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ABSTRACT

The light curves of Type la supernovae (SNe la) are powerdtdgadioactive decay 6fNi

to °°Co at early times, and the decay o to °°Fe from~ 60 days after explosion. We
examine the evolution of the [Co ] A\5893 emission complex during the nebular phase for
SNe la with multiple nebular spectra and show that the line ftllows the square of the
mass of%Co as a function of time. This result indicates both efficlenal energy deposition
from positrons produced itf Co decay, and long-term stability of the ionization statéhef
nebula. We compile 77 nebular spectra of 25 SN la from thealitee and present 17 new
nebular spectra of 7 SNe la, including SN 2014J. From thesene@sure the flux in the
[Co ] A5893 line and remove its well-behaved time dependence to infeiirthial mass

of 56Ni (M) produced in the explosion. We then examifibli yields for different SN la
ejected masses\(.; — calculated using the relation between light curve widtt ajected
mass) and find the&®Ni masses of SNe la fall into two regimes: for narrow light\es (low
stretchs ~ 0.7-0.9), M y; is clustered nealM ; ~ 0.4M and shows a shallow increase
asM.; increases fromv1-1.4\/; at high stretch),; clusters at the Chandrasekhar mass
(1.4Mg) while My, spans a broad range frair6 — 1.2M,. This could constitute evidence
for two distinct SN la explosion mechanisms.

Key words: supernovae: general
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1 INTRODUCTION

(Guillochon et al.| 2010; Lorén-Aguilar etlal. 2010; Pakrabal.
2010, 2013} Moll et al. 2014; Raskin et al. 2014). This scieniar

Type la supernovae (SNe la) were instrumental to the discov- inherently not tied taM/¢y,, but instead could produce explosions

ery of the accelerating expansion of the Universe (Riesk eta
1998;| Perlmutter et al. 1999) and remain key tools for charac
izing the precise cosmology of the Universe (Kessler et @92
Sullivan et al.l 2011; Rest etlal. 2014; Betoule el al. 2014)eiT
cosmological utility is facilitated both by their intrirssbrightness
(Mp ~ —19 at peak) and the relative uniformity of their peak
brightnesses. More importantly, their luminosity diverss tightly
correlated with the width of the optical light curve (Phikl 1993).
The physical origin of this width-luminosity relation (WLRas
long been a subject of debate and is intimately tied to thggmi
tor system of SNe la and the physical mechanism that trighers
explosion.

SNe la are widely believed to result from the thermonuclear
disruption of a carbon-oxygen (CO) white dwarf (Hoyle & Fewl
1960), which has recently been supported observationatiyhie
very nearby SN 2011fe (Bloom etlal. 2012; Nugent et al. 2011).
The CO-rich material in a white dwarf (WD) is supported again
gravitational collapse by electron degeneracy pressurestafle
isolated WD lacks the internal pressure and temperaturesnec
sary to fuse CO to heavier elements (but isee Chiosi et al!)2015
In SNe la, this balance is upset by interaction with somergina
companion, which triggers runaway nuclear fusion of the C&® m
terial to heavier elements, particularly iron group eletadiGES)
dominated by radioactiv&Ni. The energy from fusion unbinds the
star and ejects material at 10* kms™'. As the ejecta expand the
decay of’°Ni to °*Co (with half-life of ¢, ,, = 6.08 days) releases
energy into the ejecta which powers the optical lightcufihe SN
for the first few weeks after explosion (Colgate & MclKee 1969,
cluding the luminous peak. At later epochisX 60 days past peak
brightness), the SN la lightcurve is powered®go decay td°Fe
(with half-life of ¢, ,, = 77.2 days). Thus understanding the origin
of the trigger mechanism and the amounf®fi produced in the
explosion would reveal the critical elements that make SiN&ith
excellent cosmological tools.

The nature of the CO-WD binary companion is directly re-
sponsible for the event that triggers the SN la explosiore Qus-
sible scenario is the single degenerate (SD; Whelan & lIbé1$;19
Nomotol 1982) scenario in which a CO-WD steadily accretesifro
a non-degenerate (main sequence or giant-like) compamth u
the central density of the WD exceeds the critical densitycto-
bon ignition (e.g.. Gasques et/al. 2005) as the mass ap@odoh
Chandrasekhar mas&fyy p ~ 1.4Mg). In this scenario, the WLR
has been proposed to arise from stochastic variations itirttee
at which the nuclear burning front within the exploding Wan¥
sitions from sub-sonic to super-sonic — the so-called deftam
to detonation transition (DDT; e.d., Blinnikov & Khokhlow&6;
Ropke & Niemeyerl 2007 Kasen & Woosley 2007; Kasen et al.
2009; Sim et al. 2013). Variations in the time of the DDT résul
different amounts of®Ni being produced, yielding different peak
magnitudes and light curve widths for SNe la (tholgh Sim et al
2013, do not recover the observed WLR).

The other popular scenario for SN la progenitor sys-
tems is the double degenerate (DD; Tutukov & lungelson [1976;
Tutukov & Yungelsom 1979; Iben & Tutukov 1984; Webbink 1984)
scenario in which two WDs in a close binary merge after or-
bital decay due to gravitational radiation. Some recentusim
lation results have shown that a violent merger of the two
WDs produces “hot spots” which exceed the critical tempeeat
and density|(Seitenzahl et/al. 2009a) needed to ignite Crfus

with varying luminosities and light curve widths simply dttethe
variation in mass of the progenitor system (Ruiter &t al:20Gen-
erally for the DD scenario, the WD undergoes a complete @eton
tion and the amount 6°Ni produced depends on the mass of the
progenitor|(Fink et &l. 2010; Sim etlal. 2010).

Finally, it is important to also consider the double det@rat
(DDet) mechanism for triggering the WD explosion. In thigsc
nario, helium-rich material accreted onto the surface efiiite
dwarf (either from a He-rich main sequence or giant star or He
WD) could ignite and send a shockwave into the core of the star
This shock wave then triggers a second detonation near the WD
core which initiates the thermonuclear runaway processnéli
1990; Iben & Tutukov 1991; Woosley & Weaver 1994; Fink €t al.
2010; Woosley & Kasen 2011). This mechanism could arise from
SD or DD systems, and is not tied to¢,. Additionally, this
mechanism may offer a favorable explanation for the presenc
of high-velocity features in early SN la spectia_(Mazzaklkt
2005; | Maguire et all 2012; Childress et al. 201Bc; Marion.et a
2013] Childress et &l. 2014a; Maguire el al. 2014; Pan/ebaba;
Silverman et al. 2015).

While much of the debate about SN la progenitors in
the previous decade revolved around which single scenario
was responsible for SNe la, recent results have pointed to-
ward multiple progenitor channels being realized in nature
SN la rates studies yielded evidence for both short- and-long
lived progenitors|(Mannucci etial. 2005; Scannapieco & &ih
2005; | Sullivan et all 2006; Mannucci et al. 2006; Aubourglet a
2008). The lack of a detected companion star to the progeni-
tor of SN 2011fe l(Lietall 2011) and in SN la remnants (e.g.
Schaefer & Pagnotta 2012; Kerzendorf etal. 2012, 2013, &014
present individual cases where the DD scenario seems Regess
while strong emission from circum-stellar material in some@rby
SNe la (Hamuy et al._2003; Aldering et al. 2006; Dilday et al.
2012; Silverman et al. 20113¢,b) seems to indicate cleasaztbe
SD scenario.

For peculiar white dwarf supernovae, like the Type-lax SN
2012Z, a luminous progenitor system has been detected terel in
preted as the donor star (McCully etial. 2014a). Similathgck
interaction of SN ejecta with a (non-degenerate) compastan
has been detected in the early light curve of another pecidia-
velocity white dwarf SN|(Cao et al. 2015). However such shock
interaction is distinctly absent for several other SNe laesbed
continuously through the epoch of first light with the Kepdatel-
lite (Qlling et al.|2015). Additionally, a general dichotgnn the
spectroscopic properties of SNe la appears evident (Magtial.
2014). Thus numerous lines of evidence now point to multiple
SN la progenitor channels being active.

Variations in progenitor masses between different exptosi
mechanisms will manifest as diversity in the bolometrichtig
curves of SNe lal(Arnett 1982; Jeffery 1999; Stritzingerlet a
2006a] Ropke et al. 2012). Recently, Scalzo et al. (201dajoah-
strated that the ejected mass — hence the progenitor mass — of
a SN la could be recovered to 10-15% precision, as tested on
bolometric light curves derived from radiative transferdating
of SN la explosion models with known input progenitor mass.
Applying the same modelling technique to real data, Scalztl e
(20144a) found evidence that the ejected mass varies in tigera
0.9-1.4M among spectroscopically normal (Branch et al. 1993)
SNe la and that the ejected mass also correlates strondiythat

(© 0000 RAS, MNRASDOG, 000-000



SN la®®*Ni masses from nebuld?Co emission 3

light curve width parameter used to standardize SN la distsim (Maeda et dl. 2011). These line velocity shifts were foundltm
cosmology. The correlation between ejected mass and lightc correlate with photospheric phase spectropolarimetrwieet al.
width was exploited by Scalzo et|gl. (2014b) to measure théasSN  |2010), indicating a general correlated asymmetric gegmietr
ejected mass distribution: they found that 25-50% of allhrair SNe la. These early results have generally been supportidd wi
SNe la eject sub-Chandrasekhar masses, with most of the resgreater statistics afforded by new large data sets sucheaSfih

being consistent with Chandrasekhar-mass events (thisnisis samplel(Blondin et al. 2012) and BSN|P_(Silverman et al. 2013
tent with constraints from Galactic chemical evolution dzh®n Until recently, the nebular line at 5899 was not frequently
Mn/Fe in the solar neighborhood — Seitenzahl &t al. 2013#)es emphasized as a diagnostic®6Co due to its presumed association

Chandrasekhar-mass SNe la were found to be very rare, atanost with emission from sodium (Kuchner etlal. 1994; McClellahéle
few percent of all SNe Ia, consistent with previous measergm 2013, are noteworthy exceptions). However Dessart et @lL4}2)
of the relative rate (Scalzo et/al. 2012). showed definitively that this line arises primarily from edibfor
The diversity in ejected mass suggests a corresponding di- the majority of SNe la. We exploit this result to use the [@¢
versity in explosion mechanisms among normal SNe la. Fur- A\5893 line as a diagnostic € Ni from a large sample of nebular
ther information about the explosion mechanism may alsonbe e SN la spectra compiled from both new observations and fran th
coded in the peak absolute magnitude distribution (Ruttafie literature. Equipped with a sample of 77 spectra of 25 SNeola f
2013;/ Piro et &ll 2014), the diversity in early SN la light was the literature and 17 new spectra of 7 SNe la, we calculatalthe
(Dessart et al. 2014c), or in the relation betw&&Ni and ejected soluteflux of the nebular [Coil] A5893 line by scaling the spectra
mass|(Sim et al. 2010; Ruiter etlal. 2013; Scalzo et al. 2014w to flux-calibrated photometry measurements. With thesbreaéd
56Ni mass is most commonly inferred from the peak absolute mag- fluxes we show that the temporal evolution of the absolutel[Go
nitude of the supernova (Arnett 1982), although with someeho A5893 line flux is highly consistent for SNe la with multiple nebu-
dependent systematic errors_(Bramnch 1992; Hoeflich & Khmkhl  lar spectra. We exploit this result to place measuremeatas ftis-
1996;| Howell et alll_2009). Th&°Ni mass can also be inferred  parate epochs on a common scale. This allows us to mearfingful

from detailed modelling of photospheric phase spectraésirse- compare the line fluxes in order to determine the relativelarhof
ries [Stehle et al. 20D%; Mazzali ef al. 2008; Tanakaldtali20  *°Niproduced by each SN la in our sample.
Sasdelli et al. 2014; Blondin etlal. 2015). Reliable altéweameth- In Section 2 we present our compilation of literature SN la
ods for measuring®Ni masses, with different model-dependent spectra and the new nebular SN la data released here. S8ction
systematics, can thus in principle help to shed light on xipéosion presents our method for measuring the [@¢ A\5893 flux from
mechanisms and progenitor properties of SNe la. the spectra and scaling the spectra with the SN la photom&fy

In this work, we show that the amount&iNi produced inthe ~ examine the temporal evolution of the [@o] A\5893 for SNe la
SN la explosion can be measured directly from signaturets dig- with numerous nebular observations in Secfibn 4. We theer inf

cay product®Co in nebular phase spectra of SNe la. Specifically, >°Ni masses for our SN la sample in Sectldn 5, and discuss the
we employ the flux of the [Cail] A5893 line in spectra of SNe la implications and limitations of our results in Sectldn én&lly we
in the nebular phase (> 150 days past maximum brightness) as conclude in Sectiofl] 7.
a diagnostic of the mass 6fCo at a given epoch. Kuchner ef al.
(1994) showed that the ratio of the flux of this line to the RHe I
line at \4700A as a function of SN phase followed the expected 2 SN la NEBULAR SPECTROSCOPY DATA
temporal evolution of the Co/Fe mass ratio, which they used a
evidence for the presence ¥fNi generated in the SN explosion.
More recently the presence 8fNi has been directly confirmed
throughv-ray line emission fromi®Ni (Diehl et al!2014) and®Co
(Churazov et al. 2014) lines observed by the INTEGRAL siiell Tablefd.
for the very nearby SN 2014J.

