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Diversity in SN Ia properties
) progenitors likely form via
more than one evolutionary
channel.
Support that ⇠50% of
SNe Ia need to be < 1.4 M�
(sub-Chandra); Scalzo et al.
2014, MNRAS 445, 2535.

Mix of sub-MCh and MCh
WD progenitors best
explains solar abundance of
manganese; Seitenzahl et al.
2013, A&A 559, L5.
‘Old paradigm’ of Chandrasekhar mass explosion still supported,
but there’s likely more to this story.
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FIG. 1. Observational diversity of SNe Ia in B-band decline
rate �m15(B) and B-band peak absolute magnitude. Normal
SNe Ia (shown in grey, data taken from Hicken et al. [57]) fol-
low the Phillips relation [58]. 1991bg-like SNe (shown in red,
data taken from Taubenberger et al. [59]), and 2002cx-like
SNe (shown in green, data taken from Phillips et al. [60]) are
subluminous with respect to the Phillips relation. Superlumi-
nous SNe Ia (shown in cyan, data from Taubenberger et al.
[61]) are almost one magnitude brighter in B-band than nor-
mal SNe Ia with a comparable B-band decline rate.

to be arrangeable in a one-parameter sequence according
to explosion strength, wherein the weaker explosions are
less luminous, redder, and have a faster declining light
curve and slower ejecta velocities than the more ener-
getic events. Based on these findings Mazzali et al. [56]
argue that a single explosion scenario, possibly a delayed
detonation (see Sect. IVB 1), may explain most SNe Ia.
However, more recent (and better) data challenge this
conclusion, as will be discussed below.

The relation between the width of the light curve
around maximum and the peak brightness (brighter su-
pernovae decline more slowly) is the most prominent of
all correlations (Fig. 1; Phillips [10], Pskovskii [54]). Pa-
rameterized either by the decline rate �m15 [10, 45], a
‘stretch parameter’ [62], or a multi-parameter nonlinear
fit in multiple colors [11], it was used to renormalize the
peak magnitudes of a variety of observed events, sub-
stantially reducing the dispersion of absolute brightnesses
(see, e.g., Leibundgut [25] and Goobar and Leibundgut
[22] for recent reviews). This correction procedure is a
central ingredient of all current cosmological surveys that
use SNe Ia as distance indicators [63–68].

However, there are supernovae, classified as Type Ia,
which violate this correlation. SN 1991bg, SN 1992K,
SN 1999by and SN 2005bl are well-studied examples

for red, fast, and subluminous supernovae with a typi-
cal �m15 value of about 1.8 and B-band peak absolute
magnitudes around -17, roughly one magnitude fainter
than their ‘normal’ counterparts [59, 69–73]. Their V , I,
and R-band light curves decline unusually quickly, skip-
ping the second maximum in I, and their spectra show a
high abundance of intermediate mass elements (including
Ti ii) with low expansion velocities but only little iron.
Models for the nebular spectra and light curve of SN
1991bg consistently imply that the total mass of 56Ni in
the ejecta was very low (⇠ 0.07 M�[74]), a typical value
for this class being ⇠ 0.1 M�. In addition, there is also
evidence for unburnt C and O in their early spectra, in
contrast to normal SNe Ia. These ‘subluminous’ explo-
sions make up for about 15% (or more) of all SNe Ia
[33].

The prototype of a second group of subluminous SNe Ia
is SN 2002cx [75, 76]. Here, again, the mass of 56Ni,
as estimated from ‘Arnett’s rule’ [77], is low, around
0.2 M� only. The spectra show narrow lines, indicating
low ejecta velocity and low kinetic energy. Other super-
novae belonging to this class include SN 2005hk [60, 78],
SN2008ge [79], and SN 2009ku [80]. According to Li
et al. [33] they contribute about 5% of all SNe Ia. Even
300 days after the explosion, the ejecta of members of
this group are not transparent, but show emission from
a narrow region in velocity space (less than 1000 km s�1

[76]).

