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By comparison, Graur et al. (2011) used values of either
= ȳ M0.066Fe,CC (following Blanc & Greggio 2008), or 1%

of the CC SN progenitor mass (following Maoz et al. 2010).
Our adopted yield in intermediate to these two.

Figure 3 shows the volumetric iron accumulation history
versus redshift, from SNeIa, from CCSNe, and from their
sum. As in Graur et al. (2011), the volumetric iron-mass
density, r ( )ztot,Fe , can be divided by the comoving baryon
density (rbaryon, with values from Komatsu et al. 2011) times
the solar iron mass abundance ( =Z 0.00174;Fe, Asplund
et al. 2009), to express the iron accumulation history in terms
of the mean Fe abundance, relative to solar,
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This is shown on the left-hand axis of Figure 3. As opposed to
the result in Graur et al. (2011), which indicated dominance of
CCSN contributions to the present-day iron abundance, our
new estimate, based on the scaled-down SFH of MF17, shows
a similar contribution to iron production by SNeIa and by
CCSNe, with a slight dominance by SNeIa (55± 6% of the
total, with the SNe Ia having become dominant since »z 0.7).
From the summed SN contribution, the present-day mean
logarithmic cosmic iron abundance, relative to solar, is

= - -
+[ ]Fe H 1.09 0.04

0.07 (i.e., ∼8% of solar). Figure 4’s left-hand

axis shows fCC,Fe, the accumulated fractional mass contribution
by CCSNe to the total iron mass budget.
These empirically derived relative contributions of SNeIa

and CCSNe to the iron budget can also be used to illuminate
the cosmic history of α-element abundance. α elements are
produced predominantly by CCSNe (see, e.g., Weinberg
et al. 2017). For example, a typical SNIa makes about M0.01
of calcium (Seitenzahl et al. 2013), while a CCSN makes of
order – M0.05 0.1 of calcium (Nomoto et al. 2013), and,
integrated over time, there are about about seven or eight
CCSNe for every SNIa (compare N M of 0.01 -

☉M 1 for
CCSNe, as already noted, with  » -

☉N M M0.0013 1 for SNe
Ia, as we have found). Thus, no more than a few per cent of all
calcium has been produced in SNeIa. We will therefore
neglect the SNIa contribution to α-element production. In
contrast, iron, as noted, is made by both CCSNe and SNeIa.
Consider the volume of gas from which the Sun was formed,
containing at the time of solar formation a mass a M , of α
elements. Let us denote with a ( )M z the α-element mass in this
same gas volume at the time corresponding to a pre-solar
formation redshift of z. Further denoting as NCC, and ( )N zCC
the number of CCSNe that had enriched the gas volume by the
time of the Sun’s formation and by redshift z, respectively, then
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Multiplying the right-hand side numerator and denominator by
the mean iron yield of CCSNe, ȳFe, CC, we see that
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In other words, the α abundance of the cloud at a redshift z,
relative to solar, equals the CCSN-contributed iron abundance,
relative to solar. Dividing the numerators on both sides of the
equation by the iron mass in the cloud (from both CC SNe and
SNe Ia) at redshift z, and both denominators by the iron mass in
the Sun, and taking the logarithm, we get the α to iron

Figure 3. Cosmic mean iron volume density (right-hand axis), and iron
abundance, relative to solar, [Fe/H] (left-hand axis), vs. redshift, contributed
by CCSNe (based on the SFH of MF17), by SNeIa (based on the best-fitting
DTD from Figure 1 convolved with the SFH), and by their sum. The bands
around the SN Ia, CC SN, and summed curves represent, respectively, the 68%
uncertainty region of the SN Ia fit, the uncertainty on the minimal mass of CC
SN progenitors, -

+
M8.5 1.0

1.5 (Smartt 2009), and the combination of these
uncertainties, squared. At the present epoch, SNeIa and and CCSNe have
made similar contributions to iron production, with a slight dominance of
SNeIa since »z 0.7.

Figure 4. Relative CCSN contribution (left-hand axis) to the total iron budget
(from both CC SNe and SNe Ia) as a function of redshift. Right-hand axis
translates the dependent variable to the a[ ]Fe ratio of a mean cosmic volume
element, by means of Equation (8).
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density (rbaryon, with values from Komatsu et al. 2011) times
the solar iron mass abundance ( =Z 0.00174;Fe, Asplund
et al. 2009), to express the iron accumulation history in terms
of the mean Fe abundance, relative to solar,

r

r
=



⎡
⎣⎢

⎤
⎦⎥( ) ( ) ( )z

z

Z
Fe
H

log . 4tot,Fe

baryon Fe,

This is shown on the left-hand axis of Figure 3. As opposed to
the result in Graur et al. (2011), which indicated dominance of
CCSN contributions to the present-day iron abundance, our
new estimate, based on the scaled-down SFH of MF17, shows
a similar contribution to iron production by SNeIa and by
CCSNe, with a slight dominance by SNeIa (55± 6% of the
total, with the SNe Ia having become dominant since »z 0.7).
From the summed SN contribution, the present-day mean
logarithmic cosmic iron abundance, relative to solar, is
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axis shows fCC,Fe, the accumulated fractional mass contribution
by CCSNe to the total iron mass budget.
These empirically derived relative contributions of SNeIa

and CCSNe to the iron budget can also be used to illuminate
the cosmic history of α-element abundance. α elements are
produced predominantly by CCSNe (see, e.g., Weinberg
et al. 2017). For example, a typical SNIa makes about M0.01
of calcium (Seitenzahl et al. 2013), while a CCSN makes of
order – M0.05 0.1 of calcium (Nomoto et al. 2013), and,
integrated over time, there are about about seven or eight
CCSNe for every SNIa (compare N M of 0.01 -
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calcium has been produced in SNeIa. We will therefore
neglect the SNIa contribution to α-element production. In
contrast, iron, as noted, is made by both CCSNe and SNeIa.
Consider the volume of gas from which the Sun was formed,
containing at the time of solar formation a mass a M , of α
elements. Let us denote with a ( )M z the α-element mass in this
same gas volume at the time corresponding to a pre-solar
formation redshift of z. Further denoting as NCC, and ( )N zCC
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In other words, the α abundance of the cloud at a redshift z,
relative to solar, equals the CCSN-contributed iron abundance,
relative to solar. Dividing the numerators on both sides of the
equation by the iron mass in the cloud (from both CC SNe and
SNe Ia) at redshift z, and both denominators by the iron mass in
the Sun, and taking the logarithm, we get the α to iron

Figure 3. Cosmic mean iron volume density (right-hand axis), and iron
abundance, relative to solar, [Fe/H] (left-hand axis), vs. redshift, contributed
by CCSNe (based on the SFH of MF17), by SNeIa (based on the best-fitting
DTD from Figure 1 convolved with the SFH), and by their sum. The bands
around the SN Ia, CC SN, and summed curves represent, respectively, the 68%
uncertainty region of the SN Ia fit, the uncertainty on the minimal mass of CC
SN progenitors, -

+
M8.5 1.0

1.5 (Smartt 2009), and the combination of these
uncertainties, squared. At the present epoch, SNeIa and and CCSNe have
made similar contributions to iron production, with a slight dominance of
SNeIa since »z 0.7.

Figure 4. Relative CCSN contribution (left-hand axis) to the total iron budget
(from both CC SNe and SNe Ia) as a function of redshift. Right-hand axis
translates the dependent variable to the a[ ]Fe ratio of a mean cosmic volume
element, by means of Equation (8).
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By comparison, Graur et al. (2011) used values of either
= ȳ M0.066Fe,CC (following Blanc & Greggio 2008), or 1%

of the CC SN progenitor mass (following Maoz et al. 2010).
Our adopted yield in intermediate to these two.

Figure 3 shows the volumetric iron accumulation history
versus redshift, from SNeIa, from CCSNe, and from their
sum. As in Graur et al. (2011), the volumetric iron-mass
density, r ( )ztot,Fe , can be divided by the comoving baryon
density (rbaryon, with values from Komatsu et al. 2011) times
the solar iron mass abundance ( =Z 0.00174;Fe, Asplund
et al. 2009), to express the iron accumulation history in terms
of the mean Fe abundance, relative to solar,
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This is shown on the left-hand axis of Figure 3. As opposed to
the result in Graur et al. (2011), which indicated dominance of
CCSN contributions to the present-day iron abundance, our
new estimate, based on the scaled-down SFH of MF17, shows
a similar contribution to iron production by SNeIa and by
CCSNe, with a slight dominance by SNeIa (55± 6% of the
total, with the SNe Ia having become dominant since »z 0.7).
From the summed SN contribution, the present-day mean
logarithmic cosmic iron abundance, relative to solar, is
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0.07 (i.e., ∼8% of solar). Figure 4’s left-hand

axis shows fCC,Fe, the accumulated fractional mass contribution
by CCSNe to the total iron mass budget.
These empirically derived relative contributions of SNeIa

and CCSNe to the iron budget can also be used to illuminate
the cosmic history of α-element abundance. α elements are
produced predominantly by CCSNe (see, e.g., Weinberg
et al. 2017). For example, a typical SNIa makes about M0.01
of calcium (Seitenzahl et al. 2013), while a CCSN makes of
order – M0.05 0.1 of calcium (Nomoto et al. 2013), and,
integrated over time, there are about about seven or eight
CCSNe for every SNIa (compare N M of 0.01 -

☉M 1 for
CCSNe, as already noted, with  » -

☉N M M0.0013 1 for SNe
Ia, as we have found). Thus, no more than a few per cent of all
calcium has been produced in SNeIa. We will therefore
neglect the SNIa contribution to α-element production. In
contrast, iron, as noted, is made by both CCSNe and SNeIa.
Consider the volume of gas from which the Sun was formed,
containing at the time of solar formation a mass a M , of α
elements. Let us denote with a ( )M z the α-element mass in this
same gas volume at the time corresponding to a pre-solar
formation redshift of z. Further denoting as NCC, and ( )N zCC
the number of CCSNe that had enriched the gas volume by the
time of the Sun’s formation and by redshift z, respectively, then
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Multiplying the right-hand side numerator and denominator by
the mean iron yield of CCSNe, ȳFe, CC, we see that
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In other words, the α abundance of the cloud at a redshift z,
relative to solar, equals the CCSN-contributed iron abundance,
relative to solar. Dividing the numerators on both sides of the
equation by the iron mass in the cloud (from both CC SNe and
SNe Ia) at redshift z, and both denominators by the iron mass in
the Sun, and taking the logarithm, we get the α to iron

Figure 3. Cosmic mean iron volume density (right-hand axis), and iron
abundance, relative to solar, [Fe/H] (left-hand axis), vs. redshift, contributed
by CCSNe (based on the SFH of MF17), by SNeIa (based on the best-fitting
DTD from Figure 1 convolved with the SFH), and by their sum. The bands
around the SN Ia, CC SN, and summed curves represent, respectively, the 68%
uncertainty region of the SN Ia fit, the uncertainty on the minimal mass of CC
SN progenitors, -

+
M8.5 1.0

1.5 (Smartt 2009), and the combination of these
uncertainties, squared. At the present epoch, SNeIa and and CCSNe have
made similar contributions to iron production, with a slight dominance of
SNeIa since »z 0.7.

Figure 4. Relative CCSN contribution (left-hand axis) to the total iron budget
(from both CC SNe and SNe Ia) as a function of redshift. Right-hand axis
translates the dependent variable to the a[ ]Fe ratio of a mean cosmic volume
element, by means of Equation (8).
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By comparison, Graur et al. (2011) used values of either
= ȳ M0.066Fe,CC (following Blanc & Greggio 2008), or 1%

of the CC SN progenitor mass (following Maoz et al. 2010).
Our adopted yield in intermediate to these two.

Figure 3 shows the volumetric iron accumulation history
versus redshift, from SNeIa, from CCSNe, and from their
sum. As in Graur et al. (2011), the volumetric iron-mass
density, r ( )ztot,Fe , can be divided by the comoving baryon
density (rbaryon, with values from Komatsu et al. 2011) times
the solar iron mass abundance ( =Z 0.00174;Fe, Asplund
et al. 2009), to express the iron accumulation history in terms
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This is shown on the left-hand axis of Figure 3. As opposed to
the result in Graur et al. (2011), which indicated dominance of
CCSN contributions to the present-day iron abundance, our
new estimate, based on the scaled-down SFH of MF17, shows
a similar contribution to iron production by SNeIa and by
CCSNe, with a slight dominance by SNeIa (55± 6% of the
total, with the SNe Ia having become dominant since »z 0.7).
From the summed SN contribution, the present-day mean
logarithmic cosmic iron abundance, relative to solar, is

= - -
+[ ]Fe H 1.09 0.04

0.07 (i.e., ∼8% of solar). Figure 4’s left-hand

axis shows fCC,Fe, the accumulated fractional mass contribution
by CCSNe to the total iron mass budget.
These empirically derived relative contributions of SNeIa

and CCSNe to the iron budget can also be used to illuminate
the cosmic history of α-element abundance. α elements are
produced predominantly by CCSNe (see, e.g., Weinberg
et al. 2017). For example, a typical SNIa makes about M0.01
of calcium (Seitenzahl et al. 2013), while a CCSN makes of
order – M0.05 0.1 of calcium (Nomoto et al. 2013), and,
integrated over time, there are about about seven or eight
CCSNe for every SNIa (compare N M of 0.01 -

☉M 1 for
CCSNe, as already noted, with  » -
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Ia, as we have found). Thus, no more than a few per cent of all
calcium has been produced in SNeIa. We will therefore
neglect the SNIa contribution to α-element production. In
contrast, iron, as noted, is made by both CCSNe and SNeIa.
Consider the volume of gas from which the Sun was formed,
containing at the time of solar formation a mass a M , of α
elements. Let us denote with a ( )M z the α-element mass in this
same gas volume at the time corresponding to a pre-solar
formation redshift of z. Further denoting as NCC, and ( )N zCC
the number of CCSNe that had enriched the gas volume by the
time of the Sun’s formation and by redshift z, respectively, then
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In other words, the α abundance of the cloud at a redshift z,
relative to solar, equals the CCSN-contributed iron abundance,
relative to solar. Dividing the numerators on both sides of the
equation by the iron mass in the cloud (from both CC SNe and
SNe Ia) at redshift z, and both denominators by the iron mass in
the Sun, and taking the logarithm, we get the α to iron

Figure 3. Cosmic mean iron volume density (right-hand axis), and iron
abundance, relative to solar, [Fe/H] (left-hand axis), vs. redshift, contributed
by CCSNe (based on the SFH of MF17), by SNeIa (based on the best-fitting
DTD from Figure 1 convolved with the SFH), and by their sum. The bands
around the SN Ia, CC SN, and summed curves represent, respectively, the 68%
uncertainty region of the SN Ia fit, the uncertainty on the minimal mass of CC
SN progenitors, -

+
M8.5 1.0

1.5 (Smartt 2009), and the combination of these
uncertainties, squared. At the present epoch, SNeIa and and CCSNe have
made similar contributions to iron production, with a slight dominance of
SNeIa since »z 0.7.

Figure 4. Relative CCSN contribution (left-hand axis) to the total iron budget
(from both CC SNe and SNe Ia) as a function of redshift. Right-hand axis
translates the dependent variable to the a[ ]Fe ratio of a mean cosmic volume
element, by means of Equation (8).
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Fig. 13. Pie charts of the e�ciency-corrected observed fractions of the
SN Ia sub-classes of the ZTF SN Ia DR2. The various sub-classes are
presented with di↵erent colours, as shown in the legends.

A method to identify non-cosmological SNe Ia from the
photometry has been suggested by Ashall et al. (2020), using
the time di↵erence between the maxima of two photometric
bands (ideally a set of filters consisting of a blue and a red
one, with significant separation in their e↵ective wavelengths,
such as the g and i bands) and the colour-stretch parameter
(Burns et al. 2014). We propose a similar method that uses the
time di↵erence as in Ashall et al. (2020) and the colour of the
two photometric bands 15 days after maximum brightness. Our
results confirm the exclusively spectroscopic peculiarity of 91T-
like events, as their photometric properties overlap with the
brighter normal SNe Ia, with similar values of t

i�g
max and colours.

Ashall et al. (2020) finds similar t
i�g
max for the normal SNe Ia,

but somehow larger (�1.12 ± 0.47) for the 91T-like, although
their 91T-like sample is smaller. This potentially indicates a
common explosion mechanism for the normal and the 91T-like,
forming a continuum in the luminous region of SNe Ia (91T-
like, 99aa-like and overluminous normal SNe Ia), with second-
order progenitor scenario parameters (e.g. the extent of 56Ni
mixing into the ejecta, Phillips et al. 2024) a↵ecting the tem-
perature and leading to the higher ionisation state we observe
in the 91T-like spectra. Moreover, a similar continuum in the
spectroscopic properties from bright to faint normal SNe Ia has
been seen in Burgaz et al. (2025). However, whether these trends
can be attributed to a single explosion mechanism or binary (or
both) with a varying parameter, or several progenitor scenar-
ios are acting simultaneously and reproduce these trends, is still
unclear.

Non-cosmological SNe Ia have generally redder (g � i)+15 d

colours, while the time di↵erence t
i�g
max indicates that the i band

peaks after the g band (and in fact, the same thing for any band
redward of g). This trend almost certainly originates from the
source that powers their light curves. The 91bg-like SNe Ia show
no distinctive i-band secondary maximum, with a faster decline
in the g band, due to the low-temperature explosion leading to a
merging of the primary and secondary i-band maximum. The
situation is more complicated for SNe Iax; under the partial-
deflagration scenario (Fink et al. 2014), widely thought to be
the progenitor scenario of these events, the mixing of 56Ni in
the outer layers sustains high-ionization states, and combined
with the low expansion velocities observed, results in a longer
di↵usion timescale and the disappearance of the i-band sec-
ondary maximum. On the other hand, the i-band behaviour of
the 03fg-like, 02es-like, and SNe Ia-CSM is driven by the inter-
action of the SN ejecta with CSM around the explosion site

and the e↵ective trapping of the radiation. The 03fg-like SNe Ia
have strong indications of a carbon/oxygen-rich and hydrogen-
poor CSM envelope that leads to longer di↵usion timescales
(Dimitriadis et al. 2023; Srivastav et al. 2023; Siebert et al.
2024), while a connection between the 02es-like and the
03fg-like sub-classes has been demonstrated (Srivastav et al.
2023; Hoogendam et al. 2024), hinting for a common pro-
genitor scenario, with variations in the mass of the CSM
envelope and the mass of the synthesised 56Ni. Finally, the post-
peak light curves of SNe Ia-CSM are dominated by the interac-
tion of their ejecta with a hydrogen/helium-rich CSM, usually
associated with a single degenerate scenario origin.

Focusing on the host galaxies of the peculiar SNe Ia,
we find that specific sub-types tend to explode in particular
environments. While these correlations have been explored in
large samples of SNe Ia (e.g. Sullivan et al. 2010; Kelly et al.
2010; Galbany et al. 2014, 2018), very few studies have con-
centrated on the SNe Ia sub-classes (Hakobyan et al. 2020;
Chakraborty et al. 2024) and particularly in a homogeneous and
volume-limited sample. The host galaxy preference of the 91bg-
like SNe Ia has been observed before (see Taubenberger 2017,
and references therein) and we confirm that they prefer higher
mass and redder colours, with less star formation. On the other
hand, the previously thought 91T-like preference for lower mass
and bluer colours (thus higher star formation) is not statistically
significant, similar to the findings of Phillips et al. (2024). We
generally find smaller masses and bluer colours for the 03fg-
like and the SNe Iax, and similar host galaxies for the 02es-like
and 18byg-like SNe Ia with the 91bg-like. The host galaxies of
SNe Ia-CSM appear to be, intrinsically, the less diverse, with the
notable exception of the single Helium-rich SN Ia-CSM. Nev-
ertheless, future surveys with deeper limits will discover more
peculiar SNe Ia, increasing the size of the sample and decreas-
ing the statistical uncertainties.

