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Outline

What single star models tell us about the progenitors of SNe at
various metallicities?

The progenitor type as a function of Mini and Z
Remnant mass
Chemical composition of the ejecta

Supernova type
as a function of Mini and Z
SN type ratio vs Z

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

Stellar models
Grid used: 27 rotating stellar models (Meynet & Maeder 2003, 2005)

masses from 12 to 120 M�

4 metallicities: Z = 0.004 (∼ SMC), Z = 0.008 (∼ LMC),
Z = 0.020 (∼ solar) and Z = 0.040

mean MS velocity: veq ∼ 200 km s−1 (Huang & Gies 2006)

metallicity-dependent stellar winds (Vink et al. 2000,2001, de Jager

et al. 1988, Nugis & Lamer 2000)

followed up to the end of central He-burning
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WR classification
Nature of the progenitor
Remnant type

WR classification

Depends on the surface property of the star !

Star with log(Teff) > 4 and XS < 0.4⇒WR

If XS > 0⇒WNL

If XS = 0 and XN > XC ⇒WNE

If XS = 0, XN < XC and C+O
He < 1⇒WC

If XS = 0, XN < XC and C+O
He > 1⇒WO
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WR classification
Nature of the progenitor
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WR classification
WR population (Meynet & Maeder 2005)G. Meynet and A. Maeder: Stellar evolution with rotation. XI. 593

Fig. 10. Variation of the number ratios of Wolf-Rayet stars to O-type
stars as a function of the metallicity. The observed points are taken
from Maeder & Meynet (1994). The dotted line shows the predictions
of the models of Meynet et al. (1994) with normal mass loss rates. The
continuous and the dashed lines show the predictions of the present
rotating and non-rotating stellar models respectively. The black pen-
tagon shows the ratio predicted by Z = 0.040 models computed with
the metallicity dependence of the mass loss rates during the WR phase
proposed by Crowther et al. (2002).

predictions that are well in line with the results obtained by
Foellmi et al. (2003a,b). Let us recall that these authors con-
cluded that, in contrast to previous expectations, the binary
channel for WR star formation does not seem to be a favoured
scenario at low metallicity. Indeed, as already mentioned in the
introduction, the fraction of binaries among the WR stars of
the Small (40%) and Large (30%) Magellanic Cloud appears
to be similar to that found in our Galaxy. Moreover, not all
WR stars in a binary system must necessarily owe their ex-
istence to a Roche Lobe Overflow, since the two stars in a
binary system may be sufficiently distant from each other to
prevent that such a process occurs. Thus models from single
massive stars should be able to reproduce more than half the
number of observed WR stars in the Magellanic Clouds, a
condition quite well fulfilled by the rotating models and not re-
alized by the non-rotating ones. At high metallicity, the agree-
ment is less good, although still much better than the one ob-
tained from non-rotating models. Let us note that the samples
at high metallicity do not have the same level of completeness
as for the Magellanic Clouds. In the Clouds, the distance and
metallicity are relatively well known quantities, moreover the
internal extinction is relatively weak and thus does not consti-
tute a severe barrier. The central regions of galaxies and of the
Milky Way in particular do not offer such good conditions, and
completeness problems are likely much more important than in
the Magellanic Clouds.

In Fig. 11, the predicted values for the WC/WN number
ratio are compared with observations in regions supposed to
have undergone a constant star formation rate. The observa-
tions show that the WC/WN ratio increases with the metallic-
ity along a relatively well defined relation. The observed point
for the solar neighborhood is however well above the general

Fig. 11. Variation of the number ratios of WN to WC stars as a
function of metallicity. The black circles are observed points taken
from Massey & Johnson (2001 and see references therein), except
for the SMC (Massey & Duffy 2001), for NGC 300 (Schild et al.
2002) and for IC10, for which we show the estimate from Massey &
Holmes (2002). The continuous and dotted lines show the predictions
of the present rotating and non-rotating stellar models respectively.
The black pentagon shows the ratio predicted by Z = 0.040 models
computed with the metallicity dependence of the mass loss rates dur-
ing the WR phase proposed by Crowther et al. (2002).

trend. According to Massey (2003) this may result from an un-
derestimate of the number of WN stars.

At low metallicity, models with rotation are well within the
general observed trend. At solar metallicity they are just at the
inferior limit and at twice the solar metallicity they are below
the extrapolated observed trend. The non-rotating models pre-
dict (at least for Z ≥ 0.020) significantly higher WC/WN ra-
tios. If the value predicted for the solar metallicity lies well
above the real observed value at this metallicity (see Massey
2003), the one at twice the solar metallicity appears to be in
good agreement with the extrapolated observed trend.

