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Type Ia supernova subclasses and their progenitors



Thermonuclear supernovae 
and their subclasses

• Phillip’s relation: black line. But 
only ~70% of SNe Ia are 
“normal”.


• (Normal == used for 
cosmology… )


• Likely 2+ formation channels 
and/or explosion mechanisms 
make up normal SNe Ia. But 
there are lots of “abnormal” SNe 
Ia! e.g. Ca-strong/rich transients, 
91bg-likes, 91T-likes, SNe Iax… 


• This plot keeps changing… 
finding faster & fainter 
thermonuclear transients. But 
what make them? 

Taubenberger 2017Mmax(B) = −21.726 + 2.698∆m15(B).

Luminosity

Δm15(B)



Type Ia SN progenitors



Chandrasekhar mass WD (MCh) 
 & Single* Degenerate


(hydrogen or helium donor)

*technically could be DD but v. rare

Sub-Chandra mass WD 
& Single OR Double Degenerate


(requires helium)

Sub-Chandra OR  
MCh WD 

& Double Degenerate 

(probably some helium)

2 main channels,  
1 explosion mechanism

2 main channels,  
1 explosion mechanism

WD mergers:  
2 explosion mechanisms

Nutshell synopsis of formation channel + 
explosion mechanism mish-mash  

Paradigm shift with Pakmor et al. 2010 Nature paper on WD mergers 
that showed sub-Chandrasekhar mass WDs can produce light-curves & 

spectra that look like those of SNe Ia.

HeH or He

CO WDs(?)



Type Ia SN progenitor channels
• Various SN Ia outcomes (Chandrasekhar mass, sub-

Chandrasekhar mass with and without mergers) 
calculated with binary evolution population synthesis 
code StarTrack. 

• Results presented here assume the common envelope 
prescription ‘New CE’ in Ruiter et al. 2019: Binding energy 
parameter λ depends on evolutionary state of star + some 
dependence on metallicity (cf. Xu & Li 2010, Domenik et 
al. 2012).

Thomas Reichardt
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Some plots (preliminary): 
2 Chandrasekhar mass 

 channels as f(Z)

• Nucleosynthesis: WD explosions near the Chandrasekhar mass 
are likely needed to explain the solar abundance of manganese 
(Seitenzahl et al. 2013). 

• Explosions of ~MCh CO WDs (possibly CONe WDs): promising 
scenario is pure deflagrations (e.g. SN2002cx and other SN Iax 
events; e.g. Jha et al. 2017). Probably helium donors given their 
young nature. Hydrogen donors: via stable RLOF or perhaps 
accrete from evolved stellar wind (—> short delay times). 

• How do delay times and rates change with metallicity Z? e.g. 
delay time distributions (progenitor ages): 



Very low Z: more likely  
to form ONe WD due 
to larger core mass 

during stellar 
evolution: no SNIa

~20% solar:  
CO WD formed +  

Favourable CE  
formalism for pre-SN Ia  

interactions 

~Solar: CE 
prescription 
unfavourable 

for this channel

Supersolar: CE 
prescription  

unfavourable for this 
channel. 

discussing H-donor   MCh channel:



MCh progenitors: non-mergers (RLOF only)

• H-stripped, He-burning star donors: rate increases with 
decreasing Z. Delay times typically always < 300 Myr.


• Usual channel for stripped, He-burning donor involves 2 
CEs + one stable RLOF phase. 


• H-rich RLOF channel: difficult to make these (accretion 
efficiency); more prominent at sub-solar but not at high Z 
(none at very low Z). Why? Preferentially make ONe WD 
instead of CO WD. 


• Usual channel for H-rich donor involves 1 CE + one stable 
RLOF phase. 



sub-Chandrasekhar mass  
channels (Mexplode<1.4 Msun)

• Sub-Chandra non-mergers: or ‘classic’ double-detonation with 
~0.01-0.05 Msun helium shells detonating on CO WD. How 
much helium can this progenitor have and still look like a SN Ia? 
cf. recent FOE meeting poster by Abigail Polin: possible ‘thick’ 
helium shell explosion SN 2018byg. 

