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Abstract

Type Iax supernovae (SNe Iax) represent the largest class of peculiar white dwarf supernovae. The type lax
SN 2012Z in NGC 1309 is the only white dwarf supernova with a detected progenitor system in pre-explosion
observations. Deep Hubble Space Telescope (HST) images taken before SN 2012Z show a luminous, blue source
that we have interpreted as a helium-star companion (donor) to the exploding white dwarf. We present here late-
time HST observations taken ~1400 days after the explosion to test this model. We find the SN light curve can
empirically be fit by an exponential-decay model in magnitude units. The fitted asymptotic brightness is within
10% of our latest measurements and approximately twice the brightness of the pre-explosion source. The decline of
the light curve is too slow to be powered by %Co or °’Co decay: if radioactive decay is the dominate power source,
it must be from longer half-life species like >>Fe. Interaction with circumstellar material may contribute to the light
curve, as may shock heating of the companion star. Companion-star models underpredict the observed flux in the
optical, producing most of their flux in the UV at these epochs. A radioactively heated bound remnant, left after
only a partial disruption of the white dwarf, is also capable of producing the observed excess late-time flux. Our
analysis suggests that the total ejecta + remnant mass is consistent with the Chandrasekhar mass for a range of
SNe Iax.

Unified Astronomy Thesaurus concepts: Supernovae (1668)

1. Introduction but instead may leave behind a bound remnant, in contrast to
the complete disruption expected in SNe Ia.

At late times, observations of SNelax imply high-density
material that is not seen in normal SNe Ia. About a year past
peak, the light curves of SNe Iax like SN 2005hk, SN 2008A,
and SN 2014dt decline more slowly than those of normal SNe

A thermonuclear supernova explosion of a white dwarf is
supposed to be the terminal event in the life of its progenitor
star. For a normal type Ia supernova (SN Ia), i.e., the kind used
as a standardizable candle for cosmology, the explosion is
thought to completely unbind the star. Nevertheless, it is now I . ffici i . f hish-densi
clear that there is a wider variety of white dwarf supernovae a, suggesting ellicient 7-ray ftrapping from high-censity

. . . material (McCully et al. 2014a; Kawabata et al. 2018). At
tg%rigj)u st typical SN Ia (e.g., Taubenberger 2017; Jha et al similar epochs, the spectra of SNe Iax still have P-Cygni

features, requiring an optically thick photosphere, contrasted
with the fully nebular spectra of SNe Ia (Jha et al. 2006; Sahu
et al. 2008; McCully et al. 2014a; Stritzinger et al. 2015).

SN 2005hk showed extremely narrow forbidden lines of just
500 km s~' (McCully et al. 2014a), suggesting that either the
explosion was finely tuned to just barely unbind the star or that
the explosion did not fully disrupt the progenitor. Foley et al.

Original content from this work may be used under the terms (2016) suggest a two-component model to explain the late-time
. - . spectra of SNe Iax. The broader, forbidden lines are produced

of the Creative Commons Attribution 4.0 licence. Any further ) . R -
distribution of this work must maintain attribution to the author(s) and the title by the SN ejecta, while the P-Cygni lines are from a wind

of the work, journal citation and DOIL. driven by the remnant star, powered by the radioactive decay of

Type Iax supernovae (SNe lax; Foley et al. 2013) comprise
the most populated class of peculiar white dwarf supernovae.
Based on the prototype SN 2002cx (Li et al. 2003), these are
subluminous, low-velocity explosions (see Jha 2017 for a
review) compared to normal SNe Ia. In particular, there is
mounting evidence that SNe Iax may not fully destroy the star,
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%Ni produced in the SN explosion. Given this hypothesis,
Shen & Schwab (2017) model the light curve of such a remnant
and find that the flux of the remnant should dominate that of the
SN ejecta a few years after explosion. Vennes et al. (2017) and
Raddi et al. (2019) have argued that they have even observed
such a remnant. We have also previously observed a
coincident, red source with SN 2008ha, an extreme SN Iax,
~4 yr after explosion, which could be such a remnant (Foley
et al. 2014). How this remnant is produced is still an open
question. Pure-deflagration models, for example, may not
produce the layered ejecta seen in SN 20127 (Stritzinger et al.
2015; Barna et al. 2018; but see Magee et al. 2022 for a
discussion of the layered ejecta). The data presented here will
provide further constraints on possible explosion models.

The type Iax SN 2012Z is unique as the only known white
dwarf supernova with a detection of its progenitor system in
pre-explosion images (McCully et al. 2014b). We discovered a
Iuminous (My = —5.3) and blue (B — V= —0.1) source coin-
cident with the supernova position, and argued that this was a
single-degenerate system, with a helium-star companion that
supplied mass to the accreting white dwarf that exploded'” (at
some phase we expect the shock-heated companion star to
contribute the majority of the observed flux in the system). This
explanation is supported by evidence of helium in some SN lax
systems (Foley et al. 2013; Jacobson-Galén et al. 2019; Magee
et al. 2019; but see White et al. 2015) and their young inferred
age (Foley et al. 2009; Valenti et al. 2009; Perets et al. 2010;
Foley et al. 2013; Lyman et al. 2013; McCully et al. 2014b;
Lyman et al. 2018; Takaro et al. 2020) expected in helium-star
donor models (e.g., Claeys et al. 2014; Wang et al. 2017).
SN 2014dt did reveal a mid-IR excess compared to normal SNe
Ia, which could be attributed to a dusty circumstellar material
(CSM) or a bound remnant (Fox et al. 2016).

To test both the progenitor system model and prediction of a
bound remnant in SN Iax, we now turn to very late photometric
observations of SN 2012Z. In this work, we present Hubble
Space Telescope (HST) observations of SN 2012Z out to more
than 1400 days past peak brightness and roughly 10 yr after the
pre-explosion images described above. At these latest epochs,
the interpretation of the photometric measurements is difficult:
there are several possible contributing components to the flux.
The pre-explosion flux could be a composite of flux from the
companion star, the white dwarf (including possible surface
burning), and the accretion disk. At late times, we expect the
accretion flux and the surface burning of the white dwarf to no
longer be present. However, the companion may have
brightened due to interaction with the ejecta (e.g., Pan et al.
2013). Furthermore, there may also be emission from the SN
ejecta and from a bound remnant. If there is CSM that was
ejected during the evolution of the progenitor system,
interaction will eventually dominate the light curve (Gerardy
et al. 2004; Graham et al. 2019). We consider each of these
possibilities in our analysis below.