6.2. The intrinsic relative rate of thermonuclear SNe in a
volume-limited sample

We have estimated the relative rates of the SN Ia sub-classes of
our volume-limited sample, after correcting for the e�ciency of
detection that a↵ects primarily the fainter sub-classes. We esti-
mate that ⇠75% of the SN Ia explosions in the local universe
are normal SNe Ia, with ⇠12% and ⇠6% corresponding to the
traditional peculiar sub-types of 91T-like and 91bg-like, respec-
tively. Comparing our results with the volume-limited sample of
Li et al. 2011, we find di↵erent fractions for the normal, 91T-
like and 91bg-like SNe Ia (70%, 9% and 15%, respectively) but
similar for SNe Iax (5%), probably due to the targeted (to more
massive galaxies) nature of the LOSS survey. We also find less
normal and 91T-like SNe Ia than Desai et al. 2024 (89.5±11.8%
and 3.7±0.8%, respectively) and identical fraction for the 91bg-
like. We note though that in Desai et al. (2024), the normal SNe
Ia contain events that they were unable to sub-classify (similar to
our not sub-typed ones, for which we attempted a classification).
When we perform the same assumption (i.e. include our not sub-
typed events to the normal population), we find a normal popu-
lation of ⇠78.7 ± 4.7%, in agreement with Desai et al. (2024) to
⇠0.85�, but with smaller uncertainty. On the other hand, the dis-
agreement for the 91T-like population is significant, at the ⇠3.5�
level. These discrepancies can be due to lower-number statistics,
the lack of certain sub-types in the study (Iax and 18byg-like
are not considered, while it is not clear if 99aa-like events are
included in the normal or the 91T-like sub-class), and/or limita-
tions due to the survey used, as the ASAS-SN sample had single
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Figure 2. Absolute g-band magnitude vs. time since explosion in three
theoretical models for the early-time shock-heated evolution of Type Ia SNe.
Shown is 4 hr, 5σ non-detection discussed in Section 2.2 and the first two
detections from PTF (Nugent et al. 2011). The black line shows the L ∝ t2

radioactive-heating behavior seen in later-time PTF data, consistent with the
non-detection. For the Kasen (2010) companion interaction model, R denotes
the separation distance between the two stars, and the light curve is shown for an
observer aligned with the collision axis, which produces the brightest observed
luminosity.

(given the temperature) was consistent with the non-detection.
Figure 2 shows the results for a selection of different analytical
models, assuming E51/Mc = 1 (constant explosive yield per
unit mass), fp = 0.05, κ0.2 = 1, and a variety of values of
Rp. The PIRATE observation at 4 hr is the most constraining
data point, which limits Rp ! 0.02 R⊙. Table 1 summarizes
the detailed radius constraints under different assumptions of
progenitor mass and under the different models.

The expressions we have used for the early luminosity hold
only under the assumption that radiation energy dominates in
the post-shock ejecta. In fact, the diffusion wave will eventually
recede into higher density regions of ejecta where gas pressure
dominates. The luminosity is then expected to drop suddenly;
Rabinak et al. (2011) show that, for constant opacity, the time
of this drop is proportional to Rp, which effectively limits the
minimal progenitor radius that we are capable of probing. From
their expression for tdrop we find this minimal radius to be

Rp,min ≈ 0.013 t4hrE
−0.66
51 M0.56

c f 0.15
0.05 R⊙, (2)

where t4hr = t/4 hr. The value of Rmin is just smaller than
our limits on Rp determined in Table 1, suggesting that the
breakdown of radiation energy domination is not likely to
undermine our results.

The early photometry of SN 2011fe also tightly constrains the
nature of a possible companion star. The interaction of the SN
ejecta with a companion star produces emission which depends
linearly on the separation distance (Kasen 2010). This emission
will be anisotropic and vary by a factor of ∼10 depending on
the orientation. Assuming the companion star in Roche-lobe
overflow, such that its radius is !1/2 of the separation distance,
and that the observer’s viewing angle is unfavorable (such that
the light curve is fainter by a factor of 10 from its maximum)
our data restrict the companion star radius to Rc ! 0.1 R⊙.
Unless the time since explosion for the PIRATE data is vastly
underestimated (by " day), this apparently excludes Roche-lobe
overflowing red giant and main-sequence companions to high
significance.

Table 1
Primary Radius and Density Constraints

Mp Rp,max
a Avg. ρp Lshock,max Tshock,max

(M⊙) (R⊙) (g cm−3) (erg s−1) (K)

Shock breakout—Rabinak et al. (2011)b

0.5... 0.022 6.29 × 104 4.50 × 1039 6024
1.0... 0.020 1.77 × 105 4.48 × 1039 6043
1.4... 0.019 2.93 × 105 4.47 × 1039 6053
3.0... 0.017 9.16 × 105 4.46 × 1039 6075

Ejecta heating secondary—Kasen (2010)c

0.5... 0.038 1.26 × 104 3.94 × 1039 8048
1.0... 0.027 7.05 × 104 3.96 × 1039 7388
1.4... 0.023 1.58 × 105 4.00 × 1039 7103
3.0... 0.017 9.29 × 105 4.18 × 1039 6531

Shock breakout—Piro et al. (2010)d

0.5... 0.016 1.73 × 105 5.27 × 1039 12110
1.0... 0.019 2.07 × 105 5.26 × 1039 12091
1.4... 0.021 2.26 × 105 5.26 × 1039 12082
3.0... 0.025 2.75 × 105 5.25 × 1039 12062

Notes.
a 5σ limit assuming the 4 hr non-detection (see the text) and shock opacity κ =
0.2 cm2 g−1.
b Assumes fp = 0.05 and E51/Mc = 1. Extremum values of fp (0.03–0.13)
change Rp,max by no more than 20% from that given. Fixing E51 = 1 yields
an Rp,max about 50% smaller at M = 0.5 M⊙ and about two times larger at
M = 3.0 M⊙.
c The radius derived is the separation distance and the limit derived is
assuming the brightest possible viewing angle. The radius limit comes from
the requirement that primary size must be smaller than the semimajor axis of
the binary.
d Using their Equations (35) and (36) but corrected by a factor of 7−4/3 (L) and
7−1/3 (Teff ) to fix the improper scalings.

Temperature–radius. Non-detections of a quiescent counter-
part in Hubble Space Telescope (HST) imaging yield a specific
luminosity (Lν) constraint at certain optical frequencies. With
the assumption of a spectrum of the primary, these limits can be
turned into a limit on the bolometric luminosity (L). Li (2011)
considered mostly spectra of an unseen secondary, using model
input spectra of red giants to derive L constraints. For a high
effective temperature primary, here we consider a blackbody
as the input spectrum and solve for the bolometric luminosity
and effective radius using the Stefan–Boltzmann law (see also
Liu et al. 2011 for a similar analysis). We perform a similar
analysis with the Chandra X-ray non-detection, convolving dif-
ferent input blackbody spectra to find a radius limit. At 106 K,
for example, the limits (1σ , 2σ , and 3σ ) are 1.2 × 10−3 R⊙,
1.5 × 10−3 R⊙, and 1.8 × 10−3 R⊙.

In Figure 3, we show these primary-star constraints as a
function of effective temperature and average density. Primary
stars with average density less than ρp = 104 g cm−3 and
effective temperatures larger than 106 K (at ρp = 1012 g cm−3)
are excluded.

3. COMPARISONS TO PRIMARY CANDIDATES

Accepting 0.5 M⊙ as a conservative lower limit for the
primary mass, low-mass main-sequence stars, brown dwarfs,
and planets are not viable. In Figure 3, we show the main
sequence of stably H-burning stars with mass 0.5, 1, 1.4,
and 3 M⊙. The hydrogen main sequence, shown using solar-
metallicity isochrones from Marigo et al. (2008), is excluded as
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archival Chandra X-ray observations of M101 taken in 2004 (see
Supplementary Information), and derived upper limits for the X-ray
luminosity at the locationof SN2011fe in the range (4–25)3 1036 erg s21

(depending on the details of the assumed spectrum). Single-degenerate
progenitor systems are thought to undergo a prolonged period

(Dt< 106 years) of steady nuclear burning during the mass-transfer
process. Such systems should appear as luminous X-ray sources:
1036–1038 erg s21 (kT< 100 eV). Indeed, nearly a hundred of these
‘supersoft’ sources have been identified so far in the Milky Way and
other nearby galaxies, including M101 itself20,21. Double-degenerate

Star 1

Star 2

ba c

Figure 1 | The site of SN 2011fe in galaxy M101 as imaged by the Hubble
Space Telescope/Advanced Camera for Surveys. a, A full-view colour picture
of the face-on spiral galaxyM101 (1893 189 field of view) constructed from the
three-colour Hubble Space Telescope/Advanced Camera for Surveys images
taken at multiple mosaic pointings. North is up and east to the left. M101
displays several well-defined spiral arms. With a diameter of 170,000 light
years, M101 is nearly twice the size of our MilkyWay Galaxy, and is estimated
to contain at least one trillion stars.b, A cutout section (393 39) of a, centred on
the supernova location. SN 2011fe is spatially projected on a prominent spiral
arm. c, A cutout section (203 20) of b centred on the supernova location, which

is marked by two circles. The smaller circle has a radius of our 1s astrometric
uncertainty (21mas), and the bigger circle has a radius of nine times that. No
object is detected at the nominal supernova location, or within the 8s error
radius. Two nearby red sources are labelled ‘Star 1’ and ‘Star 2’; they are
displaced from our nominal supernova location by about 9s, and hence are
formally excluded as viable candidate objects involved in the progenitor system
of SN 2011fe. Credit for the colour picture in a (from http://hubblesite.org):
NASA, ESA, K. Kuntz (JHU), F. Bresolin (University of Hawaii), J. Trauger (Jet
Propulsion Lab), J. Mould (NOAO), Y.-H. Chu (University of Illinois, Urbana)
and STScl.
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Figure 2 | Progenitor system constraints in a Hertzsprung–Russell
diagram. The thick yellow line is the 2s limit inMV against effective
temperature at the supernova location (see text) from a combination of the four
Hubble Space Telescope filters, weighted using synthetic colours of redshifted
stellar spectra at solar metallicity for that temperature and luminosity class. A
more conservative limit comes from taking the single filter thatmost constrains
the stellar type and luminosity class; shown is the 2s limit assuming the adopted
distance modulus27,28 of 29.05mag (middle grey curve at the bottom of the
yellow shading) with a total uncertainty of 0.23mag (top/bottom grey curve at
the bottom of the yellow shading). We also show the theoretical estimates (He-
star channel13,14) and observed candidate systems (V445 Pup17, RSOph16,
U Sco18,29 and TCrB16). The grey-shaded rectangle shows the location of V445
Pup. Also plotted are the theoretical evolutionary tracks (from 1Myr to 13Gyr)
of isolated stars for a range ofmasses for solarmetallicity; note that the limits on
the progenitor mass of SN 2011fe under the supersolar metallicity assumption
are similar to those represented here. The grey curve at top is the limit inferred
fromHubble SpaceTelescope analysis of SN2006dd, representative of the other
nearby type Ia supernova progenitor limits (see Supplementary Information).
For the helium-star channel, bolometric luminosity corrections to the V band
are adopted on the basis of effective temperature30. For an effective temperature
of 3,000–4,000K, as expected for the red-giant-branch stars, the MV limit
excludes progenitors brighter than an absolute I-band magnitude ofMI<22.
This limit is 2mag fainter than the observed28 tip of the red-giant branch in
M101 and places an upper bound to the radius of R=60R8 for an effective
temperature of 3,500K on any red-giant branch progenitor. In a progenitor
model that requires RLOF, this limit then demands an orbital period smaller
than 260 to 130days in a binary system with a 1:3M8 white dwarf (where the
range of orbital period accommodates the 0:5M8{2:5M8 range allowed for a
red-giant-branch star). The foreground Galactic and M101 extinction due to
dust is negligible7 and is taken to be AV5 0mag here. Had a source at the 2.0s
photometric level been detected in the Hubble Space Telescope images at the
precise location of the supernova, we would have been able to rule out the null
hypothesis of no significant progenitor with 95% confidence. We therefore use
the 2s photometric uncertainties in quoting the brightness limits on the
progenitor system.
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Figure 3. Cluster-environment power-law DTD models emerging from our MCMC Bayesian inference, given the four different modelling setups (see
Section 3.3). Thin red lines sample the DTD parameters resulting from the MCMC, while the thick red line shows the DTD with the median parameters in the
converged MCMC calculation. The cluster-environment best-fitting DTD from FM18 is plotted as a dotted blue line, and the field-galaxy DTD from Maoz &
Graur (2017) as a dashed blue line. Data points, shown here for reference only (i.e. these data points are not being fit), are the SN Ia rates per unit formed stellar
mass, in the FM18 cluster samples and in previously studied, lower-z cluster samples, all with values as revised in this paper and presented in Section 2.3. These
plotted rates are based on the assumption that the stars in all the clusters were formed in a single burst between z = 3 and 4, an assumption that we forego in the
model setups shown in the right-hand panels. Comparison of the two bottom panels shows that allowing, in the FM18 clusters, for extended SFHs (setup 4) that
are consistent with the observed luminosities and colours, leads to a cluster SN Ia DTD (bottom right-hand panel) that is shallower and lower normalized than
the DTD with the single-burst assumption (setup 3, bottom left-hand panel). The setup-4 cluster DTD, however, is still significantly higher normalized than the
field-SN DTD, albeit only by a factor of 2–3.

observational data to constrain the DTD while allowing a wide range
of SFHs. We base our conclusions on setup 4.

With the definition of the likelihood P(D|θ ) and the prior P(θ ),
we construct the posterior probability P(θ |D) using the Monte
Carlo Markov Chain (MCMC) python implementation emcee
by Foreman-Mackey et al. (2013). We have calculated the four
different MCMC setups outlined above, to derive the posterior
probabilities of the parameters describing the cluster SFHs and, more
importantly, the DTD parameters. In the emcee implementation of
the MCMC, we use 500 walkers. We monitor the convergence of the
chains by following the walker positions, their medians and standard
deviations, the evolution of the posterior probability, as well as the
autocorrelation time. The integrated autocorrelation times are ∼3000
iterations for setups 1 and 3 and !10 000 for setups 2 and 4. We let
the chains reach 100 000 iterations for the four setups, and estimate
the posterior distributions over the last 10 000 iterations.

4 R ESULTS

Fig. 3 shows the power-law DTDs resulting from the four different
MCMC model-fitting setups outlined in Section 3.3; Fig. 4 gives,
for each setup, the corresponding posterior distribution of the
DTD parameters, R1 and α. The upper panels show the DTDs
resulting from fitting only the photometry and SN Ia numbers of the
FM18 high-redshift cluster sample (setups 1 and 2), while ignoring
constraints based on previous cluster SN Ia rate measurements. The
lower panels, in contrast, do take into account as a prior the low-
z constraints on the DTD parameters (setups 3 and 4). The two
left-hand panels show the DTDs obtained when assuming single
star-formation burst histories for all clusters, as in previous studies;
the right-hand panels give the DTDs resulting when allowing, in the
FM18 clusters, extended SFHs, the focus of this work. For reference
purposes alone, in Fig. 3 we plot, beside the model DTDs, the SN
Ia rates per unit formed stellar mass (assuming a single starburst)
from Section 2.3, for the FM18 sample and for the low-z cluster
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With the definition of the likelihood P(D|θ ) and the prior P(θ ),
we construct the posterior probability P(θ |D) using the Monte
Carlo Markov Chain (MCMC) python implementation emcee
by Foreman-Mackey et al. (2013). We have calculated the four
different MCMC setups outlined above, to derive the posterior
probabilities of the parameters describing the cluster SFHs and, more
importantly, the DTD parameters. In the emcee implementation of
the MCMC, we use 500 walkers. We monitor the convergence of the
chains by following the walker positions, their medians and standard
deviations, the evolution of the posterior probability, as well as the
autocorrelation time. The integrated autocorrelation times are ∼3000
iterations for setups 1 and 3 and !10 000 for setups 2 and 4. We let
the chains reach 100 000 iterations for the four setups, and estimate
the posterior distributions over the last 10 000 iterations.

4 R ESULTS

Fig. 3 shows the power-law DTDs resulting from the four different
MCMC model-fitting setups outlined in Section 3.3; Fig. 4 gives,
for each setup, the corresponding posterior distribution of the
DTD parameters, R1 and α. The upper panels show the DTDs
resulting from fitting only the photometry and SN Ia numbers of the
FM18 high-redshift cluster sample (setups 1 and 2), while ignoring
constraints based on previous cluster SN Ia rate measurements. The
lower panels, in contrast, do take into account as a prior the low-
z constraints on the DTD parameters (setups 3 and 4). The two
left-hand panels show the DTDs obtained when assuming single
star-formation burst histories for all clusters, as in previous studies;
the right-hand panels give the DTDs resulting when allowing, in the
FM18 clusters, extended SFHs, the focus of this work. For reference
purposes alone, in Fig. 3 we plot, beside the model DTDs, the SN
Ia rates per unit formed stellar mass (assuming a single starburst)
from Section 2.3, for the FM18 sample and for the low-z cluster
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Fig. 2 Schematic illustration of binary evolutionary paths for SNe Ia in the SD and DD scenario (see also Wang 2018).
Note that evolutionary channels here are not complete and that new channels may still be proposed in the future.

rial (Paczynski 1976; Fujimoto 1982a,b; Livio et al. 1989;
Nomoto et al. 2007; Shen & Bildsten 2007; Wolf et al.
2013; Piersanti et al. 2014; Wang 2018), which causes dif-
ficulties for explaining the observed nearby SN Ia rate
(see Section 4). Moreover, some recent observations seem
to pose a challenge to the SD scenario (see Section 5)
such as the missing of surviving companion stars
in supernova remnants (SNRs) (Kerzendorf et al. 2012;
Schaefer & Pagnotta 2012; Ruiz-Lapuente et al. 2018), the
absence of swept-up H/He in their late spectra (Leonard
2007; Tucker et al. 2020) and low X-ray flux from nearby
elliptical galaxies (Gilfanov & Bogdán 2010; Woods et al.
2017; Kuuttila et al. 2019). In addition, although the SD
scenario makes the explosion rather homogenious, it turns
out to be difficult to cover the observed ranges in brightness
and decline rates in this scenario. However, to conclude
whether the SD scenario is promising for producing the
majority of SNe Ia requires comparing a full range of pre-
dicted observational consequences from this scenario with
the observations of SNe Ia (see discussions in Section 5).

A number of candidate progenitors have been sug-
gested for the SD scenario, including cataclysmic variable
stars like classic novae, recurrent novae and dwarf novae
(Webbink et al. 1987; Hachisu & Kato 2001; Warner
2003)), supersoft X-ray sources (van den Heuvel et al.
1992), symbiotic systems (Webbink et al. 1987;
Yungelson & Livio 1998) and WD + hot-subdwarf
binaries (see Section 3.2.3; Iben & Tutukov 1994;
Nelemans & Tauris 1998; Geier et al. 2013).
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Figure 3. IFMR for MIST model grids over a range of metallicities, with [↵/Fe] = 0 for all models shown here. The left panel includes the
empirical IFMR inferences of Cummings et al. (2018) and Cunningham et al. (2024) for comparison to -0.25 < [Fe/H] < +0.25, including
±1� and ±2� error bars from Cunningham et al. (2024). The right panel includes several lower-metallicity grids to show more of the full range
of the IFMR from our model grids. Note that the green points for [Fe/H] = -0.25 here correspond to the grid of tracks plotted in the HRD and
CMD in Figure 1.

metallicity. Figure 2 shows a collection of isochrones includ-
ing the WDCS for MIST v2 compared to v1. While Paper I
did include the beginning of the WDCS, our tracks now ex-
tend to much older ages and cooler models on the WDCS.

2.1. Initial–Final Mass Relation

Our model grids naturally produce an initial–final mass
relation (IFMR) in line with observational inferences (e.g.,
Cummings et al. 2018; El-Badry et al. 2018; Cunningham
et al. 2024; Hollands et al. 2024). Figure 3 shows the IFMR
produced by some of our model grids over the metallicity
range -2  [Fe/H]  +0.25. The range of WD masses seen
in this figure appears to agree well with the ±1� contours
of the Cunningham et al. (2024) empirical IFMR, which as-
sumes a metallicity variation of -0.25 < [Fe/H] < +0.25. On
the low-mass end our models tend toward the lower end of the
±1,2� contours for metallicities near solar, and somewhat
lower-metallicity grids seem to agree better with the observa-
tional inferences in that mass range. Figure 3 also shows the
semi-empirical IFMR of Cummings et al. (2018) calculated
using progenitor lifetimes from MIST Paper I. This IFMR
is somewhat systematically higher than our models here, but
still generally agrees within its 1� errors (not shown here to
avoid confusion with the Cunningham et al. (2024) errors on
the plot).