Finally, transients even fainter than 1991bg-like SNe
have been observed, SN 2005E [81] or SN 2005cz [82]
being examples. They are Ca-rich fast decliners, their
spectra resemble more SNe Ib than SNe Ia, i.e., they
show He but little O and Si in their early-time spectra,
and their decline rates are similar to those of SNe Ic.
They are found in old stellar populations, however, and
the discussion is open whether they are thermonuclear
explosions or core-collapse supernovae [83–85].

At the other end of the luminosity function, SN 1991T
is often mentioned as a striking representative of bright,
energetic events with broad light curves [69, 86–89].
Rather than the expected Si ii and Ca ii, its early spec-
trum displayed high-excitation lines of Fe iii but returned
to normal a few months after maximum light. But re-
cently other SNe Ia were found which are even more lu-
minous than SN 1991T, with decline rates that put them
well above the Phillips relation by almost one magnitude
in the B-band, prototypical examples being SN 2006gz
and SN 2009dc [61, 90–94]. By now, seven objects that
may belong to this subclass have been discovered and
they may contribute up to about 9% of all SNe Ia [33].
In addition to their high luminosity, 2 to 3 times higher
than normal SNe Ia, they are characterized by a slow
decline (�m15(B) ⇠ 0.8), a long rise time (� 23 days),
low ejecta velocities, and prominent C ii absorption fea-
tures, while other properties of their early-time spectra
are similar to those of normal SNe Ia. If the luminosity at
peak would come exclusively from the decay of 56Ni the
Ni-mass of SN 2009dc would be around 1.5 to 1.8 M�
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What is the cause of diversity among SN Ia population?



Why look at metallicity (Z)? 
effect on progenitor evolution, explosion mech, etc.?

• Relation between SN Ia progenitor age (metallicity?) and 
galaxy mass (e.g. Childress, Johansson). Important to 
understand trends for SN cosmology! 

• Metallicity effect for some progenitors: can’t make SDS 
SNe Ia @ [Fe/H] < -1 (Kobayashi et al.) since WD cannot 
achieve MCh (WD needs to produce a wind). See also 
Howell et al. 2009; Kistler et al. 2013.  

• Other than stellar winds: Z-dependent Common Envelope 
(CE)? Lower-Z stars generally less bloated -> higher binding 
energy -> less efficient CE (Xu & Li; M. Dominik, private 
communication). 



Introduction to binary evolution
Intro to Type Ia supernovae

Observational trends that test the models
Results

single and binary star evolution
binary star evolutionary channels
Binary Population Synthesis (BPS)
compact and interacting binaries

Mass transfer and AML see Toonen et al. 2014 PopCORN paper
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Angular Momentum Loss (AML) through
Roche-lobe overflow (RLOF), Common
Envelope (CE), magnetic braking,
gravitational radiation ! ˙Jorb

On what timescale does mass transfer
proceed? ! Ṁnuc or Ṁth,?
Non-degenerate vs. degenerate?
CE: Ṁdyn, two formalisms we use in BPS:
Webbink (↵); Nelemans (�):
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Biggest uncertainty in population synthesis:  
mass transfer/accretion and common envelope. 

Binding energy parameter “λ” may have  
metallicity dependence (Xu & Li, 2010). 



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, �̇1, �̇2

StarTrack BPS code (e.g. Belczynski et al. 2008).
Orbital equations evolved in tandem with stellar evolution.

Orbital separation ‘a’, eccentricity ‘e’, Initial Mass Function (IMF) of stars: chosen via 
Monte Carlo from probability distribution functions that are based on observational data. 



i.

MS MS
t=0

M1=2.26 M2=1.58

a=17.3

ii.

HG
t=813.4

M1=2.26 M2=1.58

a=17.2

iii.

HG

t=824.8

M1=2.25 M2=1.58

a=16.6
RLOF

iv.
t=836.9

M1=0.34 M2=2.53

a=126.2

He-rich WD

v.
t=1295.6

M1=0.34 M2=2.53

a=126.2
HG

vi.

AGB
t=1468.4

M1=0.34 M2=2.50

a=89.2Common

Envelope

vii.

viii.
t=1468.4

M1=0.34 M2=0.59

a=1.0
He

ix.

