply parallel
progenitor scenarios and explosion mechanisms. While Fakhouri
et al. (2015) were able to significantly reduce absolute
magnitude differences using twins, another study by Foley
et al. (2020) found a significant difference in absolute magnitude
for the two twins SN 2011by and SN2011fe. Additionally,
SN 2007on and SN 2011iv were also found to be inconsistent
with each other despite being in the same galaxy (Gall et al.
2018). SN 1997cn (Turatto et al. 1998) and SN 2015bo are
spectrally similar, fast-declining SNe in NGC 5490. The
existence of these two SNe presents a rare opportunity to use
the power of SN siblings and twins to determine distances that
do not suffer from a slew of systematic uncertainties.

In this paper, we present a detailed multiwavelength
analysis of the fast-declining SN 2015bo, which is structured
as follows. Section 2 presents the data used and a brief analysis
of the host galaxy. Light and color curves are derived and
compared to other SNe Ia in Section 3. Spectra are presented
in Section 4 and compared to several samples of other
subtypes of SNe and subluminous SNe. Doppler velocity
measurements and pseudo-equivalent-width calculations are
also presented in Section 4. In Section 5, we determine the
distance to SN 2015bo and compare it to the distance derived
from the photometry of SN 1997cn, another fast-declining SN
which exploded in the same host galaxy. Final discussion and
concluding remarks are offered in Section 6. Throughout this
work, phases are reported relative to rest-frame B-band
maximum and given values are corrected for foreground
galactic extinction.

2. Data

SN 2015bo (a.k.a. PSNJ14095513+1731556) was discov-
ered at a = 14"09™55%130, § = 417°31/55"60 by Howerton
(2016) on 2015 February 14 at 10:37:06 UT with an apparent
V-band magnitude of my = 18.4 mag. A finder chart for SN
2015bo is presented in Figure 1.

There were two last nondetections: one from the Catalina
Real-Time Transient Survey (CRTS; Drake et al. 2009) and the
other from the All-Sky Automated Survey for SuperNovae
(ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017) on
2015 January 28 at 10:22:17 UT and 2015 February 08 at
13:47:20.40 UT, respectively. Their respective magnitude
limits were my=20.4 and m,=17.76. SN2015bo was
classified as a 1991bg-like SNe Ia by the Public ESO
Spectroscopic Survey of Transient Objects (PESSTO; Smartt
et al. 2015) based on a spectrum taken on 2015 February 15 at
08:29:43 UT (Yaron 2017). It exploded in the type-E galaxy
NGC 5490 at a redshift of z=0.0161."" The foreground
Galactic extinction toward SN 2015bo is E(B — V )yw = 0.023
mag (Schlafly & Finkbeiner 2011). Photometric data for

19 van den Bosch et al. (2015) from ned.ipac.caltech.edu.
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Table 1
Properties of SN 1997cn, SN 2015bo, and their host galaxy, NGC 5490
Parameters Value Reference
SN 2015bo:
R.A. (J2000) 14"09™55% 13 )
212.47971 (deg) (1)
Decl. (J2000) +17°31'55"60 (1)
17953211 1)
t (B)max (ID) 2457078.3 £+ 0.1 (day) This work
Mgt —17.50 & 0.15 (mag) This work
EB — V)uw 0.023 (mag) ?2)
E(B — V)Host 0.00 + 0.00 (mag) This work
spy’ 0.48 £ 0.01 This work
Aml15(B)° 1.91 £ 0.01 (mag) This work
SN 1997cn:
R.A. (J2000) 14709™575 76 (@)
212.49067 (deg) (@)
Decl. (J2000) +17°32/32"32 (@)
+17254231 (@)
t (B)max (ID) 2450588.3 £ 0.1 (d) This work
My —17.43 (mag) This work
EB — V)uw 0.023 (mag) 2)
E(B — V)Host 0.03 (mag) @)
Sgv 0.35 £ 0.06 This work
Aml15(B)° 1.90 £ 0.05 (mag) (@)
NGC 5490:
Type Elliptical 3)
R.A. (J2000) 14"09™575295 “)
2120488728 (C))
Decl. (J2000) + 17°32™43%98 “)
179545551 “)
Velocity, v 12kms™! 5)
Zhelio 0.0161 £ 0.0001 6)
ud 34.21 + 0.15 (mag) ©6)
Notes.

 Corrected only for Galactic extinction using Ry = 3.1.

® Obtained using a Gaussian process fit in SNooPY.

¢ Obtained using direct Gaussian process interpolation to the B band.

94 Corrected to the cosmic microwave background rest frame and calculated
using Hy=73kms 'Mpc™!, Q, =027, and Q,=0.73, which is used
throughout this work.

¢ This value is from light-curve models fit to the data rather than directly from
the data.

References: (1) Howerton (2016); (2) Schlafly & Finkbeiner (2011); (3) de
Vaucouleurs et al. (1991); (4) Adelman-McCarthy et al. (2008); (5) Simien &
Prugniel (1997); (6) Kowalski et al. (2008); (7) Jha et al. (2006).

SN 1997cn was taken from Jha et al. (2006), and the spectrum
in Figure 21 is from Turatto et al. (1998). Spectroscopic data
for SN 1997c¢n are also available from Matheson et al. (2001),
Blondin et al. (2012), and Silverman et al. (2012). Table 1
contains properties of both SN 1997cn and SN 2015bo, as well
as their host galaxy. In the following subsections, we detail the
data for SN 2015bo.

Data for this work comes from two projects: the Carnegie
Supernova Project IT (CSP-II; Phillips et al. 2019) and PESSTO
(Smartt et al. 2015). CSP-II ran from 2011-2015 with the aim of
obtaining high-precision follow-up observations of SNe, mainly
using telescopes at Las Campanas Observatory. PESSTO’s
objective was to obtain high-quality spectral observations of
transient sources using the European Southern Observatory’s
New Technology Telescope (NTT) in La Silla.
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2.1. Photometric Observations

Photometric observations were acquired in the uBVgriJHY
filters from —6.9 days to +105.8 days relative to rest-frame B-
band maximum light. Optical photometry was obtained from
the Swope telescope, and the NIR photometry came from the
du Pont Telescope. Both telescopes are located at the Las
Campanas Observatory. All photometric measurements are
presented in the natural system and reduced using the methods
described in Krisciunas et al. (2017) and Phillips et al. (2019).
Logs of the optical and NIR observations are presented in
Appendix B. Host-galaxy template subtraction was not
required for SN2015bo as it is located far away from the
center of the host at ~20kpc. Derived maximum apparent
magnitudes in each CSP filter and their corresponding times
relative to #(B)max are presented in Table 2.

2.2. Spectroscopic Observations

Sixteen optical and one NIR spectra of SN2015bo were
obtained from —7.8 days to +31.8 days relative to rest-frame
B-band maximum light. Spectra were taken with a variety of
instruments including SPRAT mounted on the Liverpool
Telescope, ALFOSC on the Nordic Optical Telescope, EFOSC
on the NTT, and WFCCD on the du Pont Telescope. The
optical spectra were reduced using the standard IRAF?"
packages and methods described in Hamuy et al. (2006),
Folatelli et al. (2013), and Smartt et al. (2015). The NIR
spectrum was obtained with the Folded-port InfraRed Echell-
ette (FIRE) on the Baade telescope at the Magellan
Observatory and reduced using the methods described in Hsiao
et al. (2019). Table 3 presents a summary of the spectral data.

2.3. Host Galaxy

Integral-field spectroscopy of NGC 5490 was obtained on
2021 January 27 08:04:06, with the Multi-Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010). MUSE is mounted on the
Unit 4 telescope at the ESO Very Large Telescope at the the
Cerro Paranal Observatory. These host observations were
obtained as part of the All-weather MUSE Supernova Integral-
field Nearby Galaxies (AMUSING; Galbany et al. 2016; Lépez-
Coba et al. 2020) survey. AMUSING is an ongoing project that
analyzes the host galaxies of SNe to study their environments.

