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Figure 8. Time evolution of the kinetic, internal, and gravitational potential
energy for a model with a flame bubble ignited 25 km from the stellar center.
The nuclear energy released by burning in the deflagration (t < tdet, with
tdet = 2.45s) and the detonation (t > tdet) can be seen as a change in the sum of
these three energy components (blue).

a gross oversimplification of the underlying initiation process
which depends sensitively on the gradients of thermodynamic
variables within the heated region. Since gradients play a
central role, the resolution and the geometry of the flows
being simulated, such as those presented here, are important
considerations when investigating the potential for detonation.
The suite of simulations studied in this paper use a finest zone
size which is 4 km and limits the steepness of temperature
gradients which can be represented in our models. And although
detonations do arise in our simulations, drawing conclusions
from the results of simulations alone concerning the success or
failure of detonation will require investigations at significantly
higher resolution than has been possible to date.

We have made some efforts to address the robustness of
initiation with a suite of simulation models which employ a
patch of mesh refinement over the collision region having zones
as fine as 125 m. One of the principal findings of this study,
which is being prepared for publication elsewhere (C. A. Meakin
et al. 2009, in preparation), is that the gradients at the head of
the inward-directed jet component become steeper at higher
resolution which at first appears to inhibit detonation. However,
the higher-resolution flows develop turbulent structures within
the shear layers that form at the interface between the head
of the jet and the background stellar material, such as through
the Kelvin–Helmholtz instability, which thicken the fuel–ash
boundary to an extent that induction time gradients conducive to
the spontaneous initiation of a detonation may develop after all.

4.2. Propagation of the Detonation Wave over the Stellar Core

Once the detonation wave forms it propagates outward from
the spot of initiation nearly spherically, and consumes the
unburned carbon and oxygen remaining in the core. The time
sequence in Figure 5 shows the geometry of the detonation
wave as it propagates over the stellar core. The detonation wave
speed is a weak function of the upstream plasma density and
varies by only ±5% for the conditions present in the unburned
core, where 107 < ρ < 109 g cm−3 (see Figure 2 of Gamezo
et al. 1999). The detonation wave traverses the expanded WD
in tcross ∼ 2rdet/DCJ ∼ 0.4 s where the core size is roughly
rdet ∼ 2 × 108 cm and the detonation wave speed is DCJ ∼
109 cm s−1.

As the detonation wave propagates it compresses upstream
material prior to burning. Upstream material with a density
greater than ∼ 107 g cm−3 is compressed and heated strongly
enough by the shock that complete relaxation to NSE occurs
before the rarefaction wave behind the detonation expands
the material and it freezes out (see Section 5). At lower
upstream densities relaxation to NSE is incomplete and the ash
is composed of intermediate mass elements (IMEs) such as Si,
S, Ca, and Ar, i.e., the products of incomplete silicon burning
(e.g., Woosley et al. 1973; Arnett 1996).

Material which is compressed to densities exceeding
∼ 108 g cm−3 in the detonation wave develops a non-negligible
neutron excess through electron capture reactions. The strong
density dependence of the weak reaction rates limits this neu-
tronization to the centralmost regions of the star as evident in
Figure 6 which shows the spatial distribution of electron mole
fraction Ye as the detonation wave sweeps over the stellar core.
As discussed in Section 5, the final composition of the material
burned to NSE, including the fraction which is 56Ni, depends
on the degree of neutronization.

Detonation waves are subject to transverse instabilities which
influence the structure of the reaction zone and the reaction
products and introduce inhomogeneities in the downstream flow
(e.g., Gamezo et al. 1999; Timmes et al. 2000; Sharpe 2001).
Therefore, in order to faithfully capture in entirety the prop-
erties of the burning in a detonation wave the reaction length
scale must be resolved. An additional complication arises in
modeling detonations when the density scale height in the
medium through which the detonation propagates is comparable
to or smaller than the reaction length. Under these conditions
steady detonation wave theory cannot be applied and the re-
sulting reactive-hydrodynamic flow remains an active field of
research (Sharpe 2001). In the context of a carbon–oxygen, near
Chandrasekhar-mass WD (MCh), such conditions arise when
the upstream density is ∼ 107 g cm−3. Significant deviations
from a CJ detonation may arise and influence the resulting
IME yield. Since IMEs, such as Si and Ca, are primary ob-
servational diagnostics of the explosion mechanism underly-
ing SNe Ia (e.g., Wang et al. 2003, 2007), these uncertainties
have important implications for modeling all delayed detonation
scenarios.

In the models presented here, the stellar cores undergo only
modest expansion during the deflagration and detonation phases.
Between 90% and 97% of the unburned mass in the core has
a density which exceeds ∼ 107 g cm−3 at the time detonation
initiates and all of this material undergoes complete relaxation
to NSE, resulting in primarily 56Ni and a small fraction of stable
Fe-peak elements (Section 5 and Table 1). Therefore, only a
small amount of mass, which is confined to a thin shell in
the outer part of the core, is burned to IMEs by the detonation
wave. Within this narrow shell, the length scales associated with
transverse instabilities exceed the grid scale used (∆ = 4 km)
(Gamezo et al. 1999) and our numerical methods are sufficient to
capture them. However, material in this narrow region undergoes
rapid expansion after the detonation wave passes and it quickly
mixes with the turbulent layer of deflagration ash which lies
immediately above it so that it is difficult to discern the presence
of cellular structure if it did indeed arise. Significantly higher
fidelity simulations are required in order to study the impact
that transverse instabilities have under these conditions. While
these affects are negligible in the present suite of models,
more expanded, lower-density cores are likely to be much more
strongly impacted by this uncertain physics.

EB=7.68 MeV/nuc EB=7.97 MeV/nuc

EB=8.64 MeV/nuc

0.8 MeV/nuc *  
6x1023 nuc/g * 
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Figure 8. Time evolution of the kinetic, internal, and gravitational potential
energy for a model with a flame bubble ignited 25 km from the stellar center.
The nuclear energy released by burning in the deflagration (t < tdet, with
tdet = 2.45s) and the detonation (t > tdet) can be seen as a change in the sum of
these three energy components (blue).

a gross oversimplification of the underlying initiation process
which depends sensitively on the gradients of thermodynamic
variables within the heated region. Since gradients play a
central role, the resolution and the geometry of the flows
being simulated, such as those presented here, are important
considerations when investigating the potential for detonation.
The suite of simulations studied in this paper use a finest zone
size which is 4 km and limits the steepness of temperature
gradients which can be represented in our models. And although
detonations do arise in our simulations, drawing conclusions
from the results of simulations alone concerning the success or
failure of detonation will require investigations at significantly
higher resolution than has been possible to date.

We have made some efforts to address the robustness of
initiation with a suite of simulation models which employ a
patch of mesh refinement over the collision region having zones
as fine as 125 m. One of the principal findings of this study,
which is being prepared for publication elsewhere (C. A. Meakin
et al. 2009, in preparation), is that the gradients at the head of
the inward-directed jet component become steeper at higher
resolution which at first appears to inhibit detonation. However,
the higher-resolution flows develop turbulent structures within
the shear layers that form at the interface between the head
of the jet and the background stellar material, such as through
the Kelvin–Helmholtz instability, which thicken the fuel–ash
boundary to an extent that induction time gradients conducive to
the spontaneous initiation of a detonation may develop after all.

4.2. Propagation of the Detonation Wave over the Stellar Core

Once the detonation wave forms it propagates outward from
the spot of initiation nearly spherically, and consumes the
unburned carbon and oxygen remaining in the core. The time
sequence in Figure 5 shows the geometry of the detonation
wave as it propagates over the stellar core. The detonation wave
speed is a weak function of the upstream plasma density and
varies by only ±5% for the conditions present in the unburned
core, where 107 < ρ < 109 g cm−3 (see Figure 2 of Gamezo
et al. 1999). The detonation wave traverses the expanded WD
in tcross ∼ 2rdet/DCJ ∼ 0.4 s where the core size is roughly
rdet ∼ 2 × 108 cm and the detonation wave speed is DCJ ∼
109 cm s−1.