• Theoretical delay time distribution is bimodal (e.g. Ruiter et al. 
2014) but there are slight changes with metallicity. SD channel 
has short delay times, DD channel has longer delay times.  



‘classic’ sub-MCh double detonation masses: 
nature of the donors (orange) 

Left: Double Degenerate          Right: Single Degenerate

2 RLOFs then CE on HB 
(questionable**; very 

massive  
on the ZAMS!)

COHe WD 
donor

pure He 
WD donor

**Need to investigate this rare ‘heavy donor’ channel further: donor star loses ~5-6 Msun 
before it reaches the Hertzsprung gap (mostly in RLOF to MS companion).


Accretor masses (blue hist) need to be ~1.0 Msun+ to look like regular SNe Ia (nickel-56). 

2 CEs, then RLOF



WD mergers 
(Helium WDs are only made via binary evolution, 

e.g. RGB star stripped of its H-envelope)

• CO-CO WD mergers: Solves most ‘issues’. Delay time 
distribution ~t^(-1), peak brightness distribution (Ruiter et al. 
2013), robust explosion achievable (Pakmor et al. 2012), 
theoretical merger rates are roughly on par with predictions 
inferred from observations (Moaz, Hallakoun & Badenes 2018). 

• HeCO WD mergers: some could make 1991bg-likes; delay 
time works out since mergers kick in >few Gyr (see Crocker, 
Ruiter, Seitenzahl et al. 2017, Nature Astronomy). But not *all* 
channels will have long delay time.



• Binary evolution population 
synthesis (binaries evolved in the 
field, e.g. no N-body / triples) 

• StarTrack code evolutionary channel 
leading to He-CO double WD 
merger (cf. Crocker, Ruiter 
Seitenzahl et al. 2017).  

1. ZAMS masses ~1.3 - 2.5 Msun 

2. low-mass (~0.3 - 0.4 Msun)      He 
WD forms first via RLOF envelope 
stripping 

3. CO WD (~0.4 - 0.55 Msun) forms 
later after (not during) CE event on 
the RGB or AGB 

4. WD-WD merger delay time range 
~500 Myr to Hubble time after star 
formation.

RG

AGB

MSMS

HeWD

{CE}

COWD

{RLOF}

He star

HeWD

Typical formation channel of HeWD+COWD merger 
found in Karakas, Ruiter & Hampel 2015



medium-heavy WD mergers: 
simulated number vs. total merger mass (relative rates)

MW COCO merger rate: ~0.005/yr 
(Z=0.02)

MW COCO merger rate: ~0.01/yr 
(Z=0.004)

Some “Galactic” WD merger rates: 
Orange systems: more likely to look like normal SNe Ia 

Usual assumption: explosion occurs before exploding WD reaches MCh



Summary
• Chandrasekhar mass SNe Ia: two main channels of helium-rich donor and 

hydrogen-rich donor (e.g. Ruiter et al. 2009), but metallicity and choice of CE 
prescription affect the relative rates. Difficult to make MCh SNe via H-rich donor at 
low Z (cf. Chiaki Kobayashi chemical evolution). Currently best candidate for 
explaining SNe Iax. 


• Non dynamically-driven Sub-Chandrasekhar mass double-detonations (e.g. non-
mergers): if both SD and DD channels occur in nature, delay time distribution is 
bimodal depending on donor type. Formation pathway is dictated by stellar 
masses and metallicity seems to have an influencing effect here. How much mass 
in helium shell is acceptable? 


• WD mergers with sub-MCh exploders: CO+CO mergers may explain many 
‘normal’ SNe Ia (brightness distribution, rates pretty good, delay time too). Subset 
of He+CO mergers have long delay times: if these systems undergo helium 
detonations, they could explain the Galactic positron annihilation signal and 
plausibly account for the 1991bg SNe (Crocker et al. 2017, Panther et al. 2019).


