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Old paradigm: accreting WD approaches the Chandrasekhar
mass limit (∼ 1.4 M�)→ heats up and turns to thermonuclear
burning→ explosion (delayed detonation).
Companion star donating mass - what is it?
Light-curve is powered by radioactive decay chain of 56Ni.
Pie chart: SN Ia spectra idicate that multiple formation
channels and/or explosion mechanisms exist.
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Two most favoured formation scenarios: SD and DD

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors

Double Degenerate (DD)
Scenario; Mtot > 1.4 M�

Two carbon-oxygen WDs
merge; lighter WD accreted
onto more massive WD.

Single Degenerate (SD)
Scenario; MWD,final ∼ 1.4 M�
WD accretes mass from
(normal) star filling Roche-lobe
(main seq. or evolved star).
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A third formation channel: sub-Chandra mass SD

Often called double-detonation scenario (See K. Shen talk)
Mechanism: detonation in helium shell around WD
accreted from a (He-rich) companion leads to detonation in
CO WD (‘double-detonation’; Taam+, Livne+, Woosley+).
Don’t require 1.4 M� WDs; Sub-Chandra
mass WDs much more common.
Gives natural explanation for variety
among light-curves: range of exploding
WD masses→ range in amount of
56Ni→ bright and dim SNe Ia. But:
Uncertainty in He detonation/burning.

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors

sub-Chandra 

CO WD 

~0.8-1.1 M!

accreted helium shell

~0.05 M!
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Delay Time Distribution (DTD)
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Figure 7: All of the DTDs from previous figures.
The solid curve is a t−1 power law, of the form
that gives a good fit to the volumetric SN Ia rates
versus redshift (Section 2), and also describes well
all of these independent DTD derivations.

steeper rise, but it certainly does not fall. The explo-
sion of at least ∼ 1/2 of SNe Ia within 1 Gyr of star
formation is, by now, probably an inescapable fact.
The solid curve plotted in Figs. 7–8 is

Ψ(t) = 4× 10−13 SN yr−1M−1
"

(
t

1 Gyr

)−1

. (13)

Its integral over time between 40 Myr and 10 Gyr is
NSN/M∗ = 2.2× 10−3 M"

−1.
Recalling the generic predictions of theoretical mod-

els, described is Section 3.1, the observed DTD is strik-
ingly similar to the simplest expectations from the DD
model, namely an approximately t−1 power law ex-
tending out to a Hubble time. The SD models, we
recall, though having a rich variety, tend to predict
no SNe Ia at delays greater than a few Gyr (with the
exception of models that succeed in producing an ef-
ficient red-giant donor channel). At face value, the
observed results would mean that SD SNe Ia do not
play a role in producing the DTD tail clearly seen at
long delays in the observations. However, the present
data cannot exclude also an SD contribution at short
delays, present in tandem with a DD component that
produces the ∼ t−1 power law DTD at long delays.

4.2 The normalization of the DTD

Apart from the form of the DTD, there is also fairly
good agreement (though perhaps some tension), among
all the derivations, on the DTD normalization, or equiv-
alently, its integral between 40 Myr and a Hubble time,
NSN/M∗, i.e., the time-integrated number of SNe Ia
per stellar mass formed. Table 1 summarizes these
numbers (as always, with a consistent assumed IMF –
the Bell et al. 2003 diet-Salpeter IMF that simulates
a realistic IMF with a low-mass turnover).

Several of the normalizations appear nicely con-
sistent with NSN/M∗ ≈ 2, in units of 10−3 M"

−1.

Figure 8: Same as Fig. 7, but with a logarithmic
time axis
.

