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Abstract

As the closest Type Ia supernova in decades, SN 2014J provides a unique opportunity for detailed investigation
into observational signatures of the progenitor system, explosion mechanism, and burning product distribution. We
present a late-time near-infrared spectral series from Gemini-N at 307—466 days after the explosion. Following the
H-band evolution probes the distribution of radioactive iron group elements, the extent of mixing, and the presence
of magnetic fields in the expanding ejecta. Comparing the isolated 1.6440 ym [Fe II] emission line with synthetic
models shows consistency with a Chandrasekhar mass white dwarf of p, = 0.7 x 10° g cm 3 undergoing a
delayed detonation. The ratio of the flux in the neighboring 1.54 ;xm emission feature to the flux in the 1.6440 pym
feature shows evidence of some limited mixing of stable and radioactive iron group elements in the central regions.
Additionally, the evolution of the 1.6440 pm line shows an intriguing asymmetry. When measuring line width of
this feature, the data show an increase in line width not seen in the evolution of the synthetic spectra, corresponding
to ~1000 km s~ ', which could be caused by a localized transition to detonation producing asymmetric ionization
in the ejecta. Using the difference in width between the different epochs, an asymmetric component in the central
regions, corresponding to approximately the inner 2 x 10~* of white dwarf mass suggests an off-center ignition of
the initial explosion and hence of the kinematic center from the chemical center. Several additional models
investigated, including a He detonation and a merger, have difficulty reproducing the features seen in these spectra.
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1. Introduction

Type Ia supernovae (SNe Ia) are events that are important for
many studies in astronomy, with one of the foremost being
high-precision cosmology (Phillips 1993; Hamuy & Phillips
1995; Riess et al. 1995; Hamuy et al. 1996; Goldhaber &
Perlmutter 1998; Phillips et al. 1999; Burns et al. 2014). SNe Ia
are generally understood to be the thermonuclear explosion of a
carbon—oxygen (C-O) white dwarf (WD). However, there is
not a consensus on which progenitor channel or channels lead
to a normal SN Ia and which lead to subclasses like
subluminous (e.g., 1991bg), over-luminous (e.g., 1991T), very
over-luminous super-Chandrasekhar (e.g., 2009dc), and SNe
lax (e.g., 2002cx); a useful summary of observational
constraints is presented in Maeda & Terada (2016). The
proposed channels include the single degenerate (SD) system,
in which the C-O WD has one or more non-degenerate
companions, and the double degenerate (DD) system, invol-
ving a degenerate companion (Hoyle & Fowler 1960; Whelan
& Iben 1973; Iben & Tutukov 1984; Webbink 1984; Branch
et al. 1995; Wang & Han 2012). Starting from these systems,
the thermonuclear explosion may be triggered in several
different ways, as outlined below.

 NASA Postdoctoral Program Fellow.

Chandrasekhar Mass (Mcy) Explosion: accretion from the
companion onto the WD with the ignition occurring at or near
the center of the WD once the mass of the WD is close to Mcy,
(can be either SD or DD system). This is typically followed by
a short deflagration burning phase switching to a detonation
(Nomoto et al. 1984). The accreting material can be hydrogen
or helium from a non-degenerate companion or carbon,
oxygen, or helium from a degenerate companion (Hoeflich
et al. 2013). Double Detonation: accretion from the companion
onto the WD (typically in an SD system) with the ignition
occurring in a thin helium shell of the WD, creating an inward
detonation shock that triggers an outward carbon detonation
(Nomoto 1982a, 1982b). Dynamical and Violent Mergers:
during an in-spiral of two C—O WDs, a detonation is triggered
because of the high temperature from the merger process
(Pakmor et al. 2010, 2011, 2012; Shen et al. 2012; Sato
et al. 2015; Tanikawa et al. 2015; Liu et al. 2016). Collision: a
head-on collision of two C—O WDs in a triple, or larger, system
or in a globular cluster, producing the explosion as a direct
result of the shock (Raskin et al. 2009; Kushnir et al. 2013;
Dong et al. 2015).

It is not yet clear if these channels contribute to most or all of
the normal SNe Ia. If the main population that contributes to
SNe Ia changes with increasing redshift, that will system-
atically affect cosmological parameter estimates. With the data
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coming out of current transient surveys and the much-larger
data sets expected from next generation space-based and
ground-based telescopes, having tools to discriminate between
progenitor channels and explosion scenarios is extremely
important.

Deflagration fronts are intrinsically multi-dimensional, and
strong mixing by Rayleigh-Taylor (RT) instabilities is
predicted by hydrodynamical calculations (Zeldovich 1970;
Khokhlov 1995; Niemeyer & Hillebrandt 1995; Reinecke
et al. 1999; Lisewski et al. 2000; Gamezo et al. 2003, 2005;
Ropke et al. 2006; Fink et al. 2014). However, detailed
studies of well-observed SNe Ia suggest there is an additional
process at work by which mixing is largely suppressed,
and a discussion of this can be found in Gall et al. (2018;
Appendix C). Based on these considerations, we will use
spherically symmetric models in this analysis.

In this work, we present an analysis of late-time NIR
spectroscopy of SN 2014J using the [FeII] emission line at
1.6440 pm to probe the initial conditions of the white dwarf. A
short review of the discovery and many follow-up observations
of SN 2014]J, including implications for the progenitor system
and explosion scenario, will be presented in Section 2. Details
of the observations and an analysis of the NIR spectra in the
context of an Mcy, explosion is presented in Sections 3 and 4. A
discussion of our results and their implications, followed by
conclusions, will be presented in Section 5.

2. SN 2014J and Observational Evidence
for the Progenitor System

SN 2014J eluded detection by major SN surveys and was
instead discovered approximately a week after an explosion by
a professor with several students (Fossey et al. 2014), and
shortly after classified as an SN Ia by Cao et al. (2014).
Although SN 2014J was discovered relatively late considering
the proximity of its host galaxy, M82, pre-discovery images
from surveys do exist, and data of the early-time rise of the SN
have been analyzed by Zheng et al. (2014) and Goobar et al.
(2014, 2015). Because of its closeness at under 4 Mpc
(Dalcanton et al. 2009), the post-discovery light curve and
spectral evolution of this SN have been well-observed in many
different wavelength regions (see Ashall et al. 2014; Foley
et al. 2014; Margutti et al. 2014; Pérez-Torres et al. 2014;
Jack et al. 2015; Marion et al. 2015; Siverd et al. 2015; Telesco
et al. 2015; Galbany et al. 2016; Sand et al. 2016; Srivastav
et al. 2016, and many others).