Throughout this work, we adopt a redshift for the host-
galaxy of SN 2012Z, NGC 1309, of z=0.007125 (Koribalski

17 Similar analysis of pre-explosion observations of SN 2014dt (see Singh
et al. 2018 for a discussion of the supernova’s properties) did not detect a
progenitor candidate (Foley et al. 2015), so SN 2012Z’s progenitor system may
have been especially luminous or the progenitor system of SN 2014dt may
have been too blue to have been detected.
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Figure 1. Late-time spectra of SN 20127 with the Hubble Space Telescope
(HST) bandpasses of interest. The spectrum was taken at +215 days past B-
band maximum (Stritzinger et al. 2015), but is nonetheless hundreds of days
before the HST photometry presented in this paper. The transmission curves of
the following filters are shown: F435W, F555W, F625W, and F814W, which
roughly correspond to B, V, r, and I, respectively. Both the Ca Il forbidden
doublet and calcium-IR triplet drive the emission in F814W. If [O 1] A6300 was
present (implying large amounts of unburned material), it would appear almost
exclusively in the F625W filter. At this epoch, the emission is not well
described by a blackbody. However, this spectrum was taken more than a
thousand days before our latest photometry measurements. We note that SN
2012Z has higher velocities and does not resolve the large number of Fe
P-Cygni lines seen in SN 2005hk (McCully et al. 2014a; Foley et al. 2016).

et al. 2004, via NEDIS). We take the Cepheid distance to NGC
1309 from Riess et al. (2011), d=33.04+ 1.4 Mpc, which
corresponds to a distance modulus of p=32.59 +0.09 mag.
Throughout our analysis we use the early-time ground-based
light curve of SN2012Z from Stritzinger et al. (2015), and
adopt their estimates of the date of B-band maximum light
(55967.39+0.11 MJD) and the date of explosion
(55952.8 £ 1.5 MID).

2. Observations

Pre-explosion images of NGC 1309 were taken under HST-
GO-10497 (P.I.: Riess), HST-GO-10802 (P.I.: Riess), HST-
GO-11570 (P.I.: Riess), and HST-GO-10711 (P.I.: Noll). Our
late-time observations of SN 2012Z were taken with HST
under the programs HST-GO-12913, HST-GO-13360, and
HST-GO-13757 (P.I.: Jha). Images were obtained using the
Wide Field Camera 3 (WFC3)/UVIS and Advanced Camera
for Surveys (ACS)/Wide Field Channel (WFC) instruments.
Figure 1 shows one of the latest spectra of SN 2012Z (4215
days; Stritzinger et al. 2015) and the HST bandpasses that were
used: F435W, F555W, F625W, and F814W (roughly, B, V, r,
and /). Note that this spectrum was taken >1000 days before
our latest HST observations.

We use the FLC frames that have had the pixel-based charge
transfer efficiency (CTE) correction (Anderson & Bedin 2010)
applied throughout our analysis.

The key step of our reduction is the astrometric registration
of the HST images, as they are taken across different cameras
and across several visits. Each individual visit was astrome-
trically aligned to the pre-explosion HST images used in

'® The NASA/IPAC Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with
the National Aeronautics and Space Administration.
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Figure 2. Color images of NGC 1309 both before and after SN 2012Z. The left panel shows the Hubble Heritage (pre-explosion) image of NGC 1309 (http://
heritage.stsci.edu/2006,/07). The top-middle panel shows a zoom in on the position of the supernova from the pre-explosion image. The top-right shows SN~2012Z
from the 2013 visit. The middle-bottom panel shows the location of SN~2012Z in our latest observations in 2016. The bottom-right panel shows the difference image
between the pre-explosion images and the observations from 2016. The source at the location of SN~2012Z is still significantly brighter in 2016 than in the pre-
explosion images. The difference is largest in the F555W filter, giving the source in the subtraction image a green hue.

McCully et al. (2014b). The registration was done in two
passes. The coarse registration was done by hand by measuring
the aperture photometry of overlapping stars and using the
geomap and geotrans routines in the IRAF. The fine
registration was then done using the TweakReg task in
DrizzlePac (Gonzaga et al. 2012). To improve the registration,
we create a set of temporary images that have had cosmic rays
removed using Astro-SCRAPPY (McCully et al. 2018b; see
also van Dokkum 2001).

The original (non-cosmic-ray rejected) images were
resampled onto a common pixel grid and combined, with
cosmic-ray rejection, using Astrodrizzle, also provided by
DrizzlePac (Gonzaga et al. 2012). The combined images are
shown in Figure 2. The left panel shows the Hubble Heritage
image of NGC 1309 (http://heritage.stsci.edu/2006,/07). The
top-middle panel shows the pre-explosion image from McCully
et al. (2014b). The top-right panel shows SN~2012Z in 2014.
The bottom-middle panel shows the latest observation of NGC
1309 from 2016 with the difference between the latest
observation and the pre-explosion images shown in the
bottom-right panel. The source is clearly detected in all images
and is still significantly brighter in the latest observations than
in the pre-explosion image.

Photometry of the supernova and the field stars was
performed using Dolphot (Dolphin 2016), the updated version
of HSTPhot (Dolphin 2000). Dolphot operates directly on the
flat-fielded images (we use the flat-fielded and CTE-corrected
FLC files). Dolphot was run simultaneously on all HST images
that were taken in the same visit. HST photometry of SN 2012Z
and the pre-explosion source are given in Table 1.

Throughout our analysis, we compare to SN 2005hk and
SN 2008A, two SNe lax with very late HST observations,
SN 2008ha, a peculiar SNIax, and the normal typela
SN 2011fe. The data for SN 2005hk come from Phillips et al.
(2007), Sahu et al. (2008), Hicken et al. (2009), and McCully
et al. (2014a). The data for SN 2008A is from Ganeshalingam

et al. (2011), Hicken et al. (2012), and McCully et al. (2014a).
We use the data for SN 2011fe from Munari et al. (2013),
Richmond & Smith (2012), Tsvetkov et al. (2013), Zhang et al.
(2016), Shappee et al. (2017), and Kerzendorf et al. (2017). The
early data from SN 2008ha shown here are from Valenti et al.
(2009) and Foley et al. (2009). The latest measurements are
from HST and are presented in Foley et al. (2014).

3. Analysis
3.1. Late-time Light-curve Behavior

Our late-time HST observations of SN 20127 yielded several
surprising results. In Figure 3 we show the light curve of
SN 2012Z for nearly 1500 days. We show the early data from
Stritzinger et al. (2015) taken in the BVri filters. For the last
three epochs, we show our HST observations. The filters
F435W, F555W, F625W, and F814W are similar to the
ground-based BVri filters, respectively, so we do not apply a
filter correction. Filter corrections require some estimate of the
spectral energy distribution (SED) and are generally smaller
(~0.1 mag) than the effects we are interested in here.

The light curves for V and I are the most complete so we
focus on those. The final four epochs for both filters are fit well
to within the errors by an exponential-decay model (in
magnitude units) with an asymptotic magnitude of 26.70 and
26.77 for V and I, respectively. These fits are shown as dotted
lines in Figure 3. For both filters, our latest observation is
within 20 of the asymptotic magnitudes. This does not imply
that this trend will continue at later epochs when new energy
sources may become important.