Figure 2 presents a synthetic r-band image extracted from
MUSE observations of the host galaxy. SN 2015bo is distant
from the center of the host galaxy, NGC 5490. This suggests that
host-galaxy extinction is minimal for SN 2015bo. The object
adjacent to SN 2015bo is an unrelated background galaxy.

3. Photometry
3.1. Light Curves

The multiband uBVgriJHY light curves are presented in
Figure 3. The filters are organized top-down from blue
wavelengths to red wavelengths. Data from five optical filters
(BVgri) extend to ~+80days after the time of B-band
maximum (#(B)max). BVg rise on timescales longer than
~10 days, but the true time of explosion is uncertain as the last
nondetections are not constraining.

20 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Figure 2. The MUSE data cube synthetic r-band image. The image was
obtained by convoluting the spectra by an r-filter transmission. The orange and
red circles represent a 1 kpc? aperture centered on the positions of SN 2015bo
and SN 1997cn, respectively.

To derive important photometric quantities such as #B)max,
maximum mg, and Aml15(B), we utilize the SuperNovae in
object-oriented Python (SNooPy; Burns et al. 2011, 2014)
template light-curve fitting software package.>' The B band was
interpolated using a Gaussian process technique which under-
went 150 Monte Carlo iterations to determine the uncertainties.
The 1o deviation from the Monte Carlo iterations was used as
the uncertainty for the derived values. We used the 1991bg-like
SN spectral energy distribution (SED) template within
SNooPy** to perform K-corrections. This correction template
is used throughout this work for fitting fast decliners with
SNooPy. Light-curve parameters of #(B)max =2457078.3 +
0.1 day and maximum mp = 16.83 = 0.01 mag were computed.
Aml15(B) and sgy were calculated using the same direct
Gaussian process interpolation technique. To calculate sgy,
only data with both B and V bands taken on the same night
were used. The values of Aml15(B) and sgy are 1.91 %
0.01 mag and 0.48 +0.01, respectively. Derived maximum
apparent magnitudes in each CSP filter and their corresponding
times relative to #(B)max are presented in Table 2. The u-band
peaks ~2 days prior to #(B)max, whereas the V, g, r, and i
bands all peak after AB)max. Throughout this work we use the
parameters derived from the Gaussian process interpolation
unless otherwise stated.

To assess if SN 2015bo is a “normal” 1991bg-like SNe, we
fit the multiband light curves with the EBV2 model in SNooPy.
Interestingly, the fits determine E(B — V)gos =0.21 £0.01
(stat) = 0.06 (sys). However, no narrow Nal lines were seen in
the spectra. An upper limit on the on Nal pseudo-equivalent
width was calculated using the method described in Ashall
et al. (2021). Using the method of Poznanski et al. (2012)
between Nal D pseudo-equivalent width and E(B—V)
produced an upper limit of E(B — V)yes = 0.02 & 0.02 mag,
where the uncertainty was determined via the method of

2 https:/ /csp.obs.carnegiescience.edu/data/snpy
% Taken from https: //c3.1bl.gov/nugent/nugent_templates.html.
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Figure 3. Rest-frame optical and near-IR (NIR) photometry of SN 2015bo. The V-band discovery point is given as a green, upward open triangle. The last
nondetection from ASAS-SN in the g band is provided as a red, downward open triangle. Solid, dark khaki lines on the bottom horizontal axis represent epochs with
optical spectra, and the dashed black line represents the epoch of our NIR spectrum.

100

Table 2
Table of Maximum Light Apparent Magnitudes

extinction must be minimal, and that the SNooPY fits are
inaccurate in this area of the parameter space. Therefore,
throughout this work we opt to not correct for host-galaxy

Filter Magnitude oMagnitude fmax — {(B)max Otimax e

CSP-II (mag) (mag) (days) (days) extunction. )

- 515 001 0 03 To determine the dlstance.modulus.to SN 2015bo, we use
B 16.44 0.01 0.0 o1 the SNooPy EBV2 model with the prior that the host-galaxy
v 16.84 001 20 01 extinction, E(B — V)pose =0 mag. A distance modulus of
g 16.62 0.01 0.6 0.1 1=34.33 £0.01 (stat) £ 0.11 (sys) mag was derived. Further
r 16.27 0.01 27 0.1 discussion about distance calculations and a more accurate
i 16.62 0.01 2.1 0.1 derivation of the distance modulus and its systematic
H 16.51 0.04 12.9 13 uncertainty can be found in Section 5. The SNooPy fits (see

Figure 4) show that SN 2015bo’s photometry is well matched
Note. by 1991bg-like SNe light-curve templates.

a The H band. was the only n.ealh'-IR. (NIR) band where SNooPy was able to Figure 5 compares the light curves of SN 2015bo in BVgri
der%ve a maximum value. This is likely due to the lack of data in the NIR with a selection of subtypes of SNe Ia from CSP-IL
feeime. SN 2015bo’s light curve resembles 1991bg-like SNe, and it
evolves more quickly than the other types of SNe Ia in every

Phillips et al. (2013). Additionally, SN 2015bo is far away from
its elliptical host galaxy, reducing the chance of significant
host-galaxy extinction. We conclude that the host-galaxy

band except the i band. The lack of a distinctive knee-type
feature in the r band when compared to normal and 1991T-like
SNe highlights this difference. The broader i band can be used
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Figure 4. SNooPy fits described in Section 3.1. These fits are produced with
the EBV2 model and the prior that the host-galaxy extinction is 0 mag. The
vertical axis is plotted in magnitudes, and the horizontal axis is in days after the
first data point.

to confirm if a SN is a subluminous SN. SN 2015bo, like many
other subluminous SNe, lacks a secondary i-band maximum,
whereas normal and 1991T-like SNe have a distinct secondary
maximum. In normal SNe Ia, the secondary i-band maximum
comes from recombination of iron-group elements (Hoflich
et al. 2002; Kasen 2006; Jack et al. 2015); however, in 1991bg-
like SNe, Kasen (2006) and Blondin et al. (2015) propose the
recombination either does not occur or occurs earlier, which
causes the maxima to merge and appear as one maximum in the
light curve. This is also why the i-band peak occurs after the B-
band maximum. The importance of the second i-band
maximum for using SNe Ia as distance indicators is discussed
in Section 5. The i band for SN 2015bo is also slightly broader
than the 1991bg-like SNe comparison sample. Interestingly,
SN 2015bo shows some similarities with 2002cx-like SNe in
the Bgr bands, but SN 2015bo declines significantly faster than
2002cx-like SNe in the Vi bands. Although 2003fg-like SNe
show a somewhat wider variety in their light-curve morphol-
ogies, it is still evident that SN 2015bo declines more quickly
than all 2003fg-like SNe in all plotted filters, and for most
2003fg-like SNe this difference in decline rate is significant.
Ashall et al. (2020) showed SNe Ia can be photometrically
subtyped by just their sgy value and their time of primary i-
band maximum relative to B-band maximum (i — Byay).
Figure 6 presents this relationship with SN 2015bo overlaid.
SN 2015bo is located in the 1991bg-like SNe area of the
parameter space where there are fewer SNe. This suggests the
classification that SN 2015bo is a 1991bg-like SN.