Fitting the early rise of the SN light curve, Zheng et al.
(2014) find the best value for the time of first light to be 2014
January 14.75 £ 0.21 UT (JD 2456672.25 £ 0.21), which is
consistent with other analyses (Ashall et al. 2014; Marion
et al. 2015), and will be used as the explosion date for
SN 2014J in this work. However, Zheng et al. (2014) and
Goobar et al. (2015) find that the rise of SN 2014J is not
consistent with the £~ model that describes a simple expanding
fireball, nor with the expected power-law relationship for
shock-heated emission from a companion star; rather, a
changing power-law provided the best fit of the SN 2014J data.

Spectroscopic observations to look at the abundance
distribution in the outer layers of the ejecta by Ashall et al.
(2014) and Marion et al. (2015) show consistency with models
of an Mcy explosion with a deflagration-to-detonation trans-
ition. However, X-ray observations by Margutti et al. (2014)
and radio observations by Pérez-Torres et al. (2014) seem to
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rule out most SD channels for the SN based on mass-loss
limits.

Looking at NIR spectra during the transition between the
photospheric and nebular phases (about 100 days after the
explosion), Sand et al. (2016) limit the amount of swept-up
hydrogen from a companion star to ~0.1 M. Lundqvist et al.
(2015) found no evidence for a non-degenerate companion star
in late-phase optical observations of SN 2014J, putting a
hydrogen mass limit of 0.0085 M, and a helium mass limit of
0.005 M, on the amount of material accreted from a companion
star. However, these limits are compatible with either hydrogen
or helium companion stars if the orbital separation is large, in
addition to a degenerate companion star or the WD merger
scenario (Lundqvist et al. 2015). In the analysis presented here,
we will compare the late-time observations of SN 2014J to 1D
My, models with a deflagration-to-detonation transition in
Sections 4 and 5.1, in order to show the compatibility of the
spherical My, explosion scenario with the observed spectra.
This type of model has provided an exceptional match to
observations (Hoeflich et al. 2017).

Srivastav et al. (2016) observed SN 2014J in the optical at
several epochs in the nebular phase. They measure a low
[Feur]/[Fel] ratio and suggest that this may be due to
clumpiness in the ejecta. Their data also show changing
velocities for several of the spectral features. We will look for
evidence of changing velocities for a well-isolated emission
line in the NIR in Section 5.4.

Overall, SN 2014J has been shown to be a fairly standard
SN Ia (Galbany et al. 2016), which makes it ideal for
probing deeper into the underlying physics of the progenitor
scenarios and explosions. There are a variety of light
curve parameters for SN 2014J, depending on the source
article. We use values from Marion et al. (2015) as our
baseline, with Amy5(B) = 1.11 + 0.02 mag and mp(max) =
11.68 £ 0.01 mag. We note that unusual extinction values
have been found by several analyses (Amanullah et al. 2014;
Ashall et al. 2014) that are significantly lower than Ry for the
Milky Way and potentially indicate the presence of circum-
stellar dust around the SN (Foley et al. 2014).

3. Observations and Data Reduction

The observations presented in this work build on the NIR
spectroscopy of SN 2014J from Sand et al. (2016), which cover
the photospheric phase of the SN and the transition into nebular
phase, spanning 33—110 days post-explosion. Three epochs of
cross-dispersed NIR spectra of SN 2014] were taken using
GNIRS on Gemini North. Using the Zheng et al. (2014) first-
light date as proxy for the explosion, these observations are at
307, 337, and 370 days after the explosion. Data from 466 days
post-explosion from an additional program in the Gemini
Public Archives has also been included. A summary of the late-
time observations analyzed in this work is shown in Table 1.

The data were reduced using the standard procedure for
Gemini observations using the GEMINI and GNIRS modules in
PyRAF. For each of the observations, a telluric standard star
was chosen to remove absorptions from our atmosphere and the
detector response function in the data. The standard for each
observation was chosen to be close in angular separation and
similar in airmass as the SN in order to minimize variations of
atmospheric conditions between the SN and the standard. The
standard stars used for telluric corrections were HIP 52478
(109 day), HIP 32549 (307, 337, and 371 days), and HIP 50685
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Table 1
SN 2014J NIR Spectroscopy

JD Observation Standard Name and

(2,450,000+) Epoch” (days)  Stellar Type
GN-2014A-Q-8" (PI: Sand)

6782.18 109 HIP 52478 (AOIII)
GN-2014B-Q-13 (PI: Diamond)

6979.40 307 HIP 32549 (AQV)
7009.32 337 HIP 32549
7042.42 370 HIP 32549
GN-2015A-FT-3 (PL: van Kerkwijk)

7137.84 466 HIP 50685 (A7Vn)
Notes.

# Using 2014 January 14.75 UT as the explosion date.
® Included to show the transitional phase spectrum.

(466 day). The correction functions applied to the SN data use
the telluric spectrum and a synthetic spectrum from the
Castelli-Kurucz Atlas (ckp00_9500 and ckp00_7750; Castelli
& Kurucz 2004), where absorption lines in each were removed
prior to comparison. The correction function from the telluric
standard is applied to the SN data in order to remove the effects
of our atmosphere and the detector response curve. Finally, the
spectra are shifted into rest-frame wavelength assuming a
heliocentric velocity for M82 of 203 km s~! (de Vaucouleurs
et al. 1991).

The 1D extracted and calibrated spectra are shown in
Figure 1. The spectra have been normalized to the peak of the
feature at 1.54 pm for the 109 day spectrum, and to the peak of
the 1.65 pum feature for the 307, 337, 370, and 466 day spectra,
respectively, and then offset in relative flux in order to easily
compare the line profiles in each of the spectra. The usable
range of the data covers 0.82-2.5 pum; however, several
regions of the spectra are obfuscated due to telluric features
or detector sensitivity at the edges of the cross-dispersed orders,
which are identified as gray regions in the figures. It is also
worth noting that most of the overlapping regions between
the cross-dispersed orders fall in one of the strong telluric
regions or in a region with close to zero flux, allowing some
ambiguity in flux between orders and further necessitating
comparisons of relative flux rather than absolute flux. Using the
GNIRS configuration for these observations, the resolving
power is R ~ 1800, which corresponds to approximately
Av =160km s~ or AX =9 A at the central wavelength of
1.65 pum for the setup.

4. Analysis

We will compare the observations of SN 2014J to spherical
models of delayed detonation My, explosions using emission
features in the NIR spectrum. A broad comparison of observed
and model spectra is presented in Section 4.2. We use the
strong 1.6440 yum [Fell] emission line as our primary
comparison of individual features, as in Diamond et al.
(2015). Analysis of this feature is used to probe the central
density of the WD just prior to the explosion and is presented in
Section 5.1. We also use the emission features neighboring this
primary line to indicate mixing of the burning products in
Section 5.2. The symmetry and evolution of the primary [Fe II]
emission line is used to explore the presence of magnetic fields
and asymmetries in the burning products or ignition location in
Sections 5.3 and 5.4. In addition, two emission features
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corresponding to a blend of [STI] emission lines at approxi-
mately 1.03 ym and a blend of [STI], [SiI], and iron group
elements at approximately 1.08 ym can be used to investigate
the presence and strength of magnetic fields in the ejecta in
Section 5.3.