As the detonation wave propagates it compresses upstream
material prior to burning. Upstream material with a density
greater than ∼ 107 g cm−3 is compressed and heated strongly
enough by the shock that complete relaxation to NSE occurs
before the rarefaction wave behind the detonation expands
the material and it freezes out (see Section 5). At lower
upstream densities relaxation to NSE is incomplete and the ash
is composed of intermediate mass elements (IMEs) such as Si,
S, Ca, and Ar, i.e., the products of incomplete silicon burning
(e.g., Woosley et al. 1973; Arnett 1996).

Material which is compressed to densities exceeding
∼ 108 g cm−3 in the detonation wave develops a non-negligible
neutron excess through electron capture reactions. The strong
density dependence of the weak reaction rates limits this neu-
tronization to the centralmost regions of the star as evident in
Figure 6 which shows the spatial distribution of electron mole
fraction Ye as the detonation wave sweeps over the stellar core.
As discussed in Section 5, the final composition of the material
burned to NSE, including the fraction which is 56Ni, depends
on the degree of neutronization.

Detonation waves are subject to transverse instabilities which
influence the structure of the reaction zone and the reaction
products and introduce inhomogeneities in the downstream flow
(e.g., Gamezo et al. 1999; Timmes et al. 2000; Sharpe 2001).
Therefore, in order to faithfully capture in entirety the prop-
erties of the burning in a detonation wave the reaction length
scale must be resolved. An additional complication arises in
modeling detonations when the density scale height in the
medium through which the detonation propagates is comparable
to or smaller than the reaction length. Under these conditions
steady detonation wave theory cannot be applied and the re-
sulting reactive-hydrodynamic flow remains an active field of
research (Sharpe 2001). In the context of a carbon–oxygen, near
Chandrasekhar-mass WD (MCh), such conditions arise when
the upstream density is ∼ 107 g cm−3. Significant deviations
from a CJ detonation may arise and influence the resulting
IME yield. Since IMEs, such as Si and Ca, are primary ob-
servational diagnostics of the explosion mechanism underly-
ing SNe Ia (e.g., Wang et al. 2003, 2007), these uncertainties
have important implications for modeling all delayed detonation
scenarios.

In the models presented here, the stellar cores undergo only
modest expansion during the deflagration and detonation phases.
Between 90% and 97% of the unburned mass in the core has
a density which exceeds ∼ 107 g cm−3 at the time detonation
initiates and all of this material undergoes complete relaxation
to NSE, resulting in primarily 56Ni and a small fraction of stable
Fe-peak elements (Section 5 and Table 1). Therefore, only a
small amount of mass, which is confined to a thin shell in
the outer part of the core, is burned to IMEs by the detonation
wave. Within this narrow shell, the length scales associated with
transverse instabilities exceed the grid scale used (∆ = 4 km)
(Gamezo et al. 1999) and our numerical methods are sufficient to
capture them. However, material in this narrow region undergoes
rapid expansion after the detonation wave passes and it quickly
mixes with the turbulent layer of deflagration ash which lies
immediately above it so that it is difficult to discern the presence
of cellular structure if it did indeed arise. Significantly higher
fidelity simulations are required in order to study the impact
that transverse instabilities have under these conditions. While
these affects are negligible in the present suite of models,
more expanded, lower-density cores are likely to be much more
strongly impacted by this uncertain physics.
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Figure 8. Time evolution of the kinetic, internal, and gravitational potential
energy for a model with a flame bubble ignited 25 km from the stellar center.
The nuclear energy released by burning in the deflagration (t < tdet, with
tdet = 2.45s) and the detonation (t > tdet) can be seen as a change in the sum of
these three energy components (blue).

a gross oversimplification of the underlying initiation process
which depends sensitively on the gradients of thermodynamic
variables within the heated region. Since gradients play a
central role, the resolution and the geometry of the flows
being simulated, such as those presented here, are important
considerations when investigating the potential for detonation.
The suite of simulations studied in this paper use a finest zone
size which is 4 km and limits the steepness of temperature
gradients which can be represented in our models. And although
detonations do arise in our simulations, drawing conclusions
from the results of simulations alone concerning the success or
failure of detonation will require investigations at significantly
higher resolution than has been possible to date.

We have made some efforts to address the robustness of
initiation with a suite of simulation models which employ a
patch of mesh refinement over the collision region having zones
as fine as 125 m. One of the principal findings of this study,
which is being prepared for publication elsewhere (C. A. Meakin
et al. 2009, in preparation), is that the gradients at the head of
the inward-directed jet component become steeper at higher
resolution which at first appears to inhibit detonation. However,
the higher-resolution flows develop turbulent structures within
the shear layers that form at the interface between the head
of the jet and the background stellar material, such as through
the Kelvin–Helmholtz instability, which thicken the fuel–ash
boundary to an extent that induction time gradients conducive to
the spontaneous initiation of a detonation may develop after all.

4.2. Propagation of the Detonation Wave over the Stellar Core

Once the detonation wave forms it propagates outward from
the spot of initiation nearly spherically, and consumes the
unburned carbon and oxygen remaining in the core. The time
sequence in Figure 5 shows the geometry of the detonation
wave as it propagates over the stellar core. The detonation wave
speed is a weak function of the upstream plasma density and
varies by only ±5% for the conditions present in the unburned
core, where 107 < ρ < 109 g cm−3 (see Figure 2 of Gamezo
et al. 1999). The detonation wave traverses the expanded WD
in tcross ∼ 2rdet/DCJ ∼ 0.4 s where the core size is roughly
rdet ∼ 2 × 108 cm and the detonation wave speed is DCJ ∼
109 cm s−1.

As the detonation wave propagates it compresses upstream
material prior to burning. Upstream material with a density
greater than ∼ 107 g cm−3 is compressed and heated strongly
enough by the shock that complete relaxation to NSE occurs
before the rarefaction wave behind the detonation expands
the material and it freezes out (see Section 5). At lower
upstream densities relaxation to NSE is incomplete and the ash
is composed of intermediate mass elements (IMEs) such as Si,
S, Ca, and Ar, i.e., the products of incomplete silicon burning
(e.g., Woosley et al. 1973; Arnett 1996).

Material which is compressed to densities exceeding
∼ 108 g cm−3 in the detonation wave develops a non-negligible
neutron excess through electron capture reactions. The strong
density dependence of the weak reaction rates limits this neu-
tronization to the centralmost regions of the star as evident in
Figure 6 which shows the spatial distribution of electron mole
fraction Ye as the detonation wave sweeps over the stellar core.
As discussed in Section 5, the final composition of the material
burned to NSE, including the fraction which is 56Ni, depends
on the degree of neutronization.

Detonation waves are subject to transverse instabilities which
influence the structure of the reaction zone and the reaction
products and introduce inhomogeneities in the downstream flow
(e.g., Gamezo et al. 1999; Timmes et al. 2000; Sharpe 2001).
Therefore, in order to faithfully capture in entirety the prop-
erties of the burning in a detonation wave the reaction length
scale must be resolved. An additional complication arises in
modeling detonations when the density scale height in the
medium through which the detonation propagates is comparable
to or smaller than the reaction length. Under these conditions
steady detonation wave theory cannot be applied and the re-
sulting reactive-hydrodynamic flow remains an active field of
research (Sharpe 2001). In the context of a carbon–oxygen, near
Chandrasekhar-mass WD (MCh), such conditions arise when
the upstream density is ∼ 107 g cm−3. Significant deviations
from a CJ detonation may arise and influence the resulting
IME yield. Since IMEs, such as Si and Ca, are primary ob-
servational diagnostics of the explosion mechanism underly-
ing SNe Ia (e.g., Wang et al. 2003, 2007), these uncertainties
have important implications for modeling all delayed detonation
scenarios.

