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Abstract. We argue that detonations of sub-Chandrasekhar mass white dwarfs can lead to
bright explosions with light curves and spectra similar to those of observed Type Ia supernovae.
Given that binary systems containing accreting sub-Chandrasekhar mass white dwarfs should
be common, this suggests that a non-negligible fraction of the observed Type Ia supernova rate
may arise from sub-Chandrasekhar mass explosions, if they can be ignited. We discuss aspects of
how such explosions might be realized in nature and both merits and challenges associated with
invoking sub-Chandrasekhar mass explosion models to account for observed Type Ia supernovae.
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1. Introduction

It is widely accepted that Type Ia supernovae (SNe Ia) arise from the thermonuclear
explosion of carbon-oxygen (CO) white dwarf (WD) stars. However, the manner in which
the explosion occurs and the evolutionary path that leads to it remain topics of very
active research. Currently, the best-studied explosion scenarios involve Chandrasekhar
mass WDs and it has been shown that explosions of such objects involving a deflagration-
to-detonation transition can provide a good match to the observed properties of normal
SNe Ia (for recent work, see e.g. Kasen, Ropke, & Woosley 2009). However, it is disputed
whether that model can account for all SNe Ia (see other contributions in this volume)
and it is therefore of interest to consider alternative scenarios.

The strongest argument that motivates investigation of sub-Chandrasekhar mass mod-
els is the observed rate of SNe Ia. Estimates suggest that the SN Ia rate is roughly one
per cent of the rate at which white dwarfs are born (Pritchet, Howell & Sullivan 2008).
This is a challenge for many of the standard explosion scenarios (see other contributions
to this volume on Binary Population Synthesis). Consideration of sub-Chandrasekhar
mass explosion models potentially opens a wider parameter space of systems that could
lead to SNe Ia, making it easier to account for the observed rates (see e.g. discussion by
van Kerkwijk, Chang & Justham 2010).

Here we first summarize results from simple explosion models in which sub-Chandrase-
khar mass CO WDs were detonated. We describe results of both nucleosynthesis (Section
2) and radiative transfer (Section 3) calculations for such models and argue that, despite
their simplicity, such models can reproduce many of the observed properties of SNe Ia.
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Table 1. Yields from pure detonations of sub-Chandrasekhar mass CO white dwarfs.
Specifically, Mg is the total mass of elements with atomic number in the range 11 — 20.

Mwp (Mg) [0.88]0.97]1.06|1.15
Msoy; (Mo) |0.07 ‘ 0.30 ‘ 0.56 ‘ 0.81
O

Mg (Me)|0.63]0.54]0.41]0.27

In Section 4 we briefly discuss how such explosions might occur in nature. Although sub-
Chandrasekhar mass models hold considerable promise, there are also several important
constraints that they must address — in particular, the presence of large masses of stable
iron-group elements (IGEs) in SNe Ta may present a significant challenge. We comment
on this in Section 5 before concluding in Section 6.

2. Nucleosynthetic Yields from Detonations of Sub-Chandrasekhar
Mass White Dwarfs

We performed a set of hydrodynamical explosion simulations in which single, hydro-
static sub-Chandrasekhar mass CO WDs were detonated. The detonations were ignited
in the center of the WD, leading to one-dimensional explosion models. For each model we
then performed nucleosynthesis and radiative transfer post-processing simulations. For
details see Sim et al. (2010).

Table 1 lists the 5°Ni and intermediate-mass element (IME) yields produced in pure
detonation models for a range of initial WD masses (0.88 Mg < Mwp < 1.15 Mg).
Since the densities are higher, a larger fraction of the mass burns to nuclear statistical
equilibrium and produces IGEs (predominantly 9Ni) in the models for more massive
WDs. For WDs with mass Mwp ~ 1 Mg, the expected *°Ni-mass from detonation
(Table 1) is close to that required to account for the brightness of normal SNe Ia: early
phase light curves and nebular spectra consistently suggest that normal SNe Ia typically
produce 0.4 Mg < Mssy; < 0.8 Mg (see e.g. Stritzinger et al. 2006).