Generally, higher-metallicity models produce a “shal-
lower” IFMR, meaning less massive WDs for a given pro-
genitor star mass. This is due to the higher metallicity lead-
ing to opacities and stellar structure configurations that drive
stronger winds on the AGB, even though there is no ex-
plicit metallicity dependence in the AGB wind prescription
(Bloecker 1995). While the AGB wind prescription in our
MIST models may still have large uncertainties, the overall

trend of a shallower IFMR with higher metallicity is likely
to be robust. Other stellar evolution models have also in-
dicated that low-metallicity progenitor stars should produce
more massive WDs (e.g., Miller Bertolami 2016; Lawlor &
MacDonald 2023), while higher metallicity leads to less mas-
sive WDs (Byrne et al. 2025).

3. STELLAR EVOLUTION PHYSICS

We run all of our white dwarf models using MESA (Pax-
ton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023)
version r24.08.1. The full MESA setup for running all of
these WD models is available at 10.5281/zenodo.15196934.
This link includes directories containing starting models and
MESA work directories for each MESA WD model, orga-
nized according to metallicity, with work directories named
according to progenitor mass in the MIST grid.

The MESA equation of state (EOS) is a blend of the OPAL
(Rogers & Nayfonov 2002), SCVH (Saumon et al. 1995),
FreeEOS,8 HELM (Timmes & Swesty 2000), PC (Potekhin
& Chabrier 2010), and Skye (Jermyn et al. 2021) EOSes.
In particular, the Skye EOS covers the region of high den-
sity where crystallization and C/O phase separation occur in
WD interiors, and includes the latent heat generated by crys-
tallizing material (Jermyn et al. 2021). Radiative opacities
are primarily from OPAL (Iglesias & Rogers 1993, 1996),
with low-temperature data from Ferguson et al. (2005) and
the high-temperature, Compton-scattering dominated regime
by Poutanen (2017). Electron conduction opacities are from
Cassisi et al. (2007) and Blouin et al. (2020b). Nuclear re-
action rates are from JINA REACLIB (Cyburt et al. 2010),

8 https://freeeos.sourceforge.net/
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Fig. 1. Explosion evolution for Model 2. The
density is color coded, and the solid cyan
and magenta lines are the locations of the he-
lium and C/O detonation flames, respectively.
Dashed lines in cyan mark the border of the he-
lium shell.

lists the conditions at which the core detonations were ignited.
As in Paper I, a conservative critical temperature of 4 × 109 K
was used. Thus, the given values are only a lower limit for the
maximum possible compression at the given grid resolution ∆.
If the detonation would have been suppressed, stronger compres-
sion would have been achieved. Only Model 6 did not surpass
4 × 109 K, despite being simulated at the highest spatial resolu-
tion. The conditions reached in the shock compression, however,
were still sufficient to safely assume a successful detonation trig-
gering. Therefore, it was ignited at this lower temperature in a
second run. This model verifies that it is harder to compress the
core sufficiently if the helium shell mass is small. Conversely,
the high initial density of the most massive model makes a det-
onation easier. Based on our approximate initiation criteria we
conclude that the limiting factor for a successful core detonation
is only the successful formation of a detonation in the helium
shell.

Table 2 gives times and positions of the detonation initia-
tions on the z-axis. That the carbon detonations occur earlier for
smaller shell masses can be explained by the decrease of the core
radii associated with the increasing core masses. At a smaller ra-
dius the helium detonation has a shorter way around the core
while the helium detonation speed at the base of the shell is

roughly constant for all models. Note that the approximately
self-similar nature of the problem results in the curious fact that
the ignition spots of the core detonations lie at similar relative
distances (0.4−0.5 Rcore) from the center.

We will now discuss our fiducial case (Model 2) in detail.
At densities <∼4 × 105 g cm−3 in the helium shell, burning is rela-
tively incomplete and nuclear statistical equilibrium (NSE) is not
reached. The final composition is ∼63% of 4He, ∼10% of IMEs,
and ∼26% of IGEs (see Sect. 4.2 and Table 3 for more details).
The C/O detonation starts at t ∼ 1.8 s and at z ∼ −1900 km
(see Fig. 1) and it produces 0.34 M⊙ of 56Ni, 0.44 M⊙ of IMEs
and 0.11 M⊙ of 16O. The structure of the ejecta at t = 10 s,
where our simulations stop and the ejecta are close to homolo-
gous expansion, is shown in Fig. 2. The shown distribution has
been derived from the tracer particles after the post-processing
step. Due to the two detonations, IGEs can be found both in the
central region and in the shell. The shock of the C/O detonation
partially penetrates into the helium-detonation ashes. This gives
rise to the Richtmyer-Meshkov instability which generates vor-
tices at the boundary between C/O- and helium-detonation ashes
(see upper right part of Fig. 2). This effect causes some mixing
between unburned C/O and IGEs from the helium detonation.

Page 4 of 10

● Single WDs are 
stable  ⇒ C ignition? 
Collisions, mergers, 
and accretors.

● Near-MCh. Accrete 
>0.2 M⊙, slow (~tKH) or 
fast (~tdyn)  WD close ⇒
to MCh without AIC. 
Simmering phase.

● Sub-MCh. Surface 
layer ignition (probably 
He)  converging ⇒
shock  core ignition ⇒
(double detonation). 
MWD > 0.8 M⊙. 

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913892&pdf_id=1


  

SN Ia: How To Blow Up Carles Badenes
JHU 02/04/26

● MCh vs. sub-MCh  ⇒
similar ejecta profiles 
(Fe-peak/IMEs).
● n-rich elements (Mn, 
stable Ni)  WD mass.⇒
● C+O WD  ⇒ 12C, 16O 

 ⇒ η = 0. Whence η?
● Progenitor: Z⇒22Ne, 

up to ~Z⊙.  
● Explosion: n-rich 

NSE, simmering 
(require MCh).

● Several lines of 
evidence  ⇒ mixture of 
WD masses.

differential emission measure (DEM) in 51 equally log-spaced
Te bins between 104 and 109 K, normalized to a distance of
D=10 kpc (Badenes et al. 2003, 2006):

n n
dV
dT D X

DEM
1

4 cm
10

angr
, 1I X I e

e
, 2

14

p
= ´ ´ ´

-
( )

[ ] ( )
( )

where nI, ne are the ion and electron densities, dV is the volume
element for each layer, angr(X) are the XSPEC (Arnaud 1996)
default conversion factors for the solar abundances (Anders &
Grevesse 1989) and 10−14 is a normalization applied to the

emissivities in XSPEC. We couple these DEMs to the atomic
emissivity code PyAtomDB (AtomDB version 3.0.9; see, e.g.,
Foster et al. 2012, 2014) in order to calculate the emitted flux for
each model at a given photon energy. We separate the RS and the
FS contribution and generate nonconvolved photon spectra in
10,000 equally spaced bins of size 1.2 eV between 0.095 and
12.094 keV. Thermal broadening and line splitting due to bulk
motions are ignored in this version of the synthetic spectra, but we
plan to include them in future versions.
We generate synthetic spectra for both RS and FS

convolved with the Suzaku spectral and ancillary responses

Figure 1. Chemical composition for our SN Ia models listed in Table 1. The vertical, dashed lines indicate the outer surface of each ejecta model. The arrows depict
the locations of the RS at 538 years for 2 10 g cmamb

24 3r = ´ - - (see the discussion in Section 2.3).

4

The Astrophysical Journal, 865:151 (16pp), 2018 October 1 Martínez-Rodríguez et al.

differential emission measure (DEM) in 51 equally log-spaced
Te bins between 104 and 109 K, normalized to a distance of
D=10 kpc (Badenes et al. 2003, 2006):

n n
dV
dT D X

DEM
1

4 cm
10

angr
, 1I X I e

e
, 2

14

p
= ´ ´ ´

-
( )

[ ] ( )
( )

where nI, ne are the ion and electron densities, dV is the volume
element for each layer, angr(X) are the XSPEC (Arnaud 1996)
default conversion factors for the solar abundances (Anders &
Grevesse 1989) and 10−14 is a normalization applied to the

emissivities in XSPEC. We couple these DEMs to the atomic
emissivity code PyAtomDB (AtomDB version 3.0.9; see, e.g.,
Foster et al. 2012, 2014) in order to calculate the emitted flux for
each model at a given photon energy. We separate the RS and the
FS contribution and generate nonconvolved photon spectra in
10,000 equally spaced bins of size 1.2 eV between 0.095 and
12.094 keV. Thermal broadening and line splitting due to bulk
motions are ignored in this version of the synthetic spectra, but we
plan to include them in future versions.
We generate synthetic spectra for both RS and FS

convolved with the Suzaku spectral and ancillary responses

Figure 1. Chemical composition for our SN Ia models listed in Table 1. The vertical, dashed lines indicate the outer surface of each ejecta model. The arrows depict
the locations of the RS at 538 years for 2 10 g cmamb

24 3r = ´ - - (see the discussion in Section 2.3).

4

The Astrophysical Journal, 865:151 (16pp), 2018 October 1 Martínez-Rodríguez et al.

differential emission measure (DEM) in 51 equally log-spaced
Te bins between 104 and 109 K, normalized to a distance of
D=10 kpc (Badenes et al. 2003, 2006):

n n
dV
dT D X

DEM
1

4 cm
10

angr
, 1I X I e

e
, 2

14

p
= ´ ´ ´

-
( )

[ ] ( )
( )

where nI, ne are the ion and electron densities, dV is the volume
element for each layer, angr(X) are the XSPEC (Arnaud 1996)
default conversion factors for the solar abundances (Anders &
Grevesse 1989) and 10−14 is a normalization applied to the

emissivities in XSPEC. We couple these DEMs to the atomic
emissivity code PyAtomDB (AtomDB version 3.0.9; see, e.g.,
Foster et al. 2012, 2014) in order to calculate the emitted flux for
each model at a given photon energy. We separate the RS and the
FS contribution and generate nonconvolved photon spectra in
10,000 equally spaced bins of size 1.2 eV between 0.095 and
12.094 keV. Thermal broadening and line splitting due to bulk
motions are ignored in this version of the synthetic spectra, but we
plan to include them in future versions.
We generate synthetic spectra for both RS and FS

convolved with the Suzaku spectral and ancillary responses

Figure 1. Chemical composition for our SN Ia models listed in Table 1. The vertical, dashed lines indicate the outer surface of each ejecta model. The arrows depict
the locations of the RS at 538 years for 2 10 g cmamb

24 3r = ´ - - (see the discussion in Section 2.3).

4

The Astrophysical Journal, 865:151 (16pp), 2018 October 1 Martínez-Rodríguez et al.

differential emission measure (DEM) in 51 equally log-spaced
Te bins between 104 and 109 K, normalized to a distance of
D=10 kpc (Badenes et al. 2003, 2006):

n n
dV
dT D X

DEM
1

4 cm
10

angr
, 1I X I e

e
, 2

14

p
= ´ ´ ´

-
( )

[ ] ( )
( )

where nI, ne are the ion and electron densities, dV is the volume
element for each layer, angr(X) are the XSPEC (Arnaud 1996)
default conversion factors for the solar abundances (Anders &
Grevesse 1989) and 10−14 is a normalization applied to the

emissivities in XSPEC. We couple these DEMs to the atomic
emissivity code PyAtomDB (AtomDB version 3.0.9; see, e.g.,
Foster et al. 2012, 2014) in order to calculate the emitted flux for
each model at a given photon energy. We separate the RS and the
FS contribution and generate nonconvolved photon spectra in
10,000 equally spaced bins of size 1.2 eV between 0.095 and
12.094 keV. Thermal broadening and line splitting due to bulk
motions are ignored in this version of the synthetic spectra, but we
plan to include them in future versions.
We generate synthetic spectra for both RS and FS

convolved with the Suzaku spectral and ancillary responses

Figure 1. Chemical composition for our SN Ia models listed in Table 1. The vertical, dashed lines indicate the outer surface of each ejecta model. The arrows depict
the locations of the RS at 538 years for 2 10 g cmamb

24 3r = ´ - - (see the discussion in Section 2.3).

4

The Astrophysical Journal, 865:151 (16pp), 2018 October 1 Martínez-Rodríguez et al.

Martínez-
Rodríguez+ 18



  

SN Ia: How To Blow Up Carles Badenes
JHU 02/04/26S. Blondin et al.: [Ni ii] lines in MCh vs. sub-MCh SNe Ia

spectra for the low-luminosity MCh delayed-detonation model
DDC25 and the sub-MCh detonation model SCH2p0 are
from Blondin et al. (2018). Those for the high-luminosity MCh
delayed-detonation model DDC0 and the sub-MCh detonation
model SCH7p0 are published here for the first time. The same
is true of the mixed versions of the MCh delayed-detonation
model DDC15 (Sect. 5). All model outputs are publicly avail-
able online3.

3. Stable Ni production in MCh vs. sub-MCh models

3.1. Nuclear statistical equilibrium

Explosive burning at su�ciently high temperatures (T &
5 ⇥ 109 K) results in a state of balance between forward and
reverse nuclear reactions known as nuclear statistical equilib-
rium (NSE; see e.g. Cli↵ord & Tayler 1965; Woosley et al. 1973;
Hartmann et al. 1985; Cabezón et al. 2004; Nadyozhin & Yudin
2004). Such temperatures are reached in the inner layers of both
MCh delayed-detonation models and sub-MCh detonation models,
although the highest temperatures .1010 K are only reached in
MCh models (Fig. 1). In NSE, the yields do not depend on the ini-
tial composition but are instead uniquely determined by the peak
temperature (Tpeak), the density at Tpeak (⇢peak), and the electron
fraction, Ye =

P
i(Zi/Ai)Xi, where Xi is the mass fraction of a par-

ticular isotope i with atomic number Zi and mass number Ai.
The electron fraction of the WD prior to explosion is set

by the metallicity of the progenitor star on the main sequence,
which is routinely parametrized by adjusting the abundance
of the neutron-rich isotope 22Ne. Here, the assumption is
that the CNO catalysts all end up as 14N at the end of the
hydrogen-burning phase, which is then converted to 22Ne via
14N(↵,�)18F(�+,⌫e)18O(↵,�)22Ne during the helium-core burn-
ing phase (see Timmes et al. 2003), such that:

X(22Ne) = 22
"
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+
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16

#
⇡ 0.013
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!
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where we used the solar CNO abundances from Asplund et al.
(2009) and isotopic ratios from Lodders (2003)4. We ignore the
initial 22Ne of the progenitor star as its mass fraction is ⇠10�4 at
solar metallicity.

In addition to 22Ne resulting from the CNO cycle, the ini-
tial metallicity is also determined by the abundance of 56Fe
nuclei inherited from the ambient interstellar medium. For a
WD composed of only 12C, 16O, 22Ne, and 56Fe (i.e. X(12C) +
X(16O) = 1 � X(22Ne) � X(56Fe)), the electron fraction is (see
also Kushnir et al. 2020):
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where we have used the solar Fe abundance X(Fe) = 1.292 ⇥
10�3 from Asplund et al. (2009) and the 56Fe isotopic frac-
tion of 91.754% from Lodders (2003), yielding X(56Fe) ⇡
3 https://zenodo.org/record/5528088
4 Kushnir et al. (2020) adopt the slightly higher value of
X(22Ne) ⇡ 0.015(Z/Z�) to account for the expected higher solar
bulk abundances compared to the photospheric values (see e.g.
Turcotte & Wimmer-Schweingruber 2002).
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Fig. 1. Density at peak temperature (⇢peak) versus peak tempera-
ture (Tpeak, in units of 109 K) in the MCh delayed-detonation model
5p0_Z0p014 (filled circles) and the sub-MCh detonation models
1p06_Z2p25e-2 (MWD = 1.06 M�, filled squares) and 0p88_Z2p25e-
2 (MWD = 0.88 M�, filled triangles). The wide vertical band denotes
the transition between incomplete Si burning and complete burning to
NSE. The NSE region is further subdivided into ‘normal’ and ‘alpha-
rich’ freeze-out regimes. The width of the bands correspond to varia-
tions in the post-burn cooling time scale (Woosley et al. 1973; see also
Lach et al. 2020, their Fig. 1).

1.185 ⇥ 10�3(Z/Z�). In this framework, a solar-metallicity WD
has X(22Ne) ⇡ 0.0135 and Ye ⇡ 0.49935. A larger metallicity
corresponds to a larger 22Ne abundance and in turn a lower Ye.

In MCh models this baseline Ye can, in principle, be reduced
via weak reactions on carbon during the convective burn-
ing (or ‘simmering’) phase prior to thermonuclear runaway
(e.g. Piro & Bildsten 2008; Chamulak et al. 2008; Schwab et al.
2017), although Martínez-Rodríguez et al. (2016) show the
impact to be negligible (reduction in Ye of .10�4 ; but see
Piersanti et al. 2017 for a di↵erent view). However, the higher
densities of MCh WDs (up to 2�3⇥109 g cm�3; see Fig. 1) result
in a significant electron-capture rate during the initial deflagra-
tion phase of delayed-detonation models. This lowers the Ye
far below the baseline value (Fig. 2, top panel) and favours
the synthesis of neutron-rich isotopes in the innermost layers
(v . 3000 km s�1; Fig. 2, middle panel). For nickel, this results
in the synthesis of the stable isotopes 58Ni, 60Ni, 61Ni, 62Ni, and
64Ni instead of the radioactive 56Ni (for which Ye = 0.5).

In detonations of sub-MCh WDs, however, the burning
timescale is much shorter than the weak-reaction timescale, such
that Ye remains constant at its baseline value (Ye ⇡ 0.49935
for a solar-metallicity WD) throughout the burning phase. Sta-
ble neutron-rich isotopes of nickel are still synthesized in NSE
at this Ye at the peak temperatures (5�6 ⇥ 109 K) and densities
(107�108 g cm�3), characteristic of the inner ejecta of sub-MCh
detonations (Fig. 2, bottom panel). These conditions are sim-
ilar to those encountered in the layers of MCh models where
most of the 58Ni is synthesized (v ⇡ 2000 km s�1 for the MCh
model shown in Fig. 2). By comparing the NSE distributions for
Ye = 0.499 and Ye = 0.48 in Fig. 3 (top panel), we see that the
58Ni abundance in sub-MCh detonations can be comparable to

5 Kobayashi et al. (2020) adopt a di↵erent approach in their solar-
scaled initial composition models by assuming that all the 22Ne is inher-
ited from the progenitor with no contribution from CNO. This results
in a much lower 22Ne mass fraction at a given metallicity (although we
were not able to confirm the exact value), which has a significant impact
on the stable Ni yields in their models (see Sect. 3.5).
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spectra for the low-luminosity MCh delayed-detonation model
DDC25 and the sub-MCh detonation model SCH2p0 are
from Blondin et al. (2018). Those for the high-luminosity MCh
delayed-detonation model DDC0 and the sub-MCh detonation
model SCH7p0 are published here for the first time. The same
is true of the mixed versions of the MCh delayed-detonation
model DDC15 (Sect. 5). All model outputs are publicly avail-
able online3.

