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Modelling 
thermonuclear supernovae



• Explosive death of star – dramatic end point of stellar evolution

• Nuclear burning in SNe makes the heavy elements

• Inject energy, momentum and metals; can affect galaxy evolution

• Type Ia “Standardizable candles”, probes of expansion history of the Universe

• Challenge our understanding of physics

– Turbulence and hydrodynamics

– Combustion and flame physics

– Nuclear physics 

– Radiative transfer
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Supernovae in astrophysics

SN1994D in NGC 4526
NASA/HST



• Thermonuclear supernovae
– Reminder of basic picture for Type Ia supernovae 

• Explosion models
– Chandrasekhar mass explosions

• Pure deflagrations and SNe Iax (Magee)

– Sub-Chandrasekhar mass models
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Overview
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Supernovae Ia

~0.7 M¤ of 
56Ni is typical
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Made of Si, S and Fe

Velocities measured from lines

Supernovae Ia

km/s 000,15~v

H and He not detected
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Supernovae Ia: diversity 

(rates from Li et al. 2011)

Diversity in SNe Ia and related transients 
(figure from Taubenberger 2017)
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Supernovae Ia
Li et al. 2011
(Lick Obs. SN. Search)
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Thermonuclear Supernovae 

Many unanswered questions remain:

• How did the system evolve to ignition?
• Progenitor channel debate (“single vs double degenerate”)

• What are the properties of the exploding 
star and how do these affect what we see?
• Mass of WD, composition, immediate environment?

• Where does the flame ignite and how does it 
propagate (deflagration, detonation)?
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SN Ia Flame Basics
• Instantaneously narrow region in which 

nuclear reactions are taking place
• Thermonuclear flame propagation modes

• Deflagration (sub-sonic)
• Detonation (supersonic)

• Flame generates energy (nuclear burning)
• Eventually unbinds star
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Synthetic explosions: 
testing models by comparing to data 

Theories for
progenitor(s)

Spectra / 
photometry

for SN Ia

Ignition 
conditions

Composition 
structure

Explosion 
conditions 
and final 

state

Hydrodynamical 
simulations

Nucleosynthesis
calculations

Radiative 
transfer
simulations

Parameterised
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Testing explosion 
scenarios
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Explosion scenarios
Best known paradigm: 

(Near-)Chandrasekhar-mass single-degenerate scenario

– WD in binary with H-rich star 
(main-sequence or giant)

– Mass-transfer 
– Mass is retained (avoid net mass-

loss in nova explosions)
– H burned to He then C/O
– WD grows in mass: central density 

and temperature rise
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Explosion scenarios
Best known paradigm: 

(Near-)Chandrasekhar-mass single-degenerate scenario

Explosion mechanism:
– WD heated by C burning during ~1000 yr 

“simmering” phase (Kuhlen et al. 06, Zingale
et al. 06, 11)

– Thermonuclear runaway occurs
– Deflagration born (prompt detonation is no 

good for Ch mass)
– Proceeds as pure deflagration?



Deflagration models 

3D simulation: Kromer+ 13



Deflagration models 

Sequence of models: Fink+14. – roughly 1 order of magnitude in 56Ni mass. 
Bound remnant found in some cases, in agreement with Jordan+12.

3D pure deflagration models for SNe Ia 9
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Figure 7. Like Fig. 5, but for the three N100 deflagration models with al-
ternative central densities.
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Figure 8. Alternative central densities.

fective gravitational acceleration and thus to more (less) buoyancy.
Consistently, the flame evolves faster for higher central densities
(see Fig. 8 for the evolution of total energy of the models). Accord-
ing to the aforementioned differences in the available amounts of
fuel at high densities, the final explosion energies differ (note also
that different WD binding energies have to be taken into account).
While the L model has a significantly lower final Etot, an increase
of the central density above our standard value (like in the H model)
does not yield a big increase of Etot. TODO: do electron captures
limit the increase in explosion energy/reduce the effective grav.
acceleration?

4.3 Unbinding the white dwarf star

Close to the centre of the WD, incomplete deflagrations can leave
a lot of high density unburnt fuel behind. This material is not ac-
celerated to high speeds in the course of the explosion. If, in the
end, the velocity of a volume element within this matter does not
reach the escape velocity with respect to the mass that sits at lower
radii, it stays bound and is not ejected. To determine which part of
the WD becomes unbound, we have calculated ekin,a as the sum of
the specific gravitational and kinetic energies for each cell on our
hydrodynamic grid at the end of the simulation:

ekin,a = egrav(100 s)+ ekin(100 s). (1)
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Figure 9. Total ejected masses and 56Ni and IME masses among the ejecta
vs. nuclear energy release in the deflagration. Models with 100 ignition
sparks leave a compact remnant.