Previous studies of SN la nebular spectra have collected a
modest sample of spectra (a few dozen) from which importnt s
entific results were derived. Mazzali et al. (1998) found rarsy
correlation between the width of nebular emission lineec¢#p
ically the Felnn 4700 feature) with the SN light curve stretch,
constituting evidence for greatéfNi production in more lumi-
nous slow-declining SNe la. This result was combined with de
tailed modelling of nebular spectra (especially the 7B3tebular
line presumed to arise from stabi&Ni) to infer a common ex-
plosion mechanism for SNe la (Mazzali etlal. 2007). Nebytacs
tra have also been employed to place upper limits on hydragen
the vicinity of normal SNe la (Leongrd 2007; Shappee gt é320
Silverman et al. 2013a; Lundqvist et al. 2015). The lack afroy
gen in normal SNe la is in contrast to the strong hydrogersline
found in late phase spectra of SNe la which exhibited strong i
teraction during the photospheric phase (Silverman|etGil3R).
Velocity shifts in the purported Ni 738@ nebular line were
used to infer asymmetry in the inner core of SNella (Maedalet al
20104.,b), which was also found to correlate with the optoébur
and Si 6355A velocity gradient during the photospheric phase

The analysis in this work relies on a compilation of SN la Habu
spectra from the literature as well as new observations. flihe
sample of literature and new late phase spectra are presente

(© 0000 RAS, MNRASD0Q, 000—-000
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Table 1. New and Literature Late Phase SN la Spectra

SN Phase ®  Obs. Date? Spec. Ref¢
(days)
SN 1990N 160 19901217 BSNIP
186 19910112 Gomez & Lopez (1998)
227 19910222 Gomez & Lopez (1998)
255 19910322 Gomez & Lopez (1998)
280 19910416 Gomez & Lopez (1998)
333 19910608 Gomez & Lopez (1998)
SN 1991T 113 19910819 BSNIP
186 19911031 BSNIP
258 19920111 Gomez & Lopez (1998)
320 19920313 BSNIP
349 19920411 BSNIP
SN 1994ae 144 19950422 BSNIP
153 19950501 CfA
SN 1995D 277 19951124 CfA
285 19951202 CfA
SN 1998aq 211 19981124 Branch et al. (2003)
231 19981214 Branch et al. (2003)
241 19981224 Branch et al. (2003)
SN 1998bu 179 19981114 CfA
190 19981125 CfA
208 19981213 CfA
217 19981222 CfA
236 19990110 BSNIP
243 19990117 CfA
280 19990223 BSNIP
329 19990413 Cappellaro et al. (2001)
340 19990424 BSNIP
SN 1999aa 256 19991109 BSNIP
282 19991205 BSNIP
SN 2002cs 174 20021106 BSNIP
SN 2002dj 222 20030201 Pignata et al. (2008)
275 20030326 Pignata et al. (2008)
SN 2002er 216 20030410 Kotak et al. (2005)
SN 2002fk 150 20030227 BSNIP
SN 2003du 109 20030823  Stanishev et al. (2007)
138 20030921  Anupama et al. (2005)
139 20030922  Anupama et al. (2005)
142 20030925  Stanishev et al. (2007)
209 20031201 Stanishev et al. (2007)
221 20031213 Stanishev et al. (2007)
272 20040202 Stanishev et al. (2007)
377 20040517 Stanishev et al. (2007)
SN 2003hv 113 20031228 Leloudas et al. (2009)
145 20040129 Leloudas et al. (2009)
323 20040725 Leloudas et al. (2009)
SN 2004bv 171 20041114 BSNIP
SN 2004e0 228 20050516 Pastorello et al. (2007)
SN 2005cf 319 20060427 Wang et al. (2009)
SN 2007af 103 20070620 CfA
108 20070625 CfA
120 20070707 BSNIP
123 20070710 CfA
128 20070715 BSNIP
131 20070718 CfA
151 20070807 BSNIP
165 20070821 BSNIP
308 20080111 CfA

(© 0000 RAS, MNRASDOG, 000-000



Table 1 (cont'd)

SN Phase¢ ®  Obs. Date’ Spec. Ref¢
(days)
SN 2007gi 161 20080115 Zhang et al. (2010)
SN 2007le 317 20080827 BSNIP
SN 2007sr 177 20080623 CfA
SN 2009le 324 20101016 T15b
SN 2011by 206 20111202 Silverman et al. (2013a)
310 20120315 Silverman et al. (2013a)
SN 2011fe 74 20111123  Shappee et al. (2013)
114 20120102  Shappee et al. (2013)
196 20120324 Shappee et al. (2013)
230 20120427 Shappee et al. (2013)
276 20120612 Shappee et al. (2013)
314 20120720 Taubenberger et al. (2015)
SN 2011iv 318 20121024 T15b
SN 2012cg 330 20130507 M15
342 20130513 T15b
SN 2012fr 101 20130221  This work
116 20130308  This work
125 20130317  This work
151 20130412 This work
222 20130622 This work
261 20130731 This work
340 20131018 This work
357 20131103 M15
367 20131114 This work
SN 2012hr 283 20131006 This work
368 20131230 This work
SN 2013aa 137 20130710  This work
185 20130827 This work
202 20130913 This work
342 20140131 This work
358 20140216 M15
430 20140422 M15
SN 2013cs 320 20140322 This work
SN 2013dy 333 20140626 Pan et al. (2015a)
419 20140920 This work
SN 2013gy 276 20140920 This work
SN 2014J 231 20140920 This work

Note. — ¢ With respect to date aB-band peak brightness.
b Observation dates that aitalicized are not used to measurfd y;, and
are only employed in Sectidd 4
¢ BSNIP: |Silverman etal. | (2012a); CfAl__Matheson €t al. (2008)
Blondin etal. 1(2012); M15: Maguire et al. (2015), in prepama
T15b: Taubenberger et al. (2015b), in preparation.

2.1 Compilation of Literature Data

For reasons outlined in Sectibh 4, the earliest epochs frbiohw
we can use [Coll] A\5893 line fluxes is at phase = +150 days.

In practice, we found for most spectra beyams 400 days that
the [Colll] A5893 flux was too weak to be usable for our preferred
analysis. Furthermorg, Taubenberger ét al. (2015) recehtdwed
that thet = +1000 day spectrum of SN 2011fe showed dramatic
changes in its structure, likely arising from a change initiméza-
tion condition of the nebula. Indeed, this ionization cheagpears
evident in thet = +590 day spectrum presented M and we see
evidence for the onset of this change shortly after +400 days

in the data gathered for this analysis. Thus we excise diattan

t ~ 4400 days as unreliable due to low signal and likely ioniza-

(© 0000 RAS, MNRASD0Q, 000—-000
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tion change (we examine potential impact from the lattezafin
Sectiorn 6.R).

To begin compiling a sample that meets these phase criteria,
we performed a large query of the WISeIﬂE(IS(aron & Gal-Yam
2012) database to search for SNe la with two spectroscoierob
vations separated by at least 100 days — assuming the earber
would be near maximum light, this singles out SNe la with rebu
lar spectra. We then require SNe to have photospheric-pttse
cal light curves sufficient to robustly establish light oairstretch,
colour, and the date of maximum light using SiIFTO (Conleyiat a
2008). We also require the spectra to have sufficiently highad-
to-noise so that the [Cioi ] A5893 line can be well fit using a Gaus-
sian fitting procedure (see Sect[dn 3). SN 2006X was excl(died
spite having numerous nebular spectra) due to significarahi&
ity in its sodium featured (Patat et al. 2007) and a rathenmifsig
cant light echol(Wang et al. 2008a; Crotts & Yourdon 2008}hbo
of which might affect the time evolution of the [Gp] A\5893 flux.

Finally, we excise any SNe la which are spectroscopically
peculiar in the nebular phase: SNe la similar to SN 1991bg
(Filippenko et al. | 1992b;| Leibundgut et al. 1993) exhibit- ex
tremely narrow Fe lines and unusual line ratios; la-CSM SNe
(Silverman et all 2013c) are excluded due to possible impact
CSM on the nebular emission; SNe lax (Foley et al. 2013) are
excised as these probably arise from a different physicahae
nism than normal SNe la; candidate super-Chandrasekhals&Ne
(Howell et al. | 2006) are excised due to their unusual nebular
spectral(Taubenberger et al. 2013). SNe la similar to SN T991
(Phillips et al.| 1992| Filippenko etal. 1992a) or SN 199%aa
however included in the sample, as their ionization stmectp-
pears to be similar to “normal” SNe la.

In summary, the selection criteria for our sample of literat
nebular SN la spectra are:

e Phase (with respect tB-band maximum light) in the range
+150 <t < 4400

e Well-sampled multi-colour photospheric phase light curve
(such that the light curve fitter SIFTO converges)

o Sufficient spectrum S/N to measure the [@d 5893 line
center and width

e No spectroscopic peculiarity, except SN 1991T-like

The full sample of spectra which meet these criteria aregntes!

in Table[1, and comprise 77 spectra of 25 SNe la from the titega
Finally we note that two of the SNe in our sample had promi-

nent light echoes at late times: SN 1991.T (Schmidt et al. 1 88d

SN 1998bu |(Spyromilio et al. 2004). For both of these SNe, the

light echo contributions are negligible at the spectroscepochs

we employ.

2.2 New SN la Nebular Spectroscopy

We obtained new late phase-§0 < t < 4150 days) and neb-
ular ¢ > 4150 days) spectra of 7 nearby SNe la from numerous
telescopes. These spectra have been released publicly®eREP,
with several spectra of SN 2012fr released through PESSHE®
data releasé® Information about observation details are presented
in Table[2 and a plot of the spectra is shown in Figdre 1. We note
these spectra have not been rescaled to match observedngtigto

L http://wiserep.weizmann.ac.il
2 www.pessto.org
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SN2012fr
MJrSI SN2012hr, +283
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Figure 1. New late phase and nebular spectra of SNe la presented indhits All spectra are publicly available on WISeREP (exdbpt+356 day spectrum
of SN 2012fr from K15). Some spectra have been slightly hingie~ 5 A) for visual clarity.

Several late phase spectra of very nearby SNe la were col-on Keck (2014-Sep-20 UTC) when conditions were less favor-

lected with the Wide Field Spectrograph (WiFeS; Dopita it al
2007, 2010) on the ANU 2.3m telescope at Siding Spring Olbserv
tory in northern New South Wales, Australia. Observatiorsen
performed with the B3000 and R3000 gratings with the RT560
dichroic, giving wavelength range of 35009800 A, with reso-
lution of 0.8A and 1.2A on the blue and red arms, respectively.

able (high humidity and thick clouds, ultimately 50% timatido
weather) but with a median seeing &f0

Five additional late phase spectra of SN 2012fr were caltbct
as part of the Public ESO Spectroscopic Survey of Transiéat O
jects (PESSTQ; Smartt et|al. 2015) during early 2013, andoed

Data were reduced using the PyWiFeS package (Childress et al With the PESSTO pipeline as described in Smartt et al. (205

2014b), and spectra were extracted using our custom GUE(gee
Childress et al. 2013c). We generally observed during venk d
nights (moon illumination less than 20%) when the seeingfaas
vorable (15-2'0). We note that the WiFeS spectra of SN 2012hr
and SN 2013cs have too low signal-to-noise to obtain a reliab
measurement of the [Coi] A5893 line flux, but we release them
publicly (on WISeREP) here.

spectrum of SN 2012fr and two spectra of SN 2013aa were ob-
tained in 2013 using the Robert Stobie Spectrograph on théhSo
African Large Telescope (SALT), and reduced using a custom
pipeline that incorporates PyRAF and PySALT (Crawford et al
2010). One spectrum of SN 2012hr was obtained with Gemini
GMOS [Hook et all_2004) using the 0.7%ongslit with the B600
and R400 gratings in sequence to yield a spectral coverage fr
4000 — 9600A, under program GS-2013B-Q-48 (PIl: Graham) —

New nebular spectra for three nearby SNe la were collected the spectrum was reduced using the Gemini IRAF package.

with DEIMOS (Faber et al. 2003) on the Keck-Il telescope on
Mauna Kea, Hawaii. Observations were conducted with’& 1
longsilit, the 600 I/mm grating with a central wavelength 006 A
and with the GG410 order blocking filter, yielding a waveldgng
range of 4000A-7650 A with 0.6 A resolution. Data were re-
duced using standard techniques in IRAF (seele.q., Childres.
2013a), with the blue and red chips reduced separately thien c
bined as a final step. We employed the Mauna Kea extinctiarecur
of Buton et al. |(2013). Our observations come from a singihi

In the analysis below we also include nebular spectroscopy
samples from forthcoming analyses by Maguire et al. (2045, i
prep. — hereafter M15) and Taubenberger et al. (2015b, ip. pre
— hereafter T15b). The M15 sample were obtained over a multi-
period program at the VLT using XShooter (Vernet et al. 20amjl
were reduced with the XShooter pipeline (Modigliani et &11@)
using standard procedures (as_in Maguire Et al. [2013). Tl T1
sample were observed as part of a separate multi-periodgmog

(© 0000 RAS, MNRASDOG, 000-000
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Table 2. Observation details for new late phase SN la spectra

SN Phase Obs. Telescope
(days) Date / Instrument
SN 2012fr +51  2013-Jan-02  NTT-3.6m/EFOSC
+62 2013-Jan-13 NTT-3.6m/EFOSC
+77  2013-Jan-28  NTT-3.6m/EFOSC
+101  2013-Feb-21 NTT-3.6m/ EFOSC
+116  2013-Mar-08  ANU-2.3m/WiFeS
+125 2013-Mar-17 NTT-3.6m/EFOSC
+151  2013-Apr-12  ANU-2.3m/WiFeS
+222 2013-Jun-22 ANU-2.3m / WiFeS
+261  2013-Jul-31  ANU-2.3m/WiFeS
+340 2013-Oct-18 SALT /RSS
+367 2013-Nov-14  ANU-2.3m/WiFeS
SN 2012hr +283 2013-Oct-06 Gemini / GMOS
+368 2013-Dec-30 ANU-2.3m/WiFeS
SN 2013aa +137 2013-Jul-10 SALT/RSS
+185 2013-Aug-27 SALT/RSS
+202  2013-Sep-13  ANU-2.3m/WiFeS
+342  2014-Jan-31  ANU-2.3m/WiFeS
SN 2013cs +320 2014-Mar-22  ANU-2.3m/WiFeS
SN 2013dy +419  2014-Sep-20 Keck-Il / DEIMOS
SN 2013gy +276  2014-Sep-20 Keck-1l / DEIMOS
SN 2014J +231  2014-Sep-20 Keck-Il / DEIMOS

using FORS2 on the VLT, and data were reduced with standard pr
cedures similar to those employed in Taubenberger et @.3)20

3 NEBULAR LINE FLUX MEASUREMENTS

3.1 The[Colll] A5893 line in the nebular phase: a radiative
transfer perspective

The current study was motivated by the disappearance ofiiCo
lines in nebular time series spectra, most notably the feataar
5900A. Previous literature analyses have attributed this feadl
ternately to Cainl and Nai, so we turned to radiative transfer cal-
culations to settle this ambiguity.

We employed the time-dependent radiative transfer code
CMFGEN (Hillier & Dessart| 2012), which solves the time depen-
dent radiative transfer equation simultaneously with theetic
equations. Given an initial explosion model, we self-cetasitly
solve for the temperature structure, the ionization stmggtand the
non-LTE populations, beginning the calculations at 0.5 dayl af-
ter the explosion. The modelling assumes homologous eipans

while the bottom panels show the line emission from indigidu
ions (note this can exceed the integrated flux due to the reat-op
ity encountered by photons following their initial emissjoThe
+126 day model shows particularly good agreement with the. da
At +300 days the model shows some discrepancy with the data,
particularly in the ionization state of the nebula.

Most importantly, the radiative transfer calculationswtibat
the emission feature near 5980is clearly dominated by Cail
emission, with little or no contamination from other spaciEew
other features in the optical region of the spectrum showu stean
association with a single ion.

For later aspects of our analysis we require the velocity cen
ter of the nebula, which we calculate from the [@d A5893 line.

To do so requires an accurate calculation of the mean rest-wav
length for this line complex. The [ColI] A5893 arises from the
3d" a'F- 3d' a>G multiplet, and is actually a blend of two lines —
one at 5888.4 and a second, but weaker, line at 5908 &ee Ap-
pendiXA and TablgAl1). Given thé values and wavelengths of the
transitions contributing to the line complex, the weighteean rest
wavelength of the Call line is 5892.7A (note: this and previous
are air wavelengths). Henceforth we use this value for taticig
line velocities.