In the models presented here, the stellar cores undergo only
modest expansion during the deflagration and detonation phases.
Between 90% and 97% of the unburned mass in the core has
a density which exceeds ∼ 107 g cm−3 at the time detonation
initiates and all of this material undergoes complete relaxation
to NSE, resulting in primarily 56Ni and a small fraction of stable
Fe-peak elements (Section 5 and Table 1). Therefore, only a
small amount of mass, which is confined to a thin shell in
the outer part of the core, is burned to IMEs by the detonation
wave. Within this narrow shell, the length scales associated with
transverse instabilities exceed the grid scale used (∆ = 4 km)
(Gamezo et al. 1999) and our numerical methods are sufficient to
capture them. However, material in this narrow region undergoes
rapid expansion after the detonation wave passes and it quickly
mixes with the turbulent layer of deflagration ash which lies
immediately above it so that it is difficult to discern the presence
of cellular structure if it did indeed arise. Significantly higher
fidelity simulations are required in order to study the impact
that transverse instabilities have under these conditions. While
these affects are negligible in the present suite of models,
more expanded, lower-density cores are likely to be much more
strongly impacted by this uncertain physics.
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Figure 8. Time evolution of the kinetic, internal, and gravitational potential
energy for a model with a flame bubble ignited 25 km from the stellar center.
The nuclear energy released by burning in the deflagration (t < tdet, with
tdet = 2.45s) and the detonation (t > tdet) can be seen as a change in the sum of
these three energy components (blue).

a gross oversimplification of the underlying initiation process
which depends sensitively on the gradients of thermodynamic
variables within the heated region. Since gradients play a
central role, the resolution and the geometry of the flows
being simulated, such as those presented here, are important
considerations when investigating the potential for detonation.
The suite of simulations studied in this paper use a finest zone
size which is 4 km and limits the steepness of temperature
gradients which can be represented in our models. And although
detonations do arise in our simulations, drawing conclusions
from the results of simulations alone concerning the success or
failure of detonation will require investigations at significantly
higher resolution than has been possible to date.

We have made some efforts to address the robustness of
initiation with a suite of simulation models which employ a
patch of mesh refinement over the collision region having zones
as fine as 125 m. One of the principal findings of this study,
which is being prepared for publication elsewhere (C. A. Meakin
et al. 2009, in preparation), is that the gradients at the head of
the inward-directed jet component become steeper at higher
resolution which at first appears to inhibit detonation. However,
the higher-resolution flows develop turbulent structures within
the shear layers that form at the interface between the head
of the jet and the background stellar material, such as through
the Kelvin–Helmholtz instability, which thicken the fuel–ash
boundary to an extent that induction time gradients conducive to
the spontaneous initiation of a detonation may develop after all.

4.2. Propagation of the Detonation Wave over the Stellar Core

Once the detonation wave forms it propagates outward from
the spot of initiation nearly spherically, and consumes the
unburned carbon and oxygen remaining in the core. The time
sequence in Figure 5 shows the geometry of the detonation
wave as it propagates over the stellar core. The detonation wave
speed is a weak function of the upstream plasma density and
varies by only ±5% for the conditions present in the unburned
core, where 107 < ρ < 109 g cm−3 (see Figure 2 of Gamezo
et al. 1999). The detonation wave traverses the expanded WD
in tcross ∼ 2rdet/DCJ ∼ 0.4 s where the core size is roughly
rdet ∼ 2 × 108 cm and the detonation wave speed is DCJ ∼
109 cm s−1.

As the detonation wave propagates it compresses upstream
material prior to burning. Upstream material with a density
greater than ∼ 107 g cm−3 is compressed and heated strongly
enough by the shock that complete relaxation to NSE occurs
before the rarefaction wave behind the detonation expands
the material and it freezes out (see Section 5). At lower
upstream densities relaxation to NSE is incomplete and the ash
is composed of intermediate mass elements (IMEs) such as Si,
S, Ca, and Ar, i.e., the products of incomplete silicon burning
(e.g., Woosley et al. 1973; Arnett 1996).

Material which is compressed to densities exceeding
∼ 108 g cm−3 in the detonation wave develops a non-negligible
neutron excess through electron capture reactions. The strong
density dependence of the weak reaction rates limits this neu-
tronization to the centralmost regions of the star as evident in
Figure 6 which shows the spatial distribution of electron mole
fraction Ye as the detonation wave sweeps over the stellar core.
As discussed in Section 5, the final composition of the material
burned to NSE, including the fraction which is 56Ni, depends
on the degree of neutronization.

Detonation waves are subject to transverse instabilities which
influence the structure of the reaction zone and the reaction
products and introduce inhomogeneities in the downstream flow
(e.g., Gamezo et al. 1999; Timmes et al. 2000; Sharpe 2001).
Therefore, in order to faithfully capture in entirety the prop-
erties of the burning in a detonation wave the reaction length
scale must be resolved. An additional complication arises in
modeling detonations when the density scale height in the
medium through which the detonation propagates is comparable
to or smaller than the reaction length. Under these conditions
steady detonation wave theory cannot be applied and the re-
sulting reactive-hydrodynamic flow remains an active field of
research (Sharpe 2001). In the context of a carbon–oxygen, near
Chandrasekhar-mass WD (MCh), such conditions arise when
the upstream density is ∼ 107 g cm−3. Significant deviations
from a CJ detonation may arise and influence the resulting
IME yield. Since IMEs, such as Si and Ca, are primary ob-
servational diagnostics of the explosion mechanism underly-
ing SNe Ia (e.g., Wang et al. 2003, 2007), these uncertainties
have important implications for modeling all delayed detonation
scenarios.

In the models presented here, the stellar cores undergo only
modest expansion during the deflagration and detonation phases.
Between 90% and 97% of the unburned mass in the core has
a density which exceeds ∼ 107 g cm−3 at the time detonation
initiates and all of this material undergoes complete relaxation
to NSE, resulting in primarily 56Ni and a small fraction of stable
Fe-peak elements (Section 5 and Table 1). Therefore, only a
small amount of mass, which is confined to a thin shell in
the outer part of the core, is burned to IMEs by the detonation
wave. Within this narrow shell, the length scales associated with
transverse instabilities exceed the grid scale used (∆ = 4 km)
(Gamezo et al. 1999) and our numerical methods are sufficient to
capture them. However, material in this narrow region undergoes
rapid expansion after the detonation wave passes and it quickly
mixes with the turbulent layer of deflagration ash which lies
immediately above it so that it is difficult to discern the presence
of cellular structure if it did indeed arise. Significantly higher
fidelity simulations are required in order to study the impact
that transverse instabilities have under these conditions. While
these affects are negligible in the present suite of models,
more expanded, lower-density cores are likely to be much more
strongly impacted by this uncertain physics.
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Figure 9. SNID comparison of spectral features in our N40 model to
SN2004eo (the best match supernova identified for our N40 maximum light
spectrum). We show results for three epochs, �7, 0 and +7 days relative
to maximum light in B band. The epoch of the relevant observation, the
rlap-value of the match and the redshift parameter (z), is indicated in each
panel. The spectra are shown flattened, as they are compared by SNID (i.e.
after a pseudo continuum has been fit and subtracted). Small red-shifts are
allowed in identifying the best correlation. These are included here and can
be used to quantify the typical mismatch in velocities between the models
and observations (see text and Table 2).