For etot,a > 0, a cell becomes unbound and will eventually approach
the asymptotic velocity

va =
p

2ekin,a. (2)

If ekin,a  0, the cell will be left behind after the explosion and
stay in a bound remnant. Note that it is crucial where the explosion
energy is deposited. Models with similar total energy release can
have significantly different ejecta masses.

We have determined ejecta masses Mej and masses of the
bound remnants Mb for all of our models (see Table 2 and Fig. 9).
Models with many ignition kernels (Nk > 100) have a high energy
release and deposit enough of it close to the centre (e.g. by transfer-
ring kinetic energy to the downdrafts of unburnt fuel) to unbind the
whole WD – including also the central unburnt fuel. In the case of
a low or intermediate number of ignition sparks (Nk . 100), only
part of the WD becomes unbound. Most of the unburnt fuel re-
mains in the remnant, while the ejected part reaches homologous
expansion. We find a continuum of remnant masses between 1.32
and 0.09 M� and, as Fig. 9 shows, an almost linear relation be-
tween the ejecta mass Mej and the nuclear energy release Enuc be-
low Enuc ⇠ 1.1 ⇥ 1051 erg (or for Nk < 100). Table 2 also gives
the values of the asymptotic kinetic energies of the ejecta. Further
properties of the remnants are discussed in Sect. 4.5.

4.4 Pulsations/chances of a secondary detonation?

As reported by other recent studies (Bravo & Garcı́a-Senz 2009;
Jordan et al. 2012a), the weak deflagrations in our model series
lead to pulsations within the WDs: Figure 10 shows that the burn-
ing leads to significant expansion (seen in the figure as a decrease
in the maximum density). For models with low Nk, the bound inner
parts start to contract again (for t > 5 s). After maximum compres-
sion, the dense core region starts to expand again, while outer parts
are still falling inwards. Thus, an accretion shock forms somewhere
near the edge of the dense core (for a more detailed description,
see e.g. Bravo & Garcı́a-Senz 2009) and some matter around this
shock region is heated up significantly. After a while, the infall is
stopped and all matter is again moving outwards, but, as it is still
gravitationally bound, another pulsation may ensue. Most of our
pulsating models show a series of pulsations with decreasing am-

c� 2013 RAS, MNRAS 000, 1–19
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Supernovae Ia: diversity 
Multiple sub-classes of SNe Ia / related
transients (figure from Taubenberger 2017)



There are now multiple sub-classes of SNe Ia
(from Li et al. 2011)
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Supernovae Ia: diversity 

Faint and fast

Bright with early IGE 
lines

Faint with weak IMEs

Also a sample of very 
bright cases e.g.  
2003fg (Howell+);
2007if (Scalzo+, Yuan+); 
2009dc (Yamanaka+)...

And a handful of faint, 
slowly evolving cases
PTF10ops (Maguire+);
2010lp (Pignata+)



Pure deflagration: 02cx-like SNe? 

Pure deflagration models:

Suggested connection to 
peculiar (faint) Ia’s: 
Branch+04, Jha+06, Phillips+07

Now evidence that 02cx-like 
class (“SNe Iax”; Foley+09,13)
• is large and diverse
• range of ejecta mass 

(“failed” deflagrations)

Foley+ 13

16 Foley et al.
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Fig. 23.— Optical spectra of SN 2011ay. Rest-frame phases
relative to V maximum are listed to the right of each spectrum.

sented in Table 6, where the equations are all of the form

p2 = αp1 + β, (1)

where p1 and p2 are the two parameters, α is the slope,
and β is the offset.
Using the Equations in Table 6, one can effectively

transform observations in one band into measurements in
another. However, we note that although the correlations
are generally quite strong, the uncertainties for the linear
relations are relatively large for several relations.
There are only four SNe with V and r/i light curves.