One exception to this, on the high side, is the num-
ber based on the iron mass content of galaxy clusters,
NSN/M∗ > 3.4. This number, which is based on clus-
ter iron abundance, gas fraction, and assumed core-
collapse SN iron yield, sets the lowest-delay bin in the
DTD from clusters. However, as seen in Figs. 7-8, the
other cluster DTD points, which come directly from
cluster SN rate measurements (rather than from the
iron constraint), appear to be in good agreement with
most of the DTDs from other methods. This is seen
quantitatively also in Table 1, which gives the best-fit
NSN/M∗ normalizations, and 1σ errors, based on the
cluster SN rates alone, assuming a DTD of the form
t−1, or t−0.9 (the cluster rates alone do not constrain
well the power-law index). This suggests that there
may be an error in one or more of the assumptions
of the iron-based point: the iron abundance, or the
gas-to-stellar mass ratio in clusters may have been sys-
tematically overestimated; or the contribution of core-
collapse SNe to cluster iron enrichment may be under-
estimated, e.g., if pair-instability SNe are major iron
suppliers (e.g., Quimby et al. 2011; Kasen et al. 2011).
It has been pointed out (Bregman et al. 2010) that the
roughly constant iron abundance in galaxy clusters of
different total masses, despite the large range in their
gas-to-stellar-mass ratios, indicates a major source of
iron that is unrelated to the present-day stellar pop-
ulation in cluster galaxies. Similar conclusions have
been reached from the analysis of radial abundance
gradients in clusters (Million et al. 2011).

Another high NSN/M∗ value comes from the SN
remnants in the Magellanic Clouds. Here, it is quite
possible that the short-delay bin is contaminated by
core-collapse SNe, and hence is overestimated (see Maoz
& Badenes 2010). Furthermore, the overall normaliza-
tion in this case rests on the assumption that all stars
above 8 M" produce core-collapse SNe, an assump-
tion that may not hold if some fraction of such stars
collapse directly into black holes (e.g. Horiuchi & Bea-
com 2011), in which case NSN/M∗ would be reduced
correspondingly.

Maoz & Mannucci (2011)
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DTD: distribution in time of SNe Ia explosions following a starburst.
Power-law form ∼ t−1 expected from DD binaries since gravitational
radiation timescale tGR ∝(orb separation)4.
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StarTrack Delay Time Distributions (cf. Ruiter et al. 2009,2011)

SN rate as function of time from birth constrains progenitor age.

DD: DTD ~t-1

SD

αCE = 1
(standard model)

50% binary  
fraction

cf. Ruiter et al. 2011
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double-det: DTD ~t-2

double-det: helium star donors

double-det:
 He-rich WD donors
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Peak luminosity of SN Ia: exploding WD mass→56Ni
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Nearby supernova rates from LOSS – II 1455

Figure 4. The completeness of each SN in the LF sample in our SN search.
The completeness is defined as the ratio of the total control time divided by
the total season time. Some notable SNe are marked. The dashed lines mark
the cut-off distances within which the LF samples are constructed.

probability. SNe Ibc in the early-type spiral galaxies appear on
average marginally fainter (averaging −15.98 ± 0.26 mag; σ =
0.83 mag) than their counterparts in the late-type spirals (average
of −16.15 ± 0.33 mag; σ = 1.43 mag).

Fig. 7 shows theInt. histograms for the LFs of SNe II in different
galaxy bins (the two lower panels); there is a marginal difference,
with a 21.0+19.5

−10.7 per cent probability that they come from the same
population. Contrary to the trend shown by the SNe Ibc, in the early-
type spirals SNe II are marginally brighter (average of −16.22 ±
0.21 mag; σ = 1.39 mag) than their counterparts in the late-type
spirals, which average −15.88 ± 0.20 mag (σ = 1.34 mag). The
significance of the difference between the two LFs is not dramat-
ically affected by the objects fainter than −15 mag: when they are
excluded from the statistics, the two LFs come from the same pop-
ulation with a 28.0+27.7

−16.0 per cent probability.
It is generally expected that SNe occurring in late-type galaxies

should on average experience more extinction than those in early-
type galaxies because of a dustier environment. This fact should
be taken into account when translating differences in the observed
LFs in various Hubble types into differences in the intrinsic LFs.
For example, SNe Ia that occurred in Sc–Irr galaxies should be
intrinsically brighter than SNe Ia in E–Sa galaxies by a bigger
margin than is shown in Fig. 5.

Figure 5. The pseudo-observed LFs of SNe Ia. The top panel shows the
cumulative fractions for the LFs in two different galaxy Hubble-type bins
(E–Sa and Sb–Irr). The dashed lines show the 1σ spread in the cumulative
fractions considering only the uncertainties in the peak absolute magnitudes.
The bottom panels show the LFs in all, E–Sa and Sb–Irr galaxies.