3.2 Measuring the [Colll] A5893 line flux

For the main analyses in this work we focus on the flux in the
[Coin] A5893 line. We measure the flux in this line as follows.

We perform an initial Gaussian fit to the [Gp] A5893 line
in order to the determine the center and width of the line. héat
integrate the flux withint1.50 of the fitted line center and use
this “integral” flux for the remainder of this paper. Thiseégtal
boundary was chosen as a compromise between capturingea larg
fraction of the emitted line flux (97% for a strictly Gaussgaofile)
and limiting contamination from neighbouring emissiorekn For
SNe la with multiple nebular spectra we enforce common wave-
length bounds for the flux integration at all epochs, as dsterd
by the median fitted line center and width values across altlep
Generally the integrated line flux and that calculated frbmhest
Gaussian fit showed excellent agreement (see Higure 3),eopitav
fer the integral flux as this is robust against non-Gaussiarithe
line profile.

To place our [Caill] A5893 line flux measurements on the
correct absolute scale, we must ensure the spectra havertieetc
absoluteflux calibration. To achieve this, we measure the expected
B-band flux in the spectrum by convolving it with tiigband filter
throughput curve and integrating. We then compute the cdtiois
flux collected in the spectrumB passband to the truB-band flux

typically uses a 10% time step, and no changes are made to theof the SN at that epoch. The latter is determined from thetlate

ejecta structure (other than that required by homologoparesion)
as the ejecta evolve in time. Further details about the génerdel

photometry for each of our SNe, as outlined in Apperidix B and
presented in Tab[e B3. To ensure reproducability of ourlteswe

set up, and model atoms, can be found_ in Dessart et al. (2014c) report in this table the flux values derived from the raw measu

We deployedCMFGEN on a delayed-detonation model (DDC10 —
Blondin et al. 2013 Dessart etlal. 20114c) at very late phases
examine the contribution of various ions to the nebular srois
spectrum. Radiative transfer calculations for this mode{ simi-
lar models but with a different initial®Ni mass, have shown fa-
vorable agreement with observations (Blondin et al. 2013.52
Dessart et al. 2014¢.b,a).

In Figure[2 we show DDC10 modeled wiBM-GEN at phases
+126 days (left panels) and +300 days (right panels). The&p
els in each column show the integrated DDC10 model flux com-
pared to observations of nebular phase SNe la at similareghas

(© 0000 RAS, MNRASD00, 000—-000

ments made from the spectra in their published form.

We note that normalization with thB-band could introduce
errors in the [Call] A5893 flux due to chromatic errors in the spec-
trum’s flux calibration. However, previous authors coresisty per-
formed chromatic flux calibration using spectrophotoneestian-
dard stars, typically yielding excellent colour agreemsith ob-
served photometry (e.@ —V scatter of 0.08 mag and 0.10 mag for
the CfA and BSNIP samples, repectively). We also note tHatrot
systematic effects could affect our measurements ofi[[$a.5893
line flux. These include contamination from neighboring ulab
emission lines (e.g. Fe lines, see Figurgl2), residual host galaxy
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=== DDC10 Model, +126 days
— SN2011fe, +114 days
— SN2012fr, +125 days

Scaled Flux

=== DDC10 Total Flux
— Colll
Coll
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=== DDC10 Model, +300 days
— SN2011fe, +331 days
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Figure 2. Top panels: Comparison of radiative transfeMFGEN) model spectrum for the DDC10 (Blondin et lal. 2013) delayetbdation model at very late
epochs (left: +126 days, right: +300 days) compared to copteaneous data for SN 2011fe and SN 2012fr. Bottom paneigsdion spectra for various ions

from CMFCGEN for late-phase DDC10 models (epochs as above).
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Figure 3. Comparison of flux in the [Coll] A5893 line measured in two
ways: strict integration of the spectrum flux withinl .50 of the fitted line

center (y-axis and upper left inset), and the formal integfahe best fit

Gaussian profile (x-axis and lower right inset). The solite Irepresents
unity, while the dashed line is the mean ratio of the intefjuadto Gaussian
flux for the full sample (.87 & 0.05).

light, or perhaps even previously undetected light echses, [.9.,
Spyromilio et al. 2004). Thus we expect a conservative egérfor
the systematic uncertainty in the [@0o] A5893 flux measurement
to be about 10% of the measured flux.

The final integrated [Call] A5893 line flux, wavelength
bounds for the integral, and synthefizband flux integrated from
the spectrum are all presented in Teblé B4. Variance speera
not available for many of the literature SN la spectra in qualg
sis. To correct this, we smooth the spectrum with a Savit&zéiay
filter (Savitzky & Golay 1964), then smooth the squared nesisl
of the data from this smooth curve to derive a variance spectr
measured directly from the noise in the data (as we did fa ofat
Childress et dl. 2014a). [Col] A5893 line flux errors were then
determined from these corrected variance spectra.

4 EVOLUTION OF THE [Co 111] A5893 LINE FLUX

4.1 Theoretical expectations for [Call] A5893 evolution

The decay of*Co to 5°Fe produces positrons and energetic
gamma-rays. The charged positrons carry kinetic energytwhi
they lose to the surrounding medium via Coulomb interastion
At the nebular densities present at late times, the lengthesc
for positron energy deposition is much smaller than the size
the nebula so the positrons essentially deposit all of their
netic energy locally| (Chan & Lingenfelter 1993). gammasray
either those emitted directly froffCo decay or created when
the positrons annihilate — are subject to radiative transfiects
and will eventually free stream as the SN nebula expands end d
creases its density enough to become optically thin to gamma
rays. The onset of this phase — where positrons deposit a con-
stant fraction of energy into the SN nebula and gamma-rays es
cape fully — has been observed in late SN la bolometric light
curves (e.g. Sollerman etlal. 2004;_Stritzinger & Sollelr2@07;
Leloudas et al. 2009; Kerzendorf etlal. 2014b).

Our expectation from a simple energetics perspective is tha
the flux of the [Call] A5893 line should evolve as the square of the
mass of cobalt as a function of tindéc, (t). The energy being de-
posited into the nebula at these late phases arises fronositeqmns
produced in®*Co decay, and thus should scale with the mass of
cobalt. If this energy is evenly deposited amongst all sEean
the nebula then the fraction of that energy absorbed by thalto
atoms should be proportional to the mass fraction of coaltis
the amount of energy absorbed by cobalt atoms follows tharsqu
of the cobalt mass as a function of time. If the fraction oft ta
ergy emitted in the [Coll] A5893 line remains constant (see Sec-
tion[6.2) then we expect a net quadratic dependence of thai[Co
A5893 line luminosity on the mass of cobalt as a funciton of time.

Observational evidence for this temporal evolution of the
[Co 1] A5893 line should be expected from prior results. The late-
phase bolometric light curves of SNe la closely follow theoamt
of energy deposited by the decay’6€o (see, e.g., Sollerman ef al.
2004). It was also demonstrated by Kuchner et al. (1994)tteat
ratio of [Co 111] A\5893 to Fe 4700 emission follows the Co/Fe
mass ratio (as noted above), and the Fe 4700 line flux geyerall
scales with the total luminosity of the SN since Fe is the prim

(© 0000 RAS, MNRASDOG, 000-000
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coolant. These facts combine to lend an expectation thahéhe
emission from the [Coll] A\5893 line should scale quadratically
with the mass of Co in the SN nebula as a function of time. Iddee
McClelland et al.|(2013) found such a quadratic dependesrabé
[Co ] A5893 line in SN 2011fe.

The above reasoning fak/%, dependence of the [Col]
A5893 flux holds for epochs when the nebula is fully transparent to
gamma-rays. Thus it is important to inspect the theoretigpkcta-
tion for the timing of this gamma-ray transparency in the I£aiBe.
The energy released per decay fréhCo is 3.525 MeV, of which
3.3% is associated with the kinetic energy of the positrand,we
have ignored the energy associated with neutrinos. As tharex
sion is homologous, the optical depth associated with gamnays
scales ag /t*. Assuming that the kinetic energy of the positrons is
captured locally, the energy absorbed Pf&€o decay in MeV is

@)

wherer, is the effective optical depth at a timg If we denote . as
the time at which energy deposition by gamma-rays and jpositr
are equal, then Equatigh 1 can be rewritten as:

Eco o< Mco (1 —0.967 exp [—0.0346(t. /t)*])

eco = 0.116 + 3.409 (1 — exp[—7o(to/t)?])

@)

We expect the flux from the [Cioi ] A5893 line would further scale
as:

xMco/MrcE
1+ (a—1)Mco/Mige +bMoi/Mrcr

whereM;q g is the total mass of the IGE zoneandb are respec-
tively the (time-dependent) factors relating the cooliffiiciency
of Co and other species (which have total masa/ef;) relative to
iron, andz is the factor scaling the emission in the [Gd \5893
feature. If the thermal conditions in the SN nebula are radt sta-
ble (i.e. constant) and cooling by non-iron species is negligible
(i.e. the above denominator goes to unity), then the linedimply
becomes proportional t/c, /Mcr. Combining Equatioris| 2 and
Byields:

Feo o< Mé, (1 —0.967 exp [—0.0346(t. /t)*])

Foo x Eco X

(©)

4)

For the DDC10 model, we find. ~ 214 days (from explosion)

— this would imply a deviation fromMZ, of a factor of 2 from
+150 to +400 days past maximum light (assuming a rise time of
~ 17 days), or a factor of 1.5 from +200 to +400 days. Alternativel

if t. ~ 80 days (see Sectidn 4.3) then the deviation frbff,, is
only 20% from +150 to +400 days and 10% from +200 to +400
days.

4.2 Observed [Coalll] A5893 evolution in nebular spectral
time series

To examine the observed evolution of the [@4 \5893 line, we
turn to those SNe la with numerous nebular spectra. Spdbjfica
we isolate the subset of SNe la in our sample with at leasethre
epochs of observation later than +150 days past maximurthEor
eight SNe lain our sample which meet this criterion, we atslect
spectra between-100 < ¢t < 4150 days past maximum (dates
listed in italics in Tabld11). These additional spectrawaligs to
further inspect the [CaI] A5893 flux evolution, but these spectra
are not employed in our nickel mass estimates derived iric®égt

In the upper panel of Figurel 4 we show the evolution of
the [Col11] A5893 line luminosity versus time for our sample of
SNe la with three or more observations after +150 days. We plo
the line evolution for a linear (dotted) line and quadrasolid
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Figure 4. Top: Evolution of the [Coill] A5893 line flux in SNe la with
nebular time seriesX 3 observations past 150 days), compared to curves
following the mass of%Co as a function of time to the first power (dot-
ted line) and second power (solid line). Data for each SN waiftesl by

a multiplicative offset (i.e. log additive offset) that rezbd residuals with
the M¢,(t)? line. Bottom: Evolution of the “Fe complex” flux with phase,
compared to the same lines as above as well as an additiorgbiopor-
tional to the product of thé5Co mass with thé5Fe mass as a function of
time (dashed curve).

line) dependence al/¢,(t), with both curves normalized at phase
t = +200 days. For each SN in this subset, we fit for a single multi-
plicative scaling factor that minimizes the residuals efAlic, (t)*

line (i.e. we normalize each SN data set to that line — thusahe
son for requiring multiple data points per SN). This isatatee
time dependence of the line flux (which depends on the SN aebul
physics) by removing its absolute magnitude (which depends
the quantity of°Ni produced).

The evolution of the [Coll] A5893 line shows a remarkable
agreement with the expected trend M, (t)?, perhaps as early
as phasel-150 days. The one possible exception to thi:, (t)*
trend is SN 1991T, which appears to have a shallower evalutio
than the other SNe la. As we show below (Sedfioh 4.3), thiaaian
arise from gamma-ray opacity. Instead the most likely enqui@n
is probably a higher ionization state at early epochs 00 days).
Because of this, for SN 1991®nly we excise epochs prior to
300 days when calculating it®Ni mass in Sectiof 512 — a choice
which yields more favorable agreement with previous armedys
from the literature.

To contrast the behavior of the [Gr] A5893 line with other
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regions of the nebular spectra, we also inspected the éwolof
the blue “Fe complex” of lines. For each spectrum we integtiad
flux in the regiond100— 5600 A (adjusted for each SN according to
its central nebular velocity measured from the Co line) whée
emission is almost entirely dominated by Fe lines (see Eigr
Following our arguments for the expectation of the [[@d A\5893
line flux, the Fe complex flux should be proportional to thergpe
being deposited — which scales &%, (t) — and the mass frac-
tion of Fe (which should be relatively constant &, < Mrp.

at this point). Thus the Fe complex flux should scale lineaiith
Mco(t). In the lower panel of Figulld 4 we plot the evolution of the
Fe flux for the sample of SNe la, and see that it follows morsetio
the Mc,(t) curve than theMc,(t)? curve. However, we do note
deviation from this line such that the logarithmic slope dsne-
what intermediate between 1 and 2. Additionally, earliexadys are
subject to a complicated interplay of additional energyadéon
from gamma-rays (as for the [Gn] \5893 line, see Section 4.3),
decreased emission due to nonzero optical depth in thisregi
the spectrum, and possible emission fromiC@ee Figur€l2).

We note that the above results also explain one aspect of the

data presented in Forster e al. (2013). Those authorsiegdrthe
late 35 < t < 80 days) colour evolution (i.e. Lira law) for a large
sample of nearby SNe la and its relationship with dust alisorp
(as inferred from narrow sodium absorption). The mean vaiug-
band decline rates were roughly 0.015 mag/day, while thandb
decline rates were nearly twice that (0.030 mag/day). BHeand

is dominated by the Fe complex whose flux decays\as,(t),
while the V-band is heavily influenced by Co lines (see Fiffline
Sectior3.1L) whose flux decays &, (t)>. This naturally explains
why the luminosity decay rate (in mag/day) in V-band is nearl
twice that of theB-band, and contributes to why SNe la become
bluer (in B — V) with time at these epochs.

4.3 Testing gamma-ray opacity effects on [Cal] A\5893
evolution

While the data appear to agree with Afc,(t)> dependence of
the [Co 111] A5893 flux evolution, it is important to investigate
the impact of gamma-ray energy deposition on deviation ftiais
parametrization.

To this end, we isolated the subset of SNe la from our sample

with at least one nebular spectrugarlier than +150 days and at
least one spectrutater than +250 days. For the six SNe la satis-
fying these criteria, we fit the [Coi] A5893 flux evolution using
the parametrization of Equatifh 4. This fit has two free patans:
a multiplicative scaling for all the line fluxes, and the gaaray
“crossing” timet. when energy deposition from gamma-rays and
positrons are equal. These fits are shown in Figlre 5.