3.2.2 Orientation dependence of spectra

Figure 10 shows synthetic spectra for models N40 and N3 at four
epochs for three example observer orientations, which correspond

to the directions in which the peak bolometric magnitude was
largest, smallest and close to the median value7.

As expected based on the discussion of light curves in Sec-
tion 3.1.2, our synthetic spectra for model N40 are not very sen-
sitive to the observer orientation (only the region around the Ca II
infrared triplet and the blue/ultraviolet region of the spectrum are
noticeably affected). In particular, neither the strength nor blueshift
of the Si II 6355-Å feature is significantly direction dependent. This
degree of orientation dependence is characteristic of our models
with moderate to large numbers of ignition sparks.

In contrast, the N3 spectral features do vary noticeably with
orientation. At maximum light, the Si II 6355-Å feature is less
blueshifted (down to vSi ⇠ 13,500 km s�1) and weaker for orienta-
tions in which the total flux is higher. For the median brightness and
brightest example spectra of model N3 around tB

max, the best SNID
matches are still to normal SNe Ia, as for the angle-averaged spec-
trum of this model. In contrast, the faint spectrum shows a strongest
correlation with a SN Ic (SN 04aw), having rlap = 7.5 (the best
match with a SN Ia has rlap = 5.7). However, we stress that the
absolute brightness of model N3 (see Section 3.1) is too large for
this to be a good model for a normal SN Ia or SN Ic. Therefore,
accounting for orientation dependence does not alter our conclu-
sion that the brightest models do not appear well-matched to any
observed class of SN (see below).

4 DISCUSSION

In the previous sections we have presented our synthetic light
curves and spectra and compared them to the observed properties
of normal SNe Ia. Here, we draw together the results of these com-
parisons and discuss their implications for the model parameters
explored in our study. We also compare some key results to those
obtained in previous studies of DDT models.

4.1 Role of the strength of the deflagration phase

Twelve of our fourteen models differ from each other only in the ge-
ometry with which the initial deflagration was ignited. These pro-
duce a sequence of models with differing deflagration strengths and
final 56Ni masses ranging from 0.32 – 1.1 M�. Based on compar-
ison of spectral features alone, almost all models in this sample
invite comparison with normal SNe Ia: apart from exceptions at
the extremes of our model sequence, all our SNID analyses yielded
best matches to normal SNe Ia, with respectable rlap-values (par-
ticularly at early epochs).

When we also consider light curve information, however, a
clearer discrimination between our models emerges and our anal-
yses consistently point to the best agreement with observations for
the models with intermediate strengths of the deflagration phase
(e.g. N40, N100). These models have roughly the right rise time
(tB

max), light curve decline parameter (DmB
15), peak luminosity and

peak V �R colour to match normal SNe Ia. The correspondence
with observations is nevertheless imperfect – for these models, im-
portant difficulties include matching the I band light curve and the
peak B �V colours, which are systematically too red (see Sec-
tion 4.5). In addition, we consistently find that the models evolve

7 In order to improve signal to noise in these MC spectra, each is obtained
by averaging over 5 of the synthetic spectra drawn from our sample of 100
orientations: the 5 brightest, 5 faintest and 5 around median brightness.

c� 2013 RAS, MNRAS 000, 1–16

   Sim+ (2013), MNRAS, 436, 333

SNID IDs e.g. N40 as normal SN Ia
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Figure 4. Comparison of synthetic light curve properties between our models and a sample of SNe Ia drawn from Hicken et al. (2009, excluding events with
a distance modulus µ < 33 mag.). Left: Peak B-band versus peak V -band magnitude. Right: B-band magnitude versus B�V colour at tB

max. Observations are
shown as green crosses while measurements from our angle-averaged model light curves are shown as filled circles [black for our twelve models that differ
only in the number and distribution of ignition sparks; red for our two models that adopt different central densities; model N100 is shown as a black circle with
a red ring, for comparison to both sequences]. The light grey crosses indicated results from the full orientation dependent synthetic light curves (100 points for
each model).

Figure 5. As Figure 4 but showing B- (left) and V -band (right) width-luminosity relations.

ered a “good” match; Blondin & Tonry 2007). . The code also fits
for a redshift parameter (z), based on comparison to the templates.
When analysing models, this parameter can be viewed as a means
to quantify any systematic velocity offset between features in the
model and observations (see below). We made our comparisons to
a database of 3754 spectra of 349 template SNe Ia (version 2.0 of

the SNID template database, which includes data from Blondin et al.
2012).

Following an approach similar to Blondin et al. (2011), we
ran SNID on angle-averaged synthetic spectra for three epochs for
each of our models: at tB

max and at both one week before and one
week after tB

max. In all cases, we restricted the wavelength range of

c� 2013 RAS, MNRAS 000, 1–16

But we don’t recover the WLR
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this

Figure 7. Delay time distribution of CONe WDs that approach M
Ch

due to accretion from a binary star companion. Blue systems are those
with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M

Ch

.
In terms of relative rates for different SN Ia progenitors, we

find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M

Ch

from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that

c� 2012 RAS, MNRAS 000, 1–9

➡Stellar evolution predicts “hybrid” WDs
‣ e.g. Denissenkov+2013; Chen+2014
‣ small CO core, large ONe “mantle”
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
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of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this
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hybrid cores as well. We assume all of these WDs undergo an off-
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find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M
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burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
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SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
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uncertainties in the observed rate of SNe Iax (different authors give
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In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this
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Ch

due to accretion from a binary star companion. Blue systems are those
with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M

Ch

.
In terms of relative rates for different SN Ia progenitors, we

find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M

Ch

from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this
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with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M
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find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M
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from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that

c� 2012 RAS, MNRAS 000, 1–9

➡Stellar evolution predicts “hybrid” WDs
‣ e.g. Denissenkov+2013; Chen+2014
‣ small CO core, large ONe “mantle”
‣ accrete to MCh  — short delay times

➡ 3D deflagration simulation: 0.2 M☉CO
✓ deflagration extinguishes in ONe (?)
✓ 3.4 x10-3 M☉of 56Ni



A model for 2008ha (Mv = -14.2) 
deflagrations in hybrid WDs

   Kromer+ (2015), MNRAS, 450, 3045

Deflagrations in hybrid CONe white dwarfs 7

tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this

Figure 7. Delay time distribution of CONe WDs that approach M
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due to accretion from a binary star companion. Blue systems are those
with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M

Ch

.
In terms of relative rates for different SN Ia progenitors, we

find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M

Ch

from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this

Figure 7. Delay time distribution of CONe WDs that approach M
Ch

due to accretion from a binary star companion. Blue systems are those
with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M

Ch

.
In terms of relative rates for different SN Ia progenitors, we

find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M

Ch

from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that
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tion in the bound remnant is low, an accretion-induced collapse and
a neutron star might be the more probable outcome. As our current
simulations are unable to resolve the bound remnant, we can not
make a predictive statement about its final fate at this stage.

5.3 Burning in the ONe layer

In this work, we have assumed that deflagration burning ceases
when the flame front reaches the ONe mantle of the hybrid WD.
This assumption significantly reduces the energy release compared
to deflagrations in CO WDs and is critical to obtain very low 56Ni
masses as observed in faint SNe Iax. However, in principle, defla-
grations are possible in ONe material as well (Timmes & Woosley
1992). Since the energy release from burning this fuel is lower,
the flame slows down and its width increases more rapidly with
lower fuel density than for deflagrations in CO material (Timmes
& Woosley 1992). ONe deflagrations are therefore not expected to
propagate at densities lower than ⇠ 109 g cm�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥109 g cm�3, so some additional burning in the
ONe material is possible. Detailed microscopic flame simulations
are necessary, however, to assess our assumption that burning stalls
shortly after the deflagration reaches the ONe layer.