The blue bands show the photometry from the pre-explosion
images from McCully et al. (2014b). The final epoch of
photometry is taken with the same filters and instrument as the
pre-explosion images, so these can be directly compared
without any filter correction. We find that in all bands, even at
nearly 1500 days past explosion, SN 20127 is still brighter than
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Table 1
HST Photometry of Pre-explosion Source S1 and SN 20127
UT Date Phase Exposure Start Exposure Exposure Instrument Detector Filter Magnitude
(days) (MJID) End (MJD) Time (s) (mag)

2005-09-19 —2319 53631.74 53632.84 9600 ACS WEFC F435W 27.589 £ 0.122
2006-03-16 —2142 53588.65 54032.61 61760 ACS WFC F555W 27.622 £ 0.060
2005-09-01 —2336 53588.79 53640.63 24000 ACS WEC F814W 27.532 £ 0.135
2010-07-24 —562 55401.02 55401.23 6991 WEC3 IR F160W 26.443 £+ 0.321
2013-06-30 +502 56473.96 56473.97 700 WEC3 UVIS F555W 24.369 £+ 0.034
2013-06-30 +502 56473.95 56473.98 562 WEC3 UVIS F625W 24.333 £+ 0.050
2013-06-30 +502 56473.95 56473.97 700 WEC3 UVIS F814W 24.469 £+ 0.079
2014-06-30 +865 56838.85 56838.99 3002 WEC3 UVIS F555W 26.015 £ 0.047
2014-06-30 +865 56838.84 56838.98 1952 WEC3 UVIS F625W 26.009 £+ 0.079
2014-06-30 +865 56838.86 56839.00 2402 WEC3 UVIS F814W 26.366 £ 0.183
2016-01-16 +1425 57392.46 57414.29 9624 ACS WEFC F435W 27.059 £+ 0.058
2016-01-16 +1425 57392.59 57414.42 12642 ACS WEC F555W 26.672 £ 0.040
2016-01-16 +1425 57392.53 57414.36 12868 ACS WEFC F814W 26.682 £+ 0.063

our photometry from pre-explosion images. We thus consider it
extremely unlikely that the source seen in the pre-explosion
images was the star that exploded as SN 2012Z, as the source
has not disappeared as has been observed for core-collapse
supernovae. Disentangling the contributions to the late-time
flux and whether the progenitor system remained unchanged is
more complicated.

3.1.1. Radioactive Decay

The black lines in Figure 3 show radioactive-decay-powered
light-curve models. The dashed line shows 56Co, which is the
generally accepted power source for the light of normal SNe Ia
until about a year past maximum brightness (Pankey 1962).
However, at the latest times, other radioactive isotopes begin to
play an important role: first >’Co, then *°Fe at the latest phases.
The solid black lines show the results of 3D explosion
simulations from Ropke et al. (2012). The two solid lines
correspond to two different explosion models: a delayed
detonation of a Chandrasekhar white dwarf and the violent
merger of two white dwarf stars. We have scaled the
radioactive-decay models to the V-band point taken ~300
days past explosion.

We find that in all bands the measured photometry of
SN 2012Z is several magnitudes brighter than the *°Co lines
and a few magnitudes above the models from Ropke et al.
(2012) that include other radioactive isotopes. These models
implicitly have assumptions about the ratio of >’Co to *°Co
built in, so we consider the extreme case if all of the luminosity
is produced by *’Co. These are shown as dashed lines in
Figure 3. We use the second-to-last epoch to set the normal-
ization in both the V and I bands for which we have the best
coverage. In the case that we do not subtract the pre-explosion
flux, the pure >7Co models are ruled out at high significance. If
we subtract the pre-explosion flux, the °’Co-only models are
disfavored by 3.80 and 3.50 for V and I, respectively. Jointly,
these values disfavor the °’Co-only model at 5.20. Therefore, if
radioactivity in the ejecta is powering the light curve at these
latest phases, it must be dominated by elements with a longer
half-life than >’Co like *°Fe. If we assume all of the luminosity
in the final data point (see below for a discussion of integrating
the bolometric luminosity), we find that~0.1 M. of >°Fe
would be required to power the light curve. As stable Ni is
observed in late-time spectra (Foley et al. 2016), one would
expect some amount of °Fe to be produced. We leave it to

more physical models to test if this much > Fe can be produced
along with the radioactive nickel masses and low-ejecta masses
we find below.

3.1.2. Comparison to Other White Dwarf Supernovae

The light curves of SN 20127 are compared to the Tax SN
2005hk and SN 2008A, the peculiar lax SN 2008ha, and the
normal Ia SN 2011fe in Figure 4. SN 2005hk and SN 2008A
have observations out to ~600 days past maximum light. At
similar epochs, SN 20127 was fainter than both SN 2005hk and
SN 2008A, which is surprising given that SN 20127 was one of
the brightest SNe Iax at maximum light.

SN 201 1fe was ~1 mag brighter than SN 2012Z at peak, but,
around three years after peak, the light curves have crossed. At
~1450 days past peak, SN 2012Z is ~2 mag brighter than
SN 2011fe. It appears that the light curve of SN2012Z is
leveling off above the detection in the pre-explosion images,
whereas SN 201 1fe is continuing to decline, roughly following
radioactive decay of >’Co and >>Fe (see Kerzendorf et al.

2017).

We compare to observations of SN 2008ha near 1500 days
past maximum from Foley et al. (2014). The source we
detected that is coincident with the position of SN 2008ha is
fainter and substantially redder (it was only detected in the
reddest bands; Foley et al. 2014) than that for SN 2012Z.

3.2. Late-time Spectral Energy Distribution of SN 2012Z

At these late phases, the interpretation of the photometry
becomes more complicated as there can now be contribution
from multiple sources including the SN ejecta, the companion
star, interaction with CSM if present, and possibly a bound
remnant with a wind.

At these extremely late phases, spectroscopy is no longer
possible. Instead, we rely on photometry and the evolution of
the SED of SN 20127 to constrain the physics of SNe Iax. We
consider two main scenarios that should bracket the true
behavior of the SN. The first assumes that the pre-explosion
flux was dominated by accretion and therefore does not
contribute to the late-time HST photometry. The other scenario
assumes that the companion star was the main contributor to
the pre-explosion flux and would therefore be unchanged after
the SN explosion (or could even become brighter).

In Figure 5, we show the SED of SN 2012Z at the latest
epochs taken with HST without removing any contamination
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Figure 3. BVri (top left, top right, bottom left, and bottom right, respectively) light curves of SN 2012Z. The blue bands show the photometry of the progenitor system
in the F435W, F555W, and F814W bands, respectively. No filter corrections have been applied here. The latest three sets of points correspond to our HST
observations: F435W, F555W, F625W, and F814W roughly correspond to BVRI, respectively. The unfilled (filled) circles show the photometry with (without)
subtracting the pre-explosion flux. The dashed lines show the radioactive decay of *°Co and >’Co. The solid curves show light curves from explosion models from
Ropke et al. (2012). In these models, the light curve is powered at late times by °’Co and then at the latest times by >>Fe. We have scaled the radioactive-decay lines to
match the observation in V at ~300 days past explosion. In all filters, the photometry from the latest HST observations is several magnitudes above the **Co line and a
couple of magnitudes above the light curves from simulations. The points are also about a magnitude brighter than the photometry from the pre-explosion images. For
V and I, for which we have the most complete light curves, we find that in both cases the decline is too slow to be explained by even 3’Co (disfavored by 3.80 and 3.50
for V and I, respectively, or 5.2¢ jointly) so if the light curves are powered by radioactivity it must be from an element with a longer half-life like °Fe. Empirically, the
V and I light curves are well fit by an exponential-decay model (in magnitude units) treating the decline timescale as a free parameter. We find an asymptotic
magnitude of 26.70 and 26.77, respectively, within 20 of our latest measurements. We note that future observations may not follow this trend as new power sources
become important.