In general the [Call] A5893 evolution is extremely well fit
by this model, especially for SNe la with good temporal cager
and high signal-to-noise data (notably SN 2011fe and SN2p12

Some SNe la have a gamma-ray crossing time similar to the pre-

diction from our model#. ~ 200 days) while some other SNe la
have shorter crossing time&. (~ 80 days). The implications of
this for SN la progenitors will be discussed in further detaSec-
tion[6.1. Given these gamma-ray opacity model fit resultscate
culate that deviations of [Cal] A5893 flux evolution from the
simple Mc,(t)? could range from 15% to 100% at= 150, and
7% to 55% at = 200, and 4% to 30% at = 250 days.
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Figure 5. Fits of gamma-ray opacity model to select SN la [[Gp \5893
line fluxes. The fitted “crossing” time (when gamma-ray andifpon en-
ergy deposition are equal) is shown in each panel.

5 MEASURING °5NI MASS FROM SN la NEBULAR
SPECTRA

5.1 Placing [Colll] A5893 flux measurements at disparate
epochs on a common scale

To place all our SN la [Call] A5893 fluxes on a common scale,
we first convert the observed line flux to the absolute lineidum
nosity emitted by the SN using the distance to the SN hoskgala
For some SNe lain our sample, redshift-independent distarea-
surements exist for the host galaxy, particularly a numbih w
Cepheid distance measurements. For most of the SNe la in our
sample, however, the SN distance is computed by conveltiag t
host galaxy redshift to a distance using a Hubble constdoeva
of Hy = 73.8 km s™* Mpc~! chosen from Riess etlal. (2011) to
maintain consistency with those hosts with Cepheid digafrom
that work. For hosts with redshift-based distances, weassiis-
tance uncertainty corresponding to a peculiar velocityeaiainty
of 300 km s™*. Table[B1 lists the full set of distance moduli (and
references) employed in our sample.

Calculating the absolute [Co] A\5893 flux emitted by each
SN also requires correction for extinction by intersteltiust
in the SN host galaxy. We accomplish this by calculating the
Cardelli et al. (1989, hereafter CCM) reddening curve atrtet
central wavelength of the [Coi] A5893 complex for an appro-
priate value of the reddening (B — V') and selective extinction
Ry . For most SNe la in our sample, the reddening is extremely
low (E(B — V) < 0.10 mag), so we use the light curve colour
fitted by SIFTO |(Conley et al. 2008), and a selective extorcti
value of Ry = 2.8 (appropriate for cosmological SNe la, see
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Figure 6. Evolution of theabsolute[Co 111] A5893 line luminosity as a
function of phase for all SNe la in our sample. The solid lioeresponds
to the square of the mass #tCo as a function of time, anchored by the
[Co 1] A5893 luminosity for SN 2011fe atv 200 days. Here thick error
bars correspond to flux measurement errors, while narrawy bars corre-
spond to distance uncertainties.

Chotard et gl. 2011). We note that the choiceRaf has negligible
impact on the majority of our sample. SN la light curve cotour
are affected by both intrinsic colour and host galaxy extomc
(see, e.gl. Scolnic etlal. 2014), so for SNe la with negatifd S
colours — indicating blue intrinsic colours — we apply noaol
correction (i.e. colour corrections nevexddenthe data). In this
work, we are not trying to standardize SN la (in which apgdyan
colour correction to the intrinsic colours may also be apgede);
rather we are only concerned with eliminating the effectslast
extinction.

Two SNe la in our sample, however, have strong extinction
by unusual dust and thus must be treated differently. SN 20t4
curred behind a thick dust lane in the nearby starburst ga#se.
Foley et al.|(2014) performed a detailed fit of multi-colotoppm-
etry of the SN, and find it is best fit by a CCM-like reddeningveur
with E(B—V) = 1.19 andRv = 1.64. We adopt their colour cor-
rection for SN 2014J, and for the line flux uncertainty agsirom
the reddening correction we adopt their uncertainty forviseal
extinction ofo 4,, = 0.18 mag. SN 2007le showed moderately low
extinction but with some variability in the sodium absooptifea-
ture likely arising from interaction of the SN with its cincistellar
medium |(Simon et al. 2009). Despite this variabilitypstof the
absorption strength remains stable, so we adopt a coloteatamm
for SN 2007le withE(B — V') = 0.277 and Ry = 2.56 as derived
by|Simon et al.|(2009).

Figure[® presents the total emitted [@d A5893 luminosity
as a function of phase for all nebular spectra in our final $anhp
this and subsequent figures, the thick errorbars represermtom-
posite measurement errors from the [@d A5893 flux, B-band
flux in the spectrum, observed (photometrig)band magnitude,
and extinction correction; the narrow error bars represieatis-
tance uncertainties. Points are colour-coded (in groupsgd on
the light curve stretch.

The line luminosity values are then used to computeféec-
tive luminosity of the [Colll] A5893 line at a common phase of
+200 days for all SNe la in the sample (hencefoward we refer to
this asLc,) using theMZ, curve. For a single nebular spectrum,
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this can be calculated directly as:
log(Lco(200)) = log(Leo(t)) 4+ 7.80 x 1072  (t — 200) (5)

For SNe la with multiple spectral,c, is calculated as the?-
weighted mean value across all acceptable epoths £ ¢t <

400 days) using the above equation. We note the above equa-
tion is calculated assuming a time between explosion Bad
band peak (i.e. rise time) of 17 days, but there may be an as-
sociated uncertainty on this due to diversity in SN la risees
(Ganeshalingam etal. 2010) and possible dark phase befste fi
light escapes (Piro & Nakar 2013). Each day of differencexn e
plosion date results in a corresponding change in the final ¢
A5893 luminosity of 1.8% — assuming an explosion date uncer-
tainty of about 3 days, we thus expect the explosion daterunce
tainty contributes about 5% uncertainty to the final nickelssde-
rived in Sectiof 512.

As noted in Sectiohl4, SN 1991T may represent a case where
the stable ionization state is not established until ldtantother
SNe (also evident in Figurlg 6), so for this SN we use the later
two epochs { > 300) to establishLc,. This also yields a favor-
able agreement of odf Ni mass with literature estimates (see Sec-
tion[5.2).

In Figure[T we show the scaled= 200 d [Co 111] A5893
line luminosity plotted against light curve stretch. A alearre-
lation is evident between the [Qa] A5893 line luminosity and
stretch — this is expected given the [@d A5893 luminosity traces
the amount of®Ni produced in the explosion, arfdNi directly
powers the peak luminosity which correlates with the ligintve
stretch.

5.2 Inferring Mn; from [Co 111] A5893 flux

Scaling the [Colll] A\5893 flux values to the same phase €

200 days) effectively places all measurements at the same epoch
since explosion, so the amount®iCo will have the same propor-
tionality to the amount of°Ni produced in the explosion. The final
critical ingredient for inferring®®Co mass (and thu¥Ni mass)
from the [Coill] A5893 line flux is the scaling betweetiCo mass

and [Colll ] A5893 flux. For reasons we will explore in Section6.2,
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we expect this conversion factor to be relatively stableret(for
phased 50 < ¢ < 400 days considered here) and consistent across

Table 3.Final SN la Nickel Masses

all SNe la. At these phases we also exﬁéﬁlo to be the dominant SN Mn; M
isotope (by mass) of cobalt (Seitenzahl et al. 2009b & only (Mg)©@ (Mg)?®
i iti raur et al.
ggrln[!;lates energy deposition around- 1000 days (Graur et al SNIGOON  0.514 4 0.027(0.081)  1.437 % 0.009
) . SN1991T  1.049 £ 0.106(0.308)  1.407 £ 0.019
We expect the [Cail] A5893 line flux at phaseé = 200 days SN1994ae 0.458 + 0.013(0.069) 1.417 +0.013
to be linearly proportional to the mass &fNi produced in ex- SN1995D  0.593 = 0.059(0.165)  1.448 + 0.009
plosion (since thé®Co mass fraction at this same epoch is nec- SN1998aq 0.707 + 0.042(0.127)  1.304 % 0.015
essarily the same for all SNe la). To convert [@d A\5893 flux SN1998bu  0.686 £ 0.029(0.292)  1.299 + 0.027
to ®*Ni mass requires some scaling between the two quantities to SN1999aa 1.593 +0.114(0.238)  1.465 =+ 0.003
be determined. In principle this could be computed throughar SN2002cs  0.775 +0.081(0.130)  1.361 4 0.016
tive transfer modelling of late phases for SN la explosiondmo SN2002dj  0.882=0.051(0.176)  1.299 +0.019
els. However, for simplicity in this work, we choose to ancho SN2002er  0.344 +0.018(0.082)  1.202 +0.015
the relation with the well-studied SN la SN 2011fe. Modejliof SN2002fk  0.625 + 0.016(0.120)  1.346 & 0.016
. . : SN2003du 0.414 £+ 0.022(0.177)  1.373 £0.010
the photospheric phase light curve for SN 2011fe by Per¢iat e SN2003h
7 . S6 N1 - v 0.186 4 0.003(0.073)  0.914 £ 0.037
(2013) yielded a’”’Ni mass of My; = 0.53 £ 0.11Mg. Re- SN2004bv  1.204 + 0.040(0.266)  1.468 + 0.003
centlylMazzali et al.(2015) extended their spectroscogideling SN2004eo  0.332 +0.011(0.046)  1.135 +0.016
of the SN 2011fe spectral time series (presented for phbavap SN2005cf  0.625 + 0.044(0.184)  1.308 & 0.013
epochs in_Mazzali et al. 2014) to nebular phase epochs am fou SN2007af  0.440 £ 0.029(0.071)  1.289 +0.017
Mpy; = 0.47 £+ 0.08 M . For simplicity in this work, we thus will SN2007gi  0.624 £ 0.027(0.248)  1.149 £ 0.023
choose @°®Ni mass anchor for SN 2011fe dffx; = 0.50M, SN2007le  0.549 4 0.033(0.202)  1.387 £ 0.017
yielding final®*Ni mass values derived as: SN2007sr  0.609 £ 0.027(0.107) ~ 1.311 +0.045
I SN2009le  0.673 £ 0.065(0.102)  1.380 £ 0.026
Mnyi = 0.50 Mg Co (6) SN2011by 0.582 +0.082(0.119)  1.295 £ 0.029
Liige SN2011fe 0.500 £ 0.026(0.069)  1.310 £ 0.015
. . SN2011liv  0.349 £+ 0.046(0.122)  0.818 £ 0.032
wherelog(L11f.) = 39.410 is the scaled [Cail] A5893 luminos- SN2012cg  0.479 + 0.048(0.309)  1.422 +0.010
ity we measure for SN 2011fe — this is used as a zeropoint &r th SN2012fr  0.670 + 0.043(0.287)  1.454 % 0.004
remainder of our SN sample. The values fdiv, for our sample SN2012hr  0.328 4 0.008(0.084)  1.375 £ 0.025
are presented in Tab[é 3. In Sectionl6.3 we further disciesgnth SN2013aa 1.658 4+ 0.091(0.717)  1.468 £ 0.004
plications of our®Ni mass values and their relation to the ejected SN2013cs 0.757 & 0.094(0.174)  1.360 £ 0.013
masses of our SN la sample. SN2013dy 0.608 £+ 0.047(0.137)  1.450 £ 0.004
Other techniques have been presented for measuring the mass SN2013gy  0.950 +0.075(0.159)  1.278 4 0.012
SN2014J 0.837 £0.176(0.250)  1.441 £ 0.007

of 55Ni produced in the SN la explosion. Stritzinger et al. (2006a
employed semi-empirical modelling of SN la bolometric ligh

@ Nominal uncertainties arise from measurement errors irCindine flux

or SN reddening, while distance uncertainties are listeghdarenthesis.
Systematic error fol/ ; is estimated ab.2 M.

b Includes only measurement uncertaintes from SN light cutvetch.

Systematic error fol,; is estimated ab. 1M .

curves to measure the ejected mass i mass for a sample

of 17 nearby SNe la. They then found tH4Ni masses derived
from modelling of the nebular spectia (Mazzali et al. 19998;
Stehle et al.| 2005) yielded consistent results (Stritziegel.
2006b). Seven of the SNe la from their sample are included in
ours, and we show a comparison of 6iNi values versus those
derived from their two methods in Figuré 8. In some of the sase  f several hundred days, which we support by demonstratig s
our *Ni masses are somewhat lower than theirs (both for the light bility of ionization-dependent flux ratios measured frore thata
curve and nebuldt°Ni mass estimates) though generally show ac- (Sectior[6.R). Finally, we discuss potential interpretagi of SN la
ceptable agreement. We note that for SN 1994ae and SN 2002efexposion conditions implied by our observed relationsigpveen

, IStritzinger et al.|(2006b) employ a much higher reddenialgie/ inferred®*Ni mass and ejected mass (Secfior 6.3).

than ours £(B — V) = 0.15 mag versusZ(B — V') = 0.00 mag

for SN 1994ae and’(B — V') = 0.36 mag versu¥/(B — V) =

0.12 mag for SN 2002er), which is likely the source of the discrep- 6.1 Gamma-ray transparency timescales for nebular SNe la

ancy between our values. 56 _ . . .
For °°Co to deposit a constant fraction of its decay energy into

the nebula, positrons from the decay must be efficientlypedp

in the IGE core and gamma-rays must be able to effectively es-
capa As noted above, efficient local positron energy deposition
is expected to hold for the temperatures and densities ate@a

at these nebular phases (Axeltod 1980; Chan & Lingenfef681
Ruiz-Lapuente & Spruit 1998). In practice, gamma-rays bezo

6 DISCUSSION

In this Section we discuss the important physical implimadi of
our observational results above. First, we examine thetffiatithe
[Co 1] A5893 line flux evolution requires a constant scaling be-
tween energy released 5YCo decay and that absorbed by the
nebula — this requires efficient local deposition of enengymf
positrons and near-complete escape of gamma-rays fronGthe |
core (Sectio 6]1). Next, we argue that the [@d A\5893 evolu-
tion requires stable ionization conditions in the nebulaafperiod

3 We do note that other physical properties of the nebula {enigation
or emission measure changes) could somehow conspire toecmaie for
gamma-ray opacity to make the line emission evolvei/,%o, but we con-
sider the gamma-ray transparency scenario to be the singxjgisination.

(© 0000 RAS, MNRASDOG, 000-000
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negligible after the time when the gamma-ray energy deposit
equals that from positrons, which occurs when the opticatide
drops enough to reach this equality (Secfiod 4.1). We wiireo
this henceforth as the “transparency” timescale after this epoch
positrons dominate energy deposition in the nebula.