5.4 Binary population synthesis - rates and constraints on
delay times

It is important to assess the likelihood of such events from a the-
oretical standpoint: how frequent are the faint SN Iax events? We
evolved 300,000 binaries with Z=0.02 from the ZAMS up to a Hub-
ble time assuming a binary fraction of 70 percent using the popula-
tion synthesis code STARTRACK (Belczynski et al. 2002, 2008). To
obtain theoretical birthrates we first calculated the number of ONe
WDs that approach M

Ch

via stable Roche-lobe overflow from a
stellar companion (see P-MDS model description in Ruiter et al.
2014). Typically, these systems are considered to lead to accretion-
induced collapse and form neutron stars, but as discussed in Sec-
tion 2, if these WDs contain some non-negligible fraction of un-
burnt C, they may instead lead to thermonuclear explosions.

The STARTRACK code currently does not account for the evo-
lution of hybrid CONe WDs explicitly. However, it is reasonable
to assume that if such hybrid WDs exist then the lower mass limit
will occur near the boundary where, in our population models, a
degenerate CO core is formed, and where C burning occurs non-
explosively leading to the formation of a degenerate ONe core (the
CO WD – ONe WD boundary; see Belczynski et al. (2008)). The
upper limit for the hybrid core mass will lie somewhere within the
range of masses that are canonically assumed to result in ‘pure’
ONe WDs.

Denissenkov et al. (2015) found that single stars with ZAMS
masses between ⇠ 6.4 and 7.3M� produce CONe hybrid WDs.
This same mass range cannot be extrapolated to interacting binary
stars since a star that has lost or gained mass will follow a different
course of evolution (and end up with a different core mass) than that
of a single star with the same ZAMS mass. To estimate how many
of our ONe WDs may contain some fraction of unburnt C in their
cores, we checked the corresponding WD birth masses that arise
from ZAMS single stars within this mass range in STARTRACK.
The corresponding range is 1.193 to 1.325M�. Here, we assume
these (ONe-rich) WDs contain some fraction of unburnt C and thus
are hybrid WDs. A small number of ONe WDs are found below this
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due to accretion from a binary star companion. Blue systems are those
with helium-burning stars as donors while the red systems contain main-
sequence, sub-giant, giant or WD donors. Numbers (y-axis) are not scaled
to an absolute rate but rather represent the original numbers from our model.
An estimate of absolute rates (over a Hubble time) is given in the text.

mass boundary in our model, and so we include these as potential
hybrid cores as well. We assume all of these WDs undergo an off-
centre deflagration once they approach M

Ch

.
In terms of relative rates for different SN Ia progenitors, we

find that over a Hubble time, hybrid CONe WDs that may produce
faint Iax-like events are 1 percent of the rate of the entire CO-CO
WD merger population. By comparison, they have about the same
relative rate that we predict for the classic single-degenerate sce-
nario, whereby a CO WD accretes toward M

Ch

from a hydrogen-
burning star (cf. table 1 of Marquardt et al., submitted). To put it in a
more absolute context: Badenes & Maoz (2012) quote a SN Ia rate
of 1.1 ⇥ 10�13 yr�1 M�

�1 for Milky Way like galaxies. We find
from our population synthesis model that the CO-CO WD merger
rate (averaged over a Hubble time) is 1.06 ⇥ 10�13 yr�1 M�

�1,
in other words: very close to the Sbc-like galaxy SN Ia rate (see
also Li et al. 2011a). Taking this number at face value as the overall
SN Ia rate, we find the rate of deflagrations in hybrid CONe WDs to
be on the order of 1 percent of the SN Ia rate. This relative rate will
increase, if one considers galaxies with active star formation rather
than older stellar populations (like the Milky Way). Given the large
uncertainties in the observed rate of SNe Iax (different authors give
values between 5 and 30 percent of the overall rate of SNe Ia, Li
et al. 2011b; Foley et al. 2013; White et al. 2015), our estimated
rate seems in rough agreement with faint SNe Iax.

In Figure 7 we show the delay time distribution for the pop-
ulation of hybrid CONe WDs estimated from our population syn-
thesis model. One third of our hybrid systems have delay times
< 150Myr with the shortest delay time occurring at 30 Myr. All
of our prompt systems below 150Myr have helium-burning stars
as donors (shown in blue). The range of delay times for these pro-
genitors agrees with the results of Wang et al. (2014), who esti-
mated the delay time range for CONe hybrid WDs that accrete to-
ward M

Ch

from helium stars to be 28 to 178 Myr. Our results are
consistent with the fact that SNe Iax are found among young stel-
lar populations; SN 2008ha is estimated to have a delay time of

⇠< 80Myr (Foley et al. 2014b). Nearly half of our hybrid systems,
however, have hydrogen-burning donors, while 17 percent have He
WD donors (all shown in red). All of these systems have longer
delay times (shortest one is 420 Myr). AJR: The main factor that

c� 2012 RAS, MNRAS 000, 1–9

➡Stellar evolution predicts “hybrid” WDs
‣ e.g. Denissenkov+2013; Chen+2014
‣ small CO core, large ONe “mantle”
‣ accrete to MCh  — short delay times

➡ 3D deflagration simulation: 0.2 M☉CO
✓ deflagration extinguishes in ONe (?)
✓ 3.4 x10-3 M☉of 56Ni
✓ 1.39 M☉ remnant

Foley+2014, ApJ, 792, 29 
constrain age to <80 Myr; 
detect possible remnant

2008ha
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Detonations of 1.18 - 1.25 M☉ CO & ONe WDs
ONe lowers v(Si II)  

 ~12,500 km/s for 1991T (Sasdelli+2014)

GCD-model of 1.4 M☉ CO WD
Suggested for 1991T SNe (e.g. Fisher & Jumper 2015)
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Table 2. Stable isotopes (asymptotic values) of model GCD200 in solar
masses.

Isotope Mass Isotope Mass

1H 4.91E�14 4He 1.59E�03
6Li 3.72E�21 7Li 1.32E�19
10B 6.79E�15 11B 2.74E�12
12C 1.13E�02 13C 4.22E�08
14N 5.96E�06 15N 7.53E�09
16O 6.86E�02 17O 8.49E�07
18O 8.54E�09 19F 8.80E�11
20Ne 4.05E�03 21Ne 6.72E�07
22Ne 4.51E�04 23Na 5.34E�05
24Mg 1.17E�02 25Mg 8.16E�05
26Mg 1.21E�04 27Al 5.91E�04
28Si 1.57E�01 29Si 6.51E�04
30Si 1.60E�03 31P 3.29E�04
32S 6.61E�02 33S 1.52E�04
34S 1.69E�03 36S 1.63E�07
35Cl 8.12E�05 37Cl 1.42E�05
36Ar 1.14E�02 38Ar 7.40E�04
40Ar 5.35E�09 39K 4.32E�05
41K 2.43E�06 40Ca 1.02E�02
42Ca 1.58E�05 43Ca 2.13E�08
44Ca 7.05E�06 46Ca 1.80E�11
48Ca 6.65E�16 45Sc 1.00E�07
46Ti 8.64E�06 47Ti 3.35E�07
48Ti 2.30E�04 49Ti 1.74E�05
50Ti 1.42E�10 50V 9.29E�10
51V 5.93E�05 50Cr 2.24E�04
52Cr 5.49E�03 53Cr 5.77E�04
54Cr 8.48E�08 55Mn 4.76E�03
54Fe 2.26E�02 56Fe 9.37E�01
57Fe 2.54E�02 58Fe 6.20E�08
59Co 4.08E�04 58Ni 5.25E�02
60Ni 1.80E�03 61Ni 7.97E�05
62Ni 6.35E�04 64Ni 8.79E�14
63Cu 3.89E�07 65Cu 8.14E�08
64Zn 1.30E�06 66Zn 1.99E�06
67Zn 1.09E�09 68Zn 6.69E�10
70Zn 2.77E�24 69Ga 7.22E�15
71Ga 1.11E�15 70Ge 1.30E�15

where high densities favor neutronization by electron capture re-
actions. FR: should we quantify this? Can we? Will the referee
require us to do that?