from the pre-explosion source. At ~500 days and ~850 days, If we consider the case where the pre-explosion source is
the source is blue and has similar colors to the pre-explosion unchanged, we can take the difference of the fluxes from the
photometry. These measurements are consistent with being on pre-explosion images from our late-time observations of SN

the Rayleigh—Jeans tail of a blackbody, implying that we can 2012Z. The SEDs are shown in Figure 6. The earlier epochs
only really constrain the temperature to be 210,000 K. The (+503 and +865 days) are basically unchanged from above.
blue colors at late times suggest that SN 2012Z did not undergo The final epoch has a significantly different SED than the
an “IR catastrophe” with a redistribution of energy to the far previous case. The SED is peaked in the F555W band, which

infrared (Sollerman et al. 2004; see discussion of the IR corresponds to a blackbody temperature of 5000 K. While the
catastrophe in McCully et al. 2014a). F435W data are consistent with this blackbody temperature, the
If the late-time photometry has no contamination from the F814W is more than a factor of two fainter than would be
pre-explosion source, it would imply that the late-time emission expected. This implies that if the pre-explosion source
is consistent with a blackbody. The latest spectrum we have of remained at constant brightness, then the radiation from the
SN 2012Z (Figure 1) is already nonthermal, so this could supernova is nonthermal.
suggest that we are no longer measuring light from the SN Based on the latest spectrum of SN 20127, we expect the
ejecta, but are instead seeing some other component like the spectrum from the SN ejecta to be line dominated, which could
companion star or a bound remnant. explain the excess of V-band flux. Previously we searched for
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Figure 4. Light curves of the type Iax SN 20127 (dark blue circles), SN 2005hk (light blue squares), SN 2008A (light blue triangles), the extreme Iax SN 2008ha
(green diamonds) and the normal Ia SN 201 1fe (gray diamonds). We adopt this color/symbol scheme for the remainder of this work. The time axis employs an arcsinh
scaling, which is approximately linear at early times but logarithmic at late times, to be able to compare the light curves of our sample of SNe at all phases. This
scaling is used for the remainder of this work. At early times, SN 2012Z is brighter than the other SNe Iax shown here, but about a magnitude fainter than SN 201 1fe.
Between a year and two years after peak, SN 20127 is slightly fainter than the other SNe Iax at similar epochs, but is comparable to SN 2011fe. At the latest phases,
SN 2012Z is ~2 mag brighter than SN 2011fe. The light curve of SN 2012Z flattens out while SN 2011fe continues to decline. The source in the latest observations of
SN 2008ha is fainter and is significantly redder than the latest epochs of SN 2012Z.

evidence of [0 1] 6300 A (McCully et al. 2014a) from unburned
oxygen predicted in pure-deflagration models (Kozma et al.
2005). We again see no evidence in any of our HST
photometry for an excess due to this line for SN 20127Z.

Foley et al. (2013) suggest that SN Iax could arise from He
star donor systems, so we consider emission from Hel
5876 A as a possible source of the excess V-band flux that
could arise if He was stripped off of the donor star (see Zeng
et al. 2020). We fit a blackbody with a single He emission line
to our photometry. We follow Jacobson-Galadn et al. (2019)
using both their analytic model and results from Botydnszki
et al. (2018) to estimate the helium mass needed to explain our
best-fit line flux. Both models require more than a solar mass of
He making it unlikely that HeI is the sole source of this flux
excess.

The SED after subtracting the pre-explosion flux requires
such strong line flux that it is difficult to explain with any of the
models we have tested. Given the unphysical amount of
material needed to explain the excess V-band flux, we find that
it is unlikely that the pre-explosion source is unchanged and

therefore directly subtracting the pre-explosion flux is too
simplistic.

3.3. Color Evolution of SN 20127

We next compare the color evolution of SN 2012Z to other
SNe Iax that have late-time observations and the canonical
typela SN 2011fe. One of the primary difficulties with
comparing the light curves of these SNe is that the observations
were taken in a range of filters. SN2011fe was typically
observed using Johnson filters while SN 20127 was observed
with BVgri at early phases. While the HST filters are
approximately the same as the ground filters, there are small
differences for which we need to account.

To compare the colors across telescopes/filters, we model
the SED of each supernova at each epoch for which we have
more than single-band photometry. Our models are built by
linearly interpolating between knots, which are chosen to be at
the center of the filter passbands. The fluxes of the knots are
optimized so that the synthetic photometry matches the
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Figure 5. Spectral energy distribution (SED) of the late-time Hubble Space
Telescope (HST) observations of SN 2012Z. The post-explosion points are
shown in black while the pre-explosion points are shown in blue. The
horizontal error bars show the width of the photometric passband. In the first
HST epoch at ~500 days past maximum, the source is blue and consistent with
being on the Rayleigh-Jeans tail with a temperature of 210,000 K. At the latest
epoch, more than 1400 days past maximum, the supernova has become redder

and is consistent with a blackbody temperature of 9784*153 K. The orange band

shows the Markov Chain Monte Carlo results for a blackbody fit to the latest
epoch. This analysis assumes that the pre-explosion source is no longer present
and does not contaminate the photometry at the latest epoch. We include the
SED from +264 days when the spectrum is line dominated for comparison.

observed photometry. The uncertainties in the models are
estimated using Markov Chain Monte Carlo. We only consider
colors for epochs that include observations in filters that have a
central wavelength within 50 nm of the filters of interest. The
color curves are shown in Figure 7. We have included estimates
of both pre-explosion subtracted and unsubtracted photometry
(unfilled and filled markers, respectively) for comparison.

At early times, the colors of the SNe Iax are slightly redder
but roughly follow the color evolution of SN 201 1fe out to ~75
days. Around a hundred days past peak, normal SNe Ia become
nebular, but SNe Iax do not (Jha et al. 2006; Foley et al. 2013;
McClully et al. 2014a). This key spectroscopic difference is also
noticeable in the photometry. As SN 201 1fe enters its nebular
phase, it becomes bluer, while the SNe lax remain red for
several hundred days.

In the latest HST observations, SN 2012Z has become bluer
again. Even by ~500 days past maximum it is much bluer than
SN 2005hk and SN 2008A. The colors of SN2012Z are
consistent with the colors of SN 2011fe at the latest phases of
~1500 days past maximum.

McCully et al.
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Figure 6. Spectral energy distribution (SED) of SN 2012Z after subtracting the
flux from the pre-explosion source. Subtracting the pre-explosion flux has little
effect on the earlier epochs because the supernova/remnant is still bright
relative to the pre-explosion detection. The final epoch is significantly different.
The peak of the SED is consistent with a 5150 K blackbody, but this would
predict more flux in the F814W band than we observe. The F435W and F814W
points can be fit using a 7950 K blackbody, but this dramatically underpredicts
the flux in F555W that we observe. If the pre-explosion source remains
unchanged (e.g., the pre-explosion flux was dominated by the companion),
then the supernova/remnant is no longer dominated by thermal emission. The
deviation from thermal is so extreme that it would require more than a solar
mass of unburned He to explain the colors if we subtract the pre-explosion flux.