Taken at face value, it seems that rotating models overes-
timate the number of WN stars at high metallicity. Apart from
invoking completeness problems in the observed sample, how
might the comparisons between the ratios predicted by the ro-
tating models and the observed ones be improved? We see two
possible solutions: 1) From Fig. 11, it clearly appears that non-
rotating stars, or more reasonably, stars rotating with relatively
small velocities at high metallicity, would make the predicted
points remain in the general observed trend. Slow rotators un-
dergo little rotational mixing, thus they keep steep gradients
of chemical composition in their interior. The fraction of the
mass of the star presenting abundances characteristic of those
of WN stars is therefore smaller than in a rotating star. This
tends to decrease the WN lifetime. 2) The use of higher mass
loss rates during the WN phase will tend to remove the H-rich
envelope more rapidly, decreasing the WN lifetime and favour-
ing an early entry into the WC phase.

The first solution is not reasonable for at least two rea-
sons. Firstly, Fig. 10 shows that slowly rotating models are
unable to account for the high fraction of WR stars ob-
served at high metallicity. Secondly the observed number

Reproduces quite well the WR / O star ratio in the covered
metallicity range, as well as the fraction of WR star at the
transition between WN→WC;

Reproduces the WN / WC ratio at low metallicity, but not at
solar and super-solar metallicity (importance of LBV phase?)
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WR classification
Nature of the progenitor
Remnant type

SN progenitor

WR mass range
increases with Z

WN mass range is
narrow

no (or very few) WNE at
low metallicity

WO only in a small mass
and metallicity domain

WO only at low
metallicity (6 among 8
observed WO stars have
Z < 0.9 Z�.)

SN progenitors (Georgy et al. 2009)

Z
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WO

WNL WNEO.O4

O.O3

O.O2

O.O1

O8 1O 2O 4O 6O 8O1OO

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

WR classification
Nature of the progenitor
Remnant type

SN progenitor

WR mass range
increases with Z

WN mass range is
narrow

no (or very few) WNE at
low metallicity

WO only in a small mass
and metallicity domain

WO only at low
metallicity (6 among 8
observed WO stars have
Z < 0.9 Z�.)

SN progenitors (Georgy et al. 2009)

Z

Mini/M

SG WC

WO

WNL WNEO.O4

O.O3

O.O2

O.O1

O8 1O 2O 4O 6O 8O1OO

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

WR classification
Nature of the progenitor
Remnant type

SN progenitor

WR mass range
increases with Z

WN mass range is
narrow

no (or very few) WNE at
low metallicity

WO only in a small mass
and metallicity domain

WO only at low
metallicity (6 among 8
observed WO stars have
Z < 0.9 Z�.)

SN progenitors (Georgy et al. 2009)

Z

Mini/M

SG WC

WO

WNL WNEO.O4

O.O3

O.O2

O.O1

O8 1O 2O 4O 6O 8O1OO

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

WR classification
Nature of the progenitor
Remnant type

SN progenitor

WR mass range
increases with Z

WN mass range is
narrow

no (or very few) WNE at
low metallicity

WO only in a small mass
and metallicity domain

WO only at low
metallicity (6 among 8
observed WO stars have
Z < 0.9 Z�.)

SN progenitors (Georgy et al. 2009)

Z

Mini/M

SG WC

WO

WNL WNEO.O4

O.O3

O.O2

O.O1

O8 1O 2O 4O 6O 8O1OO

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

WR classification
Nature of the progenitor
Remnant type

SN progenitor

WR mass range
increases with Z

WN mass range is
narrow

no (or very few) WNE at
low metallicity

WO only in a small mass
and metallicity domain

WO only at low
metallicity (6 among 8
observed WO stars have
Z < 0.9 Z�.)

SN progenitors (Georgy et al. 2009)

Z

Mini/M

SG WC

WO

WNL WNEO.O4

O.O3

O.O2

O.O1

O8 1O 2O 4O 6O 8O1OO

Cyril Georgy Supernova progenitors



Progenitor type
Supernova type and SNe ratio

WR classification
Nature of the progenitor
Remnant type

SN remnant

Remnant mass from Hirschi et

al. (2005). Assuming
Mmax,NS = 2.7 M�
(Freire et al. 2008):

Up to Z ∼ 0.01 : all
WR⇒ BH

Inferior mass limit for BH
increases with Z

From Z ∼ Z�, upper
mass limit for BH,
decreasing with Z
(winds)

At Z ∼ 2Z� and above:
no more BH

SN progenitors (Georgy et al. 2009)

Z
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SN type criterion
Type of SN vs Mini and Z
Supernova rate

Chemical composition of the ejecta

For most of supergiants: H and He > 70%

For WN: H < 1 M�, He > 1 M�, 3/4 heavy elements, more C
and O than SG

For WC/WO: heavy elements > 90%

No models completely without He ! At least ∼ 0.3 M� ( cf.
Eldridge & Tout 2004)
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SN type criterion
Type of SN vs Mini and Z
Supernova rate

SN type criterion

type mH mHe

SN II > 0 -
SN Ib 0 > 0.6 M�
SN Ic 0 < 0.6 M�

The choice of the helium mass limit between SN Ib and Ic only
slightly affects the results.
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SN type as a function of Mini and Z