For very massive (near Chandrasekhar mass) WDs, almost all the mass is expected to
burn to IGEs in a detonation and only a very small quantity of IMEs is produced. This
low IME yield suggests that detonations of very massive WDs are unlikely to account for
the observed properties of normal SNe Ta (see e.g. Arnett, Truran & Woosley 1971). For
lower masses, however, the typical densities are sufficiently low that a significant fraction
of the mass is incompletely burned, yielding IMEs. In all cases with Mwp < 1.15 Mg, at
least 0.25 Mg of IMEs are produced — this is sufficient to produce strong spectroscopic
features (see below). Also, the models show a clear trend for increasing IME mass with
decreasing 99Ni-mass. This is similar to the relationship inferred from observations (see
e.g. Mazzali et al. 2007).

3. Synthetic Observables

The nucleosynthetic yields discussed above suggest that detonation of sub-Chandrase-
khar mass CO WDs with Mwp ~ 1 Mg can be expected to yield explosions of brightness
comparable to SNe Ia that show strong IME features in their spectra. To make a more
quantitative assessment, we performed radiative transfer calculations using the ARTIS
code (Sim 2007; Kromer & Sim 2009). Here we present the synthetic spectra and light
curves derived from these calculations.
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Figure 1. Optical band photometric light curves for detonation of sub-Chandrasekhar mass
white dwarfs. Results are shown for four white dwarf masses, ranging from 0.88-1.15 Mg (con-
tinuous curves, labeled in the figure). Observed light curves for SN 2004eo (Pastorello et al.
2007) are over-plotted for comparison (filled circles).

3.1. Light Curves

Figure 1 shows synthetic B-, V-, R- and I-band photometry for our sub-Chandrasekhar
mass detonation models with Mwp = 0.88, 0.97, 1.06, and 1.15 My (see Sim et al.,
2010 for details). For comparison, we have over-plotted observations of SN 2004eo from
Pastorello et al. (2007).

Although imperfect, the agreement between the model light curves and observations
is remarkably good. The model with Mwp = 0.88 Mg, is clearly too faint and red to
account for normal-brightness SNe Ia, but the models with My close to 1 Mg are a good
match in several respects. The light curve rise and decline timescales are in reasonable
agreement with observations. Note, in particular, that the light curves do not peak too
early, despite the relatively low ejecta masses. The optical colors around maximum light
are also a good match to observations. In addition, the brighter models (0.97, 1.06 and
1.15 Mg) all predict very similar luminosity in the first maximum of the near-infrared
light curves (see e.g. the H-band light curves shown in Figure 2). This is consistent with
the observation that SNe Ia are much better standard candles in the near-infrared than
in the optical (see e.g. Krisciunas et al. 2004).

3.2. Spectra

Figure 3 shows optical spectra for our sub-Chandrasekhar mass detonation models at the
epoch of maximum light in B-band. All the models clearly show strong spectral features
associated with IMEs, in particular the Si 11 lines (~ 6100 A) that characterize SNe Ta (S 11
and Ca 11 are also clearly present). The Si line velocities at maximum light are comparable
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Figure 2. Near-infrared H-band light curves for the same models shown in Figure 1.

to those typically observed (see e.g. Benetti et al. 2005), ranging from ~ 9,000 km s~! in
the Mywp = 0.97 Mg model to ~13,000 km s~ for Myp = 1.15 M. Also, the strength
of the bluer Si 11 ~5800 A feature relative to the stronger ~6100 A feature is greater in
the less massive (fainter) models. This is also consistent with observational trends (e.g.
Nugent et al. 1995).

4. Triggering a Detonation of a Sub-Chandrasekhar Mass WD

Taken together, the synthetic light curves and spectra described above show that deto-
nations of CO WDs with mass Mwp ~ 1 Mg yield explosions that are as bright as normal
SNe Ia and that display the spectroscopic features that are widely used to classify tran-
sients as SNe Ia. However, to investigate whether such explosions could be realized in
nature it is necessary to consider how a detonation might be triggered. For a successful
model, the triggering process should not adversely affect the level of agreement between
the synthetic observables and the observations. In addition, if sub-Chandrasekhar mass
models are to explain a substantial fraction of the observed SNe Ia population, the trig-
gering mechanism must preferentially operate for Mwp ~ 1.0 Mg: for Mwp < 0.9 Mg,
detonation would yield only a small °Ni-mass (see Table 1), giving rise to an explosion
that is less luminous than a typical SNe Ta (but still easily observable). Given that we
generally expect low-mass WDs to be more common than high-mass WDs, this implies
that either the progenitor evolution or the explosion mechanism leading to a population of
sub-Chandrasekhar mass models must be more efficient for systems with Mwp ~ 1.0 Mg
than e.g. 0.6 Mg, unless it contributes only a small fraction of total SNe Ia rate.