CO WD

t=1469.9

M1=0.34 M2=0.59

a=1.0

x.
t=2276.7

M1=0.34 M2=0.59

MERGER

total mass = 0.93

I.

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.

RG
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:  
merger between  
HeWD + COWD

Type Ia Supernova:  
merger between  
COWD + COWD

see Karakas, Ruiter & 
Hampel 2015, Accepted

see Ruiter et al. 2013,  
MNRAS  429, 1425

• We investigate the effect of Z on WD-WD mergers, and use an improved 
CE parametrization (“γ; αλ”). Below: 2 WD merger formation channels.



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 ~Solar (Z=0.02) metallicity, αλ CE (2013).



Main findings: CO-CO merger progenitors 
for two metallicities:

(near) Solar: Z = 0.02   ☀ (Pop I) 

• stellar winds more efficient, leads 
to SMALLER CORE MASSES -> 
smaller WD masses.  

• directly affects WD primary mass, 
e.g. dimmer Type Ia supernovae 
in CO+CO mergers. 

• Observations: Pan et al 2014: 
fainter, faster events occur in 
older, massive, metal-rich galaxy 
hosts. 

10%-Solar: Z=0.002 (Pop II) 

• stellar winds less efficient leads 
to LARGER CORE MASSES -> 
larger WD masses. 

• comparatively more massive 
WDs (brighter explosions for 
merger scenario).  

• Observations are in agreement 
with these findings: intrinsically 
brighter SNe Ia occur in metal-
poor (Pop II) environments. 



Primary WD mass distribution (NOT total mass)! 
for two metallicities. Low-Z model has higher mass peak. 

Looks better than (new) Solar-Z model!



Delay time Distribution for two metallicities: 
CO+CO WD mergers.  

Again: lower-Z model looks better. Prompt ones not as readily 
produced in new solar model (CE effects).



Pop I (Z>50% sol, or Z>0.01)  
vs.  

Pop II (Z<= 50% sol, or Z<=0.01)

• Model: “Pop I” is Z>50%-solar. The 
50%-solar population (Z=0.01) would 
look similar to the 10%-solar 
population (Z=0.002) of “Pop II”.  

• ***Other progenitors*** involving 
Chandrasekhar mass WDs:  

- A factor of 2 x more ONe WDs that 
accrete to MCh in low-Z model (AIC, ONe 
or CONe hybrid SNe Ia, cf. Marquardt et al. 
2015, Kromer et al. 2015). 

- Canonical MCh SDS (CO WD): wider 
variety of donors, shorter delay times in 
low-Z model compared to standard model. 

D
.A

.H
ar

dy



Summary
• We adopted a revised CE prescription that includes an evolutionary 

stage-dependent, binding energy parameter (λ) that is lower for low-Z 
systems (see Xu & Li 2010). (Translation: lower-Z systems encounter 
smaller post-CE orbital separations). 

• For this tested CE prescription (γ,αλ), lower metallicity -> higher rates 
(post-CE sep. -> delay time distribution).  

• Main result: Lower Z CO+CO merger progenitors systematically have 
higher primary mass @ merger (due to weaker stellar winds).  

• These results agree with recent observational studies that suggest more 
metal-rich, older, massive galaxies host intrinsically fainter SNe Ia (e.g. 
Pan et al. 2014). 

• Even without a Z-dependent CE effect, lower Z systems will produce more 
massive WDs. This leads to intrinsically brighter SN Ia events in the 
violent merger scenario for lower-Z host environments. 



• Comment: Common Envelope: we are a long way frοm 
modelling this, but progress is happening - upcoming 
exciting results (S. Ohlmann in prep.; also works of O. 
De Marco et al. and others).  

• Question(s): What’s the best way to determine 
metallicity of a SN Ia? Gas-phase or stellar Z? How 
much variability in Z is present in a given host? Active 
vs. passive galaxies (e.g. Bravo & Badenes, 2011)?

Metallicity certainly affects the evolution, probably the 
properties (luminosity), & possibly the rates, of SNe Ia