3. Stable Ni production in MCh vs. sub-MCh models

3.1. Nuclear statistical equilibrium

Explosive burning at su�ciently high temperatures (T &
5 ⇥ 109 K) results in a state of balance between forward and
reverse nuclear reactions known as nuclear statistical equilib-
rium (NSE; see e.g. Cli↵ord & Tayler 1965; Woosley et al. 1973;
Hartmann et al. 1985; Cabezón et al. 2004; Nadyozhin & Yudin
2004). Such temperatures are reached in the inner layers of both
MCh delayed-detonation models and sub-MCh detonation models,
although the highest temperatures .1010 K are only reached in
MCh models (Fig. 1). In NSE, the yields do not depend on the ini-
tial composition but are instead uniquely determined by the peak
temperature (Tpeak), the density at Tpeak (⇢peak), and the electron
fraction, Ye =

P
i(Zi/Ai)Xi, where Xi is the mass fraction of a par-

ticular isotope i with atomic number Zi and mass number Ai.
The electron fraction of the WD prior to explosion is set

by the metallicity of the progenitor star on the main sequence,
which is routinely parametrized by adjusting the abundance
of the neutron-rich isotope 22Ne. Here, the assumption is
that the CNO catalysts all end up as 14N at the end of the
hydrogen-burning phase, which is then converted to 22Ne via
14N(↵,�)18F(�+,⌫e)18O(↵,�)22Ne during the helium-core burn-
ing phase (see Timmes et al. 2003), such that:

X(22Ne) = 22
"

X(12C)
12

+
X(14N)

14
+

X(16O)
16

#
⇡ 0.013

 
Z

Z�

!
, (1)

where we used the solar CNO abundances from Asplund et al.
(2009) and isotopic ratios from Lodders (2003)4. We ignore the
initial 22Ne of the progenitor star as its mass fraction is ⇠10�4 at
solar metallicity.

In addition to 22Ne resulting from the CNO cycle, the ini-
tial metallicity is also determined by the abundance of 56Fe
nuclei inherited from the ambient interstellar medium. For a
WD composed of only 12C, 16O, 22Ne, and 56Fe (i.e. X(12C) +
X(16O) = 1 � X(22Ne) � X(56Fe)), the electron fraction is (see
also Kushnir et al. 2020):

Ye =
6
12

X(12C) +
8

16
X(16O) +

10
22

X(22Ne) +
26
56

X(56Fe)

=
1
2
� X(22Ne)
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where we have used the solar Fe abundance X(Fe) = 1.292 ⇥
10�3 from Asplund et al. (2009) and the 56Fe isotopic frac-
tion of 91.754% from Lodders (2003), yielding X(56Fe) ⇡
3 https://zenodo.org/record/5528088
4 Kushnir et al. (2020) adopt the slightly higher value of
X(22Ne) ⇡ 0.015(Z/Z�) to account for the expected higher solar
bulk abundances compared to the photospheric values (see e.g.
Turcotte & Wimmer-Schweingruber 2002).
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Fig. 1. Density at peak temperature (⇢peak) versus peak tempera-
ture (Tpeak, in units of 109 K) in the MCh delayed-detonation model
5p0_Z0p014 (filled circles) and the sub-MCh detonation models
1p06_Z2p25e-2 (MWD = 1.06 M�, filled squares) and 0p88_Z2p25e-
2 (MWD = 0.88 M�, filled triangles). The wide vertical band denotes
the transition between incomplete Si burning and complete burning to
NSE. The NSE region is further subdivided into ‘normal’ and ‘alpha-
rich’ freeze-out regimes. The width of the bands correspond to varia-
tions in the post-burn cooling time scale (Woosley et al. 1973; see also
Lach et al. 2020, their Fig. 1).

1.185 ⇥ 10�3(Z/Z�). In this framework, a solar-metallicity WD
has X(22Ne) ⇡ 0.0135 and Ye ⇡ 0.49935. A larger metallicity
corresponds to a larger 22Ne abundance and in turn a lower Ye.

In MCh models this baseline Ye can, in principle, be reduced
via weak reactions on carbon during the convective burn-
ing (or ‘simmering’) phase prior to thermonuclear runaway
(e.g. Piro & Bildsten 2008; Chamulak et al. 2008; Schwab et al.
2017), although Martínez-Rodríguez et al. (2016) show the
impact to be negligible (reduction in Ye of .10�4 ; but see
Piersanti et al. 2017 for a di↵erent view). However, the higher
densities of MCh WDs (up to 2�3⇥109 g cm�3; see Fig. 1) result
in a significant electron-capture rate during the initial deflagra-
tion phase of delayed-detonation models. This lowers the Ye
far below the baseline value (Fig. 2, top panel) and favours
the synthesis of neutron-rich isotopes in the innermost layers
(v . 3000 km s�1; Fig. 2, middle panel). For nickel, this results
in the synthesis of the stable isotopes 58Ni, 60Ni, 61Ni, 62Ni, and
64Ni instead of the radioactive 56Ni (for which Ye = 0.5).

In detonations of sub-MCh WDs, however, the burning
timescale is much shorter than the weak-reaction timescale, such
that Ye remains constant at its baseline value (Ye ⇡ 0.49935
for a solar-metallicity WD) throughout the burning phase. Sta-
ble neutron-rich isotopes of nickel are still synthesized in NSE
at this Ye at the peak temperatures (5�6 ⇥ 109 K) and densities
(107�108 g cm�3), characteristic of the inner ejecta of sub-MCh
detonations (Fig. 2, bottom panel). These conditions are sim-
ilar to those encountered in the layers of MCh models where
most of the 58Ni is synthesized (v ⇡ 2000 km s�1 for the MCh
model shown in Fig. 2). By comparing the NSE distributions for
Ye = 0.499 and Ye = 0.48 in Fig. 3 (top panel), we see that the
58Ni abundance in sub-MCh detonations can be comparable to

5 Kobayashi et al. (2020) adopt a di↵erent approach in their solar-
scaled initial composition models by assuming that all the 22Ne is inher-
ited from the progenitor with no contribution from CNO. This results
in a much lower 22Ne mass fraction at a given metallicity (although we
were not able to confirm the exact value), which has a significant impact
on the stable Ni yields in their models (see Sect. 3.5).
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(UMi DSph) 

Accordingly, we found 1σ uncertainties of 0.070 dex,
0.047 dex, and 0.089 dex for for Mn/Fe, Ni/Fe, and Si/Fe,
respectively. Thus, the small total relative abundance uncer-
tainties translate into the substantial mass ratio uncertainties
shown in Figures 9 and 10.

In Figure 9, the low Mn/Fe mass ratio indicates a low
metallicity for the COS 171 progenitor, within 1σ of the lowest
metallicity in the Bravo models, at Z=0.00025, corresponding
to [Fe/H]=−1.7 dex. Thus, the COS 171 Mn/Fe mass ratio is
consistent with a low-metallicity sub-Chandrasekhar-mass SN Ia
and lies well below any of the DDT model predictions.

The COS 171 Ni/Fe mass ratio in Figure 9 also lies well
below the DDT models, and below most of the sub-
Chandrasekhar-mass model predictions, and indicates a low
WD mass between 0.97 and 0.88Me. We note that for the
lowest WD masses considered in the Bravo models, the
maximum core temperatures are insufficient to drive the alpha-
rich freeze-out, which is an important source of Ni, as well as
of Cu and Zn. In the Bravo models, the reduced Ni production
from the alpha-rich freeze-out is likely the reason why the
predicted Ni/Fe ratio declines steeply below 0.97Me and at
low metallicity. However, at high metallicity, there is an
increase in Ni/Fe, even for the 0.88Me models; this is likely
due to increased neutron excess for higher metallicity sub-
Chandrasekhar-mass SNe Ia.
The importance of the alpha-rich freeze-out in the production

of Ni, Cu, and Zn leads to the sensitivity of these elements to
the WD progenitor mass as well as to metallicity; indeed, the
measured low Ni/Fe, Cu/Fe, and Zn/Fe ratios for COS 171
suggest that the progenitor was likely low mass (a linear
interpolation suggests 0.95Me), with a reduced or no alpha-
rich freeze-out and very low metallicity. The low metallicity is
supported by the measured low Mn/Fe and V/Fe ratios.
Figure 10 also shows that the COS 171 composition lies

outside the range of Chandrasekhar-mass SNe Ia in Table 3.
Linear interpolation over Si/Fe for the sub-Chandrasekhar-mass
models in Figure 10 suggests a mass of 0.94Me, consistent with
that indicated by the Ni/Fe ratios. Contrary to the case for Ni/Fe,
however, the Si/Fe ratio increases with decreasing WD mass; this
is likely due to the relatively low temperatures of the low-mass
models resulting in incomplete Si burning and larger amounts of
unburnt Si remaining.
We can compare the subtracted COS 171 minus UMi28104

element mass ratios with the sub-Chandrasekhar-mass SN Ia mass
ratio predictions of Shen et al. (2017), appearing in their
Figures8–11. Our subtracted Mn/Fe and Ni/Fe mass ratios for
COS 171 lie close to the 0.9Me, Z=0, result of Shen et al.
(2017) in their Figure8, but suggest a mass near 0.97Me in their
Figure9 (both adopt a C/O mass ratio of 50/50). On the other
hand, the Shen et al. (2017) predictions for Cr/Fe mass ratios,
appearing in their Figure11, barely overlaps with the measured
value for COS 171, but is best matched in their models with a WD
mass of 1.1Me. As mentioned previously, the Bravo model
Cr/Fe mass ratio predictions suggest a match to COS 171 near
1.06Me. Thus, both sets of sub-Chandrasekhar-mass models
suffer the same differences as our best estimate for the element
ratios in COS 171.
We are encouraged by the agreement between the Shen et al.

(2017) and Bravo model predictions for sub-Chandrasekhar-
mass SN Ia element yields of Si, Mn, Fe, and Ni; of particular
significance is the implied low mass of the SN Ia progenitor,
which is also supported by the large deficiencies of the alpha-
rich freeze-out elements Ni, Cu, and Zn.
However, the higher mass WD progenitor indicated by the

Ca/Fe, Ti/Fe, and Cr/Fe ratios suggest that details of the
actual SN Ia event differed slightly from the models.

4. Chemical Evolution of UMi and COS 171

Here we discuss possible chemical evolution scenarios to
explain the unusual chemical composition of COS 171 in UMi.
As mentioned previously, it is clear that the composition of the
slightly more metal-poor stars in UMi were not on the chemical
path to COS 171. However, it appears that COS 171 resulted

Figure 9. Estimated Ni/Fe and Mn/Fe mass ratios for the COS 171 progenitor
compared to DDT and sub-Chandrasekhar-mass models. Triangles: DDT
models with different deflagration to detonation transition densities (a, c, e, f)
and metallicities; filled triangles indicate ZDDT=0.010, slightly above the
effective value arising from simmering. Small filled circles connected by lines:
various sub-Chandrasekhar-mass models, for different metallicities. Large
filled red circle: COS 171 with the background composition of UMi28104
subtracted. Large black cross: solar value. Note that COS 171 lies in a low-
metallicity Mn/Fe region, much lower than that possible with DDT models
(due to simmering increase of η); COS 171 also has low Ni/Fe, in a region
sensitive to WD mass, due to the reduced role of alpha-rich freeze-out
nucleosynthesis. At higher metallicity, the Ni/Fe and Mn/Fe ratios increase
due to neutron-excess dependent nucleosynthesis.

Figure 10. Estimated Si/Fe and Mn/Fe mass ratios for the COS 171
progenitor compared to DDT and sub-Chandrasekhar-mass models. Symbols
are the same as in Figure 9. The Si/Fe ratio increases with decreasing WD
mass, likely due to a greater fraction of the core that experiences incomplete Si
burning. The Si/Fe ratio indicates a WD mass near 0.94 Me, consistent with
the value from Ni/Fe in Figure 9. Note the clean separation between WD mass
and metallicity indicated by Si/Fe and Mn/Fe in this plot.
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Figure 10. Line profile, emissivity, and two-dimensional (2D) projected emissivity of [Ni II] 6.64µm (upper left), [Ni III] 7.35µm

(upper right), [Ar III] 8.99µm (lower left), and [Co III] 11.88µm (lower right) for SN2024gy at +144 days. For each ion, the

upper-left panel displays the line profile, the lower-left panel shows the emissivity j(v), and the right panel indicates the

emissivity projected into 2D. The data are shown in light orange, the smoothed data in dark orange, our line fits in gray, and

regions contaminated by line overlap in hatched light gray. Radial symmetry is imposed on the 2D projected emissivities, which

are visual aids rather than physically accurate.

5.1.2. [Ni III]: broken-slope structure

The [Ni III] 7.35µm profile (Figure 10, top right)
displays a broken-slope morphology: a shallower inner
slope that steepens beyond ⇠4000 km s�1. The emissiv-
ity dips only slightly between the two slopes, creating
a broad, double-peaked structure. Compared to [Ni II],
the [Ni III] emission is more extended, consistent with
expected ionization stratification. We construct the ra-
dially symmetric 2D projected emissivity using only the
clean red side of the line.

5.1.3. [Co III]: extended radioactive IGEs

The [Co III] 11.88µm line (Figure 10, bottom right)
is e↵ectively isolated and shows weaker central emission
than either Ni line, with slight asymmetry between blue
and red wings. The profile suggests radioactive IGEs
(80–90% of Co is radioactive at this phase; Blondin et al.
2023) are more evenly distributed and less centrally con-
centrated than stable Ni. Emission in the innermost re-
gions is weaker than predicted by a Gaussian fit, consis-
tent with high-density material being converted to sta-

ble Ni at the expense of radioactive Co (Gerardy et al.
2007).

5.1.4. [Ar III]: shell-like IMEs

The [Ar III] 8.99µm line (Figure 10, bottom left) ex-
hibits a nonuniform shell morphology: emissivity peaks
near the inner shell edge at ⇠8000 km s�1, shows a clear
shoulder, and falls steeply at the outer boundary. The
nearly colocated [Ar III] inner shell edge and outer ex-
tent of Ni emission highlights the layered structure of
IMEs surrounding stable IGEs.
For flat-topped profiles, minor fluctuations across the

plateau likely reflect inhomogeneities or asymmetries in
the shell, rather than from the center. To avoid artifi-
cially large emissivity variations from dividing by small
line-of-sight velocities, we instead divide the profile
derivative by the inner shell velocity when calculating
emissivity at v below this boundary. This approach is
justified by the expectation that the emitting material
resides in the outer layers.

Kwok+ 26
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Fig. 5. Stable 58Ni yield at t = 1 yr past explosion versus radioactive 56Ni yield at t ⇡ 0 for various SN Ia explosion models (MCh models in
red, sub-MCh models in blue). Chandrasekhar-mass models include: deflagrations (3D models of Fink et al. 2014; 1D W7 model of Mori et al.
2018), delayed detonations (3D models of Seitenzahl et al. 2013; 2D models of Kobayashi et al. 2020; 1D models of Blondin et al. 2013; 1D
model 5p0_Z0p014 from this paper), and gravitationally confined detonations (3D model of Seitenzahl et al. 2016). Sub-MCh models include:
detonations (1D models of Blondin et al. 2017; 1D 1 M� models of Shen et al. 2018; 1D models of Bravo et al. 2019; 1D models of Sim et al.
2010; 1D models of Kushnir et al. 2020), double detonations (3D models of Gronow et al. 2021; 2D models of Kobayashi et al. 2020; 2D model
of Townsley et al. 2019), detonations in ONe WDs (2D models of Marquardt et al. 2015), violent WD mergers (3D models of Pakmor et al. 2011,
2012 and Kromer et al. 2013, 2016), and WD–WD collisions (2D models of Kushnir 2021, priv. comm.).

outlined in bold above from 56Ni to 58Ni. The entire process then
consists of four (p,�) and two (n,p) reactions, which is indeed
equivalent to the net capture of an ↵ particle (2n + 2p). While
the abundance of ↵ particles is large in ↵-rich freeze-out by def-
inition, the abundance of free neutrons and protons is even more
enhanced compared to that in a normal freeze-out.

Although the 57Co(p, �)58Ni reaction dominates the reac-
tion chain ending in 58Ni, the synthesis of this isotope in
Chandrasekhar-mass WDs is mostly a↵ected by the amount of
electron captures in NSE. Since 56Ni is the most abundant iso-
tope when NSE is achieved at the neutron excess inherited from
the progenitor (see Fig. 2), the yield of 58Ni is most sensitive to
the electron-capture rate on 56Ni and, to a lesser extent, on 55Co.
However, the yield of 58Ni is quite robust as it changes by ⇠20%
for a two orders-of-magnitude change in any electron-capture
rate (see Bravo 2019 for more details).

3.5.
58

Ni yields in MCh and sub-MCh models

We show the decayed 58Ni yield at t = 1 yr past explosion as a
function of the 56Ni mass at t ⇡ 0 for a variety of SN Ia explosion
models in Fig. 5. In the following subsections, we first discuss
MCh models and then sub-MCh models. We include violent WD
mergers and WD collisions in sub-MCh models since the mass of
the exploding WD is below MCh, despite the combined mass of
both WDs sometimes exceeding this value.

3.5.1. Chandrasekhar-mass models

Deflagrations. Laminar flames in SNe Ia quickly become tur-
bulent as buoyant hot ashes rise through overlying cold fuel,
generating Rayleigh–Taylor and Kelvin–Helmholtz instabilities
that increase the flame surface and hence the rate of fuel con-
sumption. Deflagrations are thus best studied in 3D, and we
base our discussion on the models of Fink et al. (2014)7. Since
the precise initial conditions at the onset of thermonuclear run-
away remain unknown to a large extent, the deflagration is arti-
ficially ignited in a number Nk of spherical ignition spots (or
‘kernels’) simultaneously. In their study, Fink et al. (2014) con-
sider Nk = 1, 3, 5, 10, 20, 40, 100, 150, 200, 300, and 1600 such
kernels distributed at random around the WD centre.

As Nk increases, the rate of fuel consumption (and hence
nuclear energy release) also increases, resulting in a more rapid
flame growth and more material being burnt. Thus, increasing Nk
results in a higher production of both stable 58Ni and radioac-
tive 56Ni, which explains the monotonic sequence in Fig. 5
(open squares) up until Nk = 150. For higher Nk, the nuclear
energy release is so high early on that the resulting WD expan-
sion quenches nuclear reactions, resulting in less material being
burnt. Thus, while the 58Ni yield continues to increase with Nk
(as this stable isotope is mainly produced during the initial stages

7 For models that fail to completely unbind the WD, the reported yields
also include the 58Ni and 56Ni synthesized in the remnant core.
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● Many binary pathways to SN Ia  Are the progenitors losing ⇒
mass before the explosion? How, and how much? Slow vs. rapid 
accretion. 

● Several ways to blow up a WD  Are the exploding WDs near-⇒
MCh or sub-MCh? 

● These two questions are likely related! 

(Normal) SN Ia are thermonuclear explosions of 
massive C+O white dwarfs prompted by accretion in a 

binary system 
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● SNR = SN + ambient 
medium (AM) 
interaction.

● Collisionless shocks, 
v~5000 km/s  ⇒ X-ray 
temperatures (~1 keV).

● Forward shock moves 
out (ISM/CSM), reverse 
shock moves in (SN 
ejecta).

● X-ray spectrum has 
prominent lines from 
shocked SN ejecta.  
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● SN Ia progenitor ⇒ dM/dt ⇒ AM. SNR (radii, ages, net) ⇒ AM on 
~pc scales (tdM/dt~103-106 yr) ⇔ binary stellar evolution.

● SN Ia progenitor dM/dt from bulk SNR dynamics. 

2236 D. Patnaude and Carles Badenes

In most cases, the morphology is compared to self-similar models for blast wave
evolution, which again require assumptions about the remant’s age, energetics, and
circumstellar environment. These methods are vulnerable to circular logic and can
result in detailed statements about the properties of a given SNR that fail to properly
account for the considerable uncertainties introduced by the models. In other words,
the critical assumptions made in connecting spectral properties to dynamics often
compromise the connections made back to the progenitor evolution.

As an example, specific stellar evolution scenarios from SN Ia progenitors predict
circumstellar structures that range from the ! / r!2 profiles that are the signature of
isotropic mass loss to relatively large low-density energy-driven cavities excavated
by fast outflows from accreting white dwarfs (Badenes et al. 2007; Shen et al.
2013). As seen in Fig. 1, the prompt radio and X-ray emission from SNe (Chomiuk
et al. 2016; Margutti et al. 2014), weeks or months after the explosion, can only
probe circumstellar material (CSM) structures up to a few hundred AU, composed
of material expelled by the progenitor hundreds to thousands of years before the
explosion, depending on the outflow velocity.