3.2. Color Curves

In Figure 7, the color curves of SN 2015bo are presented.
Throughout this work, we use K-corrected intrinsic colors.
Color curves are obtained by subtracting photometric points
observed on the same night. No interpolations between data
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points were performed. At early times, the color is a diagnostic
of the temperature of the photosphere, so Figure 7 provides an
approximate measurement of the temperature over time. Both
the B — V and the g — r color curves are similar: they exhibit
sharp increases from bluer to redder from ~Oday to
~+15 days and then turn to become bluer after ~+15 days;
however, g — r declines more quickly than B — V over this time
frame. After ~+55 days, the photosphere is well within the
ejecta and the color no longer measures the temperature but
rather differences in ionization state from a mixture of
absorption and emission features. At later epochs, B—V
flattens off to eventually reach a value of ~0.5mag at
~+80 days, whereas g — r continues to decline as far out as
~+100 days to reach a value of ~—0.4 mag. The V — r color
curve also peaks near ~+15 days, but it does not rise as steeply
as B— Vor g — r. When it declines, V — r is broader than g — r
and is approximately the same slope as B — V. The r — i color
curve displays a slightly later red peak at around +20 days
rather than around +15 days, and it also has a noticeably less
steep increase; it also flattens off over time rather than declines.
The flattening starts at ~+30 days, which is earlier than when
the B — V color curve may start to flatten in the last two B — V
data points. These color-curve shapes are abnormal; they may
provide a potential explanation as to why the SNooPy EBV2
model wants to have a larger extinction value than can be
derived from the Nal D equivalent width.

Figure 8 compares the intrinsic color curves of SN 2015bo to
a variety of other SNe Ia. The comparison SNe Ia are corrected
for both their respective Galactic and host-galaxy extinctions.
SN 2015bo is plotted in black diamonds, with two transitional
SNe Ia, SN 20070on and SN 201 liv, plotted in blue circles and
red squares, respectively. These two transitional objects are
plotted individually because they also exhibit the same peculiar
blue rise in the r —i color curve that SN2015bo has after
~—+40 days (see below for details). SN 2007on and SN 2011iv
are interesting objects in their own right: they both exploded in
NGC 1404, and they are both transitional SNe Ia. Detailed
discussions of SN 2007on and SN 2011iv can be found in Gall
et al. (2018) and Ashall et al. (2018).

In B—V, SN2015bo starts bluer than the comparison
sample and becomes more red that the comparison sample over
time after ~+430days. Its Lira tail (the region in the B—V
color curve after ~+20days for which the majority of SNe
have similar slopes; Phillips et al. 1999) is the steepest of our
sample. Comparing SN 2007on and SN 2011iv, Gall et al.
(2018) found SN 2011iv was bluer earlier on, yet it became
redder than SN 2007on at ~+30days. Gall et al. (2018)
interpreted this as an effect from the progenitor WDs having
differing central densities at the time of explosion. Therefore,
the *°Ni distributions would be different for SN 20070n and
SN 2011iv. At B-band maximum and at the reddest color
inflection point, SN 2015bo has a similar B—V color to
SN 20070n; however, the slope of the decline in the Lira tail is
steeper in SN 2015bo than both SN 20070on and SN 2011iv.
This could be an indication that the central density of
SN 2015bo is even lower than SN 2007on.

The V — r color curve for SN 2015bo is unique. It reaches a
red peak higher than any other observed SN Ia in our
comparison sample. This is peculiar, especially considering this
same behavior does not occur in either » — i or B — V colors, or
with other transitional or 1991bg-like SNe. Additionally, it
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Figure 5. The B-band (first row), V-band (second row), g-band (third row), r-b:

and (fourth row), and i-band (fifth row) light curves compared to a selection of SNe Ia

subtypes: normal (first column/gray), 91T-like (second column/blue), 03fg-like (third column/purple), 91bg-like (fourth column/orange), and 02cx-like (fifth
column/green). SN 2015bo (black points) deviates significantly from all other types of SNe Ia, but matches quite well with other 1991bg-like SNe. Comparison SNe

are from Ashall et al. (2020).

seems that the triumvirate of SN 2007on, SN 2011iv, and
SN 2015bo decline in V — r more rapidly than normal SNe Ia
after ~+50 days past #B)max.

Another intriguing property of SN 2007on, SN 2011iv, and
SN 2015bo is the redward rise of the r —i color curve at
~+40 days after B-band maximum. This red color shift could
be due to the fact that fast decliners are [Ca II] strong. Therefore
the [CaTl] AX 7291.5, 7323.9 emission, which is usually seen
beginning at ~+440 days (Taubenberger 2017), will affect the

r — i color curve. This difference in the r — i color curve after
~+40 days could provide a robust way to photometrically
distinguish a subset of transitional and/or 1991bg-like SNe that
may share a progenitor scenario or explosion mechanism or to
distinguish fast-declining SNe from normal SNe Ia.

The r — i color minimum that occurs just after #(B)max for
SN 20070n, SN 2011iv, and SN 2015bo are also significantly
earlier and bluer than normal SNe Ia. This earlier first turning
point could provide a good way to identify subluminous SNe Ia
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galaxy, extinction.

in future studies. We see no evidence for an inflection point at
~0-10days in the V — r color despite having data during the
epochs where all other SNe Ia in the sample turn.

3.3. Luminosity—Width Relation

The peak absolute magnitude of SN 2015bo is calculated
from the light curves to be M= —17.50=+0.15 mag. This
value has been corrected for only foreground extinction and not
host-galaxy extinction. This absolute magnitude is derived
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using the cosmic microwave background (CMB)-corrected
distance modulus, which is 34.21 &£ 0.15 mag.

The luminosity—width relation is plotted in Figure 9 using
comparison SNe from the CSP-I and CSP-II. SN2015bo is
plotted without corrections for host-galaxy extinction, and the rest
of the sample is corrected for host-galaxy extinction. The left side
of the figure is for the B band, whereas the right side of the figure
is for the V band. SN 2015bo is located with the transitional and
1991bg-like SNe and is within the area of parameter space
sgy ~ 0.5, where there is a lack of objects (Ashall et al. 2016).
The background-comparison SNe in the left panels of the Figure
use absolute magnitude values from SNooPy template fits using
the EBV2 model; the comparison SNe in the background-
comparison SNe in the right panels use My and Am15(V') from
direct Gaussian process fits with the same method as in
Section 3.1. This explains the difference in scatter between the
luminosity—width relation in the B band compared to the V band.

In the top-left panel, SN 2015bo is located in the degenerate
region of the luminosity—width relation parameter space. This
degeneracy arises from Am15(B) obtaining the same value for
different light-curve shapes (Burns et al. 2014). However,
when the correlations are plotted as a function of sgy,
SN 2015bo occupies the bright end of the 1991bg-like SNe
parameter space in the luminosity—width relation. In the B
band, Mp is among the parameter space occupied by other fast
decliners. In the V band, SN 2015bo is in the fast-declining,
underluminous parameter space, as well.

SN 1997c¢n is also plotted in Figure 9 using the photometry
from Jha et al. (2006). Due to the photometry starting well after
maximum in all bands, we were unable to directly calculate the
time of B- or V-band maxima, maximum magnitudes in the B
and V bands, Am15(B), Am15(V), or sgy. Because of this,
values from the best-fit templates derived from the SNooPy
EBV2 model were used for SN 1997cn. In all panels,
SN 1997cn occupies the same parameter space as SN 2015bo.

3.4. Bolometric Light Curves

Pseudo-bolometric light curves were constructed using the
direct SED method within SNooPy. The wavelength range was
from 3000 to 19370 A. In short, the method converts the
magnitudes into fluxes to produce a SED, the 1991bg-like
spectral templates are used for K- and S-corrections, and the
SED is integrated and scaled with respect to the distance
modulus to produce a bolometric flux at each epoch. Due to the
lack of temporal coverage in the infrared data, we used a
Rayleigh—Jeans model to extrapolate our SEDs when data was
not available. The SEDs were also corrected for Milky Way
extinction. The error on the bolometric light curve was
determined via varying the distance modulus through 100
Monte Carlo iterations. To do this, the distance modulus was
treated as a Gaussian distribution. A Gaussian process was used
to determine the maximum for each iteration. The mean value of
these maxima from the Monte Carlo iterations was taken as the
final peak pseudo-bolometric luminosity, and the mean of the
standard deviations of the maxima was taken as the uncertainty.