We fit the transparency timescale for several supernovae in
Section[4.B and found several have longer transparencystime
(tc ~ 180 days) close to the theoretical expectation for the
DDC10 model. Previous analysis of gamma-ray transparency
timescales found similar results; ~ 170 days for SN 2000cx
(Sollerman et &l 2004) and. 188 days for SN 200lel
(Stritzinger & Sollerman_2007). However we found that other
SNe la (notably SN 2011fe and SN 2007af) had much shorter
transparency timeg{ ~ 80 days). This variation in transparency
times may reflect a diversity in nebular densities, as moshef
gamma-ray opacity at these late epochs will come from opacit
from electrons in the nebula. Interestingly, the SNe la whbrter
transparency times (SN 2011fe and SN 2007af) have lowdcktre
values than most of the SNe la with longer transparency times
(SN 2003du, SN 2012fr, SN 2013aa), possibly indicating soene
lationship between nebular density and stretch. The oneptxn
to this is SN 2003hv, which appears to have low stretch bug lon
transparency time (and thus would imply high density) — tkis
sult is opposite to the findings of Mazzali et al. (2011) wharfd
SN 2003hv had reduced density in the inner regions of thaaejec
The source of this discrepancy is unclear, but may constituther
evidence that SN 2003hv is a “non-standard” event.

Because of the diversity in gamma-ray transparency
timescales in the SNe la we tested, it is likely that the inhdic
gamma-ray energy deposition on the [@¢ A\5893 flux will be im-
pacted by similar variability. Given the results above (®ed4.3)
this may result in an average uncertainty of 30% on the fif¥li

~
~

0.9 1.0 1.1

Stretch

0‘.7 0‘.8
Figure 10. Integrated flux ratios of the Fel 4700A complex compared
to the Fenl 5270A complex (top) and Fel 4200A complex (bottom) as
a function of light curve stretch (SiFT®) for all SNe la in our sample.

Formal spectrum flux error bars are smaller than the dataerarkarkers
are the same as for Figure 7

6.2 lonization conditions in the SN nebula

As noted above, the consistency of the [@d \5893 flux evolu-
tion with the square of the cobalt mass implies a constadingca
between the energy being absorbed by cobalt atoms and trgyene
they emit in the [Caill] A5893 line. This implies stability in the
ionization conditions of the nebula, which we now investigaom

a more detailed inspection of our nebular spectra.

To confirm that the ionization state of the nebula is indeed
slowly evolving from phase$50 < ¢ < 400 days, we examine the
flux ratios of nebular emission lines arising primarily frémil and
Fen. If the ratio of these lines evolves with time, this wouldiind
cate a change in the ionization state. In the left panels guife[9
we highlight the regions of the typical SN la nebular speftiere
from SN 2011fe and SN 2012fr) which are dominated by strong
line complexes of either Fe or Felll. We integrate the flux in
these regions for all the nebular SN la spectra in our sanapie,
in the right panels of Figurg] 9 we show how the line flux ratios
evolve with phase for the nebular time series SNe la (the s@ne
from Sectior[#). For this analysis we only consider phasts la
thant ~ 200 days, as this is when this region of the spectrum is
reliably optically thin (see Sectidd 4) — note this cuts SN24f
from the Fe time series sample.

Though there is indeed some evolution in the flux ratio of

masses we infer. The only robust way to account for gamma-ray Feli lines to Felll lines, it is comparatively small — generally less

opacity effects is to obtain a nebular time series. Howéwetrians-
parency time is best constrained by observations from Bl0days
when the SN is only 3-4 magnitudes fainter than peak. Thus it
should be observationally feasible to obtain such data dturé
SNe la observed in the nebular phase.

More interestingly, the time evolution of the [Gp] A5893

flux presents a new method for measuring the gamma-ray trans-

parency time scale, as it gives a direct probe of the energy be
ing deposited into the nebula. Previously this could onlydbae
with the aid of bolometric light curves (Sollerman etlal. 200
Stritzinger & Sollerman 2007; Leloudas etlal. 2009), whielces-
sarily rely on extensive optical and infrared photometrg/anun-
certain bolometric corrections. Instead, our method meguonly
two nebular spectra with contemporaneous optical photgymet

(© 0000 RAS, MNRASD0Q, 000—-000

than 10% change of the relative line flux in He compared to
Fell. In sharp contrast, consider the FgFell line flux ratios as
measured from thé ~ 1000 days spectrum for SN 2011fe from
Taubenberger et al. (2015) — 0.52 for 4700/5270 versus a wfean
1.6 at earlier phases, and 0.87 for 4700/4200 versus apeaian
of 2.3 — which decrease by at least 65% from their values in the
150 < t < 400 day range [we note these values should be consid-
ered upper limits as it appears that thelFe4700 line has effec-
tively disappeared in the ~ 1000 days spectrum for SN 2011fe,
so the flux we measure here is likely due to other speciesh&set
very late phases the physical conditions in the SN la nebaNe h
clearly changed in a dramatic fashion. Such is not the castado
SNe la in our sample at phasgs) < ¢ < 400 days.

In order to meaningfully compare the [@o] A5893 line flux
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Figure 9. Left panels: Multiple nebular phase spectra of SN 2011fp)(amd SN 2012fr (bottom), highlighting the flux integratioggions for the line
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here a blueshift ok~ 600 kms~1 for SN 2011fe and a redshift 66 1800 kms~1 for SN 2012fr. Right panels: Temporal evolution of the ratid the flux
integral for the Fell 4700A complex compared to the Fe5270A complex (top) and Fe 4200A complex (bottom) for SNe la with nebular time series.

from different SNe la, another key requirement is that thezia- 6.3 The relationship betweer?®Ni and Ejected Mass
tion state ofall SNe la be relatively similar. To test this assump-
tion, we again use the Fe line ratios described above, btithxo
mean Fell/Fen line flux ratio (computed as the error-weighted
mean for SNe la with multiple epochs) versus light curvetstrin
Figure[I0. We have excluded the highly reddened SN 2007le and
SN 2014J to avoid any biases in these ratios due to unceriaint
the dust law (i.eRv).

The relationship between [Gp] A5893 luminosity and light curve
stretch (Figurél7) hints at a relationship between physicaper-
ties of the SN la progenitor system. In Sectjionl 5.2 we coedert
our measured [Cail] A5893 line luminosities into inferred®Ni
masses. Here we convert light curve stretch into the SN egject
mass (i.e. progenitor mass for SNe la) using the relatipnbbi
tween M.; and light curve stretch discovered by Scalzo et al.

Here we see some mild coherent change in the Fe line flux (2014a). Scalzo et al. (2014b) used Bayesian inference ttemo

ratios (and thus ionization state) as a function of lighwewstretch ~ the intrinsic distribution of ejected masses, which candieefd in
(with SN 2003hv as an outlier, as previously noted by Mazzidil. as an additional prior when determining ejected mass ubisge-
2011). Here the overall range of the line ratios is somewdraer, lation. We derive a cubic fit to the relationship betweentstrend

with variations perhaps up to 40% but with a scatter of 7% (for Me;:
4700/5270) and 15% (for 4700/4200). The ionization posasif

Fe and Co are very similar, which means a change im fiae flux Mej = 207 -751s +1156s" - 4.77s° @)

induced by variation of the ionization state will manifestanpa- = 1.3541.30(s — 1) — 2.75(s — 1)* — 4.77(s — 1)?

rable change in Col line flux. Thus our [Call] A5893 line fluxes

above should have an additional scatter due to ionizatate sari- | he resultantvalues for ejected mas.¢) we derive are presented

ations of about 10%. Since our inferréNi masses are propor- N Table[3 along with oufNi masses.

tional to this line flux, this means that ionization stateiations In Figure[T1 we plot our inferre@Ni masses against these

could induce a scatter of similar magnitude in 62Ni masses. ejected masses. We note that there is a systematic untgrain

sociated withM.; calculation of abou0.1M (), as determined by

Our measurement of the [Qa] A5893 line flux evolution, Scalzo et al.[ (2014a) from recovering masses of SN la explosi

and variations of Feil/Fe 1l line flux ratios as a function of both  models. ForP°Ni masses, we previously noted several sources of
phase and SN stretch, coherently indicate that the iopizatiates uncertainty: 10% uncertainty in the [@o] A5893 flux itself (Sec-

of normal SNe la are remarkably consistent across diffeBdie tion [3:2), 5% uncertainty on the = 200 [Co 1] A5893 lu-

and nearly constant across pha$g8 < t < 400 days. This sta- minosity due to uncertainty in the explosion date (Sedfidh),5
bility of the ionization state was predicted by Axelrod (£98and 10% from ionization state variations (Sectionl6.2), andsjimg

our results here present the most compelling evidence to4ida 30% from variations in gamma-ray transparency timesca@es-
support of that prediction. tion[6.3). Collectively this constitutes a possible 35% ant@inty

(© 0000 RAS, MNRASDOG, 000-000
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distance uncertainty, respectively (see text for details)

in our 5Ni masses, which given the values we find would produce
a mean uncertinty i/ ; of about0.2M .

The relation betweed/y; andM.; shows potential evidence
for two regimes for the production ¢fNi in SNe la. For sub-
Chandrasekhar ejected masséé.{ < 1.3My — though note
SN 1991bg-like objects are not included in this analysiBg t
amount of’°Ni produced is clustered aroutdd ; ~ 0.4M¢, with
a possible increase a@f x; with M.; (though we note the statistics
are small). Chandrasekhar-mass progenitdfs;(~ 1.44+0.1M¢)
produce®®Ni masses ranging fro.4Ms < My S 1.2Me,
with the extreme high®Ni masses ¥/n; = 1.0My) occuring in
SNe la spectroscopically similar to the peculiar SNe SN 1991
(SN 1999aa, SN 2004bv, SN 2013aa, and SN 1991T itself).
Recently/ Fisher & Jumper (2015) suggested that Chandrasek
mass SN la progenitors preferentially lack a vigorous dedi@on
phase following the initial ignition, and result in a neapiyre det-
onation that produces about0 M of 5Ni and shows similarity
to SN 1991T. Our findings that the [G] A5893 luminosity is ex-
ceptionally high only in 91T-like SNe la could lend supparthis
theory.

(© 0000 RAS, MNRASD00, 000—-000

We note that SN 1999aa and SN 2013aa have anomalously
high Mx; values (indeed exceeding théif.; values). We visually
inspected the spectra of these SNe, and find no fault in otofite
[Co ] A5893 line. SN 1999aa notably has the broadest linewidth
of our sample, which could result in contamination of our mead
[Co 1] A5893 flux by nearby Fel lines (see Figuriel2). SN 2013aa
has a relatively uncertain distance to its host galaxy. Vyeeixthe
true M y; for these two SNe is likely to be closer to that of the other
SN 1991T-like SNe la, near0 — —1.2Mg,.

To compare model predictions with our inferré®Ni mass
values, we gather ejected mass afNi mass outcomes from nu-
merous SN la explosion models and plot them against our data i
Figure[12. These models can be generally grouped into tlatee ¢
gories: sub-Chandrasekhar mass detonations, Chandaasakiss
deflagration to detonation transitions (DDT), and Charekhar-
mass deflagrations which fail to detonate. We discuss edebay
and its agreement with the data below.

Sub-Chandrasekhar (sub-Ch) mass detonationsiVe con-
sider sub-Ch detonations from Sim et al. (2010), where detoms
were artificially initiated in WDs of varying initial masseEhese
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Figure 12. M y; andM.; values inferred from data (dark grey diamonds —
data as in Figure_11) compared to various theoretical mogate detona-
tion models from sub-Chandra detonaticns (Sim &t al. 208iGw circles)
and double-detonations (Fink efial. 2010, magenta diam)pddgonation-
deflagration transitions (DDT) from Seitenzahl et al. (A)18ue sgaures)
and Blondin et 8l (2013, cyan downward triangles); and Cadass pure
deflagrations (Fink et &l. 2014, green upward triangls). diseerved width-
luminosity relation (and its scatter) from the recent cokrgy analysis of
Betoule et al.[(2014) are shown as the red curve (and lighéliaded area).

models are also applicable to sub-Ch WDs ignited via othehme
anisms (e.g. a violent merger), and were also employed itn&st
the brightness distribution of violent mergers in Ruiteak{2013).
We also examine sub-Ch double detonation models from Fiak et
(2010): these are qualitatively similar to the Sim etlal.1C20but
the ignition mechanism naturally arises from a surfacaunelayer
ignition. Both models show a similar relationship betweeh;
and M.;, which shows a much steeper increaséff; with M.;
than we infer from our data. However we note that with the sys-
tematic uncertainty in\/.; estimates (from stretch) these may be
compatible with the data.

Deflagration to detonation transitions (DDT): We present
models from both_Seitenzahl et al. (2013b) and Blondin et al.
(2013) — including the DDC10 model employed for radiatians-
fer calculations in Sectidn 3.1. In general for these mottedd/¢,
progenitors undergo an initial deflagration phase whichsiteons
to a detonation at a later time: the timing of this transititirectly
sets the amount 8 Ni produced. Fdr Seitenzahl et al. (2013b), the
DDT time was calculated from the sub-grid scale turbuleetrgyn
(Ciaraldi-Schoolmann et al. 2013) which in practice varigith the
vigorousness of the initial deflagration (set by hand as theber
of initial ignition points). For Blondin et all (2013), thel@X time
is set by a manual trigger. Both sets of models cover a rantfiNf
mass production, similar to the range inferred from our data

Pure deflagrations: Finally we consider pure deflagration
models presented in_Fink etlal. (2014). These models ara-vari
tions on the Chandrasekhar-mass Seitenzahl et al. (2018l
in which the DDT module has been intentionally turned off.nyla
of these deflagration models fail to fully unbind the star ajett
only a portion of the WD’s total mass and leave a bound remnant
we note that the Scalzo et al. (2014b) method for estimajewed
mass from light curves is not trained to account for boundargs
so may have some additional systematic uncertainty forekpso-
sion mechanism. Interestingly, these models show a weagndep

dence ofMx; on M.; for sub-Ch ejected masses, similar to what
we infer for this regime of the data. This also shows someeagre
ment with the width-luminosity relation observed in cosogital
supernova samples — we show this as well in Figule 12 using the
WLR from|Betoule et &l.(2014) converted 3dx; and M.; using

the relations presented|in Scalzo etlal. (2014b).

If indeed the M n;—M.; trend arises from two distinct ex-
plosion mechanisms for SNe la, several key questions retoain
be answered with future research. One such question is wihere
split between the two mechanisms occurs — SNe 1&/a$, with
~ 0.5M¢ of 5Ni could arise from either mechanism — and what
physical property of the progenitor decides which mecharos-
curs. Next we should investigate why the two mechanismsym®d
SNe la which obey the same width-luminosity relation — onghti
expect that a different relationship betwekfy; and M.; would
yield different relationship between peak luminosity aigtit curve
width. Such insights could be further advanced by studyloéiote-
lated thermonuclear explosions which span a broader ranbevo
andM.; (e.g./McCully et al. 2014b, see their Figure 15).