In contrast, SNRs that are hundreds or thousands of years old can probe CSM
structures up to several pc in size, expelled by the progenitor several thousands
to millions of years before the explosion. These spatial scales are representative
of typical stellar wind-blown bubbles (Koo and McKee 1992), and the associated
temporal scales are directly relevant to stellar evolution scenarios for Type Ia SN

Fig. 1 Schematic circumstellar density profiles for isotropic SN Ia progenitor outflows (colored
plots, dashed for uw D 20 km s!1; solid for uw D 103 km s!1), compared to the typical densities
in the warm phase of the interstellar medium (horizontal grey band) (Ferrière 2001). The rulers
on top of the plots show the time before the explosion (in yr) when the material at that radius
was ejected by the SN progenitor. The rulers on the bottom show the typical sizes of circumstellar
cavities excavated by fast outflows (Badenes et al. 2007; Shen et al. 2013). The radii probed by
X-ray/radio follow-up observations of SNe, and studies of Type Ia SNRs are shown by blue and
red-shaded vertical stripes. The blue arrows and red circles show upper limits for two Type Ia
SNe (Chomiuk et al. 2016; Pérez-Torres et al. 2014) and measurements for three Type Ia SNRs
(Borkowski et al. 2014; Raymond et al. 2007; Slane et al. 2014)
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● X-ray bright SNRs in the MW 
and LMC: X-ray spectra, ages, 
radii.

● NEI (non-equilibrium ionization): 
collisional ionization proceeds 
faster at higher ρ. 

● Fe Kα centroid ⇔ net ⇔ ρAM. 

● CC SNRs have higher Fe Kα 
centroids than Type Ia SNRs 
[Yamaguchi+ 14].

● SNR models (NEI+HD) can put 
quantitative constraints on ρAM 
around SN progenitors [Badenes+ 
07, Patnaude+ 15,17, Jacovich+ 21, 23, 
Martinez-Rodriguez+ 18, Court+ 24,26]. 

echoes from Tycho and Cas A (41). Spectroscopic analysis of the
light echo from Tycho (42) confirmed that SN1572 was indeed a
Type Ia SN of normal brightness, a spectacular validation of the
previous result obtained with HDþNEI models of the SNR (8).

The emergence of the X-ray observations of SNRs as well-
established probes for Type Ia SNe has important implications
for SN research. Because SNRs are nearby objects, the context
of the exploded star can be studied in great detail, and relation-
ships between specific explosion properties and progenitor sce-
narios can be tested in situ. One powerful constraint on the
single degenerate scenario for SN Ia progenitors, for example,
is the presence of the donor star, which should survive the explo-
sion (43). So far, the search for this star in the Tycho SNR has
produced inconclusive results (44–46), but further work in this
and other SNRs should eventually clarify the identity of the pro-
genitor of at least one SN Ia explosion with known properties.
Another recently opened line of research is the possibility to mea-
sure the metallicity of SN Ia progenitors directly, using Mn and Cr
lines in the X-ray spectrum of their SNRs. This technique yields a
supersolar metallicity for the progenitor of Tycho (47), a mea-
surement that will soon be extended to other objects like Kepler.
Even a small census of metallicities obtained in this way will allow
us to validate the correlations between the metallicity of the host
galaxy and the SN Ia brightness found in SN surveys (48). Finally,
the SNR population in the Magellanic Clouds has great potential
to constrain Type Ia SN progenitor models, because the resolved
stellar population in these nearby galaxies can be studied in great
detail. SNR 0509-67.5, for instance, which was originated by a
bright Type Ia SN, is embedded in a relatively old, metal-poor
stellar population, while SNR N103B, which shows signs of a
CSM interaction similar to Kepler (49), is associated with a much
younger, metal-rich population (50). This suggests that the
progenitor of SNR N103B might have been relatively young
and massive, and might have modified its surroundings through
some kind of mass-loss process.

Core Collapse SNe and Their SNRs
Open Issues in Core Collapse SNe. CC SNe mark the final events in
the lives of massive (≳8M⊙) stars. After nuclear fuel is exhausted
in the inner regions, the stellar core collapses to form a neutron
star or a black hole. The layers of the star that do not end up in
the central compact object bounce and start propagating out-
wards, but at present it is unclear exactly how the gravitational
collapse of the core becomes an explosion (51). At the writing
of this review, the most sophisticated multi-D simulations of
CC SNe still fail to explode. Although the identity of the progeni-
tors of CC SNe is well established, with several identifications in

preexplosion images (52), the details of which specific kinds of
massive stars lead to which specific subtypes of CC SNe (e.g. Type
Ib/c, Type IIL, etc.) are still under debate. Most of these uncer-
tainties stem from our imperfect knowledge of key processes in
stellar evolution, like mass-loss mechanisms or the role played by
binarity.

Core Collapse SNRs. Just like Type Ia SNRs, the basic morphology
of CC SNRs reflects the fundamental characteristics of their birth
events. TheChandra images of young CC SNRs like Cas A (12) or
SNR G292.0þ 1.8 (53) reveal a complex and turbulent structure,
with marked asymmetries related both to the SN ejecta and the
CSM. In contrast to Type Ia SNRs, many CC SNRs show promi-
nent optical emission from radiatively cooled ejecta, the hallmark
of an interaction with a relatively dense medium.

The poster child for young, ejecta-dominated CC SNRs is
Cas A, an object that has played a central role in the history
of Chandra. The first scientific result from the mission was the
discovery of the central compact object (54), now thought to
be a neutron star with a C atmosphere (55). The first refereed
publication based on Chandra data was also devoted to Cas A
(56). This paper discusses the overturn of nucleosynthetic pro-
ducts in a large region in the southeast of the SNR, where Fe-rich
material can be seen clearly ahead of Si-rich material, indicating
that some of the layers deep into the onion-skin structure of the
exploding star have overtaken regions dominated by lower-Z ele-
ments (Fig. 1, however, see ref. 57 for an alternative interpreta-
tion). Over the years, more and more has been learned about the
Cas A SN and its progenitor. In 2003, Chevalier and Oishi (58)
used the positions of the fluid discontinuities, the presence of
high-velocity H, and the extent of the clumpy photoionized
pre-SN wind to infer that the Cas A explosion must have been
of Type IIn or IIb SN. This “prediction of the past,” similar to
the one made for the Tycho SNR, was also confirmed by the light
echo, which has a spectrum very similar to that of the Type IIb
SN1993J (59).

The morphology of the ejecta emission from Cas A is very rich
(60) (Figs. 1 and 6), but perhaps the most striking feature in the
X-ray images is the jet/counterjet structure that runs from the
southwest to the northeast (12). In order to understand the en-
ergetics of this feature and the role that it played in the explosion,
Laming and Hwang (61, 62) used HDþNEI simulations to in-
terpret the fits to small X-ray bright knots in the SN ejecta (see
Fig. 7). While it is clear that there was a significant local deposi-
tion of energy around the jet region (61), this was probably not
enough to drive the entire explosion (63) (see also ref. 64). It
turns out that the proper motion of the compact object is not

Fig. 4. Direct comparison between SN and SNR spectroscopy for the LMC
SNR 0509-67.5: The LE is well matched only by spectra of bright Type Ia
SNe like SN 1998es, SN 1999aa, and SN 1999dq (figure from ref. 39).
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● X-ray bright SNRs in the MW 
and LMC: X-ray spectra, ages, 
radii.

● NEI (non-equilibrium ionization): 
collisional ionization proceeds 
faster at higher ρ. 

● Fe Kα centroid ⇔ net ⇔ ρAM. 

● CC SNRs have higher Fe Kα 
centroids than Type Ia SNRs 
[Yamaguchi+ 14].

● SNR models (NEI+HD) can put 
quantitative constraints on ρAM 
around SN progenitors [Badenes+ 
07, Patnaude+ 15,17, Jacovich+ 21, 23, 
Martinez-Rodriguez+ 18, Court+ 24,26]. 

Data: X-ray Spectra of SNRs
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● Isotropic outflows: dM/dt [10-8,10-7,10-6 M⊙/yr], vwind [10, 100, 1000 
km/s], twind [105,106 yr] ⇒ CSM (fast/slow outflows [Koo & McKee 92]) 
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● dM/dt ≳10-6 M⊙/yr + vwind ~10 km/s ⇒ dense CSM.
● vwind ≳1000 km/s ⇒ large low ρ cavities. 
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expanding in cavities / SNRs interacting w/ dense CSM. 
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Hawaii, on 24 September 2008 (Fig. 1b). The peak of the emission,
with a surface brightness of R5 23.56 0.2mag arcsec22, has again
shifted away from SN1572. The shift of 1.46 0.2 arcsec within 22
days is consistent with a light-echo origin. A long-slit spectrum of the
brightness peak of the echo structure at positionRA 00 h 52m12.79 s,
dec. 65u 289 49.799 (J2000) was obtained with FOCAS on the same
night, covering the wavelength range from 3,800 to 9,200 Å with a
spectral resolution of 24 Å.

The acquired echo spectrum unambiguously shows light of a
supernova origin (Fig. 2). A number of broad absorption and emis-
sion features from neutral and singly ionized intermediate mass ele-
ments were detected, all of which are commonly observed in
supernovae10,18. Type I supernovae are distinguished from those of
type II by the absence of hydrogen, and type Ia supernovae are further
distinguished from types Ib and Ic by a prominent silicon 6,355 Å
absorption feature at maximum light. This feature is clearly seen in
the SN 1572 spectrum as a deep absorptionminimum at 6,130 Å with
a width of 9,000 km s21 at half maximum. The absorption minimum
of the line corresponds to a velocity of 12,000 km s21, typical for
normal type Ia supernovae at maximum brightness10,18. Other strong

features detected in the spectrum are Si II 4,135 Å, Fe II, Fe III,
Na I D1 Si II 5,972 Å, O I 7,774 Å and the Ca II infrared triplet.

The echo spectrum represents supernova light during an interval
of time around maximum brightness being averaged over the spatial
extent of the scattering cloud. We therefore compared the echo spec-
trumwith the spectra of other type Ia supernovae time-averaged over
the brightness peak of the light curve from 0 to 90 days after explo-
sion. The light-echo spectrum of SN 1572 matches such comparison
spectra of four well-observed normal type Ia supernovae (1994D,
1996X, 1998bu, 2005cf) and a type Ia composite spectrum19 remark-
ably well. Even faint notches observed in normal type Ia spectra at
4,550, 4,650 and 5,150 Å (ref. 18) can be recognized. Values of the
reduced chi-squared value from the comparison range between
x25 1.5 and x25 2.5. The agreement between the spectra indicates
that the scattering dust cloud is homogeneous on a length scale of at
least 90 light days.

We have compared the spectrum of SN1572 with thermonuclear
supernovae of different luminosity. Both sub- and overluminous
type Ia supernovae, such as SN1991bg20 and SN1991T21, respectively,
showed peculiarities in their spectra near maximum light. SN 1991T
lacked a well-defined Si II 6,355 Å absorption feature at maximum
light, although the subsequent evolution was similar to normal
type Ia supernovae. The lack of Si II absorption is visible as an imprint
in the time-averaged spectrum and differs from the strong Si II feature
in our spectrum of SN1572. The class of subluminous objects shows a
characteristic deep absorption trough at a wavelength of 4,200 Å,
attributed to Ti II (ref. 20), near maximum light. Such a feature is
not seen for SN1572. The sub- and overluminous type Ia templates,
obtained in the same way as described in ref. 19 (template spectra
available at http://supernova.lbl.gov/,nugent/nugent_templates.html),
do not provide a good match to our spectrum of SN1572, with respec-
tive values of x25 8.6 and x25 10.1 (Fig. 3).

A well-established correlation between the measured decline
Dm15(B) of the supernova B-band brightness atmaximumand 15 days
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Figure 2 | Spectrum of SN 1572 and comparison spectra of normal type Ia
supernovae. Important spectral features aremarked. The spectra are plotted
logarithmically in flux units and shifted for clarity. The spectrum was
obtained with two grisms in the blue (l, 5000 Å) and red (l. 5000 Å).
Total integration timewas 4 h: 2.5 h for the red channel and 1.5 h for the blue
channel. The spectrum was extracted from a 2.83 2.0-arcsec2 aperture
(position angle 81u) positioned at the echo brightness peak and then binned
to a resolution of 11.2 Å per pixel and smoothed by taking a moving average
over five pixels. Flux calibration was performed against the standard star
G191B2B, which was observed at comparable airmass. The uncertainty in
the flux calibration is 15%. Atmospheric A-band and B-band absorptions
were removed using the stellar spectrum of a K star observed in the same slit
as the echo. The spectrum was then corrected for the colour dependence of
the scattering process for a scattering angle of h5 84u and de-reddened for a
foreground extinction of AV5 4.2mag. The scattering angle of h5 84u
results from the light-echo geometry: because all echo emission at a given
epoch is located on an ellipsoidal sphere with the Earth and SN1572 at its
foci, the echo geometry can be accurately determined. For a distance range to
the Tycho remnant of 2.3–2.8 kpc, the distance and scattering angle of the
echo knot are d5 4606 45 light yr and h5 90u6 5u, respectively. For a
larger distance of 3.8 kpc, the scattering angle is smaller, h5 67u, leading to a
slightly redder corrected spectrum.However, a slight increase of the adopted
foreground extinction by DAV5 0.08mag compensates for this effect. The
comparison spectra have been obtained from the time average of light-curve-
weighted spectra at days25,24,22,12,14,110,111,124,150,176 for
SN 1994D and days29,24,11,19,118,140 for SN 2001el (refs 26, 27).
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are provided to assess the viability of one-dimensional def-
lagrations, sub-Chandrasekhar explosions, and three-dimen-
sional deflagrations.

The adjusted values for NH, normAM, and normej are listed in
Table 6, along with FAM and the distance estimates Dnorm and
DRS. These two distance estimates are mutually inconsistent in
all the models presented here. In general, models with higher
!AM have higher fluxes in the shocked ejecta and lower radii of
the RS, which result in higher values ofDnorm and lower values of
DRS and vice versa (the extreme examples are models 5p0z22.25

and PDDa).We discuss the inconsistency in the distance estimates
in x 8.1.
Delayed detonations (DDTa, DDTc, DDTe and 5p0z22.25).—

Delayed detonation models are clearly superior to the other
classes of Type Ia SN explosions. The low-energy X-ray emis-
sion imposes strong constraints on the main parameter in one-
dimensional DDTmodels, the deflagration-to-detonation transition
density !tr. Model DDTa (!AM ¼ 2 ; 10"24 g cm"3, " ¼ 0:01),
which has the highest !tr and therefore synthesizes more Fe
and less intermediate-mass elements than the other models,

Fig. 7.—Comparison between the ejecta models and the spatially integrated spectrum of region B. The ejecta model, with the corresponding values !AM (in units
of 10"24 g cm"3) and ", is indicated in each plot, as well as the adjusted value of NH. The power-law component is displayed for clarity (dotted line).
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● ~55% (7/13) of SN Ia 
progenitors do not strongly 
modify AM on ~pc scales: 
G1.9+0.3, 0509, Kepler, Tycho, 
G344, G352, DEM L 71.
● dM/dt  10≲ -7 M /yr, v⊙ wind  100 ≲
km/s (for twind~105 yr);  10 km/s ≲
(for twind~106 yr).
● Tycho  normal SN Ia ⇒
[Badenes+ 06, Krause+ 08].
● 0509  luminous 91T-like SN ⇒
Ia [Rest+ 08, Badenes+ 08], likely 
double detonation in a sub-Ch 
WD [Das+ 25].
● Kepler  CSM ⇒ [Blair+ 07, 
Patnaude+ 12], but likely not 
dense [Chiotellis+12]. 
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echoes from Tycho and Cas A (41). Spectroscopic analysis of the
light echo from Tycho (42) confirmed that SN1572 was indeed a
Type Ia SN of normal brightness, a spectacular validation of the
previous result obtained with HDþNEI models of the SNR (8).

The emergence of the X-ray observations of SNRs as well-
established probes for Type Ia SNe has important implications
for SN research. Because SNRs are nearby objects, the context
of the exploded star can be studied in great detail, and relation-
ships between specific explosion properties and progenitor sce-
narios can be tested in situ. One powerful constraint on the
single degenerate scenario for SN Ia progenitors, for example,
is the presence of the donor star, which should survive the explo-
sion (43). So far, the search for this star in the Tycho SNR has
produced inconclusive results (44–46), but further work in this
and other SNRs should eventually clarify the identity of the pro-
genitor of at least one SN Ia explosion with known properties.
Another recently opened line of research is the possibility to mea-
sure the metallicity of SN Ia progenitors directly, using Mn and Cr
lines in the X-ray spectrum of their SNRs. This technique yields a
supersolar metallicity for the progenitor of Tycho (47), a mea-
surement that will soon be extended to other objects like Kepler.
Even a small census of metallicities obtained in this way will allow
us to validate the correlations between the metallicity of the host
galaxy and the SN Ia brightness found in SN surveys (48). Finally,
the SNR population in the Magellanic Clouds has great potential
to constrain Type Ia SN progenitor models, because the resolved
stellar population in these nearby galaxies can be studied in great
detail. SNR 0509-67.5, for instance, which was originated by a
bright Type Ia SN, is embedded in a relatively old, metal-poor
stellar population, while SNR N103B, which shows signs of a
CSM interaction similar to Kepler (49), is associated with a much
younger, metal-rich population (50). This suggests that the
progenitor of SNR N103B might have been relatively young
and massive, and might have modified its surroundings through
some kind of mass-loss process.

Core Collapse SNe and Their SNRs
Open Issues in Core Collapse SNe. CC SNe mark the final events in
the lives of massive (≳8M⊙) stars. After nuclear fuel is exhausted
in the inner regions, the stellar core collapses to form a neutron
star or a black hole. The layers of the star that do not end up in
the central compact object bounce and start propagating out-
wards, but at present it is unclear exactly how the gravitational
collapse of the core becomes an explosion (51). At the writing
of this review, the most sophisticated multi-D simulations of
CC SNe still fail to explode. Although the identity of the progeni-
tors of CC SNe is well established, with several identifications in

preexplosion images (52), the details of which specific kinds of
massive stars lead to which specific subtypes of CC SNe (e.g. Type
Ib/c, Type IIL, etc.) are still under debate. Most of these uncer-
tainties stem from our imperfect knowledge of key processes in
stellar evolution, like mass-loss mechanisms or the role played by
binarity.

Core Collapse SNRs. Just like Type Ia SNRs, the basic morphology
of CC SNRs reflects the fundamental characteristics of their birth
events. TheChandra images of young CC SNRs like Cas A (12) or
SNR G292.0þ 1.8 (53) reveal a complex and turbulent structure,
with marked asymmetries related both to the SN ejecta and the
CSM. In contrast to Type Ia SNRs, many CC SNRs show promi-
nent optical emission from radiatively cooled ejecta, the hallmark
of an interaction with a relatively dense medium.

The poster child for young, ejecta-dominated CC SNRs is
Cas A, an object that has played a central role in the history
of Chandra. The first scientific result from the mission was the
discovery of the central compact object (54), now thought to
be a neutron star with a C atmosphere (55). The first refereed
publication based on Chandra data was also devoted to Cas A
(56). This paper discusses the overturn of nucleosynthetic pro-
ducts in a large region in the southeast of the SNR, where Fe-rich
material can be seen clearly ahead of Si-rich material, indicating
that some of the layers deep into the onion-skin structure of the
exploding star have overtaken regions dominated by lower-Z ele-
ments (Fig. 1, however, see ref. 57 for an alternative interpreta-
tion). Over the years, more and more has been learned about the
Cas A SN and its progenitor. In 2003, Chevalier and Oishi (58)
used the positions of the fluid discontinuities, the presence of
high-velocity H, and the extent of the clumpy photoionized
pre-SN wind to infer that the Cas A explosion must have been
of Type IIn or IIb SN. This “prediction of the past,” similar to
the one made for the Tycho SNR, was also confirmed by the light
echo, which has a spectrum very similar to that of the Type IIb
SN1993J (59).