The peak pseudo-bolometric luminosity of SN 2015bo is
L2 =033 £0.03 x 10 erg s~'. Using the relation
between LFP and °Ni mass presented in Stritzinger &
Leibundgut (2005) and Arnett (1982), a Ni mass of
0.17+£0.05 M, is derived. Calculated values are compared
to other SNe Ia presented in Ashall et al. (2018) in Figure 10.
Both the bolometric luminosity and *°Ni mass of SN 2015bo
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Figure 8. Comparison of intrinsic color curves for SN 2015bo and other SNe. Plotted colors from left to right are B — V, V — r, and r — i. SN 2015bo is plotted in
black diamonds with two similar SNe Ia, SN 2007on and SN 2011iv, plotted in blue circles and red squares, respectively. Green, left-facing triangles are other fast
decliners; the condition sgy < 0.70 effectively segregates between normal and fast-declining SNe Ia. Grey, right-facing triangles are all other types of SNe Ia. All
comparison SNe Ia data points have been corrected for both Milky Way and host-galaxy extinction, whereas SN 2015bo is only corrected for Galactic extinction since

there is most likely an insignificant amount of host-galaxy extinction.

are consistent with the general trend presented in Ashall et al.
(2019a). SN2015bo has a lower luminosity and lower *°Ni
mass than the majority of the CSP comparison sample. This
places it near other 1991bg-like SNe.

A similar pseudo-bolometric light curve and “°Ni mass were
not computed for SN 1997cn because the data for SN 1997c¢n is
insufficient to directly derive a SNji mass. However, Turatto
et al. (1998) found a “°Ni mass of ~0.1 M.for SN 1997cn
using spectral models.

4. Spectra

Photometry is a powerful tool for classifying and studying
SNe, but it does not reveal the full picture. Spectroscopic
observations complement photometric ones and enable further
understanding of the elemental composition of SNe. Due to the
homologous (v o rf) expansion of a SN ejecta ~10 s after the
explosion, obtaining a time series of spectra allows the
reconstruction of the evolution of the ejecta over time. In
addition to providing composition information, spectra also can
be used to derive velocities of the ejecta and provide additional
information on the physics of the explosion such as the
temperature, the ionization state, and the kinetic energy.

4.1. Optical Spectra

Figure 11 presents a time series of the optical spectra
compiled here for SN 2015bo. The spectra span from
—7.8days to +31.8 days relative to B-band maximum. The
spectra are dominated by features of intermediate-mass and Fe-
group elements as well as oxygen. The main spectral features
we identify are as follows: Call H&K A\ 3968, 3933, Till
M395, Fell A\ 4923, 5169, Fe Il A5156, S1I A\ 5449, 5623,
Sill AX 5972, 6355, O1 A7774, and Call A\ 8498, 8542, 8662
NIR lines. These lines are identified based on Mazzali et al.
(1997) and Ashall et al. (2016).

Spectra of SN 2015bo are compared to other subtypes of
SNe Ia at maximum light and +20days in Figure 12. All
objects in the sample are dominated by intermediate-mass
elements (IMEs) and Fe-group elements. Most have a strong
Sill A6355 feature. SN 2015bo is most similar to SN 1991bg,
as demonstrated by the strong Sill A 5972 feature. In other

SNe, the Sill A5972 feature is weak or entirely absent (e.g.,
SN 1991T and SN 201 1fe). While not as strong as SN 1991bg,
SN 2015bo’s Till M400 feature is still present. This feature
(Timm A400) is only observed in our sample in SN 2015bo,
SN 1991bg, and SN 2006bt. As the strength of the Sill A5972
and Till M400 is indicative of temperature, this suggests
SN 2015bo has a photospheric temperature between those of
SN 1991bg and a normal Ia such as SN 2011fe. By +20 days,
all of the SNe in the sample look similar because the
photosphere is well within the “°Ni region.

Figure 13 compares SN 2015bo to other SN 1991bg-like and
transitional SNe Ia. The sample is arranged by sgy value; there is
a trend that SNe with smaller sgy have stronger Sill A\5972
features. The Ti 11 AM4400 feature also shows the same relationship
between depth and sgy. Within this trend, SN 2015bo is located
between SN 2005bl and SN 1986G both in terms of sgy and the
strength of the Ti 11 M400 and Si 11 A5972 features. Figures 9 and
10 confirm this: in both plots, SN 2015bo resides on the more
luminous end of the fast decliners. These photometric results are
consistent with spectral observations. SN 1997cn is also plotted
to compare its spectra to the other SNe; it falls between
SN 2005bl and SN 1991bg based on sgy value.

Discussing spectral differences in a qualitative manner is
helpful to see general trends; however, as a scientific method it
is imprecise. Therefore, velocities and pseudo-equivalent
widths are derived to provide a quantitative picture of
SN 2015bo and its spectral relationship to other SNe Ia. These
measurements are presented in Section 4.3.

4.2. Velocity and Pseudo-equivalent-width Fitting Method

We fit all optical spectra using the Measure Intricate Spectral
Features In Transient Spectra23 (mistfits; S. Holmbo et al. 2022,
in preparation) fitting program. This program was used to
calculate both the wavelengths of each spectral feature and the
pseudo-equivalent widths. To fit the wavelengths, spectra were
smoothed using misfits’ low-pass fast-Fourier-transformed
filter spectra following the method described in Marion et al.
(2009). An uncertainty spectrum was computed from the
difference between the observed and smoothed spectra. The

B https: //github.com/sholmbo/misfits
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Figure 9. Luminosity—width relation using sgy, Am15(B), and Am15(V). For all panels, the black diamond is SN 2015bo. The absolute magnitude for SN 2015bo
was computed without host-galaxy extinction (i.e., E(B — V)yost = 0.00). The sgy and peak magnitude for SN 2015bo were both calculated with a direct Gaussian
interpolation. Other fast decliners are plotted as green, orange, or cyan diamonds, triangles, and squares. SN 1997cn is plotted as the red diamond. Grey points are a
sample of other subtypes and normal SNe Ia. Top left: absolute B-band magnitude plotted against Am15(B). Bottom left: absolute B-band magnitude plotted against
sgy. Top right: absolute V-band magnitude plotted against Am15(V). Bottom right: absolute V-band magnitude plotted against sgy. For the background SNe Ia on the
left-hand side, sgy and Am15(B) values come from the EBV2 model within SNooPy, whereas on the right-hand side sgy and Am15(V) values for the background
SNe Ia are directly computed by SNooPy using a direct Gaussian interpolation on the specific band. All background SNe satisfy the following: z > 0.01, Ay < 0.75
mag, oMy < 0.3 mag, cAm;5(V) < 0.05 mag, and osgy < 0.05. These choices were made to eliminate poorly measured background SNe or objects that suffered from

significant extinction and/or uncertain distances due to peculiar velocities.

absolute values of the residuals were smoothed using a
Gaussian filter where the smoothed residuals contain 68% of
the absolute value of the residual level. This is used as the 1o
error spectrum.

From there, a Gaussian function and a linear continuum were
simultaneously fitted to each feature using the velocity.
gaussians function within misfits. The initial guess continuum
boundary points were selected by hand, and the best fit was
determined by X2 minimization. A final wavelength and
uncertainty were respectively determined using the mean and
standard deviation of 1000 Monte Carlo iterations. This
uncertainty was added in quadrature with the uncertainty of
the instrument resolution to arrive at the final wavelength
uncertainty. The relativistic Doppler formula and rest wave-
length of the feature were used to convert the wavelength of the
absorption minimum into velocities.

Pseudo-equivalent-width determination followed the proce-
dure presented in Garavini et al. (2007) using misfits’ width.

10

shallowpew function. The mean and standard deviation of 1000
Monte Carlo iterations were used as the pseudo-equivalent
width value and lo uncertainty.