• Q: Can remnant observations help to delineate between some of these 
different channels?? (see Seitenzahl talk Wed. morning).




Our Astrophysics Group is accepting PhD 
student applications at UNSW Canberra!  
(note: different location from UNSW Sydney Physics)!

• Current Postdocs: Fiona Panther, Nigel Maxted*, Simon Murphy.                  
Current Faculty: Warrick Lawson (head of School of Science), Ashley Ruiter, Ivo 
Seitenzahl. We are interested in stellar explosions and their progenitors (SNe 
and novae), binary evolution, supernova remnants, and gravitational wave 
sources (e.g. LISA sources in our Galaxy). 


• Rolling deadlines; for international applicants and scholarship information: https://
www.unsw.adfa.edu.au/degree/postgraduate-research/physics-phd-1892


• Successful applicants receive a scholarship of $35,000 AUD annually for the 3.5 
year PhD program (+ travel funds). PhD research program contains no formal 
coursework. 


• Some more info on my website:                                                                        
https://ashleyruiterastro.wordpress.com/                                                              
under “Student Projects”.   

Dr Ashley J. Ruiter @growzchilepeps

*Maxted posters: S4.9, S10.13

Come join us  
down under! 

https://www.unsw.adfa.edu.au/degree/postgraduate-research/physics-phd-1892
https://www.unsw.adfa.edu.au/degree/postgraduate-research/physics-phd-1892
https://ashleyruiterastro.wordpress.com/




What about the He-rich donor MCh channel? 
Likely SN Iax candidates e.g. 2008ha, 2012Z

• SN Iax: “weirdo” class of SNe Ia. Lower 
luminosities, lower ejecta velocities. 

• Currently favoured model for SN Iax:          
A ~1.4 Msun CO or CONe WD that 
undergoes a thermonuclear ignition, but the 
explosion does not unbind the star (“failed 
deflagration” or actually, a failed detonation). 
e.g. Jordan et al. 2012, Kromer et al. 2013.  

• ~A few x 0.1 Msun of material is ejected. 
Some may fall back on WD and leave 
unusual nucleosynthetic signatures (e.g. 
Vennes et al. 2017). 

• Right: StarTrack CONe WDs that approach 
Chandrasekhar mass limit with H-stripped, 
helium-burning star donors (blue) and other 
donors (red). 

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 56

Ni

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 ⇠ 10

9
g cm

�3. In our model, the
CO deflagration reaches the ONe layer when it has expanded to
densities of ⇠ 1.2⇥10

9
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 MCh 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 MCh

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 MCh.

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 at near solar metallicity, whereby a CO WD accretes toward
MCh 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 MCh 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

c� 2012 RAS, MNRAS 000, 1–9

Figure from Kromer et al. 2015

Very faint SN 2008ha: age ~80 Myr



Result: 
Theoretical peak brightness distribution 

of merging white dwarfs matches the 
peak brightness distribution of SNe Ia. 

Ruiter et al. 2013

Implications: 
1. Substantial fraction of SNe Ia result from 

sub-Chandrasekhar mass WDs (~1 M⦿). 
2. New formation channel revealed 

(WD mass is ‘beefed up’ before merger). 

Peak brightness of merging WDs (coloured lines) 
compared to SN Ia observations (greyscale).

1. Primary WD mass distribution 
from binary population 

synthesis.

2. Map WD mass from explosion model (x)
 to peak brightness (y): 

1D hydro explosion + spectral modelling 
(cf. Sim et al. 2010).

3. Run the BPS WD masses 
through the mapping:

e.g. green curve.

CO+CO mergers at Z=0.02 metallicity; Ruiter et al 2013.



SDS with H-rich donors: why is 
it so difficult to make them?

• Narrow region of Mdot-
M_WD space where 
stable, efficient burning 
occurs.  

• Outside of this region you 
have no or unstable 
burning (flashes): many 
CVs, not many SNe. 