The morphology of the ejecta emission from Cas A is very rich
(60) (Figs. 1 and 6), but perhaps the most striking feature in the
X-ray images is the jet/counterjet structure that runs from the
southwest to the northeast (12). In order to understand the en-
ergetics of this feature and the role that it played in the explosion,
Laming and Hwang (61, 62) used HDþNEI simulations to in-
terpret the fits to small X-ray bright knots in the SN ejecta (see
Fig. 7). While it is clear that there was a significant local deposi-
tion of energy around the jet region (61), this was probably not
enough to drive the entire explosion (63) (see also ref. 64). It
turns out that the proper motion of the compact object is not

Fig. 4. Direct comparison between SN and SNR spectroscopy for the LMC
SNR 0509-67.5: The LE is well matched only by spectra of bright Type Ia
SNe like SN 1998es, SN 1999aa, and SN 1999dq (figure from ref. 39).
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echoes from Tycho and Cas A (41). Spectroscopic analysis of the
light echo from Tycho (42) confirmed that SN1572 was indeed a
Type Ia SN of normal brightness, a spectacular validation of the
previous result obtained with HDþNEI models of the SNR (8).

The emergence of the X-ray observations of SNRs as well-
established probes for Type Ia SNe has important implications
for SN research. Because SNRs are nearby objects, the context
of the exploded star can be studied in great detail, and relation-
ships between specific explosion properties and progenitor sce-
narios can be tested in situ. One powerful constraint on the
single degenerate scenario for SN Ia progenitors, for example,
is the presence of the donor star, which should survive the explo-
sion (43). So far, the search for this star in the Tycho SNR has
produced inconclusive results (44–46), but further work in this
and other SNRs should eventually clarify the identity of the pro-
genitor of at least one SN Ia explosion with known properties.
Another recently opened line of research is the possibility to mea-
sure the metallicity of SN Ia progenitors directly, using Mn and Cr
lines in the X-ray spectrum of their SNRs. This technique yields a
supersolar metallicity for the progenitor of Tycho (47), a mea-
surement that will soon be extended to other objects like Kepler.
Even a small census of metallicities obtained in this way will allow
us to validate the correlations between the metallicity of the host
galaxy and the SN Ia brightness found in SN surveys (48). Finally,
the SNR population in the Magellanic Clouds has great potential
to constrain Type Ia SN progenitor models, because the resolved
stellar population in these nearby galaxies can be studied in great
detail. SNR 0509-67.5, for instance, which was originated by a
bright Type Ia SN, is embedded in a relatively old, metal-poor
stellar population, while SNR N103B, which shows signs of a
CSM interaction similar to Kepler (49), is associated with a much
younger, metal-rich population (50). This suggests that the
progenitor of SNR N103B might have been relatively young
and massive, and might have modified its surroundings through
some kind of mass-loss process.

Core Collapse SNe and Their SNRs
Open Issues in Core Collapse SNe. CC SNe mark the final events in
the lives of massive (≳8M⊙) stars. After nuclear fuel is exhausted
in the inner regions, the stellar core collapses to form a neutron
star or a black hole. The layers of the star that do not end up in
the central compact object bounce and start propagating out-
wards, but at present it is unclear exactly how the gravitational
collapse of the core becomes an explosion (51). At the writing
of this review, the most sophisticated multi-D simulations of
CC SNe still fail to explode. Although the identity of the progeni-
tors of CC SNe is well established, with several identifications in

preexplosion images (52), the details of which specific kinds of
massive stars lead to which specific subtypes of CC SNe (e.g. Type
Ib/c, Type IIL, etc.) are still under debate. Most of these uncer-
tainties stem from our imperfect knowledge of key processes in
stellar evolution, like mass-loss mechanisms or the role played by
binarity.

Core Collapse SNRs. Just like Type Ia SNRs, the basic morphology
of CC SNRs reflects the fundamental characteristics of their birth
events. TheChandra images of young CC SNRs like Cas A (12) or
SNR G292.0þ 1.8 (53) reveal a complex and turbulent structure,
with marked asymmetries related both to the SN ejecta and the
CSM. In contrast to Type Ia SNRs, many CC SNRs show promi-
nent optical emission from radiatively cooled ejecta, the hallmark
of an interaction with a relatively dense medium.

The poster child for young, ejecta-dominated CC SNRs is
Cas A, an object that has played a central role in the history
of Chandra. The first scientific result from the mission was the
discovery of the central compact object (54), now thought to
be a neutron star with a C atmosphere (55). The first refereed
publication based on Chandra data was also devoted to Cas A
(56). This paper discusses the overturn of nucleosynthetic pro-
ducts in a large region in the southeast of the SNR, where Fe-rich
material can be seen clearly ahead of Si-rich material, indicating
that some of the layers deep into the onion-skin structure of the
exploding star have overtaken regions dominated by lower-Z ele-
ments (Fig. 1, however, see ref. 57 for an alternative interpreta-
tion). Over the years, more and more has been learned about the
Cas A SN and its progenitor. In 2003, Chevalier and Oishi (58)
used the positions of the fluid discontinuities, the presence of
high-velocity H, and the extent of the clumpy photoionized
pre-SN wind to infer that the Cas A explosion must have been
of Type IIn or IIb SN. This “prediction of the past,” similar to
the one made for the Tycho SNR, was also confirmed by the light
echo, which has a spectrum very similar to that of the Type IIb
SN1993J (59).

The morphology of the ejecta emission from Cas A is very rich
(60) (Figs. 1 and 6), but perhaps the most striking feature in the
X-ray images is the jet/counterjet structure that runs from the
southwest to the northeast (12). In order to understand the en-
ergetics of this feature and the role that it played in the explosion,
Laming and Hwang (61, 62) used HDþNEI simulations to in-
terpret the fits to small X-ray bright knots in the SN ejecta (see
Fig. 7). While it is clear that there was a significant local deposi-
tion of energy around the jet region (61), this was probably not
enough to drive the entire explosion (63) (see also ref. 64). It
turns out that the proper motion of the compact object is not

Fig. 4. Direct comparison between SN and SNR spectroscopy for the LMC
SNR 0509-67.5: The LE is well matched only by spectra of bright Type Ia
SNe like SN 1998es, SN 1999aa, and SN 1999dq (figure from ref. 39).
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● ~55% (7/13) of SN Ia 
progenitors do not strongly 
modify AM on ~pc scales: 
G1.9+0.3, 0509, Kepler, Tycho, 
G344, G352, DEM L 71.
● dM/dt  10≲ -7 M /yr, v⊙ wind  100 ≲
km/s (for twind~105 yr);  10 km/s ≲
(for twind~106 yr).
● Tycho  normal SN Ia ⇒
[Badenes+ 06, Krause+ 08].
● 0509  luminous 91T-like SN ⇒
Ia [Rest+ 08, Badenes+ 08], likely 
double detonation in a sub-Ch 
WD [Das+ 25].
● Kepler  CSM ⇒ [Blair+ 07, 
Patnaude+ 12], but likely not 
dense [Chiotellis+12]. 
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absent in high-velocity (vSi ≥ 12,000 km s−1) SNe32. An inverse correla-
tion between [O I] (λ7,773) HVFs and Si/Ca II HVFs in normal SNe was 
observed, linking stronger oxygen absorption to less complete burn-
ing and lower luminosities33. [Ca II] has also been observed at later 
times in the spectra of SN 2019yvq34,35, SN 2018byg36 and SN 2016hnk37.  
To date, supernova SN2018byg is widely acknowledged as one of the 
most compelling cases linking the double-detonation mechanism to 
a SNe Ia explosion and is best explained by a model that incorporates a 
rather massive helium layer36. However, quantitative interpretation of 
HVFs depends on spectral modelling, and a range of possible alternative 
interpretations for these spectroscopic features have been presented. 
For example, while it has been suggested that the HVFs may be con-
nected to a surface layer of helium, it has been argued that abundance 
enhancements alone cannot explain the full range of such features38 
and that density enhancement in the outer ejecta might originate, for 
example, from interaction with circumstellar material in addition to (or 
instead of) properties of the explosion mechanism39. Despite advances 
in observations, modelling inconsistencies remain, particularly for 
91T-like SNe Ia. Current one-dimensional double-detonation models29 
struggle to reproduce their normal-velocity Si II and high luminos-
ity, instead predicting low-luminosity, high-velocity events. Recent 
non-local thermodynamic equilibrium simulations show promise 
in better matching observations40, highlighting the need for more 
multi-dimensional and detailed radiative transfer studies.

Owing to the small angular size at early times, the unique 
double-shell Ca morphology ‘fingerprint’ structure remains spatially 
unresolved at the epochs around peak luminosity (15–20 days after 
explosion), which is why any inference of a double-shell ejecta struc-
ture from observations at such phases depends on interpreting spec-
tral features (as outlined above). However, this changes with time as 
the supernova continually expands. Here, we present new evidence—a 
spatially resolved ‘photographic snapshot’ of a double calcium shell—
showing that SNe Ia can explode via the double-detonation mechanism. 
The evidence is based on ~29 h 15 min deep Multi Unit Spectroscopic 
Explorer (MUSE) integral field observations of the reverse shocked 
ejecta of the supernova remnant SNR 0509-67.5 (hereafter SNR 0509). 
The details of the nights over which the data were collected are given 
in Table 1.

Results
From light echo observations, SNR 0509 is known to be part of the 
SN1991T-like (more luminous than average at peak brightness) sub-class 
of SNe Ia41,42. It is very young (~300–350 yr (ref. 43)) and located in the 
nearby Large Magellanic Cloud (LMC), granting us an exclusive view 
into the early stages of the evolution of a type Ia SNR. A few hundred 
years after the explosion, the inner part of the expanding ejecta is 
exposed by shock waves in the supernova remnant44 and can be spa-
tially resolved in astronomical observations. The ejecta of SNR 0509 
is expanding in a low-density ambient medium, as evidenced by the 
near-spherical symmetry of the forward shock. After ‘local background’ 
subtraction (Extended Data Fig. 2), detailed tomography and model-
ling of the emission of the reverse shocked ejecta in this system has 
been performed44, which reported the discovery of [Fe XIV]5303, and 
excesses indicating the presence of [Fe IX]8235 and [Fe XV]7060 as well 
as [S XII]7611. The resulting new constraints from the location of the 
optical emission of the reverse shocked ejecta and a set of analytical 
hydrodynamical supernova remnant models44 were used to argue that 
the SN1991T-like event forming this SNR should have been an energetic 
sub-Chandrasekhar-mass explosion45. Following the discovery of the 
optically emitting reverse shocked ejecta, our team conducted deeper 
optical observations of SNR 0509, which now reveal the shocked ejecta 
in greater detail (see Fig. 1 for a sample spectrum extracted from the 
western side of the remnant). In addition to the emission lines detected 
previously, we now also detect [Fe IX] λ4967, [Fe X] λ6375, [Fe XI] λ7892 
and possibly [Ni XIII] λ4950. Importantly, we also observe broad  
[Ca XV] λ5695. The morphology of this calcium line relative to the sulfur 
emission reveals important clues about the nature of the supernova 
explosion mechanism.

Specifically, we report here the discovery in SNR 0509 of a 
double-shell structure of highly ionized [Ca XV] alongside a sin-
gle shell of [S XII] emission from the supernova ejecta (Fig. 2). The 
inward-propagating reverse shock progressively ionizes the ejecta 
material, exhibiting optical forbidden line emission from these highly 
ionized atoms of calcium and sulfur. Thus, the observed shell structures 
of calcium and sulfur reflect the morphological distribution of the 
ejecta material. The observed shell structures of these species are com-
parable (since the SNR is still young and expanding into a low-density 
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● ~55% (7/13) of SN Ia 
progenitors do not strongly 
modify AM on ~pc scales: 
G1.9+0.3, 0509, Kepler, Tycho, 
G344, G352, DEM L 71.
● dM/dt  10≲ -7 M /yr, v⊙ wind  100 ≲
km/s (for twind~105 yr);  10 km/s ≲
(for twind~106 yr).
● Tycho  normal SN Ia ⇒
[Badenes+ 06, Krause+ 08].
● 0509  luminous 91T-like SN ⇒
Ia [Rest+ 08, Badenes+ 08], likely 
double detonation in a sub-Ch 
WD [Das+ 25].
● Kepler  CSM ⇒ [Blair+ 07, 
Patnaude+ 12], but likely not 
dense [Chiotellis+12]. 
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with the primary blast wave, it is clear that the brightest 8, 24, and
70!memissions are associatedwith this same component.Hence,
heating of dust in dense, swept up CSM/ISM is the dominant
mechanism operating in Kepler’s SNR.

The morphology of the west-northwest region including the
primary region of bright radiative filaments contains some subtle
but important effects. Careful comparison of Figures 3b and 3d
shows differences between the brightest 24 !mmorphology and
the chaotic, more extended emission seen in the H" image. We
suggest the 24 !m image is dominated by emission from the pri-
mary blast wave in the moderate density interclump gas, and not
the slower radiative shocks in the very dense radiative knots,
which are dominated by [S ii], [N ii], and [O iii] line emission
(e.g., Blair et al. 1991). The 8 !m image (Fig. 2c) looks inter-
mediate between the 24 !m and H" appearance, which is another
indicator that line emission from the radiative shocks contributes
somewhat at this wavelength, as indicated above in the discus-
sion of the IRS spectrum.

The 24 !m image scaled to highlight the lowest surface
brightness structures (Fig. 3a) is the only of the IR images with
sufficient signal to show the entire outer shell of the SNR. A gen-
eral similarity is seenwith the three-colorX-ray image in Figure 3f,
with the exception of the extended ‘‘ears’’ to the west-northwest
and east-southeast. Similarities to the 6 cm VLA data are appar-
ent (e.g., DeLaney et al. 2002), in particular in the south and along
the eastern rim. However, differences are also apparent, includ-
ing a relatively higher IR surface brightness in the northwest, along
the northern rim, and across the projected middle. The ‘‘ears’’
mentioned above are most apparent in the radio data.

The disagreement in appearance in the projected interior of the
shell deserves specific comment. Here an important clue comes
from the optical spectroscopy of these central filaments by Blair
et al. (1991). The southeast central grouping of filaments are sig-
nificantly redshifted and thus are a portion of the receding shell
of the SNR. In comparison, the northwest central filaments are
blueshifted and are part of the approaching shell of the SNR.
These filaments have direct counterparts in the soft X-ray band,

but the associationwith the higher energyX-ray bands is less clear.
The approaching filaments have no counterpart in the radio data,
and while there is faint radio emission at the projected position of
the southeast central grouping offilaments, the morphologies are
different. Hence, it is not clear whether any of the central radio
emission is correlated with either the optical or bright IR emis-
sions in these regions.

In Figure 6 we show a different kind of morphological com-
parison. This color composite, star-subtracted image shows
Kepler’s SNR as viewed by NASA’s three Great Observatories,
with Spitzer 24 !m data in red, Hubble H" in yellow, Chandra
0.3Y1.0 keV emission in green, and harder 2Y10 keV Chandra
emission in blue. This image provides a combination of physical

Fig. 4.—SED apertures selected for assessing the bright northwest radiative
emission and the sky background, projected on the 24 !m image.

Fig. 5.—Background subtracted SED 55Y95 !m spectrum of the northwest
region of Kepler’s SNR, as indicated in Fig. 4.

Fig. 6.—Color view of Kepler showing data from Spitzer 24 !m (red ),Hubble
ACS H" ( yellow), and Chandramedium (blue) and soft (green) X-ray emission
bands. Despite the differing intrinsic resolutions of the various data sets, they
have been carefully co-aligned. A Hubble continuum-band image was used to
subtract the stars from this image. See text for details.
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Blair+ 07 (Kepler)

● ~55% (7/13) of SN Ia 
progenitors do not strongly 
modify AM on ~pc scales: 
G1.9+0.3, 0509, Kepler, Tycho, 
G344, G352, DEM L 71.
● dM/dt  10≲ -7 M /yr, v⊙ wind  100 ≲
km/s (for twind~105 yr);  10 km/s ≲
(for twind~106 yr).
● Tycho  normal SN Ia ⇒
[Badenes+ 06, Krause+ 08].
● 0509  luminous 91T-like SN ⇒
Ia [Rest+ 08, Badenes+ 08], likely 
double detonation in a sub-Ch 
WD [Das+ 25].
● Kepler  CSM ⇒ [Blair+ 07, 
Patnaude+ 12], but likely not 
dense [Chiotellis+12]. 
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● ~15% (2/13) of SN Ia 
progenitors excavate large 
low ρ cavities: SN1006, 
RCW 86.
● vwind  1000 km/s ≳ [Vink+ 06, 
Badenes+ 07, Williams+ 11].
● Accretion winds from WD 
surface or accretion disk? 
[Hachisu+96]. 
● These two SNRs have 
spectra dominated by 
synchrotron emission. 

SN 1006
(Chandra)
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● ~30% (4/13) of SN Ia  
progenitors have dense 
CSM: N103B, 3C397, 0519, 
G337.
● dM/dt  10≳ -6 M⊙/yr, vwind ~10 
km/s.
● 3C397  near-M⇒ Ch (Mn/Fe, 
Ni/Fe) [Yamaguchi+ 15]. 
● 3C397, N103B, G337  n-⇒
rich ejecta (Ca/S) [Martinez-
Rodriguez+ 17].
● N103B  young stellar ⇒
population [Badenes+ 09]. 
● Are these the near-MCh SN 
Ia w/SD progenitors? Related 
to SN Ia-CSM?

Yamaguchi+ 15 

(3C 397)

emission in young and middle-aged SNRs, agree on a Type Ia
origin (e.g., Chen et al. 1999; Yang et al. 2013; Yamaguchi
et al. 2014a). Here we present strong evidence for the presence
of electron capture products in the X-ray spectrum of 3C 397,
after proving that the SNR is indeed evolved. In our analysis,
we assume the distance to the SNR to be 10 kpc (Safi-Harb
et al. 2000 and references therein), but our main results and
conclusions are not affected by the uncertainty in the distance
estimate.

The errors quoted in the text and table and the error bars in
the figures are at a 1σ confidence level unless otherwise stated.

2. OBSERVATIONAL RESULTS

We analyzed archival Spitzer infrared (IR) and Suzaku X-ray
data from 3C 397. The IR observations were performed using
the Multiband Imaging Photometer (MIPS) and the Infrared
Spectrograph (IRS) during 2005 April. The X-ray observation
was performed in 2010 October with a total effective exposure
of 69 ks for the X-ray Imaging Spectrometer (XIS). We
followed the standard procedures for data reduction. Figure 1
shows a composite image of 3C 397 in the 24 μm IR (red) and
5–9 keV X-rays (blue).

2.1. IR Spectroscopy

In young SNRs, mid-IR continuum emission arises from dust
grains in the interstellar medium (ISM) that are heated in the
post-shock gas by collisions with energetic ions and electrons.
Therefore, IR spectra can constrain the density and mass of the
swept-up ambient medium (e.g., Borkowski et al. 2006).
Figure 2(a) shows the background-subtracted Spitzer IRS
spectra from the two regions indicated in Figure 1. Using the
dust emission models and analysis procedures described in
Borkowski et al. (2006) and Williams et al. (2012), we fitted
the 21–33 μm continuum and derived post-shock proton
number densities of 4.6± 0.4 and 8.5± 0.8 cm−3 for the NE
and SW rims, respectively. The average pre-shock density is
therefore r = ´ + ´μ (4.6 8.5) 2 (1 4)0 H ≈ ´ -3.8 10 24

g cm−3, where μH = ´ ´ -1.4 1.67 10 24 g is the mean mass

per hydrogen nucleus for solar abundances (Asplund
et al. 2009).
The spatially integrated IR flux from the SNR is ∼20 Jy,

which requires a swept-up dust mass of ∼0.2 M d10
2 . This

estimate accounts for the fact that the mid-IR observations
usually capture only ∼20% of the flux in this band, because the
rest of the dust is colder and emits at longer wavelengths
(Borkowski et al. 2006; Williams et al. 2014). Taking the
standard dust-to-gas ratio in the Milky Way (Weingartner &
Draine 2001), the estimated dust mass leads to a swept-up gas
mass of ∼25 M d10

2 . The SNR shape can be well approximated
by a ¢ ´ ¢ ´ ¢2.4 1.3 1.3 ellipsoid, corresponding to a volume of

´ d1.4 1058
10
3 cm3. The average ambient density that the SNR

blast wave has experienced is therefore estimated to be
´ - -d3.6 10 24

10
1 g cm−3, consistent with (and independent of)

the measurement from the IR spectra at a nominal distance to
the SNR. Because the total swept-up mass (∼25 M ) is much
larger than the typical SN Ia ejecta mass, we conclude that the
reverse shock must have thermalized the innermost ejecta (e.g.,
Truelove & McKee 1999).

