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Abstract

We present a JWST MIRI medium-resolution spectrometer spectrum (5-27 pm) of the Type Ia supernova (SN Ia)
SN 2021aefx at +415 days past B-band maximum. The spectrum, which was obtained during the iron-dominated
nebular phase, has been analyzed in combination with previous JWST observations of SN 2021aefx to provide the
first JWST time series analys1s of an SN Ia. We find that the temporal evolution of the [Co III] 11.888 um feature
directly traces the decay of °Co. The spectra, line profiles, and their evolution are analyzed with off-center
delayed-detonation models. Best fits were obtained with white dwarf (WD) central densities of
pe=0.9—1.1 x 10° gem >, a WD mass of Mywp = 1.33-1.35 M., a WD magnetic field of ~10°G, and an off-
center deflagration-to-detonation transition at ~0.5 M, seen opposite to the line of sight of the observer (—30°).
The inner electron capture core is dominated by energy deposition from ~-rays, whereas a broader region is
dominated by positron deposition, placing SN 2021aefx at +415 days in the transitional phase of the evolution to
the positron-dominated regime. The formerly “flat-tilted” profile at 9 um now has a significant contribution from
[Ni1v], [Fe 1], and [Fe III] and less from [Ar I1I], which alters the shape of the feature as positrons mostly excite the
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low-velocity Ar. Overall, the strength of the stable Ni features in the spectrum is dominated by positron transport
rather than the Ni mass. Based on multidimensional models, our analysis is consistent with a single-spot, close-to-
central ignition with an indication of a preexisting turbulent velocity field and excludes a multiple-spot, off-center

ignition.

Unified Astronomy Thesaurus concepts: Type la supernovae (1728); Supernovae (1668)

Materials only available in the online version of record: data behind figure

1. Introduction

Type Ia supernovae (SNela) originate from the thermo-
nuclear disruption of a carbon-oxygen (C-O) white dwarf
(WD) in a multiple-star system (Hoyle & Fowler 1960), yet to
date, the exact details of their progenitor scenarios or explosion
mechanisms are unknown. Determining the exact origin of
SNe Ia is essential if we are to understand the nucleosynthesis
of heavy elements and improve the use of SNela as
extragalactic distance indicators (see Riess 2017 and Seitenzahl
& Townsley 2017 for recent reviews).

Potential SN Ia progenitor scenarios include (1) the single
degenerate (SD) scenario, which consists of a C—O WD and a
nondegenerate companion star (Whelan & Iben 1973); (2) the
double degenerate (DD) scenario, which consists of two WDs
(Iben & Tutukov 1984; Webbink 1984); and (3) a triple/
quadruple system consisting of at least two C-O WDs
(Thompson 2011; Pejcha et al. 2013). There is also a complex
interplay between the progenitor scenario and the explosion
mechanism, where many explosion mechanisms can theoreti-
cally occur within each progenitor scenario. Two of the leading
explosion mechanisms include the explosion of a near-
Chandrasekhar-mass (Mc,) WD (Iben & Tutukov 1984;
Khokhlov 1991) and the detonation of a sub-Mc, WD (Livne
& Arnett 1995). Both of these can occur in SD and DD
systems. In the near-Mcy, explosion, the WD accretes H, He, or
C material from a nondegenerate or degenerate companion star
until it approaches the Mcy,, during which time densities in the
center of the star become high enough for a simmering stage to
occur and a thermonuclear disruption begins (Khokhlov 1991).
The flame can propagate as a deflagration, detonation, or both
via a deflagration-to-detonation transition (DDT; Khokh-
lov 1991; Hoeflich et al. 1995; Gamezo et al. 2003;
Poludnenko et al. 2019). In the sub-Mcy, scenario, a surface
He layer detonates and produces an inward shock wave that
disrupts the whole WD. This can occur for a variety of core
(0.6-1.1 M) and He shell (0.01-0.2 M) masses, although
only the higher-mass WDs and smaller He shell masses are
expected to reproduce the observed properties of SNe Ia (Livne
& Arnett 1995; Shen et al. 2018; Boos et al. 2021).