Foley et al. (2016) suggest that a SN Iax that does not fully
disrupt the white dwarf and could leave behind an observable
remnant. Shen & Schwab (2017) model the observational
signatures of such a remnant. The newly produced radioactive
material would heat the remnant, driving a wind. This could
explain why SNe lax show P-Cygni lines more than a year after
explosion. We compare these models to our data in Figure 7.
Three of the four models from Shen & Schwab (2017) are too
red to be consistent with our observations. However, the high-
entropy model for a 0.5 M, remnant has similar colors to what
we observe for SN 20127 for the latest observation.

Another possibility to explain the late-time photometric
behavior of SNe lax is the donor star. We know this star must
be present in the system, and Bulla et al. (2020) find that
including its contributions near maximum can better match the
spectropolarimetry observations of SN 2005hk. Pan et al.
(2013) model the effects of the SN explosion on a He star
companion. They find that the post-impact companion expands
and goes through a luminous phase We compare our data to
their models in Figure 8. We find that the companion models
are too blue to explain our latest photometry, so the companion
is likely not the dominant source of the flux at these epochs,
which is also supported by our estimates of the luminosity
below.

If material was ejected from the binary system during its
evolution to SN2012Z, we would expect that CSM to
eventually dominate the flux (Gerardy et al. 2004; Graham
et al. 2019). CSM interaction models generally predict blue
emission so if we assume the unsubtracted scenario, our latest
color measurement is consistent with the CSM interpretation
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Figure 7. Color evolution of the type Iax SN 2005hk, SN 2008A, SN 2008ha, and SN 2012Z, compared to the normal type Ia SN 2011fe. Over the first ~75 days, the
colors of the SNe Iax are similar to SN 201 1fe. However, from ~100 days to ~500 days, the SNe Iax are redder than SN 2011fe. Then, SN 2012Z becomes bluer,
reaching similar colors to SN 2011fe at the latest phases. Lines show the expected colors for models of a radioactively heated bound remnant from Shen & Schwab

(2017). All of the models are too red to explain our latest observations except the high-entropy model of a 0.5 M, remnant. At early times, the colors are quite different
than the models so are likely driven by a different mechanism, e.g., supernova ejecta.

but more detailed modeling would be necessary to test if these
models match in detail.

3.4. Estimating the Optical Luminosity

To estimate the optical luminosity, we use the SED models
described above, integrating using the trapezoid rule. Similarly
to McClully et al. (2014a), we integrate from 340 to 970 nm,
where our data are best sampled. By only considering the
optical range, we remove some of the systematics associated
with extrapolating to get the full bolometric luminosity. We use
the Monte Carlo samples to estimate the uncertainties in
luminosity measurements. The results are shown in Figure 9.

Near peak, SN 2012Z was brighter than SN 2005hk and SN
2008A. However, this reversed about 250 days past maximum:
both SN 2008A and SN 2005hk were brighter than SN 20127
at these epochs. All three SNe Iax (SNe 20127, 2008A, and
2005hk) have similar rise times, but SN 20127 has slower
decline post-peak.

SN 2011fe was (unsurprisingly) brighter than all of the SNe
Iax by about a factor of two at peak. However, at ~850 days
past maximum the light curves of SN 2012Z and SN 201 1fe

crossed. SN 20127 is approaching a constant luminosity while
SN 2011fe continues to fade. At the latest epoch we have for
SN 2012Z, nearly 1500 days after maximum, SN 2012Z is an
order of magnitude brighter than SN 2011fe and is roughly at
the Eddington luminosity for a mass of 0.5 M.

The models from Shen & Schwab (2017) are also shown on
Figure 9 in the left panel. Between 1 and 3 yr after maximum,
the models become so red that much of the flux has dropped
out of the optical bands. It is not until our latest epochs that the
models begin to heat and the flux moves back into the optical
bands. The low-entropy remnant models are too faint for our
observations, but the high-entropy models are similar to the
final photometric observations for SN 2012Z.

An alternative explanation for the excess flux is that, instead
of seeing a bound remnant, the flux is dominated by the shock-
heated companion star. Pan et al. (2013), Shappee et al. (2013),
and Liu et al. (2013) predict that when the ejecta collide with
the companion star, they will strip some mass and shock-heat
the envelope. Pan et al. (2013) calculated the properties of a
surviving helium-star companion. They found that that the

helium star would be hot (~30,000 K) and bright (~10,000
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Figure 8. Similar to Figure 7, but comparing to models of the shock-heated He star companion from Pan et al. (2013). The latest epochs of SN 2012Z are too red to be
explained by the companion models so this suggests that the companion is not the dominant source of flux at these epochs.

L). This corresponds to an absolute magnitude in V of —5.2,
within a magnitude of what we observe at our latest epoch.
This is also consistent with the blue SED we observe (without
subtracting the pre-explosion flux).

We compare our observations to the companion models from
Pan et al. (2013) in the right panel of Figure 9. We find that the
models here are much fainter in the optical than we observe.
The models do predict that the companion should become
brighter at later epochs, so the companion may produce the
dominant contribution of the flux in later observations, perhaps
even causing a rebrightening of the source.

In Figure 10, we compare our observations to the models
from Zeng et al. (2020; evolution of the post-supernova
companion will be presented in Y. Zeng et al. 2021. in
preparation). Zeng et al. (2020) use the 3D smoothed particle
hydrodynamics code Stellar GADGET (Pakmor et al. 2012).
Their models use the results from Liu et al. (2013) as the initial
state of the He star. Zeng et al. (2020) assume the N5def model
from Kromer et al. (2013a) who find that model best explains
the characteristic observations of SN 2005hk. The N5def is a
weak deflagration of a Chandrasekhar-mass white dwarf that
ejects 0.372 M, of material leaving a 1.03 M., bound remnant.
After the supernova explosion, the evolution of the companion

star is modeled using the 1D MESA stellar-evolution code
(Paxton et al. 2011, 2015, 2018, 2019).

The solid line shows the optical flux, which is too faint to
contribute to our observations significantly. However, the
bolometric luminosity from the models are comparable to our
observed late-time flux. If there was material to redistribute the
blue flux into the optical (e.g., from a wind from a bound
remnant), the shock-heated companion could contribute to our
late-time observations.

3.5. Estimating Possible CSM Properties

During the evolution of the binary leading up to SN 20127,
material may have escaped the system. When the ejecta collides
with this material, a shock is produced creating another
possible source of luminosity. The flux produced by the CSM
interaction depends on the velocity of the shell and the mass
accumulated by the ejecta. Jacobson-Galan et al. (2019) find
evidence for CSM interaction in some SNe Iax, so we estimate
the order of magnitude properties of the CSM that would be
necessary to explain the slow decline in our latest photometry.