4.3. Branch Diagram, Velocities, and Pseudo-equivalent Width
4.3.1. Branch Diagram

An additional way to classify SNe Ia into subtypes is to plot
the pseudo-equivalent width (pEW) of Sill A5972 against Sill
A6355 at maximum (Branch et al. 2006). Figure 14 shows
SN 2015bo along with other SNe Ia. There are four regions:
Shallow Silicon, Core Normal, Cool, and Broad Line. Core
Normal SNe are a highly homogeneous group with similar
spectral features. Broad Line SNe are similar to Core Normal,
but have broader features. Likewise, Shallow Silicon are also
similar to Core Normal but tend to have equally weak Sill
A5972 and Si Il A\6355 features. Shallow Silicon SNe tend to be
overluminous. Finally, there are the Cool SNe. These objects
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Figure 10. Pseudo-bolometric luminosity (top) and 5°Ni mass (bottom) as a

function of sgy. SN 2015bo is plotted as the black diamond, while other SNe Ia
are hollow, gray right-facing triangles.

are subluminous—strong SiIl A5972 values are predominantly
seen in subluminous SNe. SN 2015bo occupies the upper-right
area of the Cool region among other fast-declining, sublumi-
nous SNe Ia, whereas SN 1997¢n falls in the upper-central area
of the Cool region.

4.3.2. Velocities

Expansion velocities for each strong spectral feature present
in the spectra of SN 2015bo are shown in Figure 15 along with
velocities from other SNe Ia for comparison. There are four
subluminous SNe (SN 1991bg, SN 1999by, SN 2005bl, and
SN 2005ke) and two normal SNe (SN 2011fe and SN 2014J).
Comparison velocities are taken from Galbany et al. (2019),
and shaded regions represent the Cool and Broad Line regions
from Folatelli et al. (2013). Uncertainties are derived from both
the uncertainty in the measurement of the minimum of the
feature and the resolution limit of the respective instrument
used to observe each spectrum. These two uncertainties are
added in quadrature to derive the final uncertainty.

11

Hoogendam et al.

For the Canm H&K feature, SN2015bo starts at
~18,000kms™" ~+8 days before #B)max near the normal
SNe and decreases over time to reach ~13,000 km s at
~+31 days after maximum to be among the subluminous SNe.
This evolution does not mirror other subluminous SNe Ia in the
sample, which have a flatter velocity evolution going from
~13,000 km s at early times to ~11,000 km s~ at later
times. The evolution occupies the same space as the Cool
region after ~—5 days.

At early times, ST W-blue feature’s velocity is similar to
SN 2005bl and SN 2014J. The velocity evolution follows the
Cool and other 1991bg-like SNe. The evolution has an initial
velocity of ~11,000 km s~! similar to SN 2005bl; however,
this drops to ~6000 km sfl, which is similar to other
subluminous SNe Ia. The S1I W-red feature shows analogous
behavior: it starts near SN 2005bl and SN 2014J and declines
over time to match the other subluminous Ia.

SN 2015bo has the fastest Sill \5972 feature of the sample
at ~13,500 km s~!'. This is in the Broad Line region. It then
slows down until it is slower than all the other SNe. Unlike the
S W-red feature, which reaches a homogenous value at
~—5 days, the Sill A 5972 feature continues to decline until it
is the lowest-velocity SN in the sample.

At ~—8days, SN2015bo starts faster than all other
subluminous SNe Ia Sill A\6355 velocities with the exception
of SN 2005bl at ~15,000 km s~ '. After declining, the velocities
are consistent with other fast-declining SNe Ia and are in the
Cool region. At ~+31 days, it is slower than any other member
of the comparison sample, with a velocity of ~5000 kms™"'.

The two features of Sill A5972 and Sill A6355 exhibit
velocities that diverge downwards from the Cool pathway of
Folatelli et al. (2013) between ~0days to ~-+5days and
~+10days to ~+20 days past maximum, respectively. These
lower velocities also suggest that the base of the silicon is
deeper in SN 2015bo than in all other SNe Ia in the sample.

While noticeable residuals in the corrections for the telluric
features are not seen in the epochs with calculated O1 \7774
velocities, they still might exert influence on the calculations.
This potential influence can be seen in the significant difference
between SN 2015bo and the rest of the comparison sample.
Howeyver, if these measurements are correct and do not suffer
from telluric absoption, then SN 2015bo has the fastest
velocities of the sample.

Finally, SN 2015bo’s Ca1l IR velocity is 18,000 km s~ !at
~—10 days, the highest velocity in the entire sample. However,
it declines rapidly from ~0Oday to ~+10days; SN 2015bo
transitions from being the fastest to the slowest in that time
period. After ~+10days, SN2015bo declines only slightly
over the next 20 days to ~8500 kms ™" at +31 days after max.

Overall, the velocities are unique in their steep declines.
SN 2015bo starts on the higher end of the 1991bg-like SNe and
then finishes on the lower end of the 1991bg-like SNe
distribution in nearly every panel of Figure 15. Additionally,
SN 2015bo primarily resides outside the Cool region. This
behavior is unique to SN 2015bo. Along with the different
V — r color curve, this behavior gives evidence that SN 2015bo
is different than other 1991bg-like objects.

As is seen in the S and Si velocity evolution, SN 2015bo has
an extended layer of IMEs. It is extended to both the highest
and lowest velocity compared to SNe of the same subtype. The
velocity of the IME region may imply that the burning near the
surface was efficient, leaving a lack of unburnt material and
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Figure 11. Time series of optical spectra for SN 2015bo. Times relative to #B)max are provided next to each spectrum.

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

producing high-velocity IME lines. Conversely, it also implies
that the density of burning in the inner layers (i.e., between
4000-6000 km sfl) was less than about 1 x 107 g cm73; above
this density is where burning to Fe-group elements occur. It is
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unclear which explosion or progenitor scenarios can produce
such a distribution. However, within the framework of a
delayed-detonation model the inner region is determined by the
transition density (i.e., the density at which the flame front
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Figure 12. Comparison of SN 2015bo (gray) to other SNe Ia: SN 1991bg (Filippenko et al. 1992b); normal SNe Ia SN 2002bo (Benetti et al. 2004; Szabé et al. 2003)
and SN 2011fe (Nugent et al. 2011); peculiar SN 2006bt (Foley et al. 2010); the overluminous SN 1991T (Phillips et al. 1992; Filippenko et al. 1992a); and the
2003fg-like SN 2009dc (Yamanaka et al. 2009). Left: comparison at #B)max. Right: comparison at +20 days from #(B)max.

changes from a deflagration to a detonation), and the outer
layer is determined by the C—-O ratio within the WD (see, e.g.,
Hoeflich et al. 2017).

4.3.3. Pseudo-equivalent Widths

The pseudo-equivalent widths for SN 2015bo and selected
comparison SNe la are plotted in Figure 16. The pseudo-
equivalent width in Call H&K for SN 2015bo is homogenous
with the comparison sample even though SN 2015bo_starts
larger than any other Cool SN, with a value of ~130 A. The
wavelength coverage of the spectra from ~0 day to ~+16 days
did not fully capture the feature, so it is uncertain what value
SN 2015bo would decline to, if at all. At ~+31 daoys after
maximum, SN 2015bo has the largest value at ~115 A.

In Fe 11, SN 2015bo is uniform with the rest of the sample;
however, SN 2015bo exhibits a higher maximum value of
~425 A at ~+15 days.

The STW pseudo-equivalent width deviates from the rest of
the sample; it starts near SN 201 1fe at ~75 A but drops below
SN 2014J to ~60 A at ~—5 days. This is followed by a slight
increase to ~70A 5 days prior to B-band maximum. At
~+-2 days after maximum, SN 2015bo declines down to ~60 A.
This evolution is not seen in any of the comparison SNe, normal
or subluminous. SN 2015bo inhabits the Cool region.

In Sim A 5972, subluminous SNe have a concave-down
morphology and normal SNe have a concave-up morphology.
This is an effect of temperature and the heating of the
photopshere. Since SN 2015bo is subluminous, it has a
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concave-down form; it starts at ~45 A, which is greater than
the rest of the acornparison collection, and then increases to a
peak of ~55A at ~+3days after maximum. From there,
SN 2015bo declines slightly to ~35A. The decline for
SN 2015bo at ~+35 days after maximum is earlier than the
other subluminous SNe, but this time, perhaps coincidentally,
corresponds to the rise of SN 2011fe. SN 2015bo occupies a
similar area as the Broad Line region.