The best-studied scenario involving the detonation of a sub-Chandrasekhar mass CO
WD is the “double detonation” model. This applies to binary star systems in which a
primary CO WD accretes He-rich material from a companion star. If a sufficiently massive
layer of accreted He builds up, it may detonate. A surface He detonation can trigger a
secondary detonation of the underlying CO WD, leading to complete disruption of the
star (see e.g. Woosley & Weaver 1994, Livne & Arnett 1995, and references therein).
This explosion mechanism appears to be robust for a wide range of system parameters —
provided that detonation of a surface He layer occurs, subsequent detonation of the
underlying CO WD is plausible, even for the least-massive He layers that might ignite
explosively (Fink et al. 2010). The progenitor systems for this mechanism may be rather
common — Ruiter et al. (2011) found a rate for supernovae produced via this channel
that is comparable to the CO+CO WD merger rate. This is sufficiently high that this
mechanism could contribute significantly to the observed population.
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Figure 3. Optical spectra at the epoch of maximum light in B-band for the same models as
shown in Figure 1 (panels are labeled with the white dwarf mass in Mg). The flux is re-scaled
to a maximum of 1.0 in each panel. Some of the IME spectral features are labeled in the second
panel.

The main drawback for the double-detonation model, however, is that the ejecta from
the CO WD are enshrouded by the ashes from burning of the He layer. The He detonation
produces a significant amount of IGEs at high velocity. This leads to light curves and
spectra that are inconsistent with observations of normal SNe Ia (see e.g. Hoflich et al.
1996 and Nugent et al. 1997). Even for the most optimistic models (in which the He-
layer mass is minimal), such problems persist (see e.g. Kromer et al. 2010 and Woosley &
Kasen 2011). It is noteworthy, however, that the difficulties in reconciling these models
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with observations primarily stem from the completeness of nuclear burning of the He
layer: as discussed by Kromer et al. (2010), slightly less-complete burning of the He
layer than predicted in the models could dramatically improve the comparison with
observation. This might be achieved by e.g. lower densities or mixing of some heavier
elements (e.g. C) into the He prior to explosion. In this context, further investigation of
systems with rapid dynamical mass transfer from He WDs to CO WDs is particularly
interesting. Simulations have suggested that He detonation might be triggered by knots
in the accretion stream (Guillochon et al. 2010) — if this happens when the accreted He
is mostly hot and at low-density it could lead to less completely processed nuclear ash,
as required. However, it has yet to be shown that He detonation in such systems can
lead to a secondary core detonation — to date most focused studies of the secondary CO
detonation have assumed a spherically symmetric He layer.

An alternative to the He+CO double detonation model is that in which detonation of
a CO WD primary occurs as a result of a merger with a CO WD companion. Pakmor
et al. (2010) have argued that prompt detonation might occur in such a merger if the
mass-ratio is high — they showed that a binary pair of 0.9 Mg WDs might detonate during
the merger process and could lead to a sub-luminous 1991bg-like SNe Ia. In their initial
study, an equal-mass WD pair was considered but it has been argued that the same type
of explosion is plausible for a 0.9 Mg primary if the mass-ratio is greater than ¢ ~ 0.8
(Pakmor et al. 2011). If prompt detonation occurs in a merger, there is insufficient time
for the density distribution of much of the CO material to be significantly affected —
in general the less massive WD will be more disrupted while the primary will largely
remain intact. Thus detonation during a merger is likely to yield an explosion that is
rather similar to that of a pure detonation model for the more massive WD, regardless
of the fact that the total mass of the system might exceed the Chandrasekhar limit. (Of
course, the ejecta will also contain material from the secondary — C, O and probably
some of their partial burning products — but this will not adversely affect the spectra as
strongly as the He-burning products in the double-detonation model.) The expected rate
for CO+CO mergers that could lead to prompt detonations is uncertain since it depends
sensitively on the range of g-values for which detonation could be realized, which may
itself be a strong function of the primary mass — this is very hard to determine owing to
the complexities of simulating the merger inspiral (e.g. Dan et al. 2011) and the formation
of detonations (e.g. Seitenzahl et al. 2009). In our view, however, this potential channel
is worthy of further investigation as a possible means to account for some fraction of
normal brightness SNe Ia.