We consider the constant-density CSM model from Gerardy
et al. (2004). SN 2012Z has reached ~ 5 x 10°’ erg s~ ! at the
latest phases as shown in Figure 9. This is ~6 orders of
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Figure 10. Optical luminosity of SNe Iax, similar to Figure 9. The solid line
shows the optical luminosity from the helium-star companion from Zeng et al.
(2020). The optical luminosity is much too low to contribute to our late-time
observations. The dashed lines shows the bolometric luminosity from the same
model and is quite similar to the flux we observe at 1450 days past maximum.
If that light was reprocessed into the optical by surrounding material, the
companion could provide a significant fraction of the luminosity we observe at
these late phases.

magnitude fainter than what Gerardy et al. (2004) considers for
SN 2003du. If we assume that the luminosity scales linearly
with density, this would imply a density of 1.66 x 107** g
cm . At 1450 days of expansion at 8000 km s~', we would

10

estimate a radius of 10'” cm. Integrating over the sphere, this
would imply a total accumulated mass of 3.5 x 10~*M_.
Smith (2017) write

L = 27R? Ve (1)
Using the values above, this would imply a shell velocity of
1700 km s~', which is similar to the escape velocity of the
progenitor system, making this a plausible explanation for the
late-time flux we see for SN 2012Z. We note that if this is the
source of the excess late-time luminosity of SN 2012Z, then
even this small amount of material cannot be present in the
normal SN Ia, SN 201 1fe, as its light curve continues to decline
following radioactive decay. More detailed modeling is
necessary to distinguish whether the CSM interaction or a
bound remnant dominates the luminosity at our latest
observations.

4. Discussion
4.1. Ejecta Mass

There is significant evidence from our pre-explosion imaging
of SN 20127 (McCully et al. 2014b) and from late-time spectra
(Foley et al. 2016) that SNe Iax arise from single-degenerate,
Chandrasekhar-mass systems. The ejecta mass is more
uncertain. Here we consider models to guide our interpretation
of our latest photometry.

Using a simple Amett’s scaling relation (Mej o vt2.) that is
only based on the ejecta velocity and the rise time
(Arnett 1982), we find that SN 2012Z has about a third of
the ejecta mass of SN 2011fe, which would give~0.5 M.
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This would imply a 0.9 M. remnant if the white dwarf
exploded at the Chandrasekhar mass.

However, while the light curve of SN 2012Z has a fast rise
time, it is also broad after maximum (Am;spo =0.6 mag,
Amyopor = 1.6 mag), which would for a normal SN Ia suggest
a super-Chandrasekhar ejecta mass, M., of 1.7-2.0 M, (Scalzo
et al. 2019). This is consistent with the estimates of Stritzinger
et al. (2015) for SN2012Z, who use a similar technique.
However, this model does not take into account a bound
remnant and may differ for SNe Iax given their density profile.

To explore this, we reexamine the hierarchical Bayesian
model of Scalzo et al. (2014a, 2014b, 2019). The model
includes a semianalytic prediction of radioactive energy
deposition within a spherically symmetric, homologously
expanding SN Ia ejecta with a user-defined radial density
profile and °Ni distribution (Jeffery 1999). The ejecta
expansion velocity is determined by energy balance, subtract-
ing the binding energy of the white dwarf (Yoon &
Langer 2005) from the nuclear energy released in conversion
of carbon and oxygen to the final ejecta composition (Maeda &
Iwamoto 2009). These models are similar to those from Arnett,
but use model-driven priors and marginalize over unknown
parameter values rather than assuming a simple scaling as we
did above. The Arnett scaling relation for estimating the ejecta
mass is based on photospheric-phase behavior, relying on
measurements of the rise time and the velocity of the Sill
absorption feature at maximum light. In contrast, the Scalzo
parametric model relies on bolometric measurements made at
later phases when the ejecta have become optically thin to *°Co
gamma rays (from +40—+100 days).

The potential for a bound remnant complicates this
interpretation, and so the semianalytic explosion model must
be updated to account for this in some way. We incorporate
into the framework a schematic treatment of the mass of a
bound remnant. The remnant mass contributes to the progenitor
binding energy but is not part of the ejecta mass available for
scattering of “°Co gamma rays from the ejecta. The binding
energy of the remnant cannot be turned into the kinetic energy
of the ejecta so the remnant thus acts as a drag on the
expanding ejecta, lowering the expansion velocity. Since
numerical simulations indicate a puffed-up remnant relative
to a normal white dwarf (Kromer et al. 2013b, 2013a; Zhang
et al. 2019), we approximate the final remnant binding energy
as being negligible for our estimate. The effect of the remnant
on this simplified explosion is thus to lower the expansion
velocity of the ejecta, producing a flatter bolometric light curve
past peak. We produce simulations using both ejecta radial
density profiles used in Scalzo et al. (2014a): a profile that is
exponential in velocity and a power-law density profile tuned
to match 3D simulations of SNe Ia (Kromer et al. 2010;
Pakmor et al. 2012; Seitenzahl et al. 2013).

The ratio of the observed bolometric luminosity to the
modeled luminosity from radioactive decay («) is a nuisance
parameter in our analysis, but is expected to be close to 1
(Branch 1992; Stritzinger et al. 2006; Howell et al
2006, 2009). In the semianalytic models of Arnett (1982),
a =1 identically. We consider two priors for alpha, as in
Scalzo et al. (2014a): a Gaussian prior «=1.00£0.01,
corresponding to the ideal Arnett case, and a Gaussian prior
a =1.2+0.2, corresponding to the range seen in the numerical
models of Hoeflich & Khokhlov (1996).
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The presence of an unknown amount of material with
gravitational influence but no effect on gamma-ray opacities
requires additional priors to constrain meaningfully. In contrast
to previous analyses of normal SNe Ia (Scalzo et al.
2014a, 2019), we introduce a Gaussian prior on the bulk
kinetic energy velocity based on the Sill 6355 line velocity at
maximum light with a standard deviation of 500 kms™'. We
adopt the following silicon velocity priors: SN 2011fe:
10,400 km s (Zhang et al. 2016); SN 2012Z: 7500 km s !
(Stritzinger et al. 2015); SN 2008A: 7000 km s ! (McCully
et al. 2014a); SN 2008ha: 3700 km s} (Foley et al. 2010); and
SN 2005hk: 5500 km s~ ' (Phillips et al. 2007).

These models require the bolometric light curve rather than
the integrated optical that we presented above. SN 20127 has
both UV and IR observations enabling a bolometric correction,
but several of the other SNe lax presented here do not. To
account for this, we use IR observations from Yamanaka et al.
(2015) and Swift observations from Brown et al. (2014) to
estimate the bolometric correction for SN 20127 (using the
same method to convert from photometry to luminosity as
above). To interpolate our observations onto a uniform grid, we
fit the light curve in each band to a series of light-curve
functions from Bazin et al. (2009). Using the light-curve fits,
we integrate over wavelengths to get the luminosity using the
pivot wavelengths as the filter centers. We then fit a pre-peak
and post-peak stretch to the SN Iax-integrated optical light
curves and apply a stretched bolometric correction accordingly.
We implement the same procedure using data from Matheson
et al. (2012) in the IR and Swift observations from Brown et al.
(2014) for the normal Ia SN 201 1fe. Our estimated UV and IR
contributions are shown in Figure 11.