Finally, we most critically should assess whether the two
mechanisms calibrate cosmological distances in the saste fa
ion. Recent evidence has been mounting that SNe la show
progenitor signatures (e.g. CSM interaction, high-vejodea-
tures, host galaxy properties) which appear to clump into tw
groups |(Maguire et al. _2014). In parallel, SN la cosmologica
analyses have found that SNe la in high- and low-mass galax-
ies have subtly different standardized luminosities (@aii et al.
2010; Kelly et al.l 2010; _Lampeitl et al. 2010; Gupta etial. 201
D’Andrea et al.| 2011 Konishi et al. 2011; Galbany etlal. 2012
Hayden et al. 2013; Johansson el al. 2013; Childress let 58t20
Rigault et al. 2013; Childress etlal. 2014c; Kelly ei al. 20These
and the current study motivate further examination of théren-
ments and standardized luminosities of SNe la whH§$é mass
and ejected mass are assessed with the techniques prelserged
Such a study is limited by distance uncertainties, and thasld be
targeted at SNe la in the nearby smooth Hubble flow-(0.015)
where distance uncertainties from peculiar velocitieobeesmall
(< 0.10 mag).

7 CONCLUSIONS

In this work we examine the [Cal] A5893 feature in 94 nebu-
lar phase (50 < t < 400 days past peak brightness) spectra of 32
SNe la compiled from the literature and new observationss fEa-
ture arises predominantly from radioactif&o, the decay product
of °°Ni (which powers the bright early light curve) — thus thisfea
ture provides a direct window for investigating the poweurse
behind SN la light curves.

We used nebular time series for eight SNe la to show that the
temporal evolution of the [Col] A5893 flux falls very close to the
square of the mass 6fCo as a function of time. This is the ex-
pected dependence in the limit where the nebula is fullycafi
thin to gamma-rays produced in tA€Co decay but locally ther-
malizes energy from positrons emitted in the decay. We tlsex u
this uniform time dependence to infer the relative amourt®bfi
produced by all 32 SNe la in our sample by using SN 2011fe as an
anchor (atMy; = 0.5Mg).

The greatest systematic uncertainty in 8iMi mass measure-
ments was the time at which the nebula becomes effectively op
cally thin to gamma-rays (which we define by the “crossingii
when energy deposition from positrons begins to exceedahat

(© 0000 RAS, MNRASDOG, 000-000
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gamma-rays). Though this could intoduce 30% uncertaint§ i
masses (on average, though this is time dependent), we dtibate
the gamma-ray transparency time can be readily measured whe
multiple nebular spectra are available. In particularngls spec-
trum at phase$00 < ¢ < 150 days past maximum light —when the
SN is only 3-4 magnitudes fainter than peak — can easily cainst
the gamma-ray transparency time. This can robustify olmtiecie

for measuring®®Ni masses of future SNe la, but the gamma-ray
transparency time itself could provide important clueskbl&pro-
genitor properties.

When comparing our inferre@®Ni masses to the ejected
masses of our SN la sample (using techniques from_Scalzo et al
20144.b), we find evidence for two regimes in the productibn o
56Nj (which are too distinct to be an artefact of systematic un-
certainties). For low ejected masses (low stretéW)y; clusters
at low values Mn; ~ 0.4Mg). At high ejected masses (high
stretch) near the Chandrasekhar magsy; has a much larger
spread 0.4Ms < Mpy; S 1.2Mg). This could constitute evi-
dence for two distinct explosion mechanisms in SNe la.

This work has illustrated the power of the nebular [@©q
Ab893 feature in probing the fundamental explosion physics of
SNe la. We provide a simple recipe for calculatifityi mass from
the [Col111] A5893 line flux from a single nebular epoch, as well as
prescription for a more robust measurement that accountgpse-
ity effects by using multiple nebular epochs. Future measants
which eliminate the opacity systematics and distance taicties
could provide a detailed understanding of the explosionhaec
nisms for SNe la.
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Table Al. Atomic data for Call

Lower level ~ Upper level A A E(eV)

3d" a'Fy/p  3d” &Gy,  0.014 5627.104  2.203
3d" a'Fy,,  3d” &Gy,  0.400 5888.482  2.105
3d" a'F;,,  3d” &Gy, 0.150 5906.783  2.203
3d" a'F;/;  3d" &Gy,  0.120 6195455  2.105
3d" a'F5,,  3d” &Gy, 0.110 6127.670  2.203

@ The A values are frorn Hansen et al. (1984)
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Figure Al. lllustration of the variation of the flux in the [Coi] A5893
blend with electron density. The different curves are fongeratures of
3000K (red curve) to 10000 K (top curve) in steps of 1000 K. ther cal-
culation a SN age of 100 days and a N(Colll) to N(Ne) ratio &10was
assumed. The emission measure has been divided by the prafdie
electron and Co densities.

APPENDIX A: ATOMIC DATAFOR Co 11l

Rest wavelengthTable[A] lists the transitions in the multiplet of
Co 11l contributing to the 5892 feature. Note that the second and
third transitions contribute to the main 58§3While other transi-
tions in the multiplet produce other features of intereshsas the
~ 6150 A feature of Cail (see Figur&l2).

Line emissivityThe [Coll1] A5893 blend accounts for about
70% of the multiplet cooling. Above an electron density16f
cm~2 and a temperature of 4000 K, the above multiplet accounts
for between 50 and 70% of all cooling by @o. As the tempera-
ture and/or electron density is lowered below these vakesjng
via the 3d a*F- 3d" a*P multiplet (with an excitation energy of
~1.9eV) becomes increasingly important. Plots of the fluxhia t
[Co 1] A5893 blend as a function of electron density and temper-
ature are shown in Fig_A1. The critical density for the 3dG
levels is~ 3 x 107 and for the 3d a*P levels it is~ 1 x 106,

We note here that collision rates for @o are unavailable and so
we adopted collision strengths from Sunderland &t al. (P@®ich
were computed for Niv, and which has a similar electronic struc-
ture to Colli.

(© 0000 RAS, MNRASDOG, 000-000



SN la®®*Ni masses from nebula?Co emission 21

APPENDIX B: ANCILLARY DATA ON SN SAMPLE

This Appendix presents the properties of SNe la and theit hos
galaxies derived in the literature or measured from the fimtaur
analysis.

Table[B1 presents the host galaxy distance and redshiftinfo
mation for the SNe la in our sample, along with references. As
noted in Sectiofl3, distances for SNe la in our sample are pref
erentially derived from Cepheid distances from Riess g28i11)
where available, and from host redshift with the Riess €Ral11)
Hubble constant valueH, = 73.8 km s™* Mpc™'). Generally
we avoid other distance indicators such as Tully-Fisherfasa
brightness fluctuations, and planetary nebula luminositgfions.
The one exception to this is SN 2012cg, for which we use the
Cortés et al..(2008) Tully-Fisher distance modulus, as o in
Silverman et al.| (2012b).

For some SNe la (SN 2003du, SN 2011by, SN 2013dy), pre-
vious analyses in the literature have found that the redbbsged
distance modulus yields anomalous values for the SN peak lu-
minosity. Thus for these we employ SN-based distance moduli
adopted by previous authors: the Stritzinger et al. (200&hje for
SN 2003du, the Graham et al. (2015) value for SN 2011by, amd th
Pan et al.[(2015a) value for SN 2013dy (derived with SNooPy).

TableB2 presents the pertinent light curve fit parameters fr
the main photospheric phase light curves. Light curves Viere
with SIFTO [Conley et al. 2008). For some SNe la (SN 2011iv,
SN 2011by, SN 2012ht), photometry was not explicitly puiid,
so we utilize the published light curve widths and colourstifiese
SNe. Where appropriate, we conveéxinis(B) or SALT2 z1 to
SiFTO stretchs using the relations published lin Guy et al. (2007,
2010).

Light curves for SN 2013cs and SN 2013gy were obtained
with the Las Cumbres Observatories Global Telescope (LCOGT
Brown et all 2013) and have been reduced using a custommepeli
developed by S. Valenti. The pipeline employs standardguioes
(PyRAF, DAOPHOT) in a Python framework. Host galaxy flux was
removed using a low order polynomial background. Pointagbre
function magnitudes were transformed to the standard Shigin
tal Sky Surveyl(Smith et &l. 2002) filter system (for gri) omidalt
(1992) system (for BV) via standard star observations takeing
clear nights. These light curves will be released in a ful@®OGT
supernova program publication.

Table[B3 presents the late-time photometry for our SNe la.
The B-band magnitudes for each phase of spectroscopic observa-
tion was determined from a linear fit to the very lateX 60 days
past peakB-band light curve. Spectra from T15b were already flux
calibrated to contemporaneous photometry, so here wetrépor
B-band flux synthesized from the spectrum. Similarly, M15cspe
tra were flux calibrated with spectrophotometric standéassand
thus are flux calibrated modulo any changes in grey extinatio
slit loss between the standard star and SN observation.

For some SNe la, sufficient late time photometry was not
available to reliably extrapolate thie-band luminosity at the time
of spectroscopic observations — generally this occurrédefSN
did not have photometry beyond 100 days past peak or if agubli
light curve was not available. For these SNe, late photonfetm
an alternate SN was employed, with the requirement thatighe |
curve stretch be exceptionally close. These SNe with thehos
gate light curves are shown in FigurelB1, and the surrogatésSN
denoted in the reference column of Tabld B3.

Table[B4 presents the measured [@d A5893 line fluxes,
synthesizedB-band fluxes, and wavelength integration bounds for

(© 0000 RAS, MNRASD00, 000—-000

the [Col1] A\5893 flux measurements. Note that the fluxes in this
table are in the natural units of the spectroscopic dataessuared
from its publicly available format.



22

Childress et al.

Table B1.Nebular SN la Host Information

SN Host Host Hostu I z Ref. u Ref.

Name (magy Method
SN1990N NGC 4639 0.003395 31.67£0.07 Cepheids Wong et al. (2006) Riess et al. (2011)
SN1991T NGC 4527 0.005791  30.72+0.13 Cepheids Strauss et al. (1992) NED
SN1994D NGC 4526 0.002058 29.73 £1.06 Redshift Cappellari et al. (2011)
SN1994ae NGC 3370 0.004266  32.13 £ 0.07 Cepheids Krumm & Salpeter (1980) Riess et al. (2011)
SN1995D NGC 2962 0.006561  32.25+0.33  Redshift Cappellari et al. (2011)
SN1998aq NGC 3982 0.003699 31.70 £ 0.08 Cepheids de Vaucouleurs et al. (1991)  Riess et al. (2011)
SN1998bu NGC 3368 0.002992  30.20 £0.20 Cepheids de Vaucouleurs et al. (1991) NED
SN1999aa NGC 2595 0.014443 33.98 £0.15 Redshift de Vaucouleurs et al. (1991) - - -
SN2002cs NGC 6702 0.015771  34.174+0.14  Redshift Trager et al. (2000)
SN2002dj NGC 5018 0.009393  33.04 £0.23  Redshift Rothberg & Joseph (2006)
SN2002er UGC 10743 0.008569  32.84 +0.25 Redshift de Vaucouleurs et al. (1991) - - -
SN2002fk NGC 1309 0.007125 32.59£0.09 Cepheids Koribalski et al. (2004) Riess et al. (2011)
SN2003du UGC 9391 0.006384 32.75+0.20 SN Schneider et al. (1992) Stritzinger et al. (2006b)
SN2003hv  NGC 1201 0.005624  31.92 £ 0.39 Redshift Ogando et al. (2008) .
SN2004bv NGC 6907 0.010614  33.31 +0.20 Redshift Scarano et al. (2008)
SN2004eo0 NGC 6928 0.015701 34.16 £0.14  Redshift Theureau et al. (1998)
SN2005am  NGC 2811 0.007899  32.66 = 0.28  Redshift Theureau et al. (1998)
SN2005cf MCG-01-39-3 0.006430 32.21 +0.34 Redshift Childress et al. (2013a) .
SN2007af NGC 5584 0.005464 31.72+0.07 Cepheids Koribalski et al. (2004) Riess et al. (2011)
SN2007gi NGC 4036 0.004620 31.49+0.47 Redshift Cappellari et al. (2011) .
SN2007le NGC 7721 0.006721  32.31 +0.32  Redshift Koribalski et al. (2004) .
SN2007sr NGC 4038 0.005477  31.66 £0.08 Cepheids Lauberts & Valentijn (1989)  Riess et al. (2011)
SN2008Q NGC 524 0.008016  32.69 4 0.27  Redshift Cappellari et al. (2011) .
SN2009ig NGC 1015 0.008770  32.89+0.25 Redshift Wong et al. (2006)
SN2009le MCG-04-06-9 0.017786  34.44 +0.12 Redshift Theureau et al. (1998) .
SN2011by NGC 3972 0.002843  32.01 £0.07 SN Verheijen & Sancisi (2001) Graham et al. (2015)
SN2011ek NGC 918 0.005027  31.67 +0.43  Redshift Rhee & van Albada (1996) .
SN2011fe NGC 5457 0.000804 29.05+0.06 Cepheids de Vaucouleurs et al. (1991)  Shappee & Stanek) 2011
SN2011iv NGC 1404 0.006494  32.23 +0.33  Redshift Graham et al. (1998) .
SN2012cg NGC 4424 0.001458 30.90£0.30 TF Kent et al. (2008) Cortés et al. (2008)
SN2012fr NGC 1365 0.005457 31.31 £0.20 Cepheids Bureau et al. (1996) Silbermann et al. (1999)
SN2012hr ESO 121-G026 0.007562  32.56 +£0.29  Redshift Koribalski et al. (2004)
SN2012ht NGC 3447 0.003559  30.92 +£0.61  Redshift Guthrie & Napier (1996)
SN2013aa NGC 5643 0.003999 31.18 £0.54  Redshift Koribalski et al. (2004)
SN2013cs ESO 576-G017 0.009243  33.00 &= 0.24  Redshift Pisano et al. (2011) .-
SN2013dy NGC 7250 0.003889 31.49+£0.10 SN Schneider et al. (1992) Pan et al. (2015a)
SN2013gy NGC 1418 0.014023  33.92+0.15 Redshift Catinella et al. (2005)
SN2014J NGC 3034 0.000677 27.60£0.10 Cepheids+SN _de Vaucouleurs et al. (1991)  Foley et al. (2014)

@ For hosts with redshift-basgd uncertainty includes a peculiar velocity term of 300 kmi's