• Accretion efficiency more 
favourable for helium 
donors.

!Menv of our steady state models because of the lower entropy
in the former for a given M and Ṁ .

The stability of our steady state models is consistent with
previous computations for long-term evolution of accreting white
dwarfs. For example, Sion et al. (1979) found that a 1.2M! white
dwarf accreting at a rate 1.03 ; 10"7M! yr"1 gives rise to repet-
itive hydrogen shell flashes, while a 1.3M! white dwarf accret-
ing at 2.71 ; 10"7 M! yr"1 undergoes stable hydrogen burning.
Paczyński & Żytkow (1978) have also shown that for a 0.8 M!
white dwarf, the stability boundary of the hydrogen-burning shell
is located around Ṁ # 10"7 M! yr"1. Consulting Figures 2 and
4, we can confirm that those evolutionary results agree very well
with our results for steady state models.

4. DISCUSSION

4.1. ‘‘Surface Hydrogen Burning’’ Models

Starrfield et al. (2004) wrote that their surface hydrogen burn-
ing models of mass-accreting 1.25 and 1.35 M! white dwarfs
are thermally stable for accretion rates ranging from 1.6 ; 10"9

to 8.0 ; 10"7 M! yr"1. The stability properties of our steady
state models, however, differ from those of their models. Our
models indicate that the hydrogen-burning shell in the 1.35 M!
model is thermally unstable if the accretion rate is less than 2.5 ;
10"7 M! yr"1 (2.1 ; 10"7 M! yr"1 for 1.25 M!; Fig. 2).

Starrfield et al. (2004) also wrote that the mass accretion onto
the hot white dwarf just after a nova explosion leads to stable
surface hydrogen burning. However, the time-dependent calcu-

lations by Prialnik & Kovetz (1995) indicate that hydrogen ac-
cretion onto hot white dwarfs with interior temperatures of
(1Y5) ; 107 K leads to a shell flash for M = 0.65Y1.4 M!.
In addition to the difference in stability properties, the radii

of Starrfield et al.’s models tend to be smaller than those of our
models (Fig. 5 below). In particular, their highest luminosity
model (M = 1.35 M! and Ṁ = 8 ; 10"7 M! yr"1) has a white
dwarf size, while our results indicate that such a high accretion
rate should produce a star of red giant size (Fig. 4).
These discrepancies are caused by the extremely coarse zon-

ing adopted in Starrfield et al.’s computations. Starrfield et al.
(2004) adopted a surface zone mass of 10"5 M!, which is much
larger than the entire envelope mass of the steady state models
withM = 1.35M! andM = 1.25M!, as seen in Figures 2 and 4.
This means that the envelope of the ‘‘surface hydrogen burning’’
model is approximated by a single zone having a single temper-
ature and density. Furthermore, the ‘‘surface zone’’ is much deeper
than the realistic hydrogen-rich envelope in the steady state model
corresponding to the same white dwarf mass and the accretion
rate.
Table 1 compares the two white dwarf models with M =

1.35 M! accreting hydrogen-rich matter at a rate of Ṁ = 1.6 ;
10"7 M! yr"1. The steady state model calculated in the pres-
ent study has !Menv = 1.4 ; 10"7 M! and log TH(K) = 7.98
(fourth column). For the model in the rightmost column, the mass
of the hydrogen-rich envelope was artificially set to be!Menv =
10"5 M!, which is the same as the ‘‘surface zone mass’’ adopted
by Starrfield et al. (2004). According to equation (9) and T4