The small number of measurements prevents robust de-
terminations of relationships between the parameters in
V and r/i. However, the measurements in r/i are consis-
tent with measurements in R/I (modulo offsets related
to the filter response functions). As such, we are able
to use the rough relations between r/i and V to esti-
mate light-curve parameters in V for SN 2009ku (which
was only observed in PS1 bands). Doing this, we find
MV = −18.94 ± 0.54 mag, and ∆m15(V ) = 0.58 ±
0.17 mag. Both values are consistent with those found by
Narayan et al. (2011), who used only SN 2005hk to pro-
vide scalings. Using the same relations for SN 2012Z,
we find MV = −18.56 ± 0.40 mag, which is consis-
tent with the direct measurement in the V band of
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Fig. 24.— Optical spectra of SN 2012Z. Rest-frame phases rela-
tive to V maximum are listed to the right of each spectrum.
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First plausible detection of a Ia progenitor:
(from McCully et al. 2014)
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Supernovae Ia: a progenitor? 



Deflagration models 

Spectra of 05hk from Phillips+07



Deflagration models 

Spectra of 05hk from Phillips+07  - pretty good match to model (Kromer+ 13)



Deflagration models 

N5 compared to 05hk – late times?



Deflagration models 

Comparison 
extended to fainter 
example:

SN2015H
Magee+2016
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Deflagration models 

Comparison 
extended to fainter 
example:

SN2015H
Magee+2016
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Deflagration models 

SN2015H
Magee+2016
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Deflagration models 

SN2015H
Magee+2016
(22 days)



Deflagration models: summary 

Strengths:
• Full star, multi-D deflagration simulations – explosions occur
• Star not (always) full disrupted
• Synthetic spectra are fair matches to observed SN Iax class
• Peak luminosities (and colours) match fairly well



Deflagration models: summary 

Strengths:
• Full star, multi-D deflagration simulations – explosions occur
• Star not (always) full disrupted
• Synthetic spectra are fair matches to observed SN Iax class
• Peak luminosities (and colours) match fairly well

Open issues:
• Light curve timescales too fast in models: need more ejecta mass?
• Support for alternative models (e.g. PDD models; Stritzinger et al. 2015)
• Major challenge: late times
• Major challenge: very faint objects (08ha needs only ~3x10-3 Msun of 56Ni)



Deflagration model: late evolution 

Comparison of 
bolometric light curve 
out to late times 
(Kromer+13)

Energy deposited in 
the “bound” remnant?

Jha+06, Sahu+08, 
Foley+16, Shen+17

2294 M. Kromer et al.

Figure 8. Bolometric light curve of SN 2005hk [black diamonds; following
Phillips et al. (2007), we adopted a rise time of 15 d]. For comparison,
the red line shows the synthetic bolometric light curve from our radiative-
transfer simulation in the ejecta. At t = 120 d our detailed non-grey radiative-
transfer simulation ends. Thereafter, we extended the synthetic light curve
with a calculation using a grey UVOIR opacity. The blue curve shows the
instantaneous energy deposition due to the 56Ni decay sequence in the bound
remnant, assuming full γ -ray trapping. The magenta curve shows the sum
of both these contributions.

source down to a limiting magnitude of Mr = −8.08 ± 0.49 (for
details of the observation see Appendix B).

After the bound remnant has radiated away all the heat from
the explosion and possible reheating from radioactive isotopes, it
will again become a WD, however with a peculiar composition
enriched in IGEs (and also intermediate-mass elements). Moreover,
Jordan et al. (2012b) report kick velocities of up to 520 km s−1 for
the remnant WDs in their failed gravitationally confined detonation
simulations, thus claiming the existence of hypervelocity enriched
WDs as a ‘smoking gun’ for this scenario. From our simulations
we do not see such kicks. This difference may originate from the
different gravity solvers used. In general, no perfect momentum
conservation is to be expected from approximate solutions of the
Poisson equation.

4.4 Implications on the binary companion star

One problem of single-degenerate progenitor models discussed in
the literature is that of the non-detection of hydrogen lines in the
observed (nebular) spectra of SNe Ia (e.g. Leonard 2007). Recent
hydrodynamical simulations investigating the impact of SN Ia ejecta
on a non-degenerate companion star (e.g. Liu et al. 2012; Pan, Ricker
& Taam 2012) have shown that the amount of hydrogen stripped
from the companion star seems to be significantly larger than the
observationally derived upper limits (Leonard 2007). Due to the low
kinetic energy of our explosion model, compared to that of normal
SNe Ia, only a small amount of material should be stripped from
the companion in the progenitor systems of SN 2002cx-like SNe,
thus probably avoiding a signature of hydrogen lines in late-time
spectra. This should be addressed by detailed impact studies in the
future.