SN 2015bo has the same evolution curve as the rest of the
sample in Sill A 6355, however its numerical values are
marginally higher. SN2015bo’s maximum mp time at
~+20days after maximum is consistent with the peaks of
SN 1991bg and SN 2005bl; however, both SN 1999by and
SN2005ke peak later by ~10days. The largest pseudo-
equivalent width value of ~235 A is larger than the four SNe
Ia just mentioned—they peak at ~180-195 A. The only SN in
the comparison sample that has a higher pseudo-equivalent width
is SN 2014], with a value of ~255 A. This value occurs later than
SN 2015bo’s at ~+-35 days. Beyond ~+-25 days, we expect that
the line is blended with Fe I and not just solely SiIl emission.

In O1 X\ 7774, SN 2015bo starts well above the rest of the
sample SNe Ia at almost 220 A ~—8 days, but it returns to a
more consistent value of ~130 A at #B)max. The pseudo-
equivalent width in OI may suffer from telluric absorption
even though only epochs without obvious telluric contamina-
tion were selected. .

Finally, SN 2015bo starts marginally higher at ~310 A at
~—8 days in Ca Il IR, but quickly integrates itself into the mean
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Figure 13. Comparison of optical spectra at fB)max magnitude of 1991bg-like
and transitional SNe Ia. From blue to red, the significant features are Call
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Sill AX 5972, 635, O1 A7774, and Ca 1l A 8498, 8542, 8662. sgy values are
taken from Ashall et al.”s (2018) Table 5, except for SN 1991bg, which is taken
from Galbany et al.’s (2019) Table 3.

path of the sample ~+10 days after maximum at ~310 A and
rises to reach ~460 A at ~4-31 days after maximum.

4.4. Near-infrared Spectrum

The presented NIR spectrum was observed at +11.5 days
and is shown in Figure 17. We identify lines of both
intermediate-mass and Fe-group elements at this phase. Unlike
the optical, NIR spectra reveal different layers of the ejecta at a
given epoch (Hoflich et al. 2002). Specifically, we identify
Call A\ 8662, 8538, Mgl A\ 9227, 10927, Sin A11737,
Call A\ 11839, 11950, and Fe 1I features, as well as significant
Fe and Co emission between the two telluric bands in the H-
band break. Finally, strong Co 1l emission is present in the
2 pm to 2.4 pum region. Eight CoII lines dominate this region:
Coll A\ 20913, 21211, 21351, 21509, 22209, 22482, 23619,
and 24603 (Gall et al. 2012).

There is an area of strong Fell, CoIl, and Nill emission,
known as the H-band break, that originates from allowed
transitions above the photosphere (Wheeler et al. 1998). Hsiao
et al. (2013) found a correlation between the SN stretch
parameter and the feature strength of the H-band break and that
the H-band break strength should be near its maximum value at
the phase of our observed NIR spectrum. Ashall et al.
(2019a, 2019b) showed that this feature can be used to
determine the location of the outermost “°Ni in SNe Ia using
the Veqge parameter. The veqe. parameter is the velocity of the
bluest edge of the H-band break Co Il emission line; see Ashall
et al. (2019a) for further details. veqq is plotted against sgy in
Figure 18 using data from Ashall et al. (2019a).
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Table 3
Log of Spectroscopic Observations
UT Data MID Epoch® Telescope Spectrograph
(days) (days)
2015-02-15 57068.35 —7.8 NTT® EFOSC2
2015-02-16 57069.00 -7.2 LT® SPRAT
2015-02-19 57072.00 —4.2 LT SPRAT
2015-02-19 57072.34 -39 NTT EFOSC2
2015-02-19 57072.36 -39 NTT EFOSC2
2015-02-25 57078.00 1.7 DUP! WFCCD
2015-02-28 57081.00 4.7 LT SPRAT
2015-03-03 57084.00 7.6 LT SPRAT
2015-03-03 57085.64 9.2 NOT* ALFOSC
2015-03-05 57086.00 9.6 LT SPRAT
2015-03-07 57088.00 11.5 Magellan FIRE
2015-03-10 57092.69 16.2 NOT ALFOSC
2015-03-14 57095.00 18.4 LT SPRAT
2015-03-14 57095.30 18.7 NTT EFOSC2
2015-03-14 57095.32 18.8 NTT EFOSC2
2015-03-26 57108.63 31.8 NOT ALFOSC
Notes.

4 Epoch phase relative to rest-frame B-band maximum.
® New Technology Telescope.
cr.
Liverpool Telescope.
9 du Pont Telescope.
¢ Nordic Optical Telescope.

SN 2015b0’s Vegge is —7000 £ 1300 km s~' (Ashall et al.
2019b). This shows that the majority of the *°Ni mass is located
in the center of the ejecta. This also implies a low “°Ni mass, as
found in Section 3.4.

5. Distance to NGC 5490 and 1991bg-like Supernovae as
Distance Indicators

SN 2015bo has a sibling (a SN in the same host galaxy):
SN 1997cn (Li et al. 1997; Turatto et al. 1998; Jha et al. 2006).
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Interestingly, SN 2015bo and SN 1997cn are also both fast decliners are located preferentially in early-type galaxies
decliners, so not only are they siblings, they are also of the (Hamuy et al. 1996), it is unsurprising that an early-type
same spectral subtype (nominally called “twins”). Since fast galaxy is the host of two fast-declining SNe, as opposed to a
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different galaxy type where fast-declining SNe Ia are even less
common. This provides an opportunity to evaluate the accuracy
and consistency of these quasi-rare subtypes as distance
indicators. To date, this is the only known instance of two
fast-declining SNe exploding in the same host galaxy. In this
section, distance moduli are derived using various methods and
checked for consistency.

We calculate the distance modulus to the host (NGC 5490)
with three independent methods: (i) the z ., distance-derived
method assuming a cosmology of Hy=73kms 'Mpc ',
Q,=0.27, and Q,=0.73; (ii) the independent distance
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Table 4
Distance Moduli Derived Using Four Independent Methods: z.,, Cosmology,
Surface-brightness Fluctuations, SN 2015bo, and SN 1997cn

Object I3 oy
(mag) (mag)
NGC 5490" 34.21 0.15
NGC 5490° 34.27 0.08
SN 2015bo 34.33 0.01 (stat) 0.11 (sys)

SN 1997cn 34.34 0.04 (stat) 0.12 (sys)

Notes.

 Corrected to the cosmic microwave background rest frame and calculated
using Hy="73kms 'Mpc™', Q, =027, and Q, =0.73, which is used
throughout this work.

® Distance derived from surface-brightness fluctuation distance from Jensen
et al. (2021).

derived using the photometry of all available bands of
SN 2015bo; and (iii) the independent distance derived using
the photometry of all available bands of SN 1997cn. All of the
derived distances, as well as the distance computed using
surface-brightness fluctuations (Jensen et al. 2021), can be
found in Table 4.

The distance modulus derived using the z.,, method is
pu=3421+0.15 mag. As discussed in Section 3.1, the
distance modulus to SN 2015bo was determined using the
EBV2 model and a 1991bg-like K-correction in SNooPy with
the prior that E(B — V) =0 in the fit. Photometry for
SN 2015bo is in the CSP natural system. SNooPy has an
uncertainty budget described in Burns et al. (2011). Of the four
categories, only the uncertainty from the stretch parameter
applies to SN 2015bo. To compute the systematic uncertainty
for spy, the dispersion in the fit between sgy and Am15(B) is
considered. Because these are independent measures of the
decline rate, the source of the dispersion in this relation comes
from both random noise (due to measurement error) and any
systematic errors that sgy and Am15(B) have in measuring the
“true” decline rate. Therefore the dispersion is an upper limit on
the systematic error in sgy (or Aml15(B)). This value is
osgy = 0.03, which turns into an uncertainty in distance
modulus of 4= 0.11 mag. Thus, we calculate a distance modulus
of ;1 =34.33 £0.01 (stat) £ 0.11 (sys) mag.