Observations of SNe Ia during the nebular phase reveal their
inner layers. Spectra at these epochs can be used to measure the
high-density burning regions in the ejecta (e.g., Axelrod 1980;
Mazzali et al. 2007, 2020; Ashall et al. 2016; Maguire et al.
2018; Jerkstrand et al. 2020; Hoeflich et al. 2021; Kumar et al.
2023). A spectral region of particular interest is at mid-infrared
(MIR) wavelengths (~5-27 ym), as it contains lines from
critical ions that do not have suitable transitions in the optical
or near-infrared (NIR). These ions can be used to distinguish
between the leading progenitor and explosion scenarios. Prior
to the launch of the James Webb Space Telescope (JWST),
there were four SNe la that had MIR (A >5 um) spectral
observations, and there were seven published MIR spectra of
SNe Ia in total (see the introduction of DerKacy et al. 2023a for

more details). These data provided new insights into SN Ia
explosions, but the interpretation was hampered by a low
signal-to-noise ratio (S/N) and low spectral resolution.

The launch of JWST has opened up a new era of transient
astronomy. To date, JWST spectra of three nearby SNe Ia have
been published. These are SN 2022xkq (DerKacy et al. 2024a),
SN 2022pul (Kwok et al. 2024; Siebert et al. 2024), and
SN 2021aefx (DerKacy et al. 2023a; Kwok et al. 2023). Of
these, SN 2021aefXx is the best-observed SN Ia. Broadband NIR
+MIR JWST imaging was obtained at 255 days after B-band
maximum, which enabled the late-time NIR+MIR decline rates
and MIR flux contribution in the explosion to be determined
(Mayker Chen et al. 2023). Spectra of SN 202laefx were
acquired at +255days (Kwok et al. 2023) and +323 days
(DerKacy et al. 2023a) past B-band maximum. These spectra
revealed many unique features including multiple stable Ni
lines, which are indicative of high-density burning, a “flat-
tilted” [Ar I1T] 8.991 pum profile, and a strong [Co IIT] 11.888 um
resonance feature (DerKacy et al. 2023a; Kwok et al. 2023).
Spectral modeling of the JWST data indicated that
SN 2021aefx is consistent with a delayed-detonation
near-Mc;, explosion of a C—-O WD that had an off-center
DDT and produced 5.9 x 1072 M., of **Ni (DerKacy et al.
2023a; although see Blondin et al. 2023). However, all of the
previous spectra of SN 2021aefx were obtained with the low-
resolution spectral mode and at wavelengths less than 14 pm.
The medium-resolution spectrometer (MRS) on the Mid-
Infrared Instrument (MIRI) has a resolving power of ~2700
and wavelength coverage from ~5 to 27 ym and is therefore
ideal for obtaining precision velocity measurements as well as
observations at long wavelengths.

Here we present the first observed JWST MIRI/MRS
spectrum of a SN [2® In Section 2, we discuss the
observations and data reduction. In Section 3, we present line
identification, followed by spectral comparisons in Section 4.
In Section 5, we discuss the time series spectral evolution. In
Section 6, we use self-consistent multidimensional models to
produce synthetic spectra, where we demonstrate how the
MIRI/MRS data can be used in conjunction with synthetic
spectra and line profiles to understand the underlying explosion
physics and the conditions at the thermonuclear runaway. A
summary of our results and our conclusions are presented in
Section 7.