Recently, van Kerkwijk et al. (2010) discussed the possibility that CO4+CO mergers
might lead to SNe Ia in systems where the total mass is below the Chandrasekhar mass.
Rather than having detonation trigger during a violent merger, they argued that it might
occur somewhat later due to compressional heating as the material from the secondary
is accreted. This is an attractive idea since sub-Chandrasekhar mass mergers may be
common but it remains unclear whether detonation can really be achieved in this case.

5. Stable Iron Group Elements

In Section 3, we showed that sub-Chandrasekhar mass explosions can account for the
brightness, light curve time scales, colors and spectral features around maximum light.
However, late-phase observations of SNe Ia indicate that a significant mass of stable IGEs
(mostly **Fe and **Ni) must be produced in the explosion — Mazzali et al. (2007) suggest
that all SNe Ia contain ~ 0.1 to 0.3 M. This is an important constraint that is more
restrictive for sub-Chandrasekhar detonation models than more standard scenarios.
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Table 2. Iron group element yields from pure detonations of a sub-Chandrasekhar mass
1.06 My CO white dwarf for various initial mass fractions of *Ne.

X (**Ne) | Msoy; (Mo) | Mss; (Mo) | Msip, (Ma)

0.0 0.55 9x10~* 2.6 x107°
0.025 0.51 0.021 0.026
0.075 0.43 0.052 0.087

In Chandrasekhar-mass delayed detonation models, such a large mass of stable IGEs
can be produced during the deflagration phase (see e.g. Seitenzahl, Ciaraldi-Schoolmann
& Ropke 2011 for results of recent three-dimensional simulations). However, in pure
detonation sub-Chandrasekhar mass models there is insufficient high-density burning for
electron captures to create these stable isotopes. Nevertheless, sub-Chandrasekhar mass
detonation models will produce some stable iron group material when the progenitor
metallicity is taken into account. For non-zero metallicity, a CO WD is expected to
contain a small mass fraction of 22Ne. During the explosion, this 22Ne provides a neutron
excess which alters the nucleosynthesis and gives rise to some neutron-rich isotopes.

To elucidate this, Table 2 lists the yields of *Ni, *Fe and °®Ni from nucleosynthesis
post-processing calculations for detonations of a system with Mwp = 1.06 Mg in which
we adopted initial mass fractions of 0, 2.5 and 7.5 per cent for 22Ne (corresponding to
metallicities of Z ~ 0, 1 and 3 Z). As expected, in the absence of ??Ne, only a tiny
mass of stable IGEs is produced (~ 107% Mg). However, for X (??Ne) = 0.025, the
model predicts around 0.05 Mg, of *4Fe + °®Ni. This is still smaller than the stable IGE
mass found in most delayed detonation models and roughly a factor of five less than in
the widely-used W7 model (Nomoto, Thielemann, & Yokoi 1984, Nomoto et al. 1997).
Nevertheless, it demonstrates that sub-Chandrasekhar mass models can produce a non-
negligible mass of stable IGEs. Further study is warranted to investigate whether this
could address the constraints associated with modeling the nebular spectra and we note
that studies of galactic chemical evolution have suggested that the ®Ni-yield of standard
SNe Ia models (e.g. the W7 yields of Nomoto et al. 1997) may be too high by a factor of
a few (Kobayashi et al. 2006).

6. Summary

Detonation of sub-Chandrasekhar mass CO WDs can yield explosions that have the
brightness and characteristic spectral features of SNe Ia. Since sub-Chandrasekhar mass
WDs are relatively common, it is therefore worthwhile to investigate whether such ex-
plosions could be realized in nature. Detonation could be triggered following accretion
from a He-rich companion or during a merger with a CO WD companion. Both of these
models have several challenges to overcome but show sufficient promise to be worthy of
ongoing study.
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