4.1. Models

The simulations are based on detailed time-dependent non-
local thermodynamic equilibrium (non-LTE) models (see
Diamond et al. 2015; Hoeflich et al. 2017, and references
therein) for light curves and spectra, which can reproduce many
of the observed properties of SNe Ia. As in previous works, for
the overall spectra and evolution, we use superlevels with some
500 to 1000 levels for each ionization level of the iron group
elements. Subsequently and for the detailed spectral profiles of
[Fe11], [Fe 1], [Co1], and [Co 1lI] of the 1.65 ym region, we
use the individual levels, the corresponding radiative transition
probabilities (Hoeflich et al. 2004; Diamond et al. 2015), and
hydrogen-like approximation for the collisional rates. As an
example, the overall spectral fits are given in Figure 2. The
model shows good agreement with respect to Doppler width
and line strength of SN 2014]J for the features around 1.0, 1.3,
and 1.65 yum. However, there is some disagreement in line
strength for features around 0.85, 1.5, and red-ward of 1.9 pm,
some of which may be due to the use of superlevels in the
larger wavelength range synthetic spectra. The analyses
presented in the following sections do not use the larger-range
synthetic spectra, but rather the more complete and computa-
tionally intensive smaller wavelength range spectra.

A method of comparison using the width and evolution of a
relatively well-isolated [Fe II] emission line at 1.6440 pum was
presented in Diamond et al. (2015). The width of this line can
indicate the amount of burning resulting in electron capture
during the deflagration phase, which increases with increasing
central density of the WD. We use this method and expand on
it in this analysis of SN 2014J. Both similarities and differences
can be seen in the observed spectra and light curves from the
optical to the MIR between SNe 2014J and 2005df when using
the observations presented here in addition to Diamond et al.
(2015) and Telesco et al. (2015), and a comparison of the two
SNe is shown in Figure 3. The high signal-to-noise (S/N) of
the SN 2014] data as well as a better defined continuum
provide a tool to analyze beyond the presentation in Diamond
et al. (2015) of SN 2005df. Within delayed detonation models
of Mc, explosions, these similarities can be attributed to a
similar amount of deflagration burning between the two SNe.
Therefore we use spherical delayed-detonation models with the
same basic parameters from Diamond et al. (2015) as a
baseline. Because of the evidence of limited mixing, we will
take multi-dimensional effects such as deflagration mixing as
perturbations to the baseline. As noted in Diamond et al.
(2015), mixing will have an effect similar to a reduced central
density.

4.2. Comparison of the Observations and the Models

As described in Section 4.1, the SN 2014]J data are compared
to synthetic spectra from spherical My, explosion models with
a detonation following a deflagration phase. As in Diamond
et al. (2015), the free parameters for the models are the amount
of burning prior to the delayed detonation transition (DDT,
parameterized as a transition density, p), the central density
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Figure 1. NIR time-series of SN 2014J extending from 109 to 466 days past the estimated time of explosion. The 109 day observation was presented in Sand et al.
(2016) and is shown here as an example of a spectrum during the transition phase from photospheric to nebular. It has been normalized to the feature at 1.54 pm
and then offset as indicated. Fluxes for the other four spectra were normalized relative to the [Fe II] feature at 1.65 pm and then offset as indicated. The gray bands
mark regions where the correction function is not well-behaved either because of order overlap in the cross-dispersed spectra or strong telluric absorption. The data

used to create this figure are available.

(p.) of the WD prior to the explosion, the zero-age main
sequence mass of the progenitor, and the metallicity of the
progenitor (Hoeflich et al. 1998). Like in Diamond et al.
(2015), the initial p. of the different models are 0.5, 0.7, 0.9,
1.1, 2.0, and 4.0 x 10° gcm™. The p,, of the models is set to
maintain similar outer layers of burning products between the
various models.

Full mixing of the inner region provides peaked rather than
broad profiles (Hoeflich et al. 2004), and is not favored by
abundance mapping using tomography (Mazzali 2000; Ashall
et al. 2014, 2018). Additionally, however, even limited mixing
of the burning products will show an effect of ionization on the
line strengths of different emission features in the spectrum. As
an example of the mixing effect, in this work we use models
both with no mixing and with limited mixing. As a template for
the latter case, we applied a mixing scale height of
2000 kms™', based on the chemical distribution observed in
the supernova remant (SNR) s-Andromeda (Fesen et al. 2015,
2017). Stable Ni, Co, and Fe material is mixed out, and
radioactive Fe and Co material is mixed inward toward higher
density regions, changing the ratio between the blended
[ColT]-[FeI] feature at 1.54 pum relative to the main [FeII]
emission feature at 1.65 pm. Emission from higher densities

implies more “quasi-continuum” and less emission in the
1.54 pm feature.

Using the emission lines that show the strongest contribu-
tions in synthetic spectra from the My, models, features from
the SN 2014J data are identified in Figure 4 and Table 2. Most
of the features are blends of forbidden emission lines from iron
group elements, specifically iron, cobalt, and nickel. There are
also several strong sulfur lines, especially in the heavily
blended region on the blue side of 1.1 p#m. These identifications
are comparable to the emission lines found in the nebular NIR
spectra of SN 2005df (Diamond et al. 2015) and in analyses of
other nebular SNe Ia spectra (Bowers et al. 1997; Spyromilio
et al. 2004). As in Diamond et al. (2015), the [Fe II] emission
line at 1.6440 pm is the only feature in the NIR that does not
include significant blending from neighboring lines and thus is
ideal for an individual study.

The regions with the most significant evolution of the line
profiles are 0.82-1.05 ym (Figure 4(a)) and 1.9-2.5 ym
(Figure 4(d)). The heavily blended Fe-Co feature in the range
of 1.23-1.35 pm in Figure 4(b) shows some evolution between
the different epochs; however, some of this may be attributed to
uncertainties in the order matching for the cross-dispersed
spectra and the use of a different standard star for the 466 day
observation.
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Figure 2. Full wavelength range observed for SN 20147 (solid lines) is shown,
in addition to a synthetic spectrum from the spherical Mc, explosion model
(dotted lines) with central density p, = 0.7 x 10° gcm 3 and B = 10°G at
337 days (a) and 466 days (b). The spectra are normalized to the peak of the
1.65 pm feature. As in Figure 1, the gray bands mark regions where the flux is
less well-known due to strong telluric contamination or order overlap. Most of
the features are due to excitations of iron group elements. The evolution can be
understood as a result of Co — Fe decay. The choice of central density is
optimized based on the analysis of line width of the emission feature at
1.65 pm, described in detail in Section 4.2. To produce this larger wavelength
spectrum as opposed to the presentation in Section 4.2, we have utilized more
superlevels in order to reduce the computational time, since they consist of
many individual levels handled as one. However, this treatment does not
produce as close of a spectral match to all of the features.