(© 0000 RAS, MNRASDOG, 000-000



Table B2. Light Curve Fit Results and Sources

SN la®*Ni masses from nebula?Co emission

SN MJD Rest Frame Stretch Coler LC

of Biax Bmaz (Mag) Ref.
SN1990N 48081.69  12.706 £ 0.015 1.081 £0.012  0.049 4+0.013 Lira et al. (1998)
SN1991T 48373.95 11.468 + 0.028 1.047 £0.019 0.101 4 0.026 Lira et al. (1998)
SN1994D 49431.52  11.775 £ 0.009  0.823 £0.004 —0.099 & 0.005 Patat et al. (1996)
SN1994ae 49684.56 12.968 +0.019 1.057 £0.014 —0.060 +0.016 CfA
SN1995D 49767.50  13.273 £0.025 1.097 £0.014 —0.006 +0.015 CfA
SN1998aq 50930.24 12.316 £0.009  0.965 £ 0.010 —0.146 £ 0.009 Riess et al. (2005)
SN1998bu  50952.06 12.118 £0.013  0.962 +0.018  0.270 +0.010 Jha et al. (1999); Suntzeff et al. (1999)
SN1999aa 51231.84 14.755+0.016 1.134£0.009 —0.047 +0.009 CfA
SN2002cs 52409.24 15.138 +£0.039  1.007 £0.013  0.017 £ 0.016 LOSS
SN2002dj 52450.32  13.974 +0.035 0.962 +0.013 0.098 +£0.016 LOSS
SN2002er 52524.03  14.267 +0.057 0.901 £0.009 0.123 £+ 0.018 LOSS
SN2002fk 52547.28 13.152 £ 0.017  0.995 £+ 0.012 —0.142 £ 0.012 LOSS
SN2003du 52765.48  13.476 +0.007 1.016 £0.008 —0.110£0.008 LOSS
SN2003hv  52891.12 12.444 +£0.020 0.741 £ 0.021 —0.115 £ 0.014 Leloudas et al. (2009)
SN2004bv  53159.83  13.938 £0.024 1.146 +£0.014 0.122 +0.013 LOSS
SN2004e0 53277.66 15.099 +£0.038 0.863 +0.009 0.002 + 0.014 CSP
SN2005am 53436.97 13.698 +0.023 0.710 £0.019 0.057 £ 0.012 CSP
SN2005cf  53533.28  13.625 +0.035 0.968 £0.009 0.021 £ 0.013 LOSS
SN2007af 54173.88 13.180 +0.015 0.955 +£0.011  0.058 +0.010 CSP
SN2007gi 54327.66 13.158 £ 0.016 0.871 £0.013  0.097 4+ 0.017 Zhang et al. (2010)
SN2007le 54398.62 13.876 = 0.016 1.028 £0.015 0.342 +£0.014 CSP
SN2007sr 54448.70 12.809 £+ 0.042 0.970 £ 0.031 0.141 £+ 0.016 LOSS
SN2008Q 54505.47 13.510 +0.033 0.803 £0.025 0.001 £0.018 LOSS
SN2009ig 55079.18  13.437+0.019 1.136 £0.028 0.055 £0.019 CfA
SN2009le 55165.16  15.351 +0.030 1.022 £0.022 0.079 £ 0.033 CfA
SN2011by 55690.60 12.890 +0.030 0.959 +0.019  0.000 + 0.050 Graham et al. (2015)
SN2011lek 55788.90 13.840 +0.150 0.900 £ 0.020  0.180 % 0.040 Maguire et al. (2013)
SN2011fe 55814.51 9.940 + 0.010 0.969 4+ 0.010 —0.066 £ 0.021 Pereira et al. (2013)
SN2011iv 55906.00 12.530 +0.040 0.684 £0.020 0.000 &£ 0.050 Foley et al. (2012)
SN2012cg 56082.03 12.128 £ 0.011 1.063 £ 0.011 0.184 + 0.010 Munari et al. (2013)
SN2012fr 56243.68 12.017 +0.013 1.108 £0.008 0.059 £ 0.011 Zhang et al. (2014)
SN2012hr  56289.20 13.780 £+ 0.020 1.018 £ 0.021 0.030 + 0.010 Maguire et al. (2013)
SN2012ht 56295.60 13.220 £ 0.040 0.818 £0.025  0.000 4 0.050 Yamanaka et al. (2014)
SN2013aa 56344.00 11.330+0.050 1.146 £0.019 —0.050 &0.010 Maguire et al. (2013)
SN2013cs 56436.95 13.659 +£0.032 1.006 +0.010 0.054 + 0.015 LCOGT
SN2013dy 56500.65 12.824 +0.048 1.101 +0.007 0.195 +0.015 Pan et al. (2015b)
SN2013gy 56648.61 14.742 4+ 0.020 0.948 £0.008 0.070 £ 0.011 LCOGT
SN2014J 56689.74 11.850 +0.012 1.086 £0.010 1.251 £0.012 Foley et al. (2014)

23

CfA: Riess et al.[(1999); Jha et al. (2006); Hicken etlal. @3D12); LOSS: Ganeshalingam et al. (2010); CSP: Contedrals (2010); Stritzinger et al.
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Figure B1. Surrogate light curves for SNe la with poor late time lightvaicoverage. Original SN data are shown as small black doite surrogate SN data
are shown as larger blue circles.
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Table B3. Late Phase Photometry

SN Phase  Obs. Date mp(t) Phot. Ref.
(days) (mag)

SN1990N 160 19901217 17.394 +0.014 Lira et al. (1998)
SN1990N 186 19910112 17.760 £ 0.011
SN1990N 227 19910222 18.337 £ 0.007
SN1990N 255 19910322 18.731 + 0.008
SN1990N 280 19910416 19.083 £ 0.011
SN1990N 333 19910608 19.829 + 0.018
SN1991T 113 19910819 17.026 +0.032  Schmidt et al. (1994)
SN1991T 186 19911031 17.614 + 0.024
SN1991T 258 19920111 18.194 £+ 0.018
SN1991T 320 19920313 18.694 + 0.018
SN1991T 349 19920411 18.928 £+ 0.019
SN1993Z 173 19940317 19.064 +0.063 Ho et al. (2001)
SN1993Z 205 19940418 19.588 + 0.094
SN1994D 613 19951124 23.227 +0.040  Altavilla et al. (2004)
SN1994ae 144 19950422 17.672 £ 0.025  Altavilla et al. (2004)
SN1994ae 153 19950501 17.812 4+ 0.027
SN1995D 277 19951124 19.887 +0.041  Altavilla et al. (2004)
SN1995D 285 19951202 20.001 + 0.043
SN1996X 298 19970210 20.108 £0.022  Salvo et al. (2001)
SN1998aq 211 19981124 18.140 +0.011  Riess et al. (2005)
SN1998aq 231 19981214 18.442 +0.013
SN1998aq 241 19981224 18.593 + 0.013
SN1998bu 179 19981114 17.202 £0.017 SN2011fe
SN1998bu 190 19981125 17.347 4+ 0.019
SN1998bu 208 19981213 17.586 + 0.022
SN1998bu 217 19981222 17.705 4+ 0.023
SN1998bu 236 19990110 17.956 + 0.026
SN1998bu 243 19990117 18.049 + 0.028
SN1998bu 280 19990223 18.538 + 0.034
SN1998bu 329 19990413 19.187 4 0.042
SN1998bu 340 19990424 19.332 4+ 0.043
SN1999aa 256 19991109 20.872 4+ 0.000 SN1991T
SN1999aa 282 19991205 21.236 4 0.000
SN2002cs 174 20021106 20.264 +0.080 LOSS
SN2002dj 222 20030201 20.143 +0.058  Pignata et al. (2004)
SN2002dj 275 20030326 21.003 £ 0.040
SN2002er 216 20030410 20.429 +0.022 Pignata et al. (2008)
SN2002fk 150 20030227 18.099 + 0.024 CfA, LOSS
SN2003du 109 20030823 17.612 +0.004  Stanishev et al. (2007)
SN2003du 138 20030921 18.043 + 0.003
SN2003du 139 20030922 18.058 + 0.003
SN2003du 142 20030925 18.102 + 0.003
SN2003du 209 20031201 19.096 + 0.004
SN2003du 221 20031213 19.274 + 0.004
SN2003du 272 20040202 20.031 + 0.005
SN2003du 377 20040517 21.589 + 0.008
SN2003gs 170 20040214 19.877 +£0.051 LOSS
SN2003hv 113 20031228 16.927 +0.003  Leloudas et al. (2009)
SN2003hv 145 20040129 17.436 4+ 0.004
SN2003hv 323 20040725 20.870 4+ 0.012
SN2004bv 171 20041114 18.713 +0.000 SN1991T
SN2004eo0 228 20050516 21.454 + 0.008  Pastorello et al. (2007)
SN2005cf 319 20060427 20.558 +0.040 SN2011fe
SN2006X 127 20060626 19.001 4+0.027 Wang et al. (2008b)
SN2006X 152 20060721 19.196 + 0.040
SN2006X 277 20061123 20.175+ 0.107
SN2006X 307 20061223 20.410 £+ 0.123
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Table B3 (contd)

SN Phas¢  Obs. Date mp(t) Phot. Ref.
(days) (mag)

SN2006X 360 20070214 20.824 £ 0.151
SN2007af 103 20070620 17.181 +0.005 SN2011lfe
SN2007af 108 20070625 17.247 £ 0.006
SN2007af 120 20070707 17.406 £ 0.007
SN2007af 123 20070710 17.446 £ 0.008
SN2007af 128 20070715 17.512 £ 0.008
SN2007af 131 20070718 17.552 £ 0.009
SN2007af 151 20070807 17.816 £ 0.012
SN2007af 165 20070821 18.002 £ 0.014
SN2007af 308 20080111 19.894 + 0.037
SN2007gi 161 20080115 17.920 +0.014 Zhang et al. (2010)
SN2007le 317 20080827 20.653 £0.000 SN1991T
SN2007sr 177 20080623 17.994 +£0.021  CfA, LOSS
SN2009ig 405 20101017 21.729 +£0.050 CfA
SN2009le 324 20101016 22.651 £0.050 CfA
SN2010ev 178 20101231 20.199 £0.050 T15b
SN2010ev 272 20110404 21.183 4+ 0.050
SN2010gp 279 20110501 23.150 £0.050 T15b
SN2010hg 199 20110403 19.765 4+ 0.050 T15b
SN2010kg 289 20110927 22.592+0.050 T15b
SN2011K 341 20111228 23.096 £ 0.050 T15b
SN201lae 310 20120101 20.671 +£0.050 T15b
SN2011at 349 20120227 21.656 +0.050 T15b
SN2011by 206 20111202 18.337 +0.022 SN2011fe
SN2011by 310 20120315 19.713 £0.039
SN201lek 423 20121011 24.328 £0.050 T15b
SN2011fe 074 20111123 13.630 £0.004 Richmond & Smith (2012)
SN2011fe 114 20120102 14.157 £ 0.007
SN2011fe 196 20120324 15.238 £0.019
SN2011fe 230 20120427 15.686 + 0.024
SN2011fe 276 20120612 16.292 £ 0.030
SN2011fe 314 20120720 16.792 +£ 0.036
SN2011lim 314 20121016 23.522 +0.050 T15b
SN2011iv 318 20121024 20.717 £0.050 T15b
SN2011jh 414 20130221 24.131 +£0.050 T15b
SN2012cg 330 20130507 19.824 +0.085 SN1994ae
SN2012cg 342 20130513 19.917 4+ 0.087
SN2012cu 340 20130603 23.060 £0.050 T15b
SN2012fr 101 20130221 15.696 £ 0.015  Zhang et al. (2014)
SN2012fr 116 20130308 15.927 £ 0.020
SN2012fr 125 20130317 16.065 4 0.024
SN2012fr 151 20130412 16.466 £ 0.034
SN2012fr 222 20130622 17.560 £ 0.065
SN2012fr 261 20130731 18.161 £ 0.082
SN2012fr 340 20131018 19.379 £0.117
SN2012fr 357 20131103 19.409 £ 0.100
SN2012fr 357 20131103 19.625 4+ 0.124
SN2012fr 367 20131114 19.795 £+ 0.129
SN2012hr 283 20131006 20.487 +0.005 SN2003du
SN2012hr 368 20131230 21.749 £ 0.007
SN2012ht 437 20140313 22.714+0.100 T15b
SN2013aa 137 20130710 15.768 +0.000  SN1991T
SN2013aa 185 20130827 16.438 4+ 0.000
SN2013aa 202 20130913 16.676 + 0.000
SN2013aa 342 20140131 18.633 £ 0.001
SN2013aa 358 20140216 18.857 + 0.001
SN2013aa 430 20140422 19.765 £ 0.001
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Table B3 (contd)

SN la®®*Ni masses from nebulafCo emission 27

SN Phas¢  Obs. Date mp(t) Phot. Ref.
(days) (mag)
SN2013cs 320 20140322 20.909 + 0.068  SN2002fk
SN2013cs 322 20140324 20.939 +£ 0.069
SN2013cs 322 20140324 21.475 £ 0.100
SN2013ct 223 20131218 18.144+0.100 T15b
SN2013dl 160 20141130 20.034 +0.100 T15b
SN2013dl 184 20141224 20.331 4+ 0.100
SN2013dy 333 20140626 20.716 £0.033  Pan et al. (2015a)
SN2013dy 419 20140920 22.064 + 0.045
SN2013ef 174 20141224 21.511 £0.100 T15b
SN2013gy 276 20140920 21.242+0.062 SN2007af
SN2014J 231 20140920 16.956 +0.119  Foley et al. (2014)

Note. — For SNe with poor late-time photometric coverage,ldte light curve
of a surrogate SN (denotedlimldfacein the Photometry Reference column) is em-

ployed.