Using a smoothed-particle-hydrodynamics-like algorithm that
approximately conserves the integrated yields (for details, see
Kromer et al. 2010), we map the abundance and density structure
of the SN ejecta at the end (t = 100 s) of the hydrodynamic simu-
lations (by which point homologous expansion is a good approxi-
mation) to a 2003 Cartesian grid. The resulting ejecta structure is
shown in Fig. 5.

The total mass that is enveloped by the deflagration flame is
more than 1M�, hence we obtain a bright explosion that is com-
parable in 56Ni mass to 1991T-like objects (see Tab. 4). Using the
method of “abundance tomography”, Sasdelli et al. (2014) find that
they require three per cent of 56Ni by mass at velocities above
12,500 km s�1 to match the spectral time evolution of SN 1991T.2

2 Note that the earlier work by Mazzali et al. (1995) claimed that the outer
layers of SN 1991T are dominated by IGEs, which would argue in favor of a
GCD origin. However, according to Sasdelli et al. (2014), the Mazzali et al.

Table 3. Radioactive isotopes of model GCD200 at t = 100sin solar masses.

Isotope Mass Isotope Mass

14C 4.59E�06 22Na 5.25E�09
26Al 6.59E�07 32Si 1.06E�08
32P 3.29E�07 33P 2.54E�07
35S 3.26E�07 36Cl 4.21E�07
37Ar 1.37E�05 39Ar 5.17E�09
40K 2.45E�08 41Ca 2.43E�06
44Ti 7.03E�06 48V 3.66E�08
49V 1.40E�07 48Cr 2.30E�04
49Cr 1.72E�05 51Cr 2.35E�06
51Mn 5.70E�05 52Mn 2.26E�06
53Mn 3.19E�05 54Mn 8.46E�08
52Fe 5.45E�03 53Fe 5.45E�04
55Fe 9.63E�05 59Fe 1.17E�15
60Fe 4.04E�18 55Co 4.66E�03
56Co 2.76E�05 57Co 2.52E�05
58Co 5.91E�08 60Co 7.60E�13
56Ni 9.37E�01 57Ni 2.53E�02
59Ni 7.45E�05 63Ni 5.21E�14
62Zn 6.35E�04 65Zn 3.83E�10
65Ga 5.16E�08 68Ge 6.69E�10

Total IGE 56Ni Total IME 28Si 16O 12C
[M�] [M�] [M�] [M�] [M�] [M�]

1.0517 0.9367 0.2629 0.1574 0.0686 0.0113

Table 4. Final chemical abundances of model GCD200.

This poses a problem to our model: the shell of deflagration ashes
has an IGE content of ⇠40 per cent by mass in almost every direc-
tion, which is in strong conflict with the Sasdelli et al. (2014) re-
sult. TODO: Discuss ejecta structure more? FR: quantify how
much 56Ni is above 12,500 km/s, or, if too much work refer to
the correspondin panel in Fig. 5 where one can easily read off
that almost all stable Fe group is above 12500 km/s

FR: maybe give values of how mich 56Ni is produced in
the deflagration phase and how much in the detonation?

4 SYNTHETIC OBSERVABLES

To obtain synthetic spectra and light curves for the GCD200 model,
we use the time-dependent 3D Monte Carlo radiative transfer code
ARTIS (Kromer & Sim 2009; Sim 2007). For our radiative trans-
fer simulation we remap the ejecta structure to a 503 grid and fol-
low the propagation of 108 photon packets for 111 logarithmically-
spaced time steps between 2 and 120 d after explosion. To reduce
the computational costs, a grey approximation, as discussed by
Kromer & Sim (2009), is used in optically thick cells, and for
t < 3 d local thermodynamic equilibrium is assumed. We use the
atomic data set described in Gall et al. (2012). Synthetic spectra for
121 equally-sized viewing-angle bins covering the full solid angle

(1995) result, which requires large quantities of high-velocity 56Ni, “came
from requiring an excessively high luminosity because of the assumption
of a larger distance”. They stress furthermore “that the lower distance is
preferred because it yields generally improved fits to the spectra at all pho-
tospheric epochs”.

c� RAS, MNRAS 000, 000–000
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detonations 
- primary WD burns almost hydrostatically 
- secondary WD may (or possibly may not) burn explosively
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No in-situ electron captures. 
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IGE from α-rich freeze-out & incomplete Si-burn.

Low mass mergers excellent models for 1991bg: 
Pakmor+ 2010, Nature, 463, 61
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[Mn/Fe] for different sites

Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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[Mn/Fe] for different sites

Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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To explain the Mn to Fe ratio in the Sun, SNe Ia 
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[Mn/Fe] for different sites

Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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To explain the Mn to Fe ratio in the Sun, SNe Ia 
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[Mn/Fe] for different sites

Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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Table 1. Combined 55Co and 55Fe yields in solar masses as a function of
progenitor ZAMS metallicity.

model name 1.0Z⊙ 0.5Z⊙ 0.1Z⊙ 0.01Z⊙

N100 (del. det.) 1.34e−2 1.11e−2 8.70e−3 7.84e−3
1.1 0.9 (merger) 3.85e−3 2.57e−4 7.93e−5 9.46e−5

processes, the detectability of the line would remain qualitatively
unaffected in case of the major part of normal SNe that do not
show strong CSM interaction at early times (cf. Silverman et al.
2013). Changes in the Doppler broadening result in slightly larger
error bars for the determination of the line flux in case of higher
velocities. Therefore, the 5.9 keV emission line can be regarded as
a unique distinctive feature for the two introduced explosion sce-
narios, independent of the choice of a specific parameter set.

4 SUMMARY

We have calculated the 5.9keV Mn Kα line emission for three-
dimensional models of SNe Ia. As a result of different central densi-
ties at the time of freeze-out from NSE, the more abundant produc-
tion of 55Co leads to a 4.5 times larger 5.9keV maximum line flux
in the delayed detonation than in the merger model. Even taking
variations due to the dependence of the yield of 55Co and 55Fe on
ZAMS metallicity of the progenitor into account, the 5.9keV signal
of the delayed-detonation and the merger model remain clearly sep-
arated. Therefore, we have shown that the 5.9keV X-ray line pro-
vides a distinguishing feature between the observable signatures of
two leading explosion scenarios of SNe Ia: a near-Chandrasekhar
mass delayed detonation and a violent merger of two WDs. By per-
forming detector simulations of several current and future X-ray in-
struments, we quantified the prospects for detecting the 5.9keV line
and find that, due to very low background, Chandra/ACIS is cur-
rently the most suitable instrument for SNe at distances greater than
∼2 Mpc. Of the existing instruments, XMM-Newton/pn is prefer-
able for distances below ∼2 Mpc because of the larger effective
area. For delayed-detonation SNe Ia at distances ! 5Mpc, the pro-
posed Athena mission holds promise for a detection of the 5.9 keV
line. Our estimates for the line flux detectabilities (see Fig. 2) can
be used as a reference for future SN Ia X-ray observations. Given
the scarcity of SN Ia events in the local Universe and the sensitiv-
ities of current generation X-ray observatories, it is not possible to
constrain the relative rates of SNe Ia from various progenitor mod-
els (e.g. Ruiter et al. 2011) with X-ray line fluxes alone. For indi-
vidual, fortuitously nearby SNe, however, the prospects are better.
In particular, we find that in this case a !500ks exposure of SNe
in the local group (M31) would suffice to detect and distinguish
our two explosion models. Observations with lower exposure times
(>50 ks) should allow for a detection of the 5.9 keV line at a signif-
icance of 5σ in case of the delayed-detonation model. Thus, obser-
vations of the 5.9keV line provide an independent diagnostic tool
that can be used together with measurements at UV, optical, and
IR wavelengths to address the open questions of SN Ia explosion
scenarios and progenitor channels.