Focusing on the two strongest features in the H-band region
(Figure 4(c)), we use a Gaussian to fit the central regions of
each feature in velocity space to get an idea of the evolution of
the line width and peak offset for these emission features.
Figure 5 shows a fit of five Gaussian profiles for the H-band
region. Depending on the region of the emission feature
chosen, there is an uncertainty based on using this Gaussian
fitting method of approximately +40kms™', which translates
to ~2 A for both of these strongest features in H and is about
four times smaller than the resolving power of the detector
setup (approximately 160 km s~'). Table 3 shows the location
of the peaks and line widths of these two main H-band features
at the various epochs.

Diamond et al.
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Figure 3. Region around the [Fe II] emission line at 1.6440 pm is shown in
velocity space for both SN 2005df (Diamond et al. 2015) and SN 2014J at 380
and 370 days post-explosion, respectively. The SN 2005df spectrum has been
shifted by +800 km s~! so that the line peaks approximately match up for the
sake of visual comparison. The emission feature around —20,000 km s7!
(corresponding to approximately 1.54 pm) has a higher flux level in
SN 2005df, which could be attributed to stronger mixing in SN 2014J. The
effects of mixing and comparison to models are presented in Section 5.2.

We would caution against using blended lines to probe the
velocities of individual species. It is not trivial to analyze
the separate emission lines for multiple reasons, including
(a) the line strengths are sensitive to changes in ionization, (b)
the line strengths and widths depend on the details of mixing,
(c) there are uncertainties in the atomic data for the line
transitions, and (d) wavelength offsets from the expected values
will depend on asymmetries in the distribution of burning
products or transition to detonation. Line A (~1.54 pm in the
data) is a poor choice for further analysis because it is a blend of
four different atomic transitions, each significantly contributing
to the feature in the synthetic spectra. Many emission features
throughout the optical and infrared are heavily blended and may
lead to incorrect conclusions. In contrast, Line C (=~1.65 pm) is
not expected to be strongly affected for the reasons listed above,
since one emission line is the dominant contributor and the
satellite features are from the same atomic transition (see
Table 2) and only contribute to the flux at a very low level, as
seen in Figure 5. Figures 6 and 7 show the nebular SN 2014]
spectra in velocity space around the 1.6440 pm [Fell] and
1.5339 pm [FeIl] lines, respectively. Both emission features
peak red-ward of the expected line center based on the rest frame
of M82, and we will discuss this in more detail below. In velocity
space, these line profiles should be symmetric around the peak if
there are no asymmetries in the distribution of burning products
and the transition to detonation was not off-center.

Another interesting region to mention in the spectra
corresponds to the K-band (Figure 4(d)). High S/N K-band
spectra during the nebular phase are rare for SNe Ila. The
K-band data allow for the identification of emission lines (see
Table 2) after comparison with synthetic spectra from the
aforementioned models, as well as from Bowers et al. (1997).
Potential contributions from stable nickel lie in and around the
obscured telluric region. As in the other NIR regions, iron and
cobalt dominate in this wavelength region, and the features
evolve as expected based on the decay of *°Ni to *°Co to *°Fe.

We identify the 1.65 um feature (Figure 5, LineC) as
predominantly [FeII], with some small contributions in the
wings from neighboring [Fe IT] and [Fe IIT] emission lines in the
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Figure 4. Evolution of the SN 2014J spectrum is shown for the four epochs analyzed in this work. Fluxes for the SN were normalized so that the feature at 1.65 pum is
1 in all of the epochs. The regions in gray are strongly affected by telluric absorption and order overlap. Forbidden emission lines of iron and cobalt dominate the
spectra and show the expected evolution from 5Ni in the decay of Co — Fe. Line species that are the main contributors to the observed emission features, based on
modeling and comparison to Bowers et al. (1997), are labeled here and detailed in Table 2.

blue wing (Line B) and red wing (Line D). The location of the
peak of the 1.65 pm feature is shown in Figure 6 and is fairly
consistent between all four epochs: 1.652 pym. Any differences
can be attributed to the uncertainties in the method of
determining the line peak at the A level, as described above,
in combination with the resolving power of the detector at the
10 A level. This peak offset corresponds to a Doppler shift of
approximately +1400kms™' and is much larger than the
stellar velocity, ~+110 km s~!, measured at this position in
the host M82 (Greco et al. 2012) and the velocity range of the
strong NaT D absorption, ~+40 to +250kms™', observed in

the SN spectrum during the photospheric phase (Foley et al.
2014; Goobar et al. 2014; Welty et al. 2014). Figure 6 shows
no noticeable change of the 1.65 yum emission feature in the
first three epochs. Evolution is noticeable in the neighboring
features, outside of the 10,000 km st range. However, there
is a noticeable widening of the line profile in the 466 day
spectrum, particularly in the blue wing. The line width of the
1.65 um feature will be compared with predictions from
modeling in Section 5.1.

We identify the 1.54 ym feature (Figure 5, Line A) as a
blend of an [Fell], a [CoII], and a [CoIll] emission line at
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Table 2

Line Identification for SN 2014J
Arest (pem) Contr. to A (um) Species Transition J—J
Corresponding to Figure 4(a):
0.8469 0.861 [Ni1] D-D 1-2
0.8502 0.861 [Ni 1] F-D 2-2
0.8619 0.861 [Fe 1] a‘F — a%P 9/2 —5/2
0.8894 0.890 [Fe 1] a‘F — a%P 7/2 —3/2
1.0240% 1.023 [Com] a’F — b’F
1.0331* 1.023 [S ] Do — 2P
Corresponding to Figure 4(b):
1.2567 1.259 [Fe 1] a®D — a‘D 9/2 -1/2
1.2728 1.259 [Co 1] a%P — a’D, 5/2-5)/2
1.2946 1.289 [Fe 11] a®D — a’D 5/2—-5/2
1.3105 1.289 [Co 1] a‘P — a’D, 3/2-5/2
1.3105 1.327 [Co 1] a’P — a’D, 3/2-5/2
1.3209 1.327 [Fe 11] a’D — a‘D 7/2 —17)2
1.4098 1.377 [Fe 111] D, - F 2-3
Corresponding to Figure 4(c):
1.5339 1.544 [Fe 1] a‘F — a*D 9/2 -5/2
1.5474 1.544 [CoTi] a’F — bF 5—4
1.5488 1.544 [Co 1] a’G — a’H 9/2-9/2
1.5511 1.544 [Ni 1] - 1G 2 -4
1.5875 1.597 [Fe m] %G-D 5-3
1.5999 1.597 [Fe 1] a‘F — a‘D 7/2—3)/2
1.6440° 1.650 [Fe 1] a’F — a‘D 9/2 -1)/2
1.6843" 1.691 [Fe 1] a%F — a’D
1.7110* 1.691, 1.739 [Fe 1] 3G - D
1.7413 1.739 [Co 1] a’G — a’H 9/2 —11/2
1.7454 1.739 [Fe 1] a‘F — a‘D 3/2-1)2
1.7643 1.739 [Co 1] a’F — a’H 7/2 —11/2
1.7926* 1.807 [Fe 1] 3G -D
1.8027* 1.807 [Fe 11] a%F — a’D
1.8028 1.807 [Fe 1] a’H — b’H 9/2-9/2
1.8129* 1.807 [Fe 1] a‘D — aP
1.8214 1.807 [Co 1] a‘P — a%P 3/2—-1)2
Corresponding to Figure 4(d):
1.9141 1.942 [Fe 1] a‘D — a*P 3/2-1/2
1.9393 1.942 [Niq] F-7F 9/2 -1)/2
1.9581 1.942 [Co 1] a‘P — a%P 1/2-1/2
1.9675 2.034 [Fe 1] a‘’D — a‘P 5/2-5/2
2.0028 2.034 [Co 1] a‘P — a%P 5/2-3)/2
2.1457 2.117 [Fe 1] a’H - a’G 4 -3
2.2184 2217 [Fe 111] a’H — a’G 6—5
2.2427 2217 [Fe 1] a’H — a’G 4—4
2.3485 2.353 [Fe 111] a’H — aG 5-5
Notes.