At low Z : only SN II (low
mass loss rate)

SN Ib recovers WNE /
WNL area, and the lower
range of mass of WC
stars

SN Ic have always a WC
or a WO progenitors

SN type (Georgy et al. 2009)
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No SN Ibc at low
metallicity !
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SN Ibc ratio vs Z
SN Ibc / SN II vs Z (Georgy et al. 2009)

: Prieto et al. 2008 �: Smartt et al. 2009 �: Cappellaro et al. 1999

N: Prantzos & Boissier 2003 H: Boissier & Prantzos 2009

With BH-SNe:

Increase with Z

General trend
reproduced

No BH-SNe:

Over-solar Z : OK

Sub-solar Z : Not
enough (or not at
all) SN Ibc
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SN Ib and Ic ratio vs Z
SN Ib and Ic / SN II vs Z

(Georgy et al. 2009)

Z/Z

SNIbc

SNIc

SNIb

(S
NI

bc
, 
SN
I b
, 
SN
I c
) 
/ 
SN
II

O.2 O.4 O.6 O.8 1 2
O

O.1

O.2

O.3

O.4

H : SN Ic ( Prieto et al. 2008) N: SN Ib ( Prieto et al. 2008)

SN Ib / SN II peaks at
Z�
general trend:
increase of SN Ic ,
decrease of SN Ib
above Z�
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SN Ib and Ic ratio vs Z
SN Ib and Ic / SN II vs Z

Z/Z
O.2 O.4 O.6 O.8 1 2 4

SN
I b 

/ 
SN
I c

O

1

2

3

� : SN Ib / SN Ic ( Boissier & Prantzos 2009)

Confirms the
increase of type Ic
SNe with respect to
type Ib’s at high Z .

Trend reproduced by
the models.
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Conclusions

Rotation plays a key role to determine the fate of single
massive stars

What is the contribution of single stars to the number of SNe
Ibc vs binary channel ?

Key point: what happens to the SN when a BH is formed ?

If all massive stars produce a SN, single star models should
contributes significantly to the total number of SNe Ibc.
Moreover, the general trends with respect to Z are well
reproduced.

If the BH formation prevents a visible SN to appear, need of
other channels, particularly at sub-solar metallicity.
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Final vs initial mass
Final vs initial mass (Meynet & Maeder 2005)

G. Meynet and A. Maeder: Stellar evolution with rotation. XI. 589

Fig. 4. Evolution of the mass of the stars as a function of the effective
temperature for different initial mass models (from 9 to 40 M!) at vari-
ous metallicities during the Main-Sequence phase (υini = 300 km s−1).
The initial mass of the stars is the ordinate of the hottest point of each
track (left point). Models at Z = 0.004, 0.008, 0.020 and 0.040 are
shown with dotted, short-dashed, continuous and long-dashed lines
respectively. One can note the effect of the crossing of the bistability
limit around 25 000 K (see text).

Fig. 5. Relations between the final and the initial mass for rotating
stellar models at various metallicities. The line with slope one, labeled
Ṁ = 0, corresponds to the case without mass loss.

example, we see that increasing the initial velocity from 300
to 500 km s−1 more than doubles the WR lifetime. This en-
hancement results from the more efficient internal mixing at
high rotation and not to the increase of the mass loss rate due
to rotation.

Fig. 6. Evolution as a function of time of the total mass MTot and of
the mass of the convective cores Mcc during the H- and He-burning
phases, for a 60 M! stellar model with and without rotation at Z =
0.040. The type of the WR star at a given age is given in the upper
part of the figure.

From the present rotating models one can derive two inter-
esting limiting masses. The first, MOWR, is the minimum ini-
tial mass of a single star entering the WR phase during the
MS phase. The second, MWR, is the minimum initial mass of a
single star entering the WR phase at any point in the course of
its lifetime. These two limiting masses define the mass ranges
of three evolutionary scenarios for the massive stars:

– For M > MOWR, the stars will avoid the Luminous Blue
Variable stage after the MS phase. In this case, they will go
through the following phases: O-eWNL-eWNE-WC/WO.
Note that here we assume that once the star has entered
the WR regime, it remains a WR star for the rest of its
lifetime. Some stars however may evolve in cooler regions
of the HR diagram after they have entered the WR phase
and might thus encounter the Humphreys-Davidson limit.
These star models would present characteristics similar to
LBV stars and could thus belong to this category.

– For MWR < M < MOWR, after the MS phase, the star will
evolve into the cooler part of the HR diagram, where it
may encounter the ΩΓ-limit (Maeder & Meynet 2000a) or
become a Red Supergiant. In that case, one would have
O-LBV or RSG-eWNL-eWNE-WC/WO. Evolution may
not necessarily proceed up to the WC/WO stage, it may
stop at the eWNE or eWNL stage.
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