ACKNOWLEDGEMENTS

This research has made use of a collection of ISIS scripts
provided by the Dr. Karl Remeis observatory, Bamberg, Ger-
many at http://www.sternwarte.uni-erlangen.de/isis/.

We thank Matthias Kühnel for his support in calculating the
Astro-H/SXS detector background count rates, Christian Schmid
for his support with the Athena/X-IFU response simulations, and
J. E. Davis for the development of the slxfig module that has
been used to prepare some of the figures in this work. The
work by KM is partly supported by the WPI Initiative, MEXT,
Japan, and by the Grant-in-Aid for Scientific Research (23740141,
26800100).The hydrodynamical simulations presented here were
carried out in part at the Forschungszentrum Jülich with grants
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Seitenzahl et al. 2013: Solar Mn abundance requires near-MCh SN Ia progenitors

Table 1. [Mn/Fe] yields for select thermonuclear (Ia), core col-
lapse (II), and hypernova (HN) models of solar metallicity pro-
genitors. Only models of near-MCh SNe Ia predict [Mn/Fe] ≥
0.0.

model name SN type masses [Mn/Fe] ref.
N100 Ia near-MCh 0.33 (1)
N5def Ia near-MCh 0.36 (2)
N150def Ia near-MCh 0.42 (2)
W7 Ia near-MCh 0.15 (3)
W7 Ia near-MCh 0.02 (4)
1.1 0.9 Ia sub-MCh -0.15a (5)
1.06 M⊙ Ia sub-MCh -0.13a (6)
WW95Bb II 11 < M/M⊙ < 40 -0.15c (7)
LC03Dd II 13 < M/M⊙ < 35 -0.27c (8)
N06 II+HN 13 < M/M⊙ < 40 -0.31c (9)

(a) The given reference is for the explosion model; the respective
[Mn/Fe] yields are published here for the first time, assuming that the
main sequence progenitor had a solar metallicity (Asplund et al. 2009)
and primary C, N, O was converted to 22Ne during core He-burning.
(b) We use model B for M ≥ 30M⊙. (c) Weighted with a Salpeter IMF.
(b) We use model sequence D throughout.

References. (1) Seitenzahl et al. (2013); (2) Fink et al. (2013);
(3) Iwamoto et al. (1999); (4) Maeda et al. (2010); (5) Pakmor et al.
(2012); (6) Ruiter et al. (2013); (7) Woosley & Weaver (1995) ;
(8) Limongi & Chieffi (2003) ; (9) Nomoto et al. (2006).

include the contribution of low and intermediate mass stars here
(e.g. Pignatari et al. 2013), since they do not produce/destroy
enough Mn or Fe to significantly affect our results.

3.1. SN Ia yield data

We use different yields for near-MCh and sub-MCh explosion
models. As our main representative for near-MCh primaries (of-
ten likened to the SDS), we use the N100 model of a de-
layed detonation from Seitenzahl et al. (2013). For sub-MCh pri-
maries, we use the violent merger model of two WDs with 1.1
and 0.9M⊙ published in Pakmor et al. (2012), which can also
be thought of as a representative of the DDS. We have cho-
sen these two models since they produce rather typical 56Ni
masses of ∼0.6M⊙ and have already been compared in their
optical (Röpke et al. 2012) and gamma-ray (Summa et al. 2013)
emission. Due to a significant difference in central density, the
production of Mn is a factor of ∼3 smaller for the merger-
model compared to the delayed-detonation model (see Sec. 2
and Table 1).

Pakmor et al. (2013) suggest that all SNe Ia derive from
mergers of two WDs, except for pure deflagrations in near-MCh
WDs that leave bound remnants behind – a model that matches
the observables of SN 2002cx-like SNe well (see Phillips et al.
2007; Kromer et al. 2013). We therefore also include the N5def
model of Fink et al. (2013).

4. Results
In Table 1, we have compiled a selection of [Mn/Fe] yields for
different supernova types from the literature. It is evident that
currently only models involving thermonuclear explosions of
near-MCh WDs predict [Mn/Fe]> 0.0. Assuming that we are not
missing a significant nucleosynthetic production site of Mn, this
alone already tells us that near-MCh WDs primaries must con-
tribute significantly to the production of Mn and Fe, and there-
fore constitute a significant fraction of SNe Ia. To corroborate

this result and to place further constraints on the relative frac-
tions of near-MCh and sub-MCh WD primaries, we consider five
different chemical evolution cases, each case only differing in
the nucleosynthetic yields assumed for SN Ia as follows:
– case MCh: SN Ia yields are from the N100model of a delayed
detonation in a near-MCh WD (Seitenzahl et al. 2013).

– case subMCh: SN Ia yields are from the violent merger of a
1.1 with a 0.9M⊙ WD (Pakmor et al. 2012).

– case mix: 50% of SNe Ia explode as in case MCh and 50% as
in case subMCh.

– case MCh+: similar to case MCh, but SN Ia yields de-
pend on progenitor metallicity (using models N100 Z0.01,
N100 Z0.1 and N100 from Seitenzahl et al. 2013).

– case subMCh+2002cx: 20% of SNe Ia explode as pure defla-
grations leaving remnants (model N5def from Kromer et al.
2013) and the remaining 80% explode as in case subMCh.
In Fig. 1 (top), we compare the results of the chemical evo-

lution calculations for [Mn/Fe] of case MCh, case subMCh, and
case mix to observational data from the Galaxy. In addition to
the standard yields fromWoosley & Weaver (1995) (which trace
the data along the lower edge at [Fe/H] ! −1.0), we also in-
clude evolution models with their Mn yield enhanced by 25 per
cent (thick lines). These Mn-enhanced models demonstrate that
the final Mn at high metallicity is rather insensitive to the as-
sumed massive star yields at low metallicity. Naturally, owing
to the sub-solar production ratio of [Mn/Fe] of sub-MCh based
SNe Ia explosions, case subMCh (blue lines) falls short of repro-
ducing the observed trend. The results of case MCh (red lines) on
the other hand reach and actually exceed the solar abundance.
The data are best reproduced by a scenario where both sub-
MCh and near-MCh primaries are present at roughly equal pro-
portions (purple lines). These results are a clear indication that
SNe Ia cannot exclusively stem from sub-MCh WD primaries,
due to their inability to produce enough Mn, as compared to
the solar abundance. In Fig. 1 (bottom), we show the results of
the chemical evolution calculations for [Mn/Fe] of case MCh+
and case subMCh+2002cx. It is evident that using the metallic-
ity dependent yields (red dashed) reduces [Mn/Fe] somewhat,
but the effect is of secondary nature. In light of Pakmor et al.
(2013), we note that case subMCh+2002cx (blue dashed) also
falls significantly short of reaching solar [Mn/Fe], even though
case subMCh+2002cx assumes a very high fraction of 2002cx-
like SNe (the expected relative fraction SN 2002cx-like SNe is
around 4 per cent, Li et al. 2011). Although model N5def has
almost the same [Mn/Fe] production factor as the N100 model,
it produces much less Fe and Mn in total (a factor of ∼3.5 less,
which is expeced to be typical for the faint SN 2002cx-like ob-
jects), which explains its relatively small impact on [Mn/Fe].