# Multiple J — J' values contribute.
b Primary line used in this analysis.

1.5339, 1.5474, and 1.5488 pum, respectively. There is also
potentially some contribution from [NiII] at 1.5511 gm from
stable nickel produced through electron capture in the early
stages of the explosion. Unlike the 1.65 um feature, the
1.54 pm feature shows significant evolution in the offset of the
measured peak of the line profile, the relative strength of
the line, and the shape of the line profile (Figure 7). Based
on the rest wavelength of each of the contributing emission
lines, the peak of the feature should shift blue-ward as
radioactive >°Co decays to stable *°Fe, which is exactly what
is seen in the observed spectra, with the location of the
measured peak ranging from 1.5449 to 1.5400 pm (see
Table 3). However, even when iron dominates the emission
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Figure 5. Region around 1.6440 pm is shown for SN 20147J at 307 days (gray
points). The spectrum is broken into five Gaussian components, labeled Feature
A, B, C, D, and E for easy identification in the text. The central feature (Line C,
pink) is composed of a single strong emission line, corresponding to [Fe II].
There are satellite lines that weakly contribute to the wings of the central
emission line, corresponding to blends of [Fe II] and [Fe III], and neighboring
lines sporting a mix of iron group burning products. See Table 2 for the species,
transition, and rest wavelength of individual lines that contribute based on
comparison with the synthetic spectrum.

Table 3
Measured Peaks of the 1.65 ym and 1.54 ym Features and Comparison to
Known Emission Lines

Vel. Shift ~Width (o)
Epoch? (days)  Central \ (um) (kms™) (kms™)
The 1.65 pm feature relative to 1.6440 pm [Fe II]
307 1.6515 1,360 3,980
337 1.6516 1,410 4,040
370 1.6513 1,330 4,150
466 1.6518 1,420 4,450
The 1.54 ym feature relative to 1.5339 ym [Fe 1]
307 1.5449 2,150 3,580
337 1.5433 1,840 3,510
370 1.5422 1,630 3,650
466 1.5400 1,190 4,140
Notes.

# Using 2014 January 14.75 UT (Zheng et al. 2014) as the explosion date.
® See the discussion in Sections 3 and 5.4 about the effect of line blending.

feature, the line center is still redshifted when compared to the
host rest-frame, which is consistent with the results for the
1.65 um feature. The line strength relative to the 1.65 um
feature decreases as time goes on, which is also indicative of
the decreasing amount of cobalt in this blended feature.

5. Results and Discussion
5.1. Effects of Central Density

In the spherical delayed-detonation models of Mc, WD
explosions discussed in Section 4, the p,. of the WD just prior to
the thermonuclear runaway determines whether or not there
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Figure 6. Evolution of the observed 1.65 um feature, identified as the
1.6440 pm [Fe II] emission line. Note that the measured peak of the feature is
shifted to the red of the expected O kms ! line (shown by the dotted black
line). See Section 5.4 for a discussion of the relative velocity shifts for each of
the epochs.
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Figure 7. Evolution of the observed 1.54 pm feature, identified as a blend of
the 1.5339 pm [Fe 1], 1.5474 pm [CoTI], and 1.5488 pm [Co MI] emission
lines. Note that the measured peak of the feature is not constant for all four
epochs, which is consistent with the decay of the cobalt moving the blended
line center closer to the iron line. See Section 5.4 for a discussion of the relative
velocity shifts for each of the epochs.

will be a significant amount of electron capture in the central
regions during the deflagration, producing stable iron group
elements such as **Ni. The well-isolated [Fe II] emission line at
1.6440 pm can be used as a probe for this “radioactive hole,”
since the extent and geometry of the emitting region will
determine the shape and width of the feature.

Although some earlier spherical DDT models with unmixed
electron capture regions produced almost boxy, “flat-topped”
line profiles (Nomoto et al. 1984; Hoeflich et al. 2004), updated
electron capture rates do not produce as large amounts of stable
iron group elements (Brachwitz et al. 2000; Langanke &
Martinez-Pinedo 2000; Hoeflich 2006). Hence a less severe
shape in the synthetic spectra is seen for central densities of the
WD, even up to 4 x 10° gcm™3. During the phase from
150-200 days after the explosion, both y-photons and positrons
will contribute to the energy deposition in the ejecta; however,
after about 300 days, positrons will be the dominant energy
source (Penney & Hoeflich 2014). The effect on line profile of
a central “hole” in the radioactive burning products caused by
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Figure 8. Smoothed SN 2014J spectrum is shown normalized to the 1.65 pm
emission feature, assuming no continuum and a maximum continuum for each
epoch observed. Based on the choice of continuum level, the pseudo line width
varies for a chosen relative flux height, 7.

electron capture can be seen in Stritzinger et al. (2015,
Figure 13), effectively widening the emission feature so there is
no sharply peaked profile but not producing a “flat-top”—a
misnomer. The old electron capture rates, such as in W7, will
over-predict the ratio of Ni/Fe produced in the SN Ia, and may
affect analyses that rely on the predictive power of this ratio, as
in Maguire et al. (2018).

Two methods of measuring a pseudo-width for the feature
are chosen:

(a) the width at a chosen relative flux, %, where the
maximum of the 1.65 ym feature is normalized to 1 and
we have assumed no continuum flux; and

(b) the width at a chosen relative flux, %, where the
maximum of the 1.65 ym feature is normalized to 1 and
we have assumed a maximum value for a flat continuum
flux based on the minimum value on the red-ward side of
the emission feature in the range of 1.7-1.75 pm.