The standard system filters are used when fitting the
photometry of SN 1997cn with SNooPy because the data for
SN 1997cn is in the standard system. Since there is not enough
photometric data to accurately determine #(B)max, the best
spectrum for SN 1997cn was used as input in SuperNovae
IDentification (SNID) to determine the time of maximum using
the spectrum. The best SNID match was to the 1991bg-like
SN 1998de (Modjaz et al. 2001) at 4-2.7 days old. The time
from this match (#B)max = 50587.8 MJD) was then given to
SNooPy to use as the time of the B-band maximum. Without
constraining #(B)max, SNooPy struggles to reasonably fit the
light curves. This is because SNooPy seeks to fit the / band
with two maxima-like normal SNe Ia; however, SN 1997cn
does not have a second maximum. This causes the fit to be
poor, so the fit is given the AB)max from SNID as a prior. We
also choose to leave host-galaxy extinction as a free parameter
for SN 1997cn. Apart from these differences, the fitting
methods used to derive the distance modulus of SN 1997cn
are the same as the ones used to derive the distance modulus of
SN 2015bo. Only the data from Jha et al. (2006) was used
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Figure 19. SNooPy fits for SN 1997cn. Data from Jha et al. (2006). The fits are
constrained by using the #B)max from SNID. Host-galaxy extinction is a free
parameter for these fits.

because it was obtained on a single telescope and published in
the standard system. Turatto et al. (1998) used data from
multiple telescopes and it is unclear what system the data is in.
Fits for SN 1997c¢n are presented in Figure 19.

To calculate the total SNooPy systematic uncertainty in
SN 1997cn, we must consider the systematic uncertainty from
reddening in addition to the intrinsic spread in sgy. The
reddening uncertainty was determined via two methods. The
first method took the systematic uncertainty as the difference
between distance modulus when calculated with E(B — V )yost
as a free parameter and held fixed to a value of 0. This gave a
systematic uncertainty in distance modulus of &= 0.01 mag for
SN 1997cn. The second method was to use the intrinsic
dispersion in the B-V intrinsic color. The dispersion is & 0.06,
so one could also simply adopt that as a systematic. This gives
an uncertainty of 4= 0.04 mag for SN 1997cn. The method with
the larger value was chosen to be used in the final analysis and
was added in quadrature with the sgy systematic uncertainty to
arrive at a final distance modulus of p = 34.34 4+ 0.04 (stat) &=
0.12 (sys) mag.

Adding the statistical and systematic errors in quadrature for
SN 1997cn and SN 2015bo gives values of pg;., = 34.34 =
0.13 mag and pt15p0 =34.33 £0.11 mag. The difference in
distance modulus is Ap=0.01 £0.17 mag, again with the
errors added in quadrature. The distances differ by less
than 0.060.

Figure 20 provides a visual representation of the distance
moduli where the consistency is clearly seen, in addition to
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Figure 20. Graphical comparison of distance moduli derived from surface-
brightness fluctuation (SBF; taken from Jensen et al. 2021), z.y,-corrected
cosmology, SN 2015bo, and SN 1997cn. All values are consistent with each
other.

distance moduli from both redshift-corrected cosmology and
surface-brightness fluctuations from Jensen et al. (2021). Note
that there is most likely further uncertainty due to the fits for
SN 1997cn being poorly constrained from the lack of data prior
to maximum in all bands. This will add in an extra uncertainty
in the value for SN 1997cn. Therefore, the presented values are
lower bounds for the uncertainty. Considering this, it appears
that fast decliners might be equally standardizable as normal
SNe Ia and could offer the same robust functionality. The result
from Burns et al. (2018) supports this hypothesis: they found
SN 2006mr to be consistent with the three other SNe Ia in
Fornax A (Stritzinger et al. 2010).

However, there have been inconsistencies in the past with
using twins and siblings when deriving distances. Foley et al.
(2020) found a significant (6My = 0.335 £+ 0.069 mag) differ-
ence between the peak V-band magnitudes of 2011by and
2011fe, but these SNe were hosted by different galaxies—NGC
3972 and M101, respectively—and they may be influenced by
peculiar velocities. Gall et al. (2018) found that two transitional
SNe (SN 2007on and SN 2011iv) that exploded in the same
host galaxy produce a statistical difference in calculated
distance moduli in both B and H bands, finding the two
objects’ distance moduli differed by ~14% and ~9% in the B
and H bands, respectively. On the other hand, SN 2015bo and
SN 1997cn are in the same host galaxy, have similar spectra,
and have consistent distances. This tension can be resolved
with further twin studies of fast decliners.

The maximum light spectral similarity of SN 1997cn and
SN 2015bo can be seen in Figure 21. The “twinness” parameter
described by Fakhouri et al. (2015) was calculated to be 1.04,
which puts it in the median range of twinness. This parameter is
akin to a reduced y” parameter, and therefore it is sensitive to
estimated errors. This estimated error dominates the spectra,
possibly due to the data being taken on different telescopes and
instruments, and thus the twinness parameter may not be the
best indicator of how alike two spectra or SNe Ia are unless the
quality of the input data is similar.
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Figure 21. Comparison of the spectra of SN 1997cn (navy) and SN 2015bo
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6. Conclusion

Photometric uBVgriYHJ data of SN 2015bo from —2.9 days to
+103.8 days and spectroscopic data from —7.8 days to 31.8 days
from maximum light are presented. Tables B1 and B2 contain
logs of the optical and NIR photometric observations.
SN 2015bo is a fast-declining, underluminous SN Ia that
exploded in NGC 5490. SN 2015bo has an absolute magnitude
Mp=—17.50 £ 0.15 mag. It has Am15(B) = 1.91 £ 0.01 (mag)
and sgy = 0.48 £0.01.

Photometrically, SN 2015bo is subluminous and fast declin-
ing, and it occupies the same parameter space as other
underluminous fast decliners in the luminosity—width relation.
This is confirmed in the sgy versus #. B diagram, where
SN 2015bo is positioned among 1991bg-like SNe. The light
curves evolve quickly, and SN 2015bo has unique morpholo-
gies in the V—r and r —i color curves. In the V —r color
curve, it is the bluest SNe in the plotted sample even with
extinction corrections applied. In the »—i color curve, it
displays a redward climb at ~+40 days. This may be a way to
identify peculiar subluminous SNe in future surveys.
SN2015bo has a peak bolometric luminosity of
L% = 0.33 4+ 0.03 x 10* erg s~ which corresponds to a
nickel mass of 0.17 4= 0.05 M. This value may change slightly
if the full Arnett’s rule and a rise time were used.