In a recent paper, Bazin et al. (2009) derived an overall core-
collapse SN LF from the Supernova Legacy Survey (SNLS). A
comparison between our combined SN Ibc and SN II LF and that
reported by Bazin et al. shows an excellent agreement (Rich, private
communication).

3.2 The observed fractions of SNe

In the process of analysing the LF SNe in detail, we are able
to put them into different subclass bins. For SNe Ia, the light-
curve fitting sequence from 1 to 21 is a loose luminosity indi-
cator, as we demonstrate in a forthcoming paper (Li et al., in
preparation). Moreover, the SNe are categorized into several sub-
classes: normal SNe Ia with normal expansion velocities (‘IaN’ in
Table 3 and hereafter); normal SNe Ia with high expansion velocities
(‘IaHV’, see Wang et al. 2009 for our definition of this subclass); SN
1991bg-like objects (‘Ia-91bg’; Filippenko et al. 1992b; Leibundgut
et al. 1993); SN 1991T-like objects (‘Ia-91T’; Filippenko et al.
1992a; Phillips et al. 1992); and SN 2002cx-like objects (‘Ia-02cx’;

C© 2011 The Authors, MNRAS 412, 1441–1472
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Promising progenitor must be able
to reproduce the observed peak
brightness distribution (cf. Li et al.).
Prompt detonations: absolute
brightness of a SN Ia is determined
by the mass of the exploding WD.
Straightforward to compute
brightness of DD mergers from the
mass of the primary (exploding) WD
for violent WD mergers.
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Violent WD merger: subclass of DD

Previous studies (Miyaji, Saio, Nomoto):
Merger ≥ 1.4 M� → non-explosive
burning→ collapse to neutron star ?
Violent merger = prompt detonation in mp;
both WDs are burned, 56Ni synth. in mp.
mp: determines peak luminosity!
What we did: 1D hydro exploding WDs + radiative transfer
modelling→ Mass-Luminosity relation→ map merging
systems (WD masses) from population synthesis to
explosion luminosities→ compare to observations.

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors

R
.P

ak
m

or



Introduction
Formation channels for SNe Ia

A closer look at white dwarf mergers
Summary

More observational constraints
Brightness distribution of violent merger explosions
Modelling the brightness distribution
Results

mWD – Mbol relation (Sim et al. 2010; Fink et al. 2010)
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Detonations in 1-D hydrostatic sub-MCh mass WDs (LEAFS, ARTIS).
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Startrack mass range for all CO-CO WD mergers
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Ruiter, Sim, Pakmor et al., 2013 MNRAS 429, 1425

StarTrack (Belczynski et al. 2002; 2008).
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Li et al. 2011, 74 LOSS SNe Ia within 80 Mpc.
cf. Ruiter et al. 2013 (see dash-dot line/Model 2)
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Delay Time Distributions (cf. Hillebrandt et al. 2013)
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← Broad light-curves ... Narrow light-curves→
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Summary

Need future observations to confirm whether such an
accretion phase (He-star→WD) is encountered among
progenitors of WD mergers.
Helium stars are important for WD merger progenitors:
implementation of additional (helium) accretion physics
into StarTrack, input from detailed binary evolution
modeling with helium donors (e.g., STARS) is needed.
Bottom line: probably multiple SN Ia evolutionary channels
exist, and either violent mergers contribute
substantially, or some other progenitor channel(s)
drive(s) the underlying brightness distribution.

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors
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Violent mergers are promising SN Ia progenitors

Binary population synthesis calculations are needed to
assess relative birthrates of SNe Ia and their delay times!
Delay Time Distribution: violent WD mergers ,
Rates: violent WD mergers ,
Using StarTrack we have identified a formation channel
which is crucial for producing massive primary CO WDs.
We mapped mp (from BPS) to peak Mbol: theoretical and
observational Mbol distributions compare well.
BPS + WD merger models + radiative transfer→ peak
brightness distribution: violent WD mergers ,