Note that method (b) is an over-subtraction and merely
demonstrates the extreme end of the pseudo-width since there
are minor emission features contributing in that region, not
only quasi-contintum. As an example of this, Figure 8
demonstrates the effect of continuum on the pseudo line width
of the 1.65 um emission feature using both methods—the
SN 2014]J spectra have been smoothed in order to do this. This
question of continuum subtraction can be incorporated into an
uncertainty on the pseudo-width and will produce a narrower
line for a chosen #. As Z# decreases, the effect of the
continuum flux on the line width increases, correspondingly
increasing the error-bars on the data. The # = 0.6 line width
plot maximized the separation of the models while also
minimizing confusion from the continuum flux. We note that
F = 0.5 corresponds to the more-commonly quoted full width
at half maximum (FWHM) value. For # = 0.6, the line widths
using method (a) versus (b) introduces an error of up to
1000 km s~ ! and varies slightly depending on the epoch.
Figure 9 shows the pseudo-widths of the observations and
models, with several central densities for a chosen relative flux
height of # = 0.6. The data points indicate method (a) no
continuum and the lower error-bar extended down to
incorporate method (b) maximum continuum. The choice of
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Figure 9. Line width taken at a relative flux height of # = 0.6 for the
spherical DDT models, without mixing, are shown for a range of central
densities: pg = 0.5 to 4.0 (in units of 10° g cm~3, labels shown to the left of
each curve) and for SN 2014J (black points). The lower error-bars on the data
points include continuum subtraction. The early epochs of the observed
SN 2014] spectra are consistent with a p, around 0.7 x 10° gecm~>. The
measured line widths at other .7 values are also in agreement with the results
shown here.

Z = 0.6 to measure the line width of the feature is fairly
arbitrary; however, plots from % = 0.5-0.8 are consistent with
each other. Below about .# = 0.4, the neighboring emission
lines begin to influence the evolution of the line width and are
more sensitive to uncertainties in abundances and mixing in the
SN Ia and in the transition strengths of these forbidden lines.
Above about # = 0.9, noise in the observations begins to
strongly influence the measured line width. The sensitivity of
the pseudo-width on the background continuum becomes
apparent in Figures 8 and 9, where we compare the line width
observed for SN 2014J and the theoretical models. The
observed line width for SN 2014J increases approximately
linearly with time. In principle, an increase may be attributed to
the positron transport effect; however, an exponential increase
with time rather than linear would be expected based on this.
The first two epochs (307 and 337 days) are consistent with a p,
of 0.7 x 10°gcm™3, and models with mixing do not
significantly affect the results. However, the later epochs
(370 and 466 days) do not follow any of the line width trends
of the models considered—these spectra and their deviations
from the models will be probed further in Section 5.4.

For an Mcy, model, a p. of 0.7 x 10° gecm 2 is quite low.
This implies a high accretion rate where the progenitor is not
able to increase much in p, prior to ignition. The upper limit for
the accretion rate is given by the Eddington limit, and the
material being accreted matters because violent shell flashes
will not allow excess material to build up on the WD. With the
p. found, the data are consistent with a SD progenitor scenario
if the dominant mass-transfer channel is He-accretion rather
than H-accretion from the companion star. Accretion of C-O
from a degenerate companion would also be possible
(Nomoto 1982a; Hoeflich et al. 1998; Maeda & Terada 2016).

5.2. Mixing of the Chemical Distribution

It is natural to expect mixing of the burning products during
the deflagration phase due to Rayleigh—Taylor instabilities, and
indeed mixing of the chemical layers is seen in most 2D and 3D
models. In spherical models, such as the ones used in this
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Figure 10. A comparison of the SN 2014J data at 307 days and the
p. = 0.7 x 10° g cm~* models, both with and without mixing.

analysis, mixing must be added by hand after the deflagration
structure has been calculated and before calculating the
spectrum. However, large-scale mixing is not favored because
of the radially structured observations of SNe Ia (see Hoeflich
et al. 2002, Figure 14, and corresponding discussion). A
possible physical reason for the suppression of mixing is the
confinement of positrons due to strong magnetic fields in the
ejecta (Hristov et al. 2018).

Unlike full or large-scale mixing, limited mixing in the central
regions does not significantly alter the line width of the
1.6440 um [FeTI] emission feature. However, the amount of
mixing can be probed by comparing the various emission
features, since mixing will affect the ionization in the ejecta. The
1.65 pm feature is composed of mainly [FeII] and the 1.54 pm
feature is a blend of iron and cobalt, as discussed in Section 4.
The limited mixing introduced in the models used in this
analysis moves some of the radioactive iron group burning
products inward to higher density regions. With the increase in
density, the average collisions and recombination rates increase,
favoring lower ionization states. The relative height of the two
features at a given epoch will depend on the mixing, with an
increase in mixing suppressing the 1.54 pm feature in the
synthetic spectra. Comparison with the observed profiles in
SN 2014J (shown in Figure 10) suggests some mixing, although
a smaller amount than implied in the synthetic spectra based on
the chemical distribution seen in S Andromeda (Fesen et al.
2015, 2017).

5.3. Magnetic Fields

Magnetic fields start to play a role or have an effect in the
evolution of the spectrum after about 300 days, which becomes
even more visible as time passes, as can start to be seen in
Figure 11. Magnetic fields will inhibit positron flow, which
results in line profiles remaining broad later than expected from
B-free models. In the case of SN 2014J, the emission feature at
1.65 ym not only remains broad through all of our observa-
tions, but actually increases in width, as seen in Figure 6. Some
of this may be attributed to very strong magnetic fields,
especially if they are turbulent in nature; however, additional
factors may also be at work and are discussed in the next
section.

With the full wavelength models, we note other potential
NIR features that can be used to probe magnetic fields. A
feature emerges at ~1.033 pm that is mostly due to a strong
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Figure 11. Effect of magnetic fields in the ejecta can be seen in the evolution
of the [Fell] line profile. The models with central density of p. =
0.7 x 10°gcm™  with field strengths of B=0G (solid lines) and
B = 10°G (dotted lines) are shown at two different epochs. The magnetic
field effect is more evident as the ejecta expand.

blend of [S11] at 1.0323, 1.0339, and 1.0373 pum and a feature
at ~1.08 yum produced by [S1], [SiI], [Fe1], [Fe1], and
[Nim]. Looking at the energy deposition in Figure 12, at low
magnetic field strength, there is less positron trapping and local
deposition of energy. The positron escape out from the central
regions and in turn heat the regions of incomplete burning (at
around 10,500 kms™1), boosting emission for [SI] and
reducing emission for [SI]. This results in a flux too large by
a factor of 3x for the 1.03 ym emission feature—hence our
argument that a non-zero magnetic field is indicated. We note
that in both the B = 0 G (B0) and B = 10° G (B6) models, the
flux in the 1.08 pm emission feature is over-predicted.