The results of the exponential density profile models are
shown Figure 12. The results for SN 2011fe are shown in the
top row. We have explicitly included a prior that SN 201 1fe did
not leave behind a remnant. The nickel mass we obtain is
consistent with previous works (e.g., Pereira et al. 2013). The
ejecta mass and therefore total mass are both sub-Chandrase-
khar. This is qualitatively consistent with Scalzo et al. (2014a),
who find that SN 2011fe favored a sub-Chandra explosion at
1.08 M., for comparable models. More discussion of the
reanalysis of SN 2011fe is in the Appendix. The models here
favor a lower ejecta mass of 0.95 M.,. Here we are showing the
exponential density distributions; the power-law density
models favor a 0.1 M, higher ejecta mass implying a~ 0.1
M., systematic uncertainty in our ejecta-mass estimates, which
must be accounted for in our interpretation of the models. Our
estimates of the ejecta mass of SN 2011fe are consistent with
those from the models of Shen et al. (2021) within systematics.

We find that for these models of the SNe Iax, all of the total
mass estimates are centered around the Chandrasekhar mass.
There were no explicit constraints on the models to enforce
this, so it is noteworthy that all of our models peak at this value.
The power-law density models have total masses that are
consistent with the Chandrasekhar mass but favor higher,
super-Chandra total mass estimates similar to the findings of
Stritzinger et al. (2015) for SN 2012Z. Chandrasekhar white
dwarf masses are consistent with Foley et al. (2016), who find
that SNe Iax produce a significant amount of stable Ni which
requires high-density burning. The material would need to burn
near the center of the white dwarf but then also escape as part
of the ejecta. For example, Blondin et al. (2021) and Leung &
Nomoto (2020) show that deflagrations of Chandrasekhar-mass
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Figure 11. Bolometric luminosity contribution from the UV and IR for SN 2012Z and SN 2011fe. We fit a phenomenological light-curve model from Bazin et al.
(2009) to the light curve from each filter to interpolate the UV /IR contributions onto a uniform grid. Linearly interpolating in wavelength, we integrate from 160 nm to
340 nm for the UV, 340 nm to 970 m for the optical, and 970 nm to 2.4 ym for the IR. The UV and IR contributions we derive for SN 2011fe match those presented in
Pereira et al. (2013) to a few percent. When applying these corrections to the SNe Iax presented here, we pre- and post-max stretch fit using the integrated optical light

curve of SN 2012Z as the template.

white dwarfs can produce a significant amount of stable Ni in
the ejecta. In Leung & Nomoto (2020), 2D simulations show
that their models can produce both a remnant and stable Ni.
Synthetic observables of their models are necessary to test if
they can reproduce the layered spectral evolution seen in
Stritzinger et al. (2015), to see if they are viable models for
SNe Iax.

The exponential density profile models shown have prob-
ability distributions that peak with SN 20127 with the smallest
remnant mass of 0.57)74 M., and the highest remnant masses
for SN 2005hk. The low velocities of SN 2005hk favor high
remnant masses in our models. Given the systematics of at least
a 0.1 M., our models do not require a bound remnant but are
consistent with one for SN 2012Z. However, the models for
both power-law and exponential density profiles favor a
nonzero remnant mass for SN 2005hk at higher than 95%
confidence.

Our models are not able to fit the light curve from
SN 2008ha adequately to draw conclusions. SN 2008ha is the
most extreme object in our sample and has the least data
coverage because it was so faint. The models that converged
(and are shown in Figure 12) require a large value of «,
implying less-efficient conversion of radioactive decay to SN
luminosity. The peak of the total mass is consistent with the
Chandrasekhar mass, but the other parameters are multimodal
and have broad tails of their distributions. In the high-mass,
low-56Ni tail of parameter samples for SN 2008ha, the inferred
timescale for passing into the optically thin regime for 56Co
gamma rays far exceeds the range of available data, breaking
the main assumption used to derive our light-curve model. We
therefore do not consider our model reliable for SN 2008ha,
and further constraints or different methods are needed to draw
any significant conclusions.

Our ejecta masses shown here are more similar to the lower
ejecta masses predicted by only using the rise of the light
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curves of SNe Iax. We find a correlation for the four objects
modeled here between the ejecta mass and the radioactive
nickel mass. This is in line with the naive expectation that a
more powerful explosion will produce more ejecta and produce
more radioactive nickel. If the rise times are better indicators of
the ejecta mass, this could explain the correlation between rise
time and luminosity found by Magee et al. (2016).

Further theoretical /explosion simulations are necessary to
confirm these results but are beyond the scope of this work.

4.2. Flux Contribution of the Remnant

At this point, we have at least three possible sources for the
brightness at our latest observation of SN 2012Z: long half-life
radioactive decay, CSM interaction, and a bound remnant. Here
we further consider other signatures that could differentiate a
bound remnant from the other models. If the flux of the
remnant was substantial at phases > 60 days, it would make the
light curve appear broader than it actually systematically biases
our ejecta model above. To estimate the contribution of a
remnant to supernova photometry, we use SN 2011fe as a
template light curve. We shift, scale, and stretch the optical
light curve of SN2011fe to match the SNe Iax at peak, and
then subtract the resulting light curve as an estimate of the flux
from the SN ejecta.

Our results are shown in Figure 13. Before 50 days after
peak, the error bars are large because the data near peak were
not as deep as observations taken later. Therefore, we do not
draw any conclusions from this data. At later epochs, there is
an excess for both SN 2005hk and SN 2012Z. SN 2005hk has
by far the best sampling at these intermediate phases and
qualitatively follows the prediction of remnant models. This
“ejecta + remnant” model is the only one we have tested that
can explain the entire evolution of the bolometric light curve.
More realistic models of the light curve from the ejecta that
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Figure 12. Marginalized probability density functions (PDFs) from our hierarchical Bayesian models for the exponential density profile using the early light curves of
the SNe presented throughout this work. Our models favor a sub-Chandra explosion for SN 2011fe. We explicitly assume a prior of zero remnant mass for SN 201 1fe
as it is a normal SN Ia. The nickel mass estimate is comparable to previous works, but ejecta mass is slightly less than that found by Scalzo et al. (2014a) who also
argued SN 201 1fe was sub-Chandra. Here we include a prior on the scale velocity derived from the peak silicon velocity whereas Scalzo et al. (2014a) only used light-
curve information. These differences imply a systematic uncertainty in our ejecta-mass estimates of ~ 0.1 M. The models shown here are all peaked near the
Chandrasekhar mass for total mass of the system. Models that have a power-law density distribution are systematically higher pushing the best-fit models into the
super-Chandra regime. The PDF for SN 2012Z peaks at 0.5 M., but, given the systematics, the models are consistent with but do not require a nonzero remnant mass
for SN 2012Z. The models of SN 2005hk and SN 2008ha peak at a much higher remnant mass and favor a nonzero remnant mass even taking into account
systematics. Our models show a correlation between ejecta mass and nickel mass for SNe Iax, but more detailed modeling is necessary to confirm this result.

explore Ni distribution and density profile effects are necessary
to confirm the robustness of this explanation.

We conclude that models that rely on data at phases later
than 50 days can be potentially contaminated by a remnant and
will bring down the estimates of ejecta mass from these
models.