2. Observations and Data Reduction

SN 2021aefx was discovered on 2021 November 11.3
(MJD = 59529.5) by the Distance Less Than 40 Mpc Survey
(Tartaglia et al. 2018). It was located at o = 04"19™53340,
6 = —54°56'53."709, southwest of the center of its host galaxy
NCG 1566 (z=0.0050). The location of SN 2021aefx in its
host galaxy is shown in Figure 1. Early-time observations and

36 The first published JWST MIRI/MRS spectra of a SN Ia was SN 2022xkq
(DerKacy et al. 2024a).
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Figure 1. A stacked composite image of NGC 1566 with photometric data obtained with JWST’s MIRI; individual bands are published in Chen et al. (2023). Here,
SN 2021aefx is at a phase of +357 days past B-band maximum and is highlighted in the white circle. North is 1°5 counterclockwise from left. An inset around the SN
is shown in the bottom right corner. For the original image, see www.flickr.com/photos/geckzilla/52523099436//.

Table 1 Table 2
Log of JWST Observations Synthetic Photometry Produced from the 4415 Day Spectrum of SN 2021aefx
Parameter Value Value Value Filter Flux
MIRI/MRS Spectra (mly)
Subband Short Medium Long F770W 0.1724
Groups per integration 35 35 36 F1000W 0.3931
Integrations per exp. 3 3 3 F1130W 0.3412
Exposures per dither 1 1 1 F1280W 0.1330
Total dithers 12 12 12 F1500W 0.1165
Exp. time (s) 10,224.88 10,224.88 10,511.565
Readout pattern SLOWRI1 SLOWRI1 SLOWRI1

Note. The spectrum was taken at MJD = 59964.34, which is rest-frame
+415 days relative to B-band maximum.

analysis of SN 2021aefx indicated that it was discovered within
hours of the explosion and had an early excess emission in the
u band, a quickly evolving color curve, and extremely high
spectral velocities (Ashall et al. 2022; Hosseinzadeh et al.
2022; Ni et al. 2023). By maximum light, it resembled a
normal-luminosity SN Ia, demonstrating that SN 2021aefx is
only unusual in the outermost layers (Ashall et al. 2022;
Hosseinzadeh et al. 2022; Ni et al. 2023).

JWST MIRI/MRS spectral observations of SN 2021aefx
were triggered through JWST-GO-2114 (Ashall et al. 2021).
Observations began on 2023 January 20 at 03:34:38

(MJD =59964.15) and ended on 2023 January 20 at
12:47:50 (MJID = 59964.53). We take our time of observation
as the midpoint, MJD = 59964.34. Throughout this work, we
use a time of B-band maximum of MJD = 59547.25 (DerKacy
et al. 2023a), implying that the spectrum was obtained at rest-
frame +415 days past B-band maximum light.

Spectral data were acquired using the MRS on MIRI with the
short, medium, and long gratings and with each channel to
produce a continuous spectrum from ~5 to 27 um. The details
of the instrument setup can be found in Table 1. The total
exposure time was 8.6 hr.

The data were reduced using a custom-built pipeline designed
to extract observations of faint point sources that have complex
backgrounds in MIRI/MRS data cubes (see Shahbandeh et al.
2024). The details of the data reduction can be found in
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Figure 2. The MIRI/MRS spectrum of SN 2021aefx at +415 days past maximum light. The raw data are plotted in light gray behind. Due to the fact that the spectrum
is heavily oversampled, it has been smoothed to the instrumental resolution (black). The dominant ions that contribute to each feature are labeled. The raw spectrum is

available.
(The data used to create this figure are available in the online article.)

Appendix A. This data reduction technique dramatically reduced
the background flux level by 2 orders of magnitude across all
channels. This both increases the S/N in the extraction of the SN
and ensures that the continuum is dominated by the SN and not
instrumental flux.

The final spectrum has been smoothed with Spextractor
(Burrow et al. 2020) channel by channel to properly account for
the differences in resolution across the full MIRI/MRS
wavelength coverage. Throughout this work, the spectra were
corrected to rest frame using the recessional velocity of
1500kms~' and a rotational galactic velocity of
65 +60kms " at the location of the SN (Elagali et al. 2019).