4.5 The class of 2002cx-like SNe

After the discovery of SN 2002cx by Li et al. (2003) as a peculiar
object, it soon became evident that this was not a unique event
but rather the prototype of a new class of peculiar SNe Ia with a

striking spectral homogeneity (Jha et al. 2006). From a volume-
limited sample of the Lick Observatory Supernova Search (LOSS),
Li et al. (2011) estimate that SN 2002cx-like explosions contribute
at about 5 per cent to the total SN Ia rate.

Recently, SN 2008ha (Foley et al. 2009) and SN 2007qd
(McClelland et al. 2010) were proposed as additional members
of the class. Though spectroscopically similar to SN 2002cx, those
objects are fainter by more than 2 mag than a typical 2002cx-like
SN and show far lower line velocities, of the order of 2000 km s−1,
while SNe 2002cx and 2005hk showed line velocities of the order
of 7000 km s−1. Nevertheless, McClelland et al. (2010) found a re-
lationship between light-curve stretch, the peak brightness and the
expansion velocities among their (small) sample of objects. This
indicates that their extended class of SN 2002x-like objects may
originate from a single explosion mechanism.

With an observationally derived 56Ni mass of 0.003 M⊙ for SN
2008ha (Foley et al. 2009), however, this object cannot easily be
explained in our model of a deflagration of a Chandrasekhar-mass
WD. From a systematic study of 3D full-star pure deflagration
simulations for different ignition setups (Fink et al., in preparation),
we obtain a minimum 56Ni mass of 0.035 M⊙, which is more than
a factor of 10 larger than the observationally derived value for SN
2008ha. Though we did not sample all possible ignition setups
in the Fink et al. study nor take into account different progenitor
compositions, this difference may be difficult to reconcile with a
deflagration of a Chandrasekhar-mass WD. Thus, another explosion
mechanism might be at work for these faint objects. Foley et al.
(2009, 2010) suggested deflagrations of sub-Chandrasekhar-mass
WDs, while Valenti et al. (2009) and Moriya et al. (2010) favoured
a core-collapse origin.

4.6 Rates

As mentioned in the previous section, Li et al. (2011) estimate from
the LOSS that 2002cx-like SNe contribute at about 5 per cent to
the total SN Ia rate. This is remarkably close to some theoreti-
cal predictions for the contribution of single-degenerate hydrogen-
accreting systems to the total SN Ia rate. From binary popula-
tion synthesis models, e.g. Ruiter, Belczynski & Fryer (2009) find
a value of ∼3 per cent (their model 1 with αCE × λ = 1). At
the same time their predicted total SN Ia rate for all progenitor
channels considered (single-degenerate Chandrasekhar-mass sce-
nario and double-degenerate mergers with a total mass above the
Chandrasekhar limit) is comparable to the Galactic SN Ia rate
(Ruiter et al. 2009, fig. 2). Taking this at face value, it could be
that all single-degenerate systems will end up as 2002cx-like SNe.
Normal SNe Ia would then originate from other progenitors like
double-degenerate mergers (e.g. Pakmor et al. 2012; Ruiter et al.
2012) or sub-Chandrasekhar-mass double detonations (e.g. Fink
et al. 2010; Kromer et al. 2010; Woosley & Kasen 2011). However,
the observationally derived SN rates as well as the binary popu-
lation synthesis rate predictions for the single-degenerate scenario
are somewhat uncertain. For example, Han & Podsiadlowski (2004)
can reconcile the observed Galactic SN Ia rate with the birth rate of
SNe Ia in the single-degenerate Chandrasekhar-mass scenario from
calculations with their binary population synthesis code which as-
sumes a different prescription for hydrogen accretion than Ruiter
et al. (2009).

4.7 The fate of Chandrasekhar-mass explosions

In a companion study (Fink et al., in preparation) we are currently
investigating the outcome of a larger set of 3D deflagration models.
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Deflagration models 

Comparison 
extended to fainter 
example:
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Deflagration models 

Conclusion:
(Jordan et al. 2012; Kromer et al. 2013, Fink et al. 2014, Kromer et al. 2015, Magee et al. 2016)

Near-Chandrasekhar mass WD deflagrations may work well 
for the 2002cx-like SNe Ia

…still multiple loose ends
…what are the “normal” ones?!