Since most of the emission features in the NIR are due to
transitions of iron group elements, the overall NIR line profile
looks very similar for the synthetic spectra with and without an
embedded magnetic field (Figure 13(a)). As can be seen in
Figure 13(b), though, SN 2014J does not have a discernible
emission feature at 1.08 um and the emission feature at
1.03 um has a similar flux level to the B = 10° G model.
However, because the flux levels between the different cross-
dispersed orders are somewhat uncertain in part due to strong
telluric absorption in the region 1.115 ym < A < 1.15 pum, we
cannot put a hard limit on the strength of the magnetic field
embedded in the SN ejecta.

5.4. Asymmetries in the Chemical Distribution

Any asymmetries seen in the spectra may be due to a
combination of an off-center ignition and an off-center
transition to detonation in a Mc, explosion with a DDT
(Hoeflich & Stein 2002; Zingale et al. 2005). We will note that
some of the alternative explosion scenarios may also produce
similar asymmetries in the late-time spectra (Pakmor
et al. 2010, 2011, 2012).

5.4.1. Increasing Line Width of the 1.65 um Emission Feature

A widening of the 1.65 um line profile can be seen in the o-
value found in the Gaussian fit from Section 4.2 and Table 3,
around 4500kms~' compared to 4000kms~"' for previous
epochs. Likewise, if we consider Figure 9, the jump in
approximately 1000 kms~" in the pseudo line width from the
expected trend if the data followed the p. = 0.7 x 10° gcm ™3
model is suggestive of an asymmetry in the explosion. The
pseudo line widths at # = 0.6 are 8308 km s7!, 8310kms ™!,
8605kms !, and 9453kms ' from 307-466 days, respec-
tively. Using the 0.7 x 10° g cm™3 model from Section 5.1, the
mass fraction corresponding to each of these velocities
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Figure 12. At late times, the energy deposition is dominated by positrons, and
transport effects become important at the outer layers (Penney & Hoeflich
2014). The energy deposition corresponds to the initial %Ni distribution and
magnetic fields present in the ejecta. Its outer edge marks the transition to
layers of incomplete burning, namely Si and S-rich layers, and the inner layers
mark the inner region of electron-capture iron group elements (Hoeflich
et al. 2002).

increases from about 0.52 for 307 and 337 days, to 0.55 for
371 days, to 0.63 for 466 days.

These mass fractions do not describe the central regions of
the ejecta, so this asymmetry is unlikely to be caused by an off-
center ignition. The transition from deflagration to detonation
occurs in one location and the front takes time to wrap around
the exploding WD. This would produce a difference in the
ionization structure because the far side would continue to
expand and decrease in temperature and density prior to the
transition to detonation, producing an asymmetric distribution
of the outer **Ni (Hoeflich et al. 2006; Fesen et al. 2007). As a
result, the average velocity of energy input is shifted toward
higher velocities and, depending on the orientation of the
embedded magnetic field, will result in a broader line or a
strong shift of the line. In order to have this time-delay, the
positrons must be kept relatively local, which is another
indicator that high magnetic fields are needed. Note that the
Larmor radius must be significantly smaller than the size of the
3Ni region, and following Penney & Hoeflich (2014), this
translates to a lower limit for B of 10° G.'°

5.4.2. A Small Shift in the Central Wavelength of the 1.65 pum
Emission Feature

We also know from Figure 6 that the line itself seems to shift
blue-ward in addition to the increasing width. However,
looking at the measured peaks of the emission feature, the
central wavelength shift is not significant since it is on the same
order as the uncertainty (~100 km s~!). In order to probe this
additional asymmetry, we will look at differences in relative
flux between the epochs, which are very sensitive to small
changes. By looking at the difference of two spectra, 8, the
development of asymmetries in the line profiles especially
stands out. However, the difference plots are also dependent on
the chosen continuum of the spectrum for each epoch. Since the
spectra have all been normalized to the [FeII] emission line,
the difference is zero at approximately the line center. The

19 Off.center ionization is currently being studied at FSU (Alec Fisher, PhD
thesis in preparation).
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Figure 13. Comparison of SN 2014J and models with and without B fields.
Synthetic spectra come from models with p, = 0.7 x 10° gem™ and B = 0
and B = 10°G. For B < 10° G, positrons escape the NSE region, and we see a
relative increase in ionization and heating of the quasi-equilibrium (QSE)
region. A low magnetic field boosts the emission in [S 1] at 1.03 gm compared
to [S 1] at1.08 pum, over-predicting the flux at1.03 m by a factor of three. The
[S 11] emission feature is shifted around 1600 km's ' blue-ward in SN 2014J
compared to the synthetic spectra.

difference in spectrum with respect to the smoothed 307 day
spectrum is shown in Figure 14, assuming no continuum
subtraction (Figure 14(a)) and removing and subtracting a
“maximum” continuum for each epoch prior to differencing
(Figure 14(b)), as in Section 5.1.

In Figure 14 we show the distribution of the differential
profiles as a function of time. For the interpretation of this
asymmetry, we note that there are secondary components from
species in the wings of the 1.65 um feature (see Hoeflich
et al. 2004, Figure 4). The non-[Fe 1] components will result in
an uneven distribution of the differentials of about a factor of
1.12 to 1.29 at 300 and 500 days, respectively (Hengeler 2014).
However, these components lie well out in the wings past
+10,000 kms ', and we do not take them into account when
analyzing the asymmetry here.

To get a size scale for this asymmetry, we have offset the
466 day spectrum toward the red in velocity space when
compared to the 307 day spectrum and measure the excess flux

11

Diamond et al.

02 T T T T T T T T : T T I T T T I T
i 307 days —
B ; 337 days
R ! 370 days i
‘ 466 days —
% ol
=
o
2
=
2
o
0
L I L L L I L L L I L L L I L L L I L
-8 4 0 4 3
Doppler shift around 1.644 um ( 10° km s'l)
(a) difference assuming no continuum subtraction
0'2 1 1 1 1 1 1 1 1 : 1 1 I 1 1 1 I 1
i 307 days —
B ; 337 days T
R ; 370 days -
' 466 days —
% ool
= !
o '
2 ;
= !
g :
o ; ,
0 EMET A - A - g TR
WD
i L I L L L I L L L I L L L I L L L I L |

-8 -4 0 4 8
Doppler shift around 1.644 um (103 km s'l)

(b) difference assuming maximum continuum subtraction

Figure 14. Differences between the relative flux of the 1.65 ym emission
feature for individual epochs and the smoothed 307 day observation. The black
dotted line shows the approximate line center, based on the Gaussian fit from
Section 4.2 and Table 3. In (a) no continuum has been subtracted from the
spectra. In (b) a maximum value for the continuum at each epoch has been
subtracted from the spectra. Regardless of the choice of continuum, there is an
obvious asymmetry present in the 466 day spectrum.