5. Conclusions
The observed abundance trend of [Mn/Fe] at [Fe/H] " 0.0 sug-
gests that sub-MCh WD primaries cannot be the only progenitors
producing SNe Ia in the Galaxy; either only near-MCh primary
WDs or a combination of near-MCh and sub-MCh primaries (a
mix of equal parts results in a good match to data) is needed to
reach the observed [Mn/Fe] in the Sun. Mennekens et al. (2012)
reached a similar conclusion. They found that to reproduce the
metallicity distribution of G-type stars in the solar neighbour-
hood, both SDS and DDS progenitors must contribute to the
Galactic population of SNe Ia. Based on our chemical evolution
calculations, we can also exclude that a combination of sub-MCh
WD primaries and near-MCh WD primaries exploding as pure
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Table 1. Combined 55Co and 55Fe yields in solar masses as a function of
progenitor ZAMS metallicity.

model name 1.0Z⊙ 0.5Z⊙ 0.1Z⊙ 0.01Z⊙

N100 (del. det.) 1.34e−2 1.11e−2 8.70e−3 7.84e−3
1.1 0.9 (merger) 3.85e−3 2.57e−4 7.93e−5 9.46e−5

processes, the detectability of the line would remain qualitatively
unaffected in case of the major part of normal SNe that do not
show strong CSM interaction at early times (cf. Silverman et al.
2013). Changes in the Doppler broadening result in slightly larger
error bars for the determination of the line flux in case of higher
velocities. Therefore, the 5.9 keV emission line can be regarded as
a unique distinctive feature for the two introduced explosion sce-
narios, independent of the choice of a specific parameter set.

4 SUMMARY

We have calculated the 5.9keV Mn Kα line emission for three-
dimensional models of SNe Ia. As a result of different central densi-
ties at the time of freeze-out from NSE, the more abundant produc-
tion of 55Co leads to a 4.5 times larger 5.9keV maximum line flux
in the delayed detonation than in the merger model. Even taking
variations due to the dependence of the yield of 55Co and 55Fe on
ZAMS metallicity of the progenitor into account, the 5.9keV signal
of the delayed-detonation and the merger model remain clearly sep-
arated. Therefore, we have shown that the 5.9keV X-ray line pro-
vides a distinguishing feature between the observable signatures of
two leading explosion scenarios of SNe Ia: a near-Chandrasekhar
mass delayed detonation and a violent merger of two WDs. By per-
forming detector simulations of several current and future X-ray in-
struments, we quantified the prospects for detecting the 5.9keV line
and find that, due to very low background, Chandra/ACIS is cur-
rently the most suitable instrument for SNe at distances greater than
∼2 Mpc. Of the existing instruments, XMM-Newton/pn is prefer-
able for distances below ∼2 Mpc because of the larger effective
area. For delayed-detonation SNe Ia at distances ! 5Mpc, the pro-
posed Athena mission holds promise for a detection of the 5.9 keV
line. Our estimates for the line flux detectabilities (see Fig. 2) can
be used as a reference for future SN Ia X-ray observations. Given
the scarcity of SN Ia events in the local Universe and the sensitiv-
ities of current generation X-ray observatories, it is not possible to
constrain the relative rates of SNe Ia from various progenitor mod-
els (e.g. Ruiter et al. 2011) with X-ray line fluxes alone. For indi-
vidual, fortuitously nearby SNe, however, the prospects are better.
In particular, we find that in this case a !500ks exposure of SNe
in the local group (M31) would suffice to detect and distinguish
our two explosion models. Observations with lower exposure times
(>50 ks) should allow for a detection of the 5.9 keV line at a signif-
icance of 5σ in case of the delayed-detonation model. Thus, obser-
vations of the 5.9keV line provide an independent diagnostic tool
that can be used together with measurements at UV, optical, and
IR wavelengths to address the open questions of SN Ia explosion
scenarios and progenitor channels.
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Figure 4. (a) Ni/Fe and Mn/Fe mass ratios in SN Ia mod-
els, compared with the observed values in 3C 397 (magenta di-
amond and gray regions). Blue symbols represent MCh delayed-
detonation models with different values of ρDDT as indicated in the
legend. Red symbols represent sub-MCh detonation models with
WD masses given in the legend. Models with the same progeni-
tor metallicity are connected by lines: 5.4Z⊙ (thick solid), 1.8Z⊙

(thick dashed), 0.72Z⊙ (thin solid), and 0.18Z⊙ (thin dashed),
The values for Kepler and Tycho indicated by the green and or-
ange diamonds are calculated using the line fluxes from Park et al.
(2013) and Yamaguchi et al. (2014b) with our updated atomic
data. (b) Same as panel (a), but the values predicted for the
innermost 0.2M⊙ that is dominated by the n-NSE regime (blue)
and the other regions (red) from the MCh models are separately
shown. The observed mass ratios for 3C 397 can be well explained
by the nucleosynthesis that occurs in the n-NSE regions of standard
metallicity models.

innermost 0.2M⊙ in our one-dimensional models) and
the other regions are split. The mass ratios determined
from the K-shell spectra can be well explained by the
n-NSE components even with the relatively low metal-
licities, either alone or partially mixed with the rest of
NSE matter. Since the n-NSE regime is not expected in
sub-MCh WDs, we can conclude that the progenitor of
3C397 must have had a mass very close to MCh. A MCh
progenitor is naturally explained by the evolution of a
WD slowly accreting mass from a non-degenerate com-
panion (e.g., Hachisu et al. 1996). Therefore, our results
strongly suggest the SD scenario as the origin of this par-

ticular SN Ia. In principle, MCh or even super-MCh WDs
could arise in the DD scenario (Howell et al. 2006), but
the properties of the galactic population of WD binaries
make this a remote possibility at best (Badenes & Maoz
2012).
The large amount of neutronized material revealed

by the X-ray spectrum of 3C397 might seem excep-
tional in comparison to other SN Ia remnants like Kepler
(Park et al. 2013) or Tycho (Yamaguchi et al. 2014b)
(see Figure 4), but it is important to emphasize that
3C397 is the only evolved Type Ia SNR that has been
observed to such depth by Suzaku. This implies that
SD progenitors might be common in the Milky Way,
which is also suggested from the presence of circumstel-
lar material confirmed in some young SN Ia remnants
(e.g., Williams et al. 2011, 2012, 2014). Since the evi-
dence in favor of DD progenitors is strong for other SNRs
(González Hernández et al. 2012; Schaefer & Pagnotta
2012), it appears that both progenitor channels must
contribute significantly to the SN Ia rate in star-forming
galaxies.

4. CONCLUSIONS

We have shown that the SN Ia progenitor of 3C397
likely contained a WD with a mass very close to MCh.
This result is anchored by the strong K-shell emission
from Ni and Mn in this SNR, and is robust to the details
of the data analysis and the SN nucleosynthesis calcula-
tions used to interpret the data. Other work has claimed
evidence forMCh SN Ia progenitors by modeling Galactic
chemical evolution (Seitenzahl et al. 2013a), or by ap-
plying phenomenological radiative transfer relations to
large samples of SN Ia lightcurves (Scalzo et al. 2014),
but these studies make strong assumptions about com-
plex and highly uncertain processes. The analysis of the
hard X-ray spectrum of 3C397 presented here might be
the cleanest, most robust determination of the mass of a
single SN Ia progenitor to date, and strongly suggests an
SD progenitor for this particular remnant. Future deep
observations with higher angular/spectral resolution in-
cluding the soft X-ray band will allow us to investigate
the spatial distribution of the elemental mass ratios and
plasma properties (i.e., electron temperature and den-
sity). This will help understand why the NSE and Si-
burning products are little visible in the hard X-ray band
(see §3), and constrain the detailed explosion mechanism
ofMCh SNe Ia as well as the dynamical evolution of their
remnants.
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