CfA: Riess et al. [(1999); Jha etlal. (2006); Hicken et al. €00012); LOSS:
Ganeshalingam et al. (2010); CSP: Contreras et al. (201@yiSger et al.|(2011)
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Table B4. Co line fluxes from spectra

SN Date Co Line Flux B-Band Flux Winin Wmaz
(ergcn?s—1) (ergcn? s—1) (A (A)
SN1990N 19901217 6.06 x 10716 £3.39 x 10~18  3.52 x 10~15 4+ 1.95 x 10~17 57105 6038.4
SN1990N 19910112 5.99 x 10~ 14 £1.76 x 1017  3.98 x 10~13 £+ 7.37 x 10~17
SN1990N 19910222 3.69 x 10~ £8.73 x 1017  3.30 x 10~13 £ 5.29 x 10~16
SN1990N 19910322 9.78 x 10715 £4.25 x 1017  1.28 x 10~13 £+ 2.03 x 10~16
SN1990N 19910416 7.15 x 10715 £5.64 x 1017 1.03 x 10~13 £2.24 x 10~16
SN1990N 19910608 1.89 x 10~ 15 £4.67 x 10717  5.34 x 10~14 £+ 1.46 x 10~16
SN1991IM 19910820 1.67 x 10716 £5.39 x 10~18  8.47 x 10~16 +£1.29 x 10-17 5770.8 6031.1
SN1991T 19910819 4.99 x 10~ 14 £1.98 x 10716  1.28 x 10713 £ 5.48 x 10-16  5664.2 6121.0
SN1991T 19911031 1.34 x 10715 £2.23 x 10~17  8.20 x 10~15 +4.80 x 10~ 17
SN1991T 19920111 5.49 x 10~ £8.12 x 10717  4.57 x 10~13 £ 2.40 x 10~16
SN1991T 19920313 1.18 x 10716 £4.46 x 1018  1.09 x 10~15 +£6.92 x 10~ 18
SN1991T 19920411 5.67 x 10~ 17 £2.51 x 10718  8.32 x 10716 £ 3.12 x 10~17
SN1993Z 19940317 2.17 x 10~16 £3.14 x 10~1®  1.14 x 1015 +£1.00 x 10-17 5757.8 6081.7
SN1993Z 19940418 9.90 x 10~17 £2.47 x 10718  9.73 x 10716 £ 5.87 x 10~18
SN1994D 19951124 4.69 x 10~ 15 £3.19 x 10716 4.88 x 10714 +£4.08 x 10-16 5732.7 6070.7
SN1994ae 19950422 6.74 x 10~ 16 £7.37 x 10718  3.77 x 10715 £ 9.61 x 10~18 57475 6027.4
SN1994ae 19950501 5.38 x 10~ 14 £1.84 x 10716 4.04 x 10~13 £+ 6.40 x 10~16
SN1995D 19951124 4.96 x 10~ 15 £3.49 x 10716  4.88 x 1014 +4.08 x 10-1¢6 5677.7 6080.5
SN1995D 19951202 1.96 x 10~ £1.70 x 1016 2.67 x 1014 £+ 2.00 x 10~16
SN1996X 19970210 2.45 x 10~15 £3.74 x 10717 297 x 1014 +1.09 x 10-16 5681.8 6075.7
SN1998aq 19981124 3.80 x 10~ £1.20 x 10715 2,68 x 10713 +£2.37 x 10~1> 5668.6 6077.6
SN1998aq 19981214 5.90 x 10714 +£4.93 x 10716 3.66 x 10713 £1.01 x 1015
SN1998aq 19981224 4.86 x 10~ £7.15 x 1016 3.86 x 10713 £ 1.79 x 10~1°
SN1998bu 19981114 1.27 x 10~ £7.07 x 10716  5.36 x 10713 +£1.95 x 10~1> 5706.7 6055.0
SN1998bu 19981125 1.39 x 10~ 13 £5.29 x 10716 6.45 x 10713 £ 1.20 x 10~1°
SN1998bu 19981213 8.76 x 10~ £3.94 x 10716 5.13 x 10713 £ 9.64 x 10~16
SN1998bu 19981222 8.04 x 10~ £6.98 x 10716 4.24 x 10713 £ 1.59 x 10~1°
SN1998bu 19990110 4.58 x 10~16 £1.19 x 10718  3.71 x 10715 £ 5.44 x 10~18
SN1998bu 19990117 5.47 x 10~ £3.47 x 10716 2.95 x 10713 £ 8.72 x 10~16
SN1998bu 19990223 2.08 x 10~16 £1.23 x 10718  1.72 x 10715 £ 3.75 x 10~18
SN1998bu 19990413 6.52 x 10~ 15 £7.18 x 10717  6.01 x 1014 £+ 1.06 x 10~16
SN1998bu 19990424 1.42 x 10716 £2.54 x 10718  1.04 x 10~ 4+ 7.50 x 10~18
SN1999aa 19991109 1.80 x 10~ 16 £1.12 x 10718  8.69 x 10716 4+ 2.46 x 10-1® 5616.9 6197.1
SN1999aa 19991205 7.22 x 10717 £8.10 x 10~19  3.46 x 10~16 +2.46 x 10~18
SN2002cs 20021106 1.34 x 10~16 £6.21 x 10719  6.04 x 1016 £ 2.59 x 10-17 5655.5 6097.2
SN2002dj 20030326 3.41 x 10715 £2.40 x 10717  2.31 x 10714 £3.97 x 10717 5678.4 61485
SN2002er 20030410 5.02 x 10~15 £8.81 x 1017 4.18 x 10714 +2.10 x 10716  5709.1 6086.8
SN2002fk 20030227 4.95 x 10716 £6.66 x 1019  3.08 x 10~15 +£2.47 x 10~18  5739.0 6008.7
SN2003du 20030823 1.36 x 10~ 13 £3.14 x 10716 5.08 x 1013 +£1.06 x 10-1> 5736.0 6027.0
SN2003du 20030921 4.90 x 10~ £9.36 x 10~17  2.47 x 10~13 £ 4.95 x 10~16
SN2003du 20030922 4.24 x 10~ £1.16 x 10716 2,12 x 10713 £ 6.54 x 10~16
SN2003du 20030925 5.96 x 10714 £1.36 x 1016 3.00 x 10~13 +7.96 x 1016
SN2003du 20031201 1.39 x 10~ £1.19 x 10716 1.05 x 10~13 £+ 3.34 x 10~16
SN2003du 20031213 8.91 x 10~15 £1.06 x 1016 9.51 x 10~14 +£2.63 x 10~16
SN2003du 20040202 3.34 x 10~15 £6.14 x 10717 6.68 x 1014 £+ 2.01 x 10~16
SN2003du 20040517 5.05 x 10716 £7.93 x 10~18  1.24 x 10~14 +£1.96 x 10— 17
SN2003gs 20040214 4.13 x 10717 £2.53 x 10719 4.83x 1016 +1.08 x 10-17 5762.4 6006.7
SN2003hv 20031228 4.12 x 10713 £1.28 x 10~1>  1.64 x 1012 +£2.68 x 10~15 5687.6 6061.5
SN2003hv 20040129 3.33 x 10~13 £1.31 x 10715  1.96 x 1012 £ 3.52 x 10~15
SN2003hv 20040725 2.17 x 10715 £1.56 x 10~17  3.00 x 10~14 +3.21 x 10— 17
SN2004bv 20041114 3.89 x 10~ 16 £1.05 x 10~1%  2.00 x 1015 +£1.87 x 10-18 5744.3 6057.6
SN2004e0 20050516 1.46 x 10715 £4.14 x 10~18  1.22 x 1014 +£1.10 x 10~17 57375 6034.0
SN2005cf 20060427 4.44 x 10718 £2.06 x 10719  5.34 x 10717 +£1.99 x 10-19 5764.7 5992.4
SN2006X 20060626 7.25 x 10716 £1.12 x 1017 8.76 x 1016 £ 1.13 x 10~17 5670.0 6118.6
SN2006X 20060721 3.12 x 10714 £4.78 x 1016 5.35 x 10714 £ 1.20 x 10~15
SN2006X 20061123 7.25 x 10717 £5.51 x 1019  2.01 x 10~16 £ 7.62 x 10— 19
SN2006X 20061223 3.70 x 10716 £2.24 x 10718  5.19 x 10716 £ 5.02 x 10~17
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Table B4 (contd)
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SN Date Co Line Flux B-Band Flux Wmin Wmaz
(ergcn? s—1) (ergcn? s—1) (A) A
SN2006X 20070214 5.51 x 10717 £1.42 x 10719  1.50 x 10716 +£4.34 x 10~
SN2007af 20070620 2.96 x 10~13 +£6.13 x 10~16  1.09 x 10712 £1.63 x 101> 5762.2 6027.6
SN2007af 20070625 2.15 x 10713 + 545 x 10716 7.80 x 10713 £2.19 x 1015
SN2007af 20070707 3.06 x 10715 +4.33 x 10718  1.36 x 10714 +1.73 x 1017
SN2007af 20070710 8.47 x 10714 +4.97 x 10716 3.08 x 10~ +£1.39 x 1015
SN2007af 20070715 8.25 x 10716 +2.73 x 10~18  4.00 x 10715 £9.48 x 1018
SN2007af 20070718 7.49 x 10714 +6.87 x 10716 347 x 10713 £3.23 x 1015
SN2007af 20070807 2.50 x 1016 +£3.72 x 10~18  1.67 x 10~1°> £1.04 x 1017
SN2007af 20070821 3.57 x 1016 +4.16 x 10718  2.15 x 10715 +£1.93 x 10~ 17
SN2007af 20080111 2.19 x 1015 +£4.58 x 10~17  3.08 x 10~ 14 £8.19 x 1017
SN2007gi 20080115 1.20 x 10~1° £3.12 x 10718 508 x 1071° +8.44 x 10718  5706.8 6146.6
SN2007le 20080827 1.80 x 1017 +4.41 x 10719 2,02 x 10716 +£5.68 x 1019 5721.8 6087.5
SN2007sr 20080623 4.42 x 10714 +5.84 x 10717  3.05 x 10713 +£4.04 x 10~6 5765.7 6059.7
SN2008Q 20080828 9.20 x 1017 +2.08 x 10719  6.25 x 10716 £5.91 x 1019 5691.4 6089.5
SN2009ig 20101017 1.50 x 1071 £6.87 x 10718 123 x 107 £ 1.85 x 10717 5496.8 6156.7
SN2009le 20101016 5.18 x 10716 +9.02 x 10~18 527 x 10~ 1° £2.33 x 10~17 5587.7 6195.9
SN2010ev 20101231 1.23 x 10714+ 227 x 10717  5.05 x 1074 +£5.09 x 1017 5649.8 6152.9
SN2010ev 20110404 3.21 x 1015 +£8.29 x 10~18  2.04 x 10714 £3.81 x 1017
SN2010gp 20110501 2.82 x 10716 £4.23 x 1078 333 x 107 £1.18 x 107 5726.6 6063.4
SN2010hg 20110403 9.34 x 10~1° +2.08 x 10~17 752 x 10~ £7.41 x 10~17 5728.8 6037.9
SN2010kg 20110927 7.55 x 10716 £9.49 x 1018 557 x 1071° £ 3.43 x 10717 5650.3 6165.6
SN201lae 20120101 2.70 x 10~1° +£2.21 x 10717 327 x 10~ £7.28 x 1017 5684.3 6087.6
SN201lat 20120227 1.93 x 10~154+£8.90 x 10~1% 1.32 x 10~14 £2.58 x 10~17 5618.1 6118.7
SN2011by 20111202 1.85 x 1015 +4.98 x 10718 153 x 1074 +£1.68 x 1017 5723.6 6039.5
SN2011by 20120315 5.84 x 10717 £4.32 x 10719 872 x 10716 £1.26 x 1018
SN201lek 20121011 1.73 x 10716 +£4.75 x 10718  1.12x 10715 4+9.34 x 10-18 5544.0 6130.4
SN2011fe 20111123 7.06 x 1012+ 1.78 x 10~15  1.76 x 10~ 11 £5.31 x 101> 5738.3 6027.2
SN2011fe 20120102 1.38 x 10712 4+2.86 x 10716 587 x 10712 £1.76 x 1015
SN2011fe 20120324 2.14 x 10713 +£5.88 x 10~17  1.81 x 10712 £5.28 x 10~16
SN2011fe 20120427 8.30 x 10714 +2.34 x 10717  8.94 x 10~13 £2.50 x 1016
SN2011fe 20120612 5.69 x 10~14 4+ 1.77 x 10~17 842 x 10~13 £2.62 x 10~16
SN2011fe 20120720 2.83 x 10714 +4.42 x 10717  5.26 x 10713 £3.84 x 1016
SN201lim 20121016 2.80 x 10~ 16 +£7.58 x 10~18  2.36 x 10715 £1.93 x 10~17 5687.0 6119.4
SN201liv 20121024 2.77 x 10715 +4.00 x 10717  3.13 x 10~ 14 £8.86 x 1017 5693.8 6089.2
SN2012cg 20130507 3.98 x 1071 £5.08 x 10~17 530 x 10714 £6.44 x 10~7 5698.9 6113.3
SN2012cg 20130513 4.30 x 10715 £3.59 x 10717  6.51 x 10~ +£1.22 x 1016
SN2012cu 20130603 6.26 x 10~16 +£7.42 x 10~18  3.62 x 10715 £2.06 x 1017 5692.6 6096.8
SN2012fr 20130221 6.02 x 10713 £6.43 x 10716 197 x 10712 +£2.79 x 10~15 5759.2 6061.5
SN2012fr 20130308 3.30 x 10713 +4.81 x 10~16  1.28 x 10712 £2.34 x 10~1®
SN2012fr 20130317 3.52 x 10713 +4.66 x 10716 142 x 10712 +£1.48 x 1015
SN2012fr 20130412 2.22 x 10~13 +£1.51 x 10~15  1.49 x 10712 £4.85 x 10~1%
SN2012fr 20130622 3.52 x 10714 +3.92 x 10716 357 x 10713 £1.62 x 10~15
SN2012fr 20130731 1.31 x 10714 4+ 1.56 x 10~16  1.77 x 10713 £5.51 x 10~16
SN2012fr 20131018 3.28 x 10715 +1.08 x 10716  6.72 x 10~ £ 5.55 x 1016
SN2012fr 20131103 5.47 x 10715 4+£2.94 x 10718 1.19 x 1013 £1.98 x 10~17
SN2012fr 20131114 1.25x 10715 +1.05 x 10716 4.16 x 10~ £3.91 x 1016
SN2012hr 20131006 3.61 x 10~17 +£2.28 x 10719 534 x 10716 £7.39 x 1019 5775.3 6041.1
SN2012hr 20131230 2.53 x 10716 +2.76 x 10717  7.26 x 10715 +£1.39 x 1016
SN2013aa 20130710 3.75 x 10713 £ 4.69 x 10~16  1.60 x 1012 £1.07 x 10~15 5720.3 6055.9
SN2013aa 20130827 5.88 x 10714 +1.19 x 10716 4.14 x 10~ £ 5.40 x 1016
SN2013aa 20130913 6.54 x 10714 +4.35 x 10716 513 x 10~ £1.62 x 1015
SN2013aa 20140131 1.76 x 1071 +1.48 x 10716 5.26 x 10714 +£3.92 x 1016
SN2013aa 20140216 2.10 x 10715 +£2.73 x 10717  3.78 x 10714 £ 4.23 x 1017
SN2013aa 20140422 8.32 x 10716 £ 273 x 10717  1.61 x 107 1% +3.68 x 1017
SN2013cs 20140322 3.28 x 10716 £ 9.26 x 10717  7.49 x 10~ 1° £3.94 x 10~16 57358 6061.7
SN2013cs 20140324 9.99 x 10716 +1.80 x 10717 1.56 x 107 1% +2.24 x 1017
SN2013ct 20131218 3.71 x 10714 £ 854 x 10~17  3.35 x 10~18 £2.32 x 10~ 5753.1 6030.3
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Table B4 (contd)

SN Date Co Line Flux B-Band Flux Wmin Wmaz
(ergcn?s—1) (ergcn? s—1) (A) A

SN2013dl 20141130 1.17 x 10~ £6.49 x 10717 5.87 x 10714 +1.04 x 10-16 57635 6061.3
SN2013dl 20141224 7.29 x 10~ 15 £6.95 x 10717 4.47 x 1014 £ 8.46 x 10~17

SN2013dy 20140626 5.54 x 10715 £3.61 x 10717  6.29 x 10714 £3.65 x 10~ 5636.9 6168.7
SN2013dy 20140920 1.45 x 10~ £1.34 x 1016 1.00 x 10~13 £+ 6.47 x 10~1°

SN2013ef 20141224 3.28 x 101 £3.58 x 10~17  1.51 x 10~ '* +5.48 x 10~17 5733.8 6053.0
SN2013gy 20140920 7.63 x 10~ £5.97 x 10717  5.72x 10714 +£1.82 x 10~1> 5726.8 6064.7
SN2014J 20140920 1.65 x 10712 +£7.92x 10715 519 x 107124+ 9.56 x 10~1> 5737.8 6069.5
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