2.2. X-Ray Spectroscopy

Given the ISM origin of the IR emission, the clear
anticorrelation between the IR and X-ray morphologies
(Figure 1) suggests that the hard X-rays predominantly originate
from the ejecta. The spectrum of the Suzaku XIS in the 5–9 keV
band extracted from the entire SNR is shown in Figure 2(b). The
data from the two active front-illuminated CCDs (XIS0 and 3)
were merged after background subtraction. The Kα atomic lines
from four Fe-peak elements (Cr, Mn, Fe, and Ni) are clearly
resolved and detected at high significance. We measured their
centroids and fluxes using Gaussian models, and obtained the
results given in Table 1. Since the observed spectrum is
dominated by metal-rich ejecta, we modeled the continuum with
a bremsstrahlung representing emission from collisions between
hot free electrons and highly ionized heavy elements using the
Gaunt factor calculation method described in Kellogg et al.
(1975). This model constrains the electron temperature to

= Tlog ( [K]) 7.39 0.04e10 . If a power-law model is adopted
instead, an unreasonably steep photon index (G  4.0) is
obtained, ruling out a nonthermal origin for the continuum. In
fact, we found no evidence for a synchrotron X-ray filament,
such as those observed in young SNRs (e.g., Tycho, SN 1006),
in the higher-resolution Chandra image of 3C 397 at the line-
free energies of 4.1–5.3 keV. During the spectral analysis we
kept the absorption column density fixed at = ´N 3 10H

22

cm−2 (Safi-Harb et al. 2005) with standard Galactic abundances
(Wilms et al. 2000). We repeated the analysis using different
background spectra, but found no significant change in the
measured values listed in Table 1.
In the non-equilibrium ionization (NEI) conditions com-

monly found in SNRs, line centroids and emissivities are
determined by the electron temperature (Te) and the ionization
timescale (net—the product of the electron number density and
plasma age, which is the time elapsed since the gas was shock-
heated). To determine the plasma properties and elemental
mass ratios from the observed X-ray spectrum, we computed
new atomic data based on the updated AtomDB database11 (A.
R. Foster et al. 2015, in preparation). Figure 3 shows
theoretical centroid energies for the Fe-peak elements detected

Figure 1. Two-color image of SNR 3C 397. Red and blue represent 24 μm IR
(Spitzer) and 5–9 keV X-rays (Suzaku), respectively. The green rectangles
indicate the locations where the IR spectra (Figure 2(a)) are extracted.

11 http://atomdb.org
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Given these theoretical uncertainties, the reaction was not
included in the model grid from Yamaguchi et al. (2015)
shown in Figures 2 and 3. However, the results from that paper,
which are based on the Fe-peak elements (M MNi Fe,
M MMn Fe), remain valid. To prove this, we run an additional
DDTc, 5.4-Ze model where the reaction is included (using the
rate given by Caughlan & Fowler 1988) and show the effect on
the total mass yields in Figure 6. The Fe-peak yields are
insensitive to the 12C+16O rate, but the Ca and S yields vary
drastically. This could affect our inferred Zeq values given the
small error bars in our measurements (see Section 2).

To study the effect of this reaction rate on the overall M MCa S
yield, we run additional MCh and sub-MCh models. The MCh are
calculated analogously to the ones in Section 3.1, although with
an increased central density 3 10 g cmc

9 3r = ´ - . The sub-MCh
are obtained with the methods used in Miles et al. (2016) and
described in Townsley et al. (2016), applied in one dimension,
and using the reaction networks provided by the Modules for
Experiments in Stellar Astrophysics (MESA) for post-processing
instead of Torch (Townsley et al. 2016). These two additional
model grids give similar, though understandably not quite
identical, yields for the same 12C+16O rate. We introduce
several attenuation factors COx : 0, 0.7, and 0.9 for the DDTs, and
0, 0.7, 0.9, and 0.99 for the sub-MCh. We use the rate given by

1 CO CF88l x l= -( ) , where λCF88 is the standard 12C+16O
rate (Caughlan & Fowler 1988), so ξCO=0, 1 corresponds to
null and full suppression, respectively.

Why does varying the 12C+16O rate change the Ca/S mass
ratio? First,consider the case where the 12C+16O rate is zero.
At oxygen burning temperatures, oxygen could react with itself
to mainly produce 16O(16O, α)28Si. We will refer to this as the
“alpha-poor” branch since only one α-particle is produced.
Alternatively, oxygen can photodisintegrate to produce carbon,
2(16O)+ 2γ2(12C)+2α. If this carbon only recombines
with the emitted α-particle to produce 16O, then this
equilibrium loop is not interesting for our purposes here. The
other option is for carbon to burn with itself to mainly produce
12C(12C, α)20Ne. Photodisintegration of 20Ne then returns the
nuclear flows to 16O via 20Ne(γ, α)16O. The net flow of this

oxygencycle is 16O(16O, 4α)16O. We will refer to this as the
“alpha-rich” branch since four α-particles are produced. The
alpha-poor and alpha-rich branches compete with each other.
Which branch dominates depends on the thermodynamic
conditions and reaction rates. If the alpha-poor branch wins,
then the 32S and 40Ca abundances will be low. If the alpha-rich
branch wins, then the 32S and 40Ca abundances will be high.
Now consider the case where the 12C+16O rate is nonzero.

The 12C+16O branching ratios are not important because
the main products from this reaction (24Mg 27Al, and 27Si)
ultimately produce 28Si. That is, the net nuclear flow is
12C+16O 28Si. If 12C burns only by reactions with 16O,
the reaction flow for oxygen photodisintegration is 16O+

C12g  +α, then 12C+16O 28Si. This is the same
single α-particle yield as the alpha-poor branch (Woosley et al.
1971). Thus, the net effect of a nonzero 12C+16O rate is to
assist the alpha-poor branch, to produce less α-particles.
De et al. (2014) and Miles et al. (2016) showed that the Ca/S

mass ratio in SN Ia ejecta scales as the square of the α-particle
abundance. Increasing the 12C+16O rate (decreasing COx )
suppresses the α-particle abundance, which in turn decreases
M MCa S. There is less sensitivity to the 12C+16O rate at
higher metallicity (more 22Ne) because the increased neutron
richness opens additional channels for α-particles, so that the
action of the 12C+16O reaction to shift α-particle flows
toward the alpha-poor branch is less important.
In Figure 7, we show how the various 12C+16O rate

multipliers affect the determination of Zeq for 3C 397, Kepler,and
Tycho by analyzing M MCa S versus M MCr Fe and linearly
interpolating within the model grids as done for Figure 4. We
choose these remnants because our inferred Zeq estimates agree
with previous measurements based on Fe-peak nuclei, which are
not affected by the 12C+16O rate (see thediscussion in
Section 3.1). In order to recover Zeq values that are consistent
with the ones found by Yamaguchi et al. (2015), the suppression
factor has to be at least of the order of 0.9COx = (attenuation
90%). We conclude that the 12C+16O rate is attenuated in
nature, but we emphasize that a more in-depth analysis is required
to get to the bottom of this newly identified problem in SN Ia

Figure 4. Comparison between the implied metallicities of the SNRs and the stellar metallicity distributions (numbers indicate percentiles) for the Milky Way (as a
function of Galactocentric radius) and LMC disks. We consider a maximum height over the Milky Way disk z 0.6 kpc=∣ ∣ , which encompasses the four Galactic
SNRs. The solar Galactocentric distance (8.3 kpc; Gillessen et al. 2009) is shown as a dashed, brown line.
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Fig. 13. Pie charts of the e�ciency-corrected observed fractions of the
SN Ia sub-classes of the ZTF SN Ia DR2. The various sub-classes are
presented with di↵erent colours, as shown in the legends.

A method to identify non-cosmological SNe Ia from the
photometry has been suggested by Ashall et al. (2020), using
the time di↵erence between the maxima of two photometric
bands (ideally a set of filters consisting of a blue and a red
one, with significant separation in their e↵ective wavelengths,
such as the g and i bands) and the colour-stretch parameter
(Burns et al. 2014). We propose a similar method that uses the
time di↵erence as in Ashall et al. (2020) and the colour of the
two photometric bands 15 days after maximum brightness. Our
results confirm the exclusively spectroscopic peculiarity of 91T-
like events, as their photometric properties overlap with the
brighter normal SNe Ia, with similar values of t

i�g
max and colours.

Ashall et al. (2020) finds similar t
i�g
max for the normal SNe Ia,

but somehow larger (�1.12 ± 0.47) for the 91T-like, although
their 91T-like sample is smaller. This potentially indicates a
common explosion mechanism for the normal and the 91T-like,
forming a continuum in the luminous region of SNe Ia (91T-
like, 99aa-like and overluminous normal SNe Ia), with second-
order progenitor scenario parameters (e.g. the extent of 56Ni
mixing into the ejecta, Phillips et al. 2024) a↵ecting the tem-
perature and leading to the higher ionisation state we observe
in the 91T-like spectra. Moreover, a similar continuum in the
spectroscopic properties from bright to faint normal SNe Ia has
been seen in Burgaz et al. (2025). However, whether these trends
can be attributed to a single explosion mechanism or binary (or
both) with a varying parameter, or several progenitor scenar-
ios are acting simultaneously and reproduce these trends, is still
unclear.

Non-cosmological SNe Ia have generally redder (g � i)+15 d

colours, while the time di↵erence t
i�g
max indicates that the i band

peaks after the g band (and in fact, the same thing for any band
redward of g). This trend almost certainly originates from the
source that powers their light curves. The 91bg-like SNe Ia show
no distinctive i-band secondary maximum, with a faster decline
in the g band, due to the low-temperature explosion leading to a
merging of the primary and secondary i-band maximum. The
situation is more complicated for SNe Iax; under the partial-
deflagration scenario (Fink et al. 2014), widely thought to be
the progenitor scenario of these events, the mixing of 56Ni in
the outer layers sustains high-ionization states, and combined
with the low expansion velocities observed, results in a longer
di↵usion timescale and the disappearance of the i-band sec-
ondary maximum. On the other hand, the i-band behaviour of
the 03fg-like, 02es-like, and SNe Ia-CSM is driven by the inter-
action of the SN ejecta with CSM around the explosion site

and the e↵ective trapping of the radiation. The 03fg-like SNe Ia
have strong indications of a carbon/oxygen-rich and hydrogen-
poor CSM envelope that leads to longer di↵usion timescales
(Dimitriadis et al. 2023; Srivastav et al. 2023; Siebert et al.
2024), while a connection between the 02es-like and the
03fg-like sub-classes has been demonstrated (Srivastav et al.
2023; Hoogendam et al. 2024), hinting for a common pro-
genitor scenario, with variations in the mass of the CSM
envelope and the mass of the synthesised 56Ni. Finally, the post-
peak light curves of SNe Ia-CSM are dominated by the interac-
tion of their ejecta with a hydrogen/helium-rich CSM, usually
associated with a single degenerate scenario origin.

Focusing on the host galaxies of the peculiar SNe Ia,
we find that specific sub-types tend to explode in particular
environments. While these correlations have been explored in
large samples of SNe Ia (e.g. Sullivan et al. 2010; Kelly et al.
2010; Galbany et al. 2014, 2018), very few studies have con-
centrated on the SNe Ia sub-classes (Hakobyan et al. 2020;
Chakraborty et al. 2024) and particularly in a homogeneous and
volume-limited sample. The host galaxy preference of the 91bg-
like SNe Ia has been observed before (see Taubenberger 2017,
and references therein) and we confirm that they prefer higher
mass and redder colours, with less star formation. On the other
hand, the previously thought 91T-like preference for lower mass
and bluer colours (thus higher star formation) is not statistically
significant, similar to the findings of Phillips et al. (2024). We
generally find smaller masses and bluer colours for the 03fg-
like and the SNe Iax, and similar host galaxies for the 02es-like
and 18byg-like SNe Ia with the 91bg-like. The host galaxies of
SNe Ia-CSM appear to be, intrinsically, the less diverse, with the
notable exception of the single Helium-rich SN Ia-CSM. Nev-
ertheless, future surveys with deeper limits will discover more
peculiar SNe Ia, increasing the size of the sample and decreas-
ing the statistical uncertainties.

6.2. The intrinsic relative rate of thermonuclear SNe in a
volume-limited sample

We have estimated the relative rates of the SN Ia sub-classes of
our volume-limited sample, after correcting for the e�ciency of
detection that a↵ects primarily the fainter sub-classes. We esti-
mate that ⇠75% of the SN Ia explosions in the local universe
are normal SNe Ia, with ⇠12% and ⇠6% corresponding to the
traditional peculiar sub-types of 91T-like and 91bg-like, respec-
tively. Comparing our results with the volume-limited sample of
Li et al. 2011, we find di↵erent fractions for the normal, 91T-
like and 91bg-like SNe Ia (70%, 9% and 15%, respectively) but
similar for SNe Iax (5%), probably due to the targeted (to more
massive galaxies) nature of the LOSS survey. We also find less
normal and 91T-like SNe Ia than Desai et al. 2024 (89.5±11.8%
and 3.7±0.8%, respectively) and identical fraction for the 91bg-
like. We note though that in Desai et al. (2024), the normal SNe
Ia contain events that they were unable to sub-classify (similar to
our not sub-typed ones, for which we attempted a classification).
When we perform the same assumption (i.e. include our not sub-
typed events to the normal population), we find a normal popu-
lation of ⇠78.7 ± 4.7%, in agreement with Desai et al. (2024) to
⇠0.85�, but with smaller uncertainty. On the other hand, the dis-
agreement for the 91T-like population is significant, at the ⇠3.5�
level. These discrepancies can be due to lower-number statistics,
the lack of certain sub-types in the study (Iax and 18byg-like
are not considered, while it is not clear if 99aa-like events are
included in the normal or the 91T-like sub-class), and/or limita-
tions due to the survey used, as the ASAS-SN sample had single
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Figure 5. Left: in the upper panel, we plot the measured vs. computed line centroids for Si Kα, S Kα, and Fe Kα, for the DDTa (black solid) and DDTg (red dashed)
models. The hatched region in each panel corresponds to the measured centroid including the 90% confidence interval. The DDTg models and a subset of the DDTa
models (Ṁ < 4 × 10−6M⊙ yr−1) do not produce any Fe K emission. In the lower panel, we plot the line centroids for the DDTa cavity models for vwind = 10 (green
solid) and 20 (blue dashed) km s−1, for a range of mass-loss rates. The line centroids and errors are indicated by the vertical hatched regions in each panel. The
allowed mass-loss rates as dictated by the comparison between the measured and modeled line centroids are marked by the horizontal cross-hatched region. Right: Si
Kα/Si xiv Lyα flux ratio from each model as compared against the measured value from Table 1. The flux ratios are plotted as a function of mass-loss rate for both the
pure wind models as well as the models that include a cavity. The line styles are the same as in the left-hand plot. We mark the region of the plot that is not consistent
with the measured line ratio which rules out almost all pure wind models.
(A color version of this figure is available in the online journal.)

at ∼2.0 keV. This emission is not observed in the spectrum
(Figure 2), and our spectral fits only resulted in an upper limit
on the Si xiv Lyα flux (Table 1). This is shown quantitatively
in Figure 5 (right) where we plot the ratio of the modeled
flux from Si Kα to that from Si xiv Lyα, for comparison
against the measured ratio. In summary, based on the results
of our comparisons between the observed and modeled bulk
properties of the X-ray spectrum from the shocked ejecta, we
must conclude that the X-ray emission from Kepler’s SNR is
not consistent with what is expected from SN ejecta interacting
with a ρamb ∝ r−2 wind as proposed by Chiotellis et al. (2012).

3.3. Spectral Fitting: Wind + Cavity Model

As discussed above, pure wind models do not provide a
good fit to the X-ray spectrum. The reason is that the low
wind velocities and moderate mass-loss rates that are required
to match the SNR dynamics result in a significant amount
of circumstellar material close to the explosion. Physically,
this results in a stronger reverse shock being driven into the
expanding ejecta, resulting in higher average charge states—this
affects both the Kα line centroid as well as the amount of Lyα
emission. These are two measurable quantities which do not
agree with the simple models described above.

The possibility exists that the circumstellar environment is
more complicated than that of a simple r−2 wind. Recurrent
novae (e.g., Sokoloski et al. 2006; Wood-Vasey & Sokoloski
2006) or optically thick accretion winds (e.g., Hachisu et al.
1996) from the WD could carve out a cavity around the
progenitor, even while the companion is losing mass to a
slow and dense wind. We consider the formation of a small
(∼1017 cm) cavity inside the dense wind. The cavity could form

in a number of ways (see Chomiuk et al. 2012, for a recent
review), and time-variable Na i D absorption spectra indicate
that cavities can have sizes !1017 cm (Patat et al. 2007; Blondin
et al. 2009; Simon et al. 2009; Sternberg et al. 2011). A small
cavity such as this will not significantly alter the dynamics
of the forward shock, but it will slow the ionization of the
ejecta, resulting in lower charge states and dynamically younger
shocked ejecta.

In the bottom panel of Figure 4 (left), we plot the synthesized
X-ray emission from models where the wind has a small cavity
carved out of it. Additionally, we show in the bottom panel of
Figure 5 (left) the computed line centroids for these models. In
the right-hand panel of Figure 5, we show the modeled flux ratio
of Si Kα to Si xiv Lyα compared against the upper limit on the
flux ratio from the X-ray spectrum, as a function of mass-loss
rate. As shown in these plots, the line centroids (Si Kα and
S Kα) now agree with the measured values (for velocities "
20 km s−1). Additionally, these modified models show little
Si xiv Lyα emission at ∼2 keV, as evidenced by the low flux
ratios seen in the right-hand panel, particularly for mass-loss
rates less than 6 × 10−6 M⊙ yr−1. We can thus conclude that
these models are consistent with the observed X-ray spectrum.

When working within the dynamical constraints imposed by
the DDTa models, we require a distance greater than 7 kpc, and
a wind luminosity greater than ∼6 × 1032 erg s−1. Additionally,
we require iron emission, agreement between the modeled and
measured Kα line centroids, and little or no Si xiv Lyα emission.
The high mechanical wind luminosity rules out models with
low values of Ṁ , while the lower limit on the distance rules
out the high mass-loss rate models. The presence of Si xiv Lyα
emission in the modeled spectra rules out those models with
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Figure 4. Fe Kα luminosity, SNR radius, and SNR age as a function of Fe Kα centroid energy for the ddt40 ejecta interacting with the high mass-loss rate (left, orange) and
low mass-loss rate (right, red) PN models at an age of 10,000 yr. The red and blue symbols represent measurements of known Type Ia and CC SNRs, respectively, from
Yamaguchi et al. (2014a) and Martínez-Rodríguez et al. (2018). For each PN model, we show both the equatorial (thick line) and polar (thin line) 1D profiles, highlighting the
region between them with a shade, but we remind the reader that the denser (equatorial) profile will be closer to any spatially integrated SNR measurements like the ones shown
here (see text for details). For comparison, we add an SNR model obtained assuming a uniform AM with a density of 1.0 × 10−24g cm−3 in gray (see text for details).

Figure 5. Fe Kα luminosity and centroid energy comparison for different SNe Ia explosion models. Each colored line represents a different explosion model used with the PN
cocoons. For clarity, only the 1D equatorial projections of the PNe are shown. The younger PN model with the higher mass-loss rate is shown with solid lines, while the older
PN model with lower mass-loss rate is shown with dashed lines. The colors of the lines each represent a different SN Ia explosion model, with both sub-MCh models and
delayed-detonation near-MCh models.
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● Non-isotropic, non-
continuous outflows are 
certainly possible.
● Small (~0.03 pc) cavities 
embedded in winds  Kepler ⇒
[Patnaude+ 12]. Others?
● Planetary Nebulae: SN Ia 
after CEE [Kashi & Soker 11]. 
Too dense, but tDelay~104 yr 
might work [Court+ 24] ⇒ 0519 
[Schindelheim+ 24]. Others?
● The parameter space for 
progenitor mass loss is vast. 
● Dense CSM and large 
cavities are hard to hide 
(EM∝ρ2).