Comparing the MIRI low-resolution spectrometer (LRS) and
MIRI/MRS spectra of SN 2021aefx is useful for checking both
the flux and wavelength calibration. It is known from the
comparison between JWST MIRI photometry and JWST
MIRI/LRS spectra that the absolute flux calibration
of the MIRI/LRS data of SN202laefx is within 2%
(Kwok et al. 2023; Chen et al. 2023). Generally, for
MIRI/MRS data, it is thought that the flux calibration is
accurate to 5.6% + 0.7% (Argyriou et al. 2023). This was also
confirmed using MIRI/MRS data of SN 2022acko, where the
spectral flux in channels 1, 2, and 3 was found to be consistent
with simultaneous MIRI broadband photometry (Shahbandeh
et al. 2024). However, it is not yet known how well the pipeline
extracts the SN flux in channel 4 and how successful it is at
accurately removing the background from both the instrument
and the underlying host galaxy. Overall, the flux of the
SN 2021aefx MIRI/MRS spectrum at +415 days is lower than
that at the previous epoch (see Section 5). It is also apparent
that the decrease in peak flux is more rapid at earlier epochs
compared to later ones. This is consistent with the light curve
flattening with time. Although there is no simultaneous
photometry at +415 days, this time series behavior suggests
that the flux calibration of the MIRI/MRS spectrum is
accurate. However, for future literature comparison, we provide
synthetic photometry using the JWST passbands; see Table 2.
Finally, we note that the wavelength calibration of the MIRI/
MRS spectra is accurate to within 9kms™' at 5 um and to
27kms " at 28 um (Argyriou et al. 2023).

3. Line Identifications

The fully stitched four-channel MIRI/MRS spectrum is
presented in Figure 2. The strongest lines that contribute to the
formation of the spectral features have been labeled. These line
identifications are based on radiation hydrodynamical models
discussed in Section 6. At short wavelengths (<14 pym), the
line IDs are consistent with those presented in DerKacy et al.
(2023a) and Kwok et al. (2023). However, the individual line
strengths and profiles have evolved over the intervening
92 days between observations, demonstrating that the physical
processes driving the spectral formation have profoundly
changed (see Section 6).

We identify four dominant regions of line formation, which
are presented in Figure 3. The strongest lines contributing to
each spectral region are described below. For the line
identification, we use the models presented in Section 6.

Between 5 and 7.5 um, the spectrum is dominated by stable
Ni lines, including [NiI] 5.893 pum and [Nill] 6.636 and
6.920 um, as well as [Fell] 5.674 ym and [ArII] 6.985 pum.
Between 7.5 and 10.0 pm, lines of [Ni1V] 8.405, 8.945 um and
[Ar1a] 8.991 um are the strongest.

In the wavelength range of 10.0-15.0 um, the strongest
features are [Fel] 10.189, 12.286, and 12.642 um; [NilI]
10.682 and 12.729 pm; [NiIV] 11.13 gm; [NiI] 12.001 pm;
[Comm] 11.888 um; and [Col] 12.255 pm.

Between 15 and 20 pum, the strongest spectral lines
contributing to the formation of the features are [FeII] 17.936
and 19.056 ym and [STI] 18.713 pum. Beyond 20 pm, the
spectrum is dominated by [Fe 11] 22.925 pum, [Fe 1] 24.052 pm,
[Co111] 24.070 pm, and [Fe 11] 24.519 and 25.988 pum.

It should be noted that the line IDs beyond 20 um are
tentative, as the background subtraction is uncertain at
these wavelengths. Furthermore, the flux calibration at these
wavelengths is highly uncertain, and the spectrum at
wavelengths >25 ym should not be trusted until a more
accurate reduction in channel 4 is available. Furthermore, it is
not possible to confidently identify all spectral features, as data
for many atomic line transitions in these MIR regions are
missing. However, through spectral modeling, we can identify
some of the unknown line strengths as well as estimates of the
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Figure 3. The +415 day spectrum of SN 2021aefx with the main contributing ions labeled.
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Figure 4. A selection of MIR SNIa spectra. Times relative to B-band
maximum are provided next to each observation. All SNe Ia in this plot are
normal SNe Ia except for SN 2022xkq, which is subluminous.

flux contribution from the weaker lines (see Section 6.3.1 and
Appendix E).