One model that can produce a remnant is the pure
deflagration of a white dwarf (e.g., Kromer et al. 2013a).
However, these models are not without their issues. While the
peak of the light curves from Kromer et al. (2013a) and Kromer
et al. (2015) match SN 2005hk well, just 30 days past peak they
underpredict the flux. Based on our analysis shown in
Figure 13, one possibility is that the light curve of SN 2005hk
is already starting to be contaminated by the remnant at these
phases. There are other open questions about the pure-
deflagration models, such as if they can produce the layered
ejecta seen in SN 20127 (Stritzinger et al. 2014; Barna et al.
2018), but this is beyond the scope of this work.
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A general feature of the remnant models from Shen &
Schwab (2017) is that from about 300 days until 1000-2000
days the remnant is very red with most of its flux emitted in the
IR. The higher-mass remnants (lower ejecta masses assuming
Chandrasekhar mass) tend to stay red until later epochs than
lower-mass remnants. It is therefore possible that the source
that we found to be coincident with SN 2008ha in Foley et al.
(2014) is a remnant still in the red phase before it reheats,
though detailed modeling would be necessary to confirm this
hypothesis.

The light curve of SN 2012Z (as well as of other SNe Iax) is
roughly an order of magnitude brighter than the remnant
models a few hundred days past maximum. This is a significant
issue for the remnant models given that we would expect the
remnant brightness to be comparable to the ejecta at ~300 days
past maximum if the spectra are a composite of forbidden
emission features from the ejecta and P-Cygni lines from the
remnant wind. This may be less of a problem for SN 20127 if
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Figure 13. Similar to Figure 9, but we have subtracted off a scaled, stretched
light curve of SN 2011fe to estimate the contribution from the SN ejecta and
from any possible remnant. Prior to 50 days after maximum, the data are noisy
and nonconstraining as the data taken near peak were not as deep as
observations taken later. Data are sparse for most of the SNe at intermediate
epochs (>50 days), but the data from SN 2005hk qualitatively follow the
predictions of the bound remnant models from Shen & Schwab (2017). At
these epochs, the companion-star models from Pan et al. (2013) are much
fainter than the data so they are not included here.

the ejecta is simply brighter than that of SN 2005hk, but the
velocities of SN 20127 are much higher than for SN 2005hk
(Foley et al. 2016) making it difficult to distinguish if the Fe
P-Cygni features identified in SN 2005hk (McCully et al.
2014a) are faint or are just blended. It is possible the continuum
estimations in the existing remnant models are too simplistic
and the emission lines are stronger than expected, but detailed
radiative transfer would be needed to test this idea and is
beyond the scope of this work.

We encourage others to use our observations as constraints
on their simulations to better understand the physical mechan-
isms that produce SNe Iax.

5. Conclusions

We have presented extremely late-time photometry of SN
20127, one of the brightest SNe lax, taken with HST from 502
days to 1425 days past maximum light. We find that the light-
curve decline has slowed unlike the normal type Ia SN 2011fe,
which continues to decline at a higher rate. While SN 201 1fe
was a factor of two brighter than SN 20127 at peak, SN 2012Z
is now brighter than SN 201 1fe by a similar factor at 1425 days
past maximum light.

Empirically, the late-time light curve of SN 20127 is well fit
by an exponential-decay model in magnitude units. The
asymptotic limits of these models are within 20 of our latest
photometry, though future observations may deviate from these
curves as different power sources become dominant. Surpris-
ingly, these asymptotic fluxes are still brighter than the pre-
explosion detection in all filters by at least a factor of two. At
all epochs, the SED is blue and consistent with being thermal.

We expect that this flux is a composite of several sources:
the shock-heated companion, a bound remnant that could drive
a wind, light from the supernova ejecta due to radioactive
decay, and CSM if it is present. Our measurements were
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brighter than the predicted radioactive-decay models for *°Co
and *’Co so if the light curve is dominated by radioactive
decay, it must be from longer-lived species like *°Fe. The
models of the shock-heated companion that we have compared
to here suggest that the contribution from the companion star is
too blue to be observed in the optical but could be reprocessed
into the optical, and the flux from the companion star could
increase at later phases. The models from Shen & Schwab
(2017) of a bound remnant can produce similar luminosities to
what we observe at our latest epochs, but interaction with CSM
could also play an important role at these epochs.

Our theoretical models of the early light curves all peak at a
Chandrasekhar mass for SNe Iax and are consistent with a
bound remnant. Models that produce synthetic observables to
compare to the observations presented here are essential to
understand the physical mechanism that produces SNe Iax.

Our models peak at 0.94 M, for the normal Ia SN 201 1fe,
favoring a sub-Chandra white dwarf.

Models suggest that we have not yet seen the contribution
from the shock-heated companion star, but data taken a few
years after that presented here could show a rebrightening as
the companion expands. We will test this hypothesis using
HST observations at ~2500 days, which will be presented in Y.
Camacho-Neves et al., (2021, in preparation). These observa-
tions will help complete the picture of the full life cycle of
SNe Iax.
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Appendix

As part of this work, we reanalyzed the light curve of the
normal Ia SN 2011fe to make a uniform comparison between
SNe lax and normal SNe Ia. The ejecta masses derived here are
lower than those found in Scalzo et al. (2014a). We discuss the
differences here.

The differences in priors between our analysis and Scalzo
et al. (2014a) can account for some of the differences we see in
our inferences about SN 2011fe. Scalzo et al. (2014a) did not
use a prior on the scaling velocity based on the observed Sill
line velocity near maximum light, whereas in this work it is
necessary in order to provide useful constraints on possible
remnant masses. Scalzo et al. (2014a) also found that looser
priors on the assumed mass fraction of unburned carbon/
oxygen in the outer layers tended to reduce the inferred ejecta
mass; their fiducial analysis uses Mco < 0.05 M, while this
paper uses Mco=0.2+0.1 M.

There are also differences between the bolometric light curve
presented here and the one from Scalzo et al. (2014a) based on
how corrections were made for flux outside the optical. Scalzo
et al. (2014a) used a near-IR (NIR) correction template,
parameterized by decline rate, based on the first NIR data
release of the Carnegie Supernova Project (Folatelli et al. 2010;
Stritzinger et al. 2011): in this respect SN 201 1fe was analyzed
in the same way as the other supernova factory SNe Ia, which
lacked extensive NIR data. The NIR template correction used
in Scalzo et al. (2014a) at 40 days past maximum light was
between 25% and 30% for SNe Ia with SALT2 x; ~ 0, while
our measured NIR flux fraction for SN 2011fe at day +40 is
19%. Scalzo et al. (2014a) also did not include a template
correction for unobserved UV flux; instead the UV flux fraction
at maximum light was treated as a nuisance parameter in the
statistical model with a uniform prior between zero and 10%,
and marginalized over. This work finds a UV flux fraction of
16% at maximum light. Both of these differences in the light
curve tend to decrease the inferred mass due to the additional
NIR flux on the post-photospheric luminosity, and the higher
inferred *°Ni mass driven by the new UV correction, which
requires a lower gamma-ray optical depth to reproduce the
observed luminosity at day +40.

When reanalyzing the Scalzo et al. (2014a) bolometric light
curve of SN 2011fe based on the priors and Swift-based UV
flux fraction from this paper, we found a mean decrease of 0.16
M., across all assumed distributions of the ratio of bolometric-
to-radioactive decay luminosities («) and radial density
profiles. That decreased value is now consistent with what is
found in this work.
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