Spectroscopically, SN 2015bo shows the standard features
typical for a fast decliner. In the Branch et al. (2006) diagram,
SN 2015bo resides among other Cool SNe Ia. SN2015bo’s
velocities range from ~18,000 kms ' to ~4000kms ' and
decrease over time.
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Importantly, SN 2015bo exploded in the same host galaxy as
SN 1997cn, another fast decliner. Distances to both SN 2015bo
and SN 1997cn were calculated and are consistent with each
other at the 0.060 level. We suggest that fast decliners are
consistent and standardizable, and hence they should not be
omitted from future cosmological work. A future study of two
or more fast-declining siblings with two or more well-sampled
objects will offer a chance to confirm this result.
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Appendix A
SN 1997cn Light Curves

Light curves for SN 1997cn are presented in Figure Al, as
well as #B)max as derived from SNooPy, SNID spectrum
analysis, and the spectral modeling performed by Turatto et al.
(1998). Turatto et al. (1998) estimate B-band maximum
occurred on 1997 May 19 (2450587.50 JD), which is 418 days
after the inferred explosion. The time derived by SNooPy using
data from Jha et al. (2006) is 2450580.72 £ 0.70JD. The
difference is A{B)max = 6.78 days. The SNooPy #(B)max is
before the discovery point; however, the discovery point could
be close to maximum. Given that the data was taken without a
filter, it most likely resembles V- or R-band photometry. The
SNID #B)max is 2450588.3JD. This time yields the best
SNooPy fits of the light curves. SNooPy differs from these
dates because there is no well-defined maximum in the light
curves for SN 1997cn. The exact date of maximum is uncertain.
This comes from the fact that comprehensive, all-sky surveys
for SNe were not available when SN 1997cn exploded.
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Figure Al. Light curves of SN 1997cn. The discovery datum point is from Li et al. (1997) and is denoted by a hollow black star; lightly filled, square data points are
from Turatto et al. (1998), and darkly filled, circle data points are from Jha et al. (2006). The discovery point from Li et al. (1997) uses an unfiltered CCD exposure.
This point is plotted as if it was in the R band. The magenta line represents the date of the earliest spectrum for SN 1997cn.
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Appendix B

Photometric Data

Hoogendam et al.

Table B1

Log of Optical Photometric Data
day u B Vv g r i
(MID) (mag) (mag) (mag) (mag) (mag) (mag)
57069.4 18.51(0.03) 17.49(0.01) 17.30(0.01) 17.35(0.01) 17.21(0.01) 17.49(0.01)
57075.4 18.16(0.02) 16.84(0.01) 16.52(0.01) 16.63(0.01) 16.37(0.01) 16.66(0.01)
57076.3 18.24(0.02) 16.86(0.01) 16.47(0.01) 16.63(0.01) 16.32(0.01) 16.65(0.01)
57079.4 18.55(0.03) 17.08(0.01) 16.48(0.01) 16.76(0.01) 16.28(0.01) 16.64(0.01)
57080.3 18.66(0.03) 17.22(0.01) 16.51(0.01) 16.86(0.01) 16.30(0.01) 16.65(0.01)
57082.3 17.55(0.01) 16. 66(001) 17. 1'%(0 01)
57082.4 19.07(0.03) 16.37(0.01) 16.72(0.01)
57083.3 19.22(0.04) 17.71(0.01) 16. 74(0 0l) 17. 28(0 01) 16.44(0.01) 16.75(0.01)
57084.3 19.41(0.05) 17.90(0.02) 16.84(0.01) 17.46(0.02) 16.50(0.01) 16.79(0.02)
57085.3 19.62(0.06) 18.05(0.02) 16.96(0.02) 17.59(0.02) 16.56(0.01) 16.78(0.01)
57086.3 17. 10(0 02) 17. 76(0 02) 16.65(0.01) 16. 83(0 01)
57086.4 18.15(0.02)
57087.3 18. 32(003) 17. 16(0()1) 17. 93(0 02) 16. 71(0 01) 16. 83(001)
57087.4 19.76(0.15)
57088.3 18. 45(0 02) 17. 27(0 02) 18. 02(0 02) 16. 77(0 01) 16. 86(0 02)
57089.3 18.59(0.03) 17.37(0.02) 18.18(0.02) 16.85(0.01) 16.88(0.01)
57090.4 18.70(0.03) 17.45(0.02) 18.27(0.02) 16.92(0.01) 16.93(0.01)
57091.3 18.79(0.02) 17.56(0.01) 18.36(0.02) 16.99(0.01) 16.97(0.01)
57092.4 18.83(0.03) 17.65(0.02) 18.42(0.02) 17.06(0.01) 17.04(0.01)
57093.3 19.00(0.02) 17.70(0.01) 18. 54(0 02) 17. 16(0 01) 17. 10(0 01)
57094.3 19.01(0.02) 17.82(0.02)
57094.4 18. 62(002) 17. 23(001) 17. 17(()()1)
57095.3 19.08(0.02) 17.88(0.01) 18.68(0.02)
57095.4 17. 32(001) 1724(001)
57096.3 19.14(0.02) 17.97(0.02) s
57096.4 18.75(0.02) 17. 42(0 01) 17. 32(0 01)
57097.3 18.83(0.02) 17.52(0.01)
57097.4 19. 24(0 02) 18. 04(0 02) 17. 44(0 01)
57098.3 18.88(0.02) 17.62(0.01) 17. 54(0 01)
57098.4 19. 25(0 02) 18. 14(0 02)
57099.3 19.32(0.02) 18.20(0.02) 18.89(0.02) 17.70(0.01) 17. 62(0 01)
571003 19.39(0.02) 18.27(0.02) 19.00(0.02) 17.79(0.01) 17.71(0.01)
57101.3 19.46(0.02) 18.33(0.01) 19.04(0.02) 17.84(0.01) 17.79(0.01)
57102.3 19.49(0.02) 18.38(0.02) 19.11(0.02) 17.89(0.01) 17.84(0.02)
57103.4 18.42(0.04) 19.13(0.04) 17.81(0.06)
57104.3 18.00(0.02)
57109.3 18. 23(001)
57109.4 19.67(0.02) 18.62(0.02) 19.27(0.02) 18.24(0.02)
57110.2 1934(002) 1829(001)
57110.3 19.69(0.02) 18.68(0.02) 18.30(0.02)
571113 19.76(0.02) 18.71(0.02) 19. 36(0 02) 18. 33(0 01) 18.39(0.02)
57112.3 19.66(0.02) 18.73(0.02) 19.37(0.02) 18.38(0.01) 18.39(0.01)
571133 19.74(0.05) 18.77(0.02) 19.37(0.04) 18.42(0.02) 18.47(0.02)
57117.2 19.40(0.06) 18. 58(0 03)
57117.3 19.76(0.09) 18.91(0.05) 19.45(0.06) 18.64(0.03)
57119.3 19.76(0.07) 18.96(0.04) 18. 64(0 02) 18.73(0.03)
57121.2 19.92(0.04) 19.00(0.02) 19.54(0.03) 18.72(0.02) 18.79(0.02)
57123.3 20.00(0.04) 19.05(0.02) 19. 55(0 02) 18. 82(0 02) 18. 88(0 02)
57126.2 20.03(0.02) 19.17(0.02)
57126.3 19. 64(0 02) 18. 98(0 02) 19. 04(0 02)
57129.2 20.05(0.02) 19.26(0.02) 19.67(0.02) 19.08(0.02) 19.16(0.02)
571313 20.07(0.02) 19.32(0.02) 19.70(0.02) 19.15(0.02) 19.21(0.02)
57134.3 20.10(0.03) 19.38(0.02) 19.77(0.02) 19.30(0.02) 19.30(0.03)
57136.3 20.13(0.03) 19.42(0.02) 19.81(0.02) 19.35(0.02) 19.40(0.03)
57138.2 20.16(0.03) 19.50(0.02) 19.84(0.02) 19.42(0.02) 19.45(0.02)
57153.2 20.43(0.04) 19.85(0.03) 20.10(0.03) 20.05(0.03) 19.94(0.05)
57160.2 20.61(0.04) 20.04(0.03) 20.18(0.03) 20.26(0.04) 20.15(0.07)
57180.1 20.61(0.04) 20.98(0.07)
57181.2 20.50(0.09)
57182.1 20.38(0.09) 20.60(0.07)
Note.

(This table is available in machine-readable form.)
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Table B2
Log of Near-infrared Photometric Data

day J H Y
(MID) (mag) (mag) (mag)

57088.3 16.97(0.02) 16.51(0.02) 16.30(0.01)
57089.4 16.97(0.03) 16.53(0.02) 16.31(0.01)
57090.4 17.00(0.03) 16.59(0.02) 16.31(0.01)
57091.3 17.06(0.03) 16.57(0.02) 16.32(0.01)
57093.3 17.15(0.02) 16.72(0.02) 16.35(0.01)
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