4. Spectral Comparison

Figure 4 shows a spectral comparison plot between
SN 2021aefx and a sample of published MIR SN Ia observa-
tions. The previous sample covers the evolution of SNe Ia from
+39 to +323 days past B-band maximum. All previous MIRI/
LRS spectral observations of SN 202laefx were rereduced
using the method outlined in DerKacy et al. (2023a) but using
pipeline version 1.13.4 and CRDS version 1223.pmap. Overall,
the line profiles and strengths are unaffected by the new
reduction, but this version of the pipeline and calibration files
fixes previously known issues with the MIRI/LRS wavelength
calibration.

All spectra share similarities and consist of broad emission
features that are composed of forbidden line transitions from
Ar, Co, Fe, and Ni. The strongest of these is the [Co III]
11.888 um resonance feature. However, the capabilities and
power of JWST become apparent with the first two spectra of
SN 2021aefx. These spectra were observed using MIRI/LRS
(R ~ 100) and revealed many spectral features that had not
been observed before. In particular, a “flat-tilted” [Ar1I]
8.991 um profile and multiple ionization states of Ni were
observed (DerKacy et al. 2023a; Kwok et al. 2023). The MIRI/
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MRS spectrum presented in this work is dominated by similar
spectral features as earlier epochs, although with the higher
resolution (R ~ 2700), we can more accurately determine the
exact region of the ejecta in which these ions are located as well
as examine the data for resolved features. Overall, the MIRI/
MRS data allow for detailed line IDs and analysis of ejecta
structure at a level not possible with MIRI/LRS data; see
Figure 5.

To date, the spectrum of SN 2022xkq at 130days past
maximum light is the only published MIRI/MRS spectrum of
an SNIa (DerKacy et al. 2024a). The top panel of Figure 6
shows a comparison between the low-luminosity SN 2022xkq
and the normal-luminosity SN 2021aefx. Although they are
taken 285 days apart, many of the same ions form the spectrum
but with different strengths and ratios, reflecting the variations
in ionization balances due to phase and subtype differences. In
SN 2021aefx, the stable Ni features are stronger than those in
SN 2022xkq relative to both the Ar and Co features. There is
also a significant contribution from Fe in the spectral formation
of SN 2021aefx, which is prevalent in these epochs due to the
decay of *°Co. The spectra of SN 2021aefx and SN 2022xkq
also vary in the ionization state of Ar, where for the low-
luminosity SN 2022xkq, [Ar 1] is the dominant ionization state,
but for the normal-luminosity SN 202laefx, [ArII] is the
dominant ionization state of Ar. For SN 2021aefx, the Ar
features have significantly more line blending from Fe-group
elements than in SN 2022xkq.

5. Temporal Evolution of SN 2021aefx

The time evolution of the JWST MIR spectra of
SN 2021aefx from +215 to +415 days relative to rest-frame
B-band maximum light in absolute flux is presented in the
bottom panel of Figure 6. As the data of SN 2021aefx are the
first MIR time series of an SN from JWST, they allow us to
follow the evolution of features as a function of time. We start
by analyzing the [Co ] 11.888 um feature, as it is the most
prominent feature in the MIR spectra, and then proceed to the
evolution of other dominant lines.

5.1. [Couir] 11.888 wm

The [Co1m] 11.888 um feature gets weaker as a function of
time (see the top left panel of Figure 7). We quantitatively
examine the evolution of this feature. For simplicity, we
assume the feature can be modeled by a single Gaussian
function, although there is likely some blending with the [NiI]
12.001 pm line.

The peak velocity (vpea) of the [Colll] feature is
~500kms~" at 4+255days and +323 days and increases to
~750kms ™' by +415 days. The values in Vpeak are consistent
between the MIRI/LRS and MIRI/MRS data once the error
due to the low spectral resolution of the LRS data is considered.