as 6 (rel.flux). By adjusting the observed rest frame for the
different epochs, we obtain an overall shift of ~350 km s~ of
the kinematic from the chemical “center.” The velocity-step is
given in each of the subplots in Figure 15. Looking at Figure 6,
neighboring emission features start to contribute noticeably
outside of the range —6000 to 9000 kms™'. The 337 day
spectrum does not show significant evolution of the line profile
when compared to the 307 day spectrum. In contrast, the
370 day spectrum shows line broadening, and the level is fairly
symmetric on the blue and red sides of line center, although it
might show hints of a slight asymmetry if the maximum
continuum is removed. The 466 day spectrum shows a very
interesting evolution. The red side of the line profile has
broadened slightly more than in the previous epoch; however,
the blue side of the line has broadened dramatically, now above
8 = 0.1. The two offsets at ~350km s~ most equalize the
excess in the emission feature’s wings. In these two subplots, a
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Figure 15. 466 day spectrum, assuming maximum continuum subtraction, has
been shifted in velocity space when compared to the 307 day spectrum
before the difference § was taken to determine the asymmetry in the
central region of the burning products. Approximate vertical peak separation
is shown in each panel, with the 350 km s~! offset producing approximately
level peaks.
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Figure 16. Comparison of the SN 2014J data at 337 days and two merger
models at the same epoch. These models produce iron group burning products
at higher-velocity than the Mc, models, making the emission features wider
than the observational data.

gray line shows the level of the excess, at 6 ~ 0.12. What
would cause this asymmetric line profile evolution?

For the p, = 0.7 x 10? g cm™3 model, the mass fraction that
a velocity shift of 350kms™' corresponds to is the inner
~2 x 107* of the WD. One potential explanation based on
where this asymmetry is located is an off-center ignition of the
initial deflagration (see Hoeflich et al. 2006; Maeda
et al. 2010). As time passes in the nebular phase, more and
more positrons produced in regions with radioactive iron group
elements are able to become non-local and light up the central
regions where the density was high enough for electron capture
to occur, creating stable iron group elements.

In Figure 6, we see an overall shift of the emission feature
line center corresponding to about 1330—1420 km s~ relative
to the rest frame of the host galaxy. Likewise, all of the
differentials shown in Figure 14 have a § = 0 point around a
Doppler shift of ~1350kms ™', since there is no significant
shift of the peak. This is likely too large to be explained by
the orbital motion of the WD in the host galaxy. Alternatively,
the offset of the line profile center may be attributed to the
change of the velocity of outer *°Ni, which is also consistent
with the off-center DDT scenario (Hoeflich et al. 2006; Fesen
et al. 2007; Maeda et al. 2010, 2011). A shift may be related to
the off-center ignition and subsequent rising of a plume or an
off-center detonation that results in a global asymmetry in the
3Ni distribution. Plume velocities are of the order of a few
hundred kilometers per second, and the deflagration phase lasts
some 1-2 s (Gamezo et al. 2005). We note that it is smaller
than the several 1000 km s~ reported by Maeda (2012), which
assumed a large plume with an overall offset.

5.5. Alternative Scenarios

A comparison of the observed data with two alternative
scenario models is shown in Figure 16. These two models
include Models DET2, a “He detonation,” and DET2ENV4, a
“classical merger” of two WDs (see Hoeflich & Khokhlov
1996, for details including parameter values; i.e., p., P, and
resulting observables). Large rotations of the primary WD may
be expected in the case of the classical merger, which will
introduce an additional dependence on the viewing angle of the
system. In both alternative scenarios, the central densities are
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not high enough to produce stable nickel, so a larger amount of
Fe is produced compared to the Mc, models. The resulting
spectra are expected to have stronger low-velocity components
and a larger width, producing more triangular line profiles. The
expected spectra in both alternative scenarios explored show
emission lines with a central peak and much larger low-velocity
contributions because of the large amount of *°Ni produced and
the distribution of burning products in the ejecta, resulting in
wider characteristic line profiles. Neither of the merger models
provide a good match to the overall shape or evolution of the
SN 2014J spectra. Clearly there are many different merger
models in the literature with a variety of spectral predictions,
and an in-depth exploration is not possible in this work. We
encourage modelers to produce synthetic spectra in the NIR
and MIR in addition to the more traditional optical wavelength
range. However, the constraint from the emission line width of
SN 20147 strongly disfavors some of the available progenitor
channels for SNe—namely, the merger and He detonation
scenarios we considered.

6. Conclusions

The spectra presented in this work show SN 2014J in the
nebular phase at 307, 337, 370, and 466 days post-explosion in
the NIR region from approximately 0.8-2.5 um. These
observations join a relatively small sample of Type Ia
supernova spectra close enough for late-time NIR follow-up.
They provide information about the very central regions of the
SNe, which are obscured at early times because of optical depth
effects. We use a well-isolated [Fell] emission line at
1.6440 ym to compare with synthetic models and find the
SN 2014] data are consistent with expected line widths for a
white dwarf with central density of p. = 0.7 x 10°gcm™
undergoing a My, explosion with a deflagration-to-detonation
transition, a set of models that has historically been found to
exceptionally match observations. The alternative models
included in this analysis show emission line profiles that have
narrow centrally peaked lines on top of a broad emission
feature, which is not consistent with the SN 2014J observations
(see Figure 16).

Using the flux levels of the 1.6440 pum [Fe II] emission line
with the neighboring feature around 1.54 ym, we show that
there is some limited mixing of the central regions of burning
products when compared to a no-mixing model. However,
mixing similar to what is seen in the SNR s-Andromeda
produces too much suppression of the neighboring feature. The
limited mixing in SN 2014]J may be produced in part by
Rayleigh—Taylor instabilities, expected in all 3D M, models
that have been partially suppressed by physics not yet included
in full models, such as magnetic fields in the ejecta. Although
the SN 20147 spectra are at a better S/N than most of the
previous late-time NIR data in the literature, the apparent
asymmetry in the 466 day spectrum limits our ability to
quantify magnetic field strength in the ejecta. The asymmetry
in the spectral evolution corresponds to a position about
350 km s~' from the kinetic center and could be the result of
asymmetries in the burning products or an off-center ignition.
Emission lines at 1.03 pm, a blend of [S1I], and 1.08 pm, a
blend of [STI], [SiI], and several transitions of iron group
elements, provide an additional probe of magnetic field
strength and morphology, and disfavor a B = 0 G scenario.
Additional high S/N late-time NIR spectra, especially when
complemented by MIR observations from the upcoming James
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Webb Space Telescope, will help constrain progenitor systems
and give insight into magnetic field strength and morphology.
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