Court+ 24
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3

Figure 1. Top: Forward shock (solid) and contact discontinuity (dashed) radius with respect to age for uniform AM densities
(color shaded regions), and the PN model (black lines), with SNR 0519−69.0 observations (data point with error bars). Middle:
Fe Kα centroid (upper) and Fe Kα/Si Kα line flux ratio (lower) for each model, with observed values as vertical lines with
shaded regions. Model error bars indicate SNR 0519−69.0’s age limits. Bottom: Chandra spectrum compared to the model PN
spectra, at the nominal SNR age of 760 years.
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embedded in winds  Kepler ⇒
[Patnaude+ 12]. Others?
● Planetary Nebulae: SN Ia 
after CEE [Kashi & Soker 11]. 
Too dense, but tDelay~104 yr 
might work [Court+ 24] ⇒ 0519 
[Schindelheim+ 24]. Others?
● The parameter space for 
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Abstract

The nature of Type Ia supernova (SN Ia) explosions remains an open issue, with several contending progenitor
scenarios actively being considered. One such scenario involves an SN Ia explosion inside a planetary nebula (PN)
in the aftermath of a stellar merger triggered by a common envelope (CE) episode. We examine this scenario using
hydrodynamic and nonequilibrium ionization simulations of the interaction between the SN ejecta and the PN
cocoon into the supernova remnant (SNR) phase, focusing on the impact of the delay between the CE episode and
the SN explosion. We compare the bulk dynamics and X-ray spectra of our simulated SNRs to the observed
properties of known Type Ia SNRs in the Milky Way and the Magellanic Clouds. We conclude that models where
the SN explosion happens in the immediate aftermath of the CE episode (with a delay 1000 yr) are hard to
reconcile with the observations, because the interaction with the dense PN cocoon results in ionization timescales
much higher than those found in any known Type Ia SNR. Models with a longer delay between the CE episode and
the SN explosion (∼10,000 yr) are closer to the observations, and may be able to explain the bulk properties of
some Type Ia SNRs.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Type Ia supernovae (1728); Planetary
nebulae (1249); Common envelope evolution (2154); X-ray astronomy (1810)

1. Introduction

Despite the fact that Type Ia supernovae (SNe Ia) remain a
foundational tool in modern cosmology, the precise nature of
their progenitor systems remains unknown. Contending theor-
etical scenarios provide different explanations for the process
whereby a carbon-oxygen white dwarf (WD) in a binary
system becomes unstable, undergoes a thermonuclear runaway,
and is completely disrupted in an SN Ia explosion. In the single
degenerate (SD) scenario, this process involves the gradual
growth of the WD through accretion of material from a
nondegenerate companion. In the double degenerate (DD)
scenario, the WD undergoes a more rapid destabilization as a
result of a merger or a collision with a degenerate companion
(see Wang & Han 2012; Maoz et al. 2014; Seitenzahl &
Townsley 2017; Liu et al. 2023, for reviews). Both these
scenarios require orbital separations that are orders of
magnitude smaller than is possible for main-sequence binaries,
and which can only be achieved through common envelope
(CE) evolution (Ivanova et al. 2013). While the need for at least
one CE episode in the evolutionary pathways of all SN Ia
progenitors is well established, there is no consensus about how
many episodes are necessary, exactly when they take place, or
what is the time elapsed between the last CE episode and the
SN explosion (Ruiter et al. 2009; Claeys et al. 2014; Meng &
Podsiadlowski 2017).

A series of theoretical studies (Kashi & Soker 2011; Ilkov &
Soker 2012, 2013; Tsebrenko & Soker 2015a; Aznar-Siguán
et al. 2015) proposed that the SN Ia explosion can happen in
the immediate aftermath of a CE episode. In this framework, a
red giant branch (RGB) or an asymptotic giant branch (AGB)
star ejects part of its envelope mass through dynamical
interaction with a WD companion in a classic CE episode,
leading to a substantial loss of angular momentum and a drastic
reduction of the orbital period of the system (Ricker &
Taam 2012; Ohlmann et al. 2016). The traditional view was
that the short-period central binary emerging from the CE
episode would take a long time to merge (e.g., Taam et al.
1978; Meyer & Meyer-Hofmeister 1979), but Kashi & Soker
(2011) pointed out that a sizeable fraction of the envelope mass
might not be ejected from the system, falling back and forming
a circumbinary disk. The interaction with this disk can then
cause the WD and the leftover stellar core to plunge toward
each other, triggering a merger or a collision and leading to an
SN Ia explosion a short time after the CE episode.
A direct prediction of this scenario is that the material ejected

in the CE episode should still be in the vicinity of the
progenitor when the SN explodes. There is some uncertainty
about the morphology and kinematics of the material ejected
during the CE episode, but several observational and theor-
etical studies have established that a large fraction of bipolar
planetary nebulae (PNe) are likely the result of CE evolution
(Paczynski 1976; Livio & Soker 1988; Soker & Livio 1994;
Nordhaus & Blackman 2006; De Marco 2009; Jones 2017;
Ondratschek et al. 2022). Due to the PN-CE association, this
scenario is sometimes referred to as a “supernova inside a
planetary nebula” (SNIP; Tsebrenko & Soker 2013). The
SNIPs framework has been invoked as an explanation for the
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Abstract
The parameter space for mass loss in Type Ia supernova (SN Ia) progenitors is large, with different progenitor
scenarios favoring different mass-loss regimes. Here we focus on the impact that uniform and isotropic outflows
have on the circumstellar environment of SN Ia progenitors. We vary mass-loss rate, wind velocity, and outflow
duration, and evolve supernova remnant (SNR) models in this grid of circumstellar structures in order to compare
the bulk properties of these models (ages, radii, and Fe Kα centroids and luminosities) to observations. We find
that roughly 55% (7/13) of young X-ray-bright Type Ia SNRs in the Milky Way and the Large Magellanic Cloud
had progenitors that did not substantially modify their surroundings on ∼parsec scales. This group includes SN Ia
with a range of luminosities, and at least one likely product of a double-detonation explosion in a sub-
Chandrasekhar white dwarf (WD). The other half of our sample can be divided into two distinct classes. A small
subset of SNRs (∼15%, 2/13) have large radii and low Fe Kα centroids and are likely expanding into large
cavities that might have been excavated by fast (∼1000 km s−1), sustained progenitor outflows. The majority of
the SNRs that are expanding into a modified medium (∼30%, 4/13) show evidence for dense material, likely
associated with slow (∼10 km s−1) progenitor outflows, possibly a byproduct of accretion processes in near-
Chandrasekhar WDs spawned by younger stellar populations.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Supernova remnants (1667); Type Ia supernovae
(1728); X-ray astronomy (1810); Common envelope evolution (2154)

1. Introduction

Type Ia supernovae (SNe Ia) are foundational in our
understanding of cosmology, but some of their fundamental
properties remain obscure (see D. Maoz et al. 2014; Z.-W. Liu
et al. 2023; A. J. Ruiter & I. R. Seitenzahl 2025, for reviews).
Among these are the chain of events that leads to the SN Ia
explosion itself, whereby a carbon-oxygen (CO) white dwarf
(WD) in a binary system undergoes a thermonuclear runaway.
One possibility is slow accretion of material from the
companion, until either the WD mass gets close enough to
the Chandrasekhar (MCh) limit that it becomes unstable and
explodes on its own, or surface ignition of He-rich accreted
material sends a shock wave toward the central regions of the
WD that can trigger an ignition below the Chandrasekhar limit
(this is often referred to as the double-detonation scenario).
Another possibility is a collision or merger between the WD
and its companion, either through dynamical secular evolution
of triple systems (S. Toonen et al. 2018), by a rapid
inspiral following a common-envelope episode (A. Kashi &
N. Soker 2011), or through gravitational-wave emission over
long timescales in detached systems (R. F. Webbink 1984). In
a nutshell, CO WDs in SN Ia progenitors can have either
nondegenerate or degenerate companions, they can explode

close to or somewhat below MCh, and the accretion phase
before the explosion can be long, short, or nonexistent.
One thing that all evolutionary pathways for SNe Ia have in

common is that they involve at least one phase of unstable
mass transfer (i.e., a common-envelope episode), as the orbital
separations required for accretion or merger are orders of
magnitude smaller than those of main-sequence binaries
(B. Wang & Z. Han 2012; N. Ivanova et al. 2013; but see
also K. Iłkiewicz et al. 2019). However, it is unclear how long
such episodes last, when they take place, or how long after the
episode the supernova explosion occurs (A. J. Ruiter et al.
2009; X. Meng & P. Podsiadlowski 2017; T. Court et al.
2024). Mass transfer in binary systems is poorly understood,
but it is highly unlikely that it would be conservative, and mass
loss from the progenitor, whatever the mechanism behind it,
has the potential to leave an imprint on the structure of its
circumstellar material (CSM).
Constraints on the density of the CSM around SN Ia

progenitors have been derived from radio and X-ray follow-up
campaigns of nearby SNe, weeks or months after the
explosion. L. Chomiuk et al. (2012) derived an upper limit
of / ¥M v 6 10 M

wind
10 yr

100 km s

1

1 or n < 6 cm−3(ρAM ≈ 1 ×
10−23 g cm–3) for SN 2011fe at radii between ∼1015 and 1016

cm. Similarly, R. Margutti et al. (2014) found low mass-loss
rates / <M v 10 M

wind
9 yr
100 km s

1

1 or n < 3 cm−3(ρAM ≈ 5 ×
10−24 g cm–3) for SN 2014J at R ∼ 1016 cm. More broadly,
L. Chomiuk et al. (2016) found that >94% of SNe Ia should
have mass-loss rates below / ¥M v 4 10 M

wind
7 yr
100 km s

1

1 at
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● X-ray bright SNRs probe the AM of SN progenitors to ~pc scales.

● SN Ia: multiple progenitor channels. 

● Many (most?) SN Ia progenitors do not strongly modify their AM 
 no dense CSM, no large cavities. This includes normal SN Ia ⇒

(Tycho) and luminous 91T-like SN Ia (0509  double detonation?).⇒

● A few SN Ia explode in large low-density cavities excavated by 
fast, sustained progenitor outflows.

● Some SN Ia interact with dense CSM. This includes likely near-
MCh explosions (3C397, N103B, G337) in younger stellar 
populations (N103B). SD systems? Post-CE cocoons? SN Ia-CSM?

● Implications for binary evolution of SN Ia progenitors. 
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● As you all know, SNe (and 
SNRs!) are not 1D objects.

Lopez+ 11
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● XRISM will help! Superb 
spectral resolution  ⇒
kinematics.

Court+ 23

XRISM



  

Models: SNIPs

● SN Ia inside a post-CE cocoon 
(PN) [Kashi & Soker 11]  e⇒ volve SNR 
inside PN models [García-Segura+ 18].
● Equatorial/Polar profiles bracket AM 
interaction (EM ρ∝ 2 favors eq.)

● In most cases, n
e
t is too high, 

unless the delay between CE episode 
and SN is ≳ 10,000 yr [Court+ 24]. Good 
match to SNR 0519-69.0. 

Court+ 24
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Models: SNIPs
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Chomiuk+ 12

References: Seaquist & Taylor 
90; Patat+ 18; Chen+ 11; 
Deufel+ 99; Williams+ 08; 
Huang & Yu 96; Hachisu+ 96, 
99; Cowley+ 98; Murray 02; 
Wood-Vasey & Sokoloski 06; 
Darnley+ 19 ...  

● Pre-SN mass loss (dM/dt, v
w
): fast and slow outflows. Sustained 

fast outflows  large energy-driven cavities. Slow outflows  dense ⇒ ⇒
CSM [Koo & McKee 92a,b, Badenes+ 07, Patnaude & Badenes 17].
● Episodic outflows  shells ⇒ [Wood-Vasey & Sokoloski 06, Darnley+ 19].
● Common Envelope cocoon + ionization  PN ⇒ [Kashi & Soker 11; 
Ilkov & Soker 12; Tsebrenko & Soker 13,15; García-Segura+ 18, Court+ 24].
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Badenes+ 07
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● Pre-SN mass loss (dM/dt, v
w
): fast and slow outflows. Sustained 

fast outflows  large energy-driven cavities. Slow outflows  dense ⇒ ⇒
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● Pre-SN mass loss (dM/dt, v
w
): fast and slow outflows. Sustained 

fast outflows  large energy-driven cavities. Slow outflows  dense ⇒ ⇒
CSM [Koo & McKee 92a,b, Badenes+ 07, Patnaude & Badenes 17].
● Episodic outflows  shells ⇒ [Wood-Vasey & Sokoloski 06, Darnley+ 19].
● Common Envelope cocoon + ionization  PN ⇒ [Kashi & Soker 11; 
Ilkov & Soker 12; Tsebrenko & Soker 13,15; García-Segura+ 18; Wang+ 17].
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Garcia-Segura+ 18



  

AM Interaction and SNR spectra

● X-ray spectra of SNRs  ⇔
AM structure. NEI plasma: 
ionization timescale (n

e
t). 

● Dense AM ⇒ high n
e
t  ⇒

high centroid energies and 
line fluxes.
● Fe Kα line blend at ~6.5 
keV as an AM density 
diagnostic  l⇒ arge n

e
t to fully 

ionize Fe ⇒ large dynamic 
range in ρ

AM
.  

● Details: Yamaguchi+ 14b, 
Patnaude & Badenes 17, 
Martínez-Rodríguez+ 18, 
Court+ 24.

Carles Badenes
JHU 02/04/26

Yamaguchi & 
Ohshiro 22

Fe

Si
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● 25 MW & LMC SNRs with 
good Fe Kα centroids 
(Chandra, Suzaku, XMM) 
[Yamaguchi+ 14, Borkowski+ 13, 
Maggi+ 16, M-R+ 18, Siegel+ 21].

● Bulk properties: Fe Kα 
centroid, Fe Kα luminosity, 
radius, age. 

● Typing: a few secure cases 
(SNe, LEs, NSs), many likely 
ones (X-ray spectra).

● A pattern emerges: Ia SNRs 
below ~6.55 keV, CC SNRs 
above [Yamaguchi+ 14].
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ones (X-ray spectra).
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Fe charge state
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Martínez-

Rodríguez+ 18 

● Constraints on AM  HD+NEI ⇒
models [Badenes+ 03,05,06, Patnaude+ 
15,17, Jacovich+ 21,23, Court+ 24].
● Uniform AM works quite well for 
most Ia SNRs [Badenes+ 07, 
Yamaguchi+ 14, M-R+ 18]. This does not 
imply there is no CSM! 



  

Models: CSM Carles Badenes
HEAD21 4/12/24

● dM/dt, u
w
 ⇒ CSM [Badenes+ 07].

● RCW 86 is a cavity explosion  ⇒
fast, sustained dM/dt [Williams+ 11].
● N103B, 0519 probably need denser 
CSM [Williams+ 14].
● Slow/dense outflows (e.g., AGB 
winds) can be ruled out in most cases. 
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● dM/dt, u
w
 ⇒ CSM [Badenes+ 07].

● RCW 86 is a cavity explosion  ⇒
fast, sustained dM/dt [Williams+ 11].
● N103B, 0519 probably need denser 
CSM [Williams+ 14].
● Slow/dense outflows (e.g., AGB 
winds) can be ruled out in most cases. 
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● Mn, Ni, and Ca lines in 
SNRs can constrain 
neutronization (η) in SN Ia. 

● Inferred η is high, both 
from Fe-peak elements and 
Ca/S [Badenes+ 08b, Park+ 13, 
M-R+ 17, H-A+ 23] ⇒ Neutron 
source not tied to Z.

● Physical interpretation 
is controversial: near-Ch 
progenitors [Yamaguchi+ 14, 
M-R+ 17] or not [Shen+ 18].

● Ca/S in SNRs  ⇒ 12C+16O 
rate attenuated by ~90%! 
[M-R+17, Bravo+19, H-A+ 23].

Seitenzahl & Townsley 17 
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● Mn, Ni, and Ca lines in 
SNRs can constrain 
neutronization (η) in SN Ia. 

● Inferred η is high, both 
from Fe-peak elements and 
Ca/S [Badenes+ 08b, Park+ 13, 
M-R+ 17, H-A+ 23] ⇒ Neutron 
source not tied to Z.

● Physical interpretation 
is controversial: near-Ch 
progenitors [Yamaguchi+ 14, 
M-R+ 17] or not [Shen+ 18].

● Ca/S in SNRs  ⇒ 12C+16O 
rate attenuated by ~90%! 
[M-R+17, Bravo+19, H-A+ 23].

Yamaguchi+ 15 

η
↑Mn
↑Ni
↓Ca

References: Timmes+ 03, De+ 14 
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Yamaguchi+ 15 

● Mn, Ni, and Ca lines in 
SNRs can constrain 
neutronization (η) in SN Ia. 

● Inferred η is high, both 
from Fe-peak elements and 
Ca/S [Badenes+ 08b, Park+ 13, 
M-R+ 17, H-A+ 23] ⇒ Neutron 
source not tied to Z.

● Physical interpretation 
is controversial: near-Ch 
progenitors [Yamaguchi+ 14, 
M-R+ 17] or not [Shen+ 18].

● Ca/S in SNRs  ⇒ 12C+16O 
rate attenuated by ~90%! 
[M-R+17, Bravo+19, H-A+ 23].
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Martínez-Rodríguez+ 17 

● Mn, Ni, and Ca lines in 
SNRs can constrain 
neutronization (η) in SN Ia. 

● Inferred η is high, both 
from Fe-peak elements and 
Ca/S [Badenes+ 08b, Park+ 13, 
M-R+ 17, H-A+ 23] ⇒ Neutron 
source not tied to Z.

● Physical interpretation 
is controversial: near-Ch 
progenitors [Yamaguchi+ 14, 
M-R+ 17] or not [Shen+ 18].

● Ca/S in SNRs  ⇒ 12C+16O 
rate attenuated by ~90%! 
[M-R+17, Bravo+19, H-A+ 23].
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Shen+ 18

● Mn, Ni, and Ca lines in 
SNRs can constrain 
neutronization (η) in SN Ia. 

● Inferred η is high, both 
from Fe-peak elements and 
Ca/S [Badenes+ 08b, Park+ 13, 
M-R+ 17, H-A+ 23] ⇒ Neutron 
source not tied to Z.

● Physical interpretation 
is controversial: near-Ch 
progenitors [Yamaguchi+ 14, 
M-R+ 17] or not [Shen+ 18].

● Ca/S in SNRs  ⇒ 12C+16O 
rate attenuated by ~90%! 
[M-R+17, Bravo+19, H-A+ 23].
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Holland-Ashford+ 23



  

Conclusions

● SNRs are crucial to the SN Ia progenitor problem.
● Many Type Ia SNRs show no evidence for strongly modified AM 
on ~pc scales. This is hard(er) to explain with slowly accreting 
progenitors.
● Some Type Ia SNRs probably have CSM (RCW 86, N103B, 
0519). Spectral models are necessary to constrain progenitor 
outflows. SNIPs might work in some cases, but t

delay
≳104 yr.  Keep 

an eye out for XRISM results! 
● Neutronization in Type Ia SNRs (Mn, Ni, Ca): there is likely a 
neutron source that is not tied to metallicity. This is hard(er) to 
explain with progenitors that merge or collide on dynamical 
timescales.

Carles Badenes
JHU 02/04/26

There is probably a mixture of SN Ia progenitor 
channels in star-forming galaxies
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AM Interaction in SNRs: Fe K 

● Use Fe Kα line blend at 
~6.5 keV as an AM density 
diagnostic.
● Most SNe (Ia and CC) 
eject some Fe  ⇒
innermost layers.
● Large n

e
t required to fully 

ionize Fe ⇒ large 
dynamic range in ρ

AM
.  

● Details: Yamaguchi+ 14b, 
Patnaude & Badenes 17, 
Martínez-Rodríguez+ 18, 
Court+ 24.
● Need high effective area 
at 6.5 keV: Suzaku.

Badenes+ 08a

Yamaguchi+ 14a

Carles Badenes
JHU 02/04/26
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