The measured FWHM of the [Colln] 11.888 ym feature
increases from ~11,100kms~" at +255 days to ~11,700 km g !
at +415 days. The cause of this is likely driven by the strength of
the [Co IIT] 11.888 pum line decreasing as a function of time and the
[Ni1] 12.001 um line getting stronger.

The peak flux of the [Colll] feature decreases
from ~4.2 x 10718§rg em 'sT2A7! at 4255 days to ~1 x
107 "®ergem ' s> A™! at +415days. The evolution of the
feature is well described by an exponential decay with a half-
life of 76.72 + 4.61 days. This is consistent with the half-life of
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Figure 5. The MIRI/MRS data have been resampled to the spectral resolution
of the MIRI/LRS data. For the [Ni I1] 7.349 pum profile (top panel), many of the
isolated features cannot be resolved in the MIRI/LRS resolution but are visible
in the MIRI/MRS spectrum. For the [Ar I1T] 8.991 um feature (bottom panel),
the shape of the profile goes from “flat-tilted” to “flat-topped” between +323
and +415 days, demonstrating that the shape change is not caused by a
resolution effect and is consistent with the physical interpretation provided in
Section 6. We also note here that all MIRI/LRS data are heavily oversampled
and should be resampled to the spectral resolution, as we have done in these
panels, before direct comparison to the MIRI/MRS data.

*Co, which is 77.27 days, demonstrating that the time
evolution of this feature can be used to directly trace the
energy deposition of the *°Co in the ejecta. This trend is not
found in the optical [Co III] feature at 6200 A, which has been
found to decrease faster than the *°Co cooling rate (McClelland
et al. 2013). This highlights the uniqueness of the [Co III]
11.888 um feature. It is a resonance line, and all of the
recombination passes though it. It also demonstrates that the
[Com] line dominates this feature throughout, as well as
confirming that the flux calibration of the spectra is consistent
between the MIRI/LRS and MIRI/MRS data. Continued
observations of this feature in Cycles 2 and 3 (DerKacy et al.
2023b, 2024b) up to +1150days past maximum light will
probe the region where radioactive >’Co may dominate the
heating. If there is little mixing in the inner part of the ejecta,
this >’Co will be located in the central ~1000 kms ™" (Hoeflich
et al. 2021). This may cause the [Colll] feature to become
stronger and narrower over time. Following the evolution of

Ashall et al.

this feature with future spectral observations will allow for the
distribution and strength of the °’Co to be characterized.

5.2. The Evolution of Other Important Features

We now turn our attention to the temporal evolution of four
other features. These are the [Nill] 7.349 um, [NilV]
8.405 um, [Co1m] 10.523 pm, and [ArII] 8.991 um regions.
Due to the more complex structures and blends in these
features, we choose to concentrate on the evolution of only the
peak flux. Figure 8 shows the evolution of these features in
velocity space, as well as their peak flux as a function of time.

In the earlier phases, the [Nill] 7.349 ym feature appears to
be dominated by one transition, but by day +323, a blue wing
appears in the emission profile. In the MIRI/LRS data, this
blue wing is blended with the main [NilI] 7.349 um feature;
however, it is resolved in the MIRI/MRS data at +415 days
and shows two distinct components with many smaller
overlapping emission features in the bluest wavelengths. We
identify this blue feature as [CoI] 7.202um. It is clear through
this comparison that MIRI/MRS data are required to fully
resolve the profiles, but even with the higher resolution, the
emission profiles are a complex blend of many lines, some of
which are unknown. The peak flux of this wavelength region as
'ginunction of time does not follow the radioactive decay of

Co.

The [NiIv] 8.405 um feature appears to be dominated by
one spectral ion throughout the MIRI/LRS time series of data.
However, the MIRI/MRS data reveal that there are at least two
resolved profiles contributing to this feature, one closer to the
rest wavelength of [NiIv] 8.405 um and one at ~9000 km s L
We identify the blue feature to be a blend of [CoI] 8.283 um
and [Fel] 8.299 um. The peak flux of this feature does
decrease as a function of time, but unlike the [CollI]
11.888 pm feature, it does not follow the half-life of 36Co.