H /
PH / !Menv, the temperature at the burning shell [log TH(K) =
8.41] is much higher than those of the steady state models.
Such a high temperature is comparable to that of the surface

zone of Starrfield et al. (2004), fromwhich we see the reasonwhy
they obtained a very high temperature at the ‘‘surface zone.’’ They
treated the envelope between the region of log (1" q) # ("5) "
("22) with a single mass zone, while our steady state models re-
solve the H-rich envelope with #50 mass zones. Obviously, the
zoning adopted by Starrfield et al. is too coarse to obtain a phys-
ically realistic stellar model.
In the heavy-envelope model, the temperature at the hydrogen-

burning shell is so high that all accreted hydrogen burns in one
typical time step to compute mass accretion, as Starrfield et al.
(2004) state: ‘‘it takes less time than the time step (#2 ; 106 s)
for all the infalling hydrogen to burn to helium in this zone.’’ In
this case, the nuclear energy generation rate !n is determined not
by the temperature-dependent nuclear reaction rate but by the
supply rate of nuclear fuel, as

!n ¼
XQṀ

!Menv
: ð10Þ

Despite a temperature as high as log T(K) = 8.41, the energy
generation rate thus determined is !n = 2.2 ; 109 ergs g"1 s"1,
which is much lower than the "-limited reaction rate of the hot
CNO cycle, !" = 6 ; 1013(XCNO/0.01) ergs g"1 s"1. Because
XQṀ /!Menv is constant, being independent of the temperature,
the nuclear burning is stable; it is also steady, as expressed by
equation (1). In other words, the assumed envelope mass!Menv

is too large and hence the temperature at the nuclear burning shell
is too high for the mass accretion rates they assumed. All the ac-
creted hydrogen-rich matter should have been consumed long
before being pushed into a layer as deep asM " Mr # 10"5 M!
(Nariai et al. 1980).

Fig. 4.—Properties of H-burning shells in accreting white dwarfs, shown in
the plane of white dwarf massM vs. accretion rate Ṁ . If the accretion rate is lower
than Ṁstable (solid line), H-burning shells are thermally unstable. Dashed lines
trace the loci of the envelope mass!Menv (M!). For givenM and Ṁ , the envelope
masses of these steady state models are smaller than the envelope masses of the
‘‘ignition’’ models shown in Fig. 9 of Nomoto (1982) because of the higher
entropy in the steady state models compared with the ‘‘ignition’’ models (see text
for more details). In the area between the solid (Ṁstable) and dash-dotted (ṀRG)
lines, the H-burning shell burns steadily and the star is located around the ‘‘knee’’
or the horizontal branch on a steady statewhite dwarfmodel locus.Above the dash-
dotted line for ṀRG, the stellar envelope has expanded to red giant size and a strong
wind occurs. The dotted line indicates the Eddington accretion rate ṀEdd as a
function ofM.

NOMOTO ET AL.1274 Vol. 663

 Hydrogen accretion on WDs; Nomoto et al. 2007
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CO WD
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t=2276.7

M1=0.34 M2=0.59
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total mass = 0.93
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MS MS
t=0

M1=5.65 M2=4.32

a=37

II.

HG
t=79

M1=5.63 M2=4.32

a=37
RLOF

III.

He

RLOF
t=102

M1=0.96 M2=6.62

a=258

IV.

t=102

M1=0.84 M2=6.67

a=329

CO WD

V.
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t=115

M1=0.84 M2=6.67

a=222Common

Envelope

VI.

VII.

He
M1=0.84 M2=1.27

a=1.73

VIII.
RLOF

t=128

M1=0.84 M2=1.23

a=1.75

IX.

CO WD

t=129

M1=1.19 M2=0.77

a=1.92

X.

t=1259

M1=1.19 M2=0.77

MERGER

R Coronae Borealis 
and/or

1991bg-like SN:  
merger between  
HeWD + COWD 

(whether binary ends up  
as RCB or 91bg  

depends on  
initial masses).

Type Ia Supernova:  
merger between  
COWD + COWD

Karakas, Ruiter & Hampel 
2015, ApJ 809, 184

Ruiter, Sim, Pakmor et al.   
2013, MNRAS  429, 1425

Two WD merger formation channels with StarTrack: 
CO+He and CO+CO

CO primary accretes from  
helium-burning secondary: 
increase in mass ~0.2 Msun

common envelope

common envelope