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors
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What about primary WD masses at WD birth (dashed line)?
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Li et al. 2011, 74 LOSS SNe Ia within 80 Mpc.
cf. Ruiter et al. 2013
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The StarTrack mass-distribution of merging CO+CO WD
pairs gives rise to a range of explosion brightnesses that
match those observed for SNe Ia (Li et al 2011).
The agreement between the synthetic and observed
brightness distributions depends critically on a critical
evolutionary phase: the primary WD accretes (∼ 0.25 M�)
while the companion is a slightly-evolved helium star.
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Angular Momentum Loss through
Roche-lobe overflow (RLOF), Common
Envelope (CE), magnetic braking,
gravitational radiation→ ˙Jorb

Is MT stable? → Ṁnuc or Ṁth,?
Non-degenerate vs. degenerate?
RLOF: fraction of mass loss/gain.
CE: Ṁdyn, two formalisms:
Webbink (α); Nelemans (γ):
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Evolving Ia progenitors: StarTrack (Belczynski et al.)
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Basic Recipe for Binary Evolution 
Population Synthesis Code

M1,M2,a,eIMF distribution;
mass ratio q

distribution ~1/a

metallicity, stellar wind mass-
loss rates, common envelope 
formalism, magnetic braking, 

natal kicks (NS/BH)

adopted prescriptions 
(not all processes are 

relevant for all 
systems).

adopted initial 
distributions 

which describe 
the orbit. 

distribution ~2e

orbital evolution
tidal interactions: calculate change 

in binary orbital parameters: 

in tandem with stellar evolution.

change in orbital angular momentum: 

output: SNe, GR 
sources, CVs, GRBs 

(post-processing: star 
formation rates; 

calibration)

J̇tid, J̇RLOF, J̇MB, J̇GR
ȧ, ė, ω̇1, ω̇2
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It remains to be confirmed, by future observations and detailed
accretion modeling, whether such a phase is encountered
among double WD progenitors.
If such a mass transfer phase does not readily occur in nature,
then likely another explosion scenario drives the underlying
shape of the observed SN Ia brightness distribution.



Introduction
Formation channels for SNe Ia

A closer look at white dwarf mergers
Summary

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors



Introduction
Formation channels for SNe Ia

A closer look at white dwarf mergers
Summary

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors

Important phase for
primary WD growth:
primary WD accretes
from helium sub-giant.
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Delay times of double COWD mergers: StarTrack

All CO+CO WD mergers
DD mergers (Mtot>1.4 Msun)
Mp > 0.8 Msun
Mp > 0.8 Msun and eta=1.5
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StarTrack binary evolution population synthesis code
Belczynski et al. 2008

Uses Monte Carlo methods to rapidly evolve a large
number (∼ 106+) of stars from the Zero-Age Main
Sequence to a Hubble time.
Stars are evolved using modified analytical formulae (evol.
tracks) for single stellar evolution (Hurley et al. 2000).
Physical processes important for binary stars are taken
into account (e.g., mass transfer, magnetic braking, tides,
gravitational radiation, common envelopes).
Can study the formation and evolution of objects which is
impossible to do with detailed stellar evolution codes.

A. J. Ruiter, Santiago, April 2013 SN Ia Progenitors
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sub-Chandra 

CO WD 

~0.8-1.1 M!

accreted helium shell

~0.05 M!

Observations sub-Chandra SDS (1.4 M�) DD mergers
Progenitors? ? , /?
Hydrogen: , / ,

Companion? ,? /? ,
SN 2011fe: ,? /? ,
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sub-Chandra 

CO WD 

~0.8-1.1 M!

accreted helium shell

~0.05 M!

Theory sub-Chandra SDS (1.4 M�) DD mergers

expl. mech.: ,? ,, ,
mod. spectra: ,? , ,
LC diversity? too much? not enough? ,?
Rates/DTD: , / ,
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Kromer et al. double-detonation model:
sub-Chandra (1.03 M� CO WD with
0.05 M� helium shell)
black line: 2011fe data
Explosion model yields 0.6 M�

56Ni→
in good agreement with normal SNe Ia
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Röpke et al. 2012 delayed detonation
model: Single Degenerate (1.4 M� WD)
black line: 2011fe data
Explosion model yields 0.6 M�

56Ni→
in good agreement with normal SNe Ia
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Pakmor et al. 2012 merger model:
Double Degenerate (0.9 + 1.1 M�)
black line: 2011fe data
Explosion model yields 0.6 M�

56Ni→
in good agreement with normal SNe Ia
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