The [Co 11] 10.523 pym feature is the second-most-prominent
[Com] region in the MIR spectrum, and the shape of this
profile changes dramatically between the MIRI/LRS and
MIRI/MRS data. It is much narrower and peaked within the
MIRI/MRS data. The evolution of the peak flux of this feature
follows a half-life of 206.50 £ 22.79 days, which is more than
twice that of what would be expected of **Co decay. This
demonstrates the uniqueness of the [Co III] 11.888 um feature,
as it is both isolated and a resonance line, so all recombination
passes through the transition. It also highlights that an
apparently isolated feature, such as the [CoIII] 10.523 pm, is
still heavily blended and not dominated by a single transition,
meaning that any velocity extracted from such features will be
highly uncertain.

The [Ar1T] 8.991 pum feature is unique, as it shows a flat-top
profile. This flat-top profile (at earlier epochs, this was referred
to as a “flat-tilted” profile) is seen throughout all of the spectra
in the time series and has been interpreted as being caused by a
shell of Ar in the ejecta (Kwok et al. 2023), which may come
from an off-center DDT (DerKacy et al. 2023a). The blue side
of this feature is clearly contaminated by emission from the
[Ni1v] 8.405 pum transition. We also see that the peak of this
feature does not follow the half-life of >°Co. Opverall, we stress
that all of the line profiles shown in this section are highly
blended, and only with improved atomic data can the true
components that contribute to the MIRI/MRS spectrum of
SN 2021aefx be extracted.
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Figure 6. Top: a spectral comparison between the MIRI/MRS data of SN 2022xkq and SN 2021aefx. The dominant ions contributing to various spectral regions are
highlighted with vertical colored bars. We note that SN 2022xkq is a low-luminosity SN Ia. Bottom: time series comparison of all published MIR spectra of

SN 2021aefx.

5.3. [Ni1l)/[Co 111] Ratio as a Function of Time

Examining the peak flux ratio [Nill]7.349 pm/
[Com] 11.888 ym as a function of time is another useful
measure. It allows us to determine how the temporal variation
in the energy deposition, heating, and mixing between the *°Ni
region and the electron capture element region evolves. As can
be seen in Figure 9, this ratio gradually increases throughout
the time series. At later epochs, if the decay of >’Co begins to
dominate, it could be expected that this trend changes direction.
However, this may heavily depend on the location of the °’Co
with relation to the stable Ni in the ejecta.

5.4. Half-width at Half-maximum versus Vpeqr

There are many overlapping spectral lines that contribute to
the formation of the nebular phase spectrum of SN 2021aefx.
MIRI/MRS observations allow for more of these lines to be
resolved. However, many of the atomic line transitions and
strengths are not known. Regardless of this, we attempt to fit
the emission profiles of spectral features in order to get a broad
understanding of where in the ejecta the emitting regions of
certain ions are located. The full analysis is given in
Appendix C. We stress that the lack of full line IDs and the
assumption that all emitting line profiles can be explained by
simple functions (where we inherently assume they are
symmetrical) and the priors given in the fitting procedure
make the results highly uncertain.

Figure 10 shows the half-width at half-maximum (HWHM)
versus the peak velocity of ions that have been fit in
Appendix C. Overall, we see no general trend with any of
the ions. This is likely to be caused by the number of Gaussians
required to reproduce the observed spectra, along with
unknown spectral lines, and their corresponding strengths.

Therefore, we emphasize that fitting spectra with multiple
Gaussians has very little physical meaning, except in the case
of isolated strong features such as the [CoIIT] 11.888 um line.
Hence, we turn our attention to the models below to further
understand the physics and formation of the spectra. We also
emphasize that both the high spectral resolution and the
extended wavelength coverage of the MRS mode on MIRI are
critical for the physical interpretation described below.

6. Models

In the following section, we compare the data to models. The
simulations