
Lecture 17

Binary Evolution

Type Ib and Ic
Supernovae



Half or more of massive stars are found in binaries with
such close separations that the stars will interact when
one of them becomes a supergiant (Sana & Evans 2011;
Sana et al. 2012). [Podsiadlowski says 30 – 50%, but 
in any case the fraction is large]
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Figure 1.1 The evolution of the radius of a 5M⊙ star as a function of its lifetime
to illustrate the ranges in radius and orbital period for the different cases of RLOF
phases, as indicated, assuming a 2M⊙ companion.

of stars and supernovae that probe the late evolutionary phases of a star (see § 1.4).
Note also that quite massive stars (∼> 20M⊙) tend to expand only moderately after
helium core burning, and hence, for massive stars, Case C mass transfer tends to
be much less important than Case B mass transfer, where most of the expansion
occurs.
When RLOF occurs, one has to distinguish between different modes of mass

transfer, depending on whether mass transfer is stable or unstable with very differ-
ent outcomes.

Stable mass transfer

Stable, (quasi-)conservative mass transfer (as illustrated in Fig. 1.2) is the easiest
type of mass transfer to understand. In this case, most, but not necessarily all, of the
transferred mass is accreted by the companion star, generally leading to a widen-
ing of the binary. Mass transfer ends when most of the hydrogen-rich envelope of

5 MO

• Case A –the star is on
the main sequence

• Case B – the star has
finished H burning but
not He burning

• Case C – post-He core
burning

P is the maximum period
below which mass 

exchange of the given 
type will  occur

The rough percentage
of 5 MO stars that 

will interact during the 
given stage is 

indicated

2.5

See class website
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Conservative mass exchange

0
2
3

0122

000           00
:exchange  mass  veconservati     orbit     circular  

1

2

2

2

2

2

1

2

21

>=

>





−

−
=





+

−
−=

>−=====

a
a

P
P

m
m

m
m

m
m

m
m

a
a

mmJMee

&&

&&&&

&&&&&

Orbit expands
period increases
if m1>m2
Shrinks if m1<m2

2
2

2

1

1

1
22

e
ee

m
m

m
m

J
J

M
M

a
a

−
−








+−+=

&&&&&&

m2 is the mass 
losing star
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Figure 1.2 Cartoon illustrating stable mass transfer.

Figure 1.3 Cartoon illustrating unstable mass transfer.

the donor star has either been transferred to the companion or been lost from the
system. The end product will be a hydrogen-exhausted helium star with at most
a small hydrogen-rich envelope.3 Mass accretion will also change the structure of
the accreting star. If it is still on the main sequence, the accretor tends to be reju-
venated and then behave like a more massive normal main-sequence star. On the
other hand, if it has already left the main sequence, its evolution can be drastically
altered, and the star may never evolve to become a red supergiant, but explode as a
blue supergiant (if it is a massive star; Podsiadlowski & Joss 1989).

Unstable mass transfer and common-envelope evolution

Mass transfer is unstable when the accreting star cannot accrete all off the material
transferred from the donor star. The transferred material than piles up on the accre-
tor and starts to expand, ultimately filling and overfilling the accretor’s Roche lobe.
This leads to the formation of a common-envelope (CE) system, where the core of
the donor and the companion form a binary immersed in the envelope of the donor
star (see Fig. 1.3). This typically happens when the donor star is a giant or super-
giant with a convective envelope, since a star with a convective envelope tends to
expand rather than shrink when it loses mass very rapidly (adiabatically), while the
Roche-lobe radius shrinks when mass is transferred from a more massive to a less
massive star; this makes the donor overfill its Roche lobe by an ever larger amount
3 Stable mass transfer can also occur for an expanding hydrogen-exhausted helium star (so-called Case BB
mass transfer). In this case, the star is likely to lose a large fraction/most of its helium envelope.

The latter can lead to the formation of a “common envelope”



De et al (2018)

e.g., a double neutron star system. Both stars
big enough to be supernovae

He accretes on 
neutron star
Orbit shrinks

Common 
envelope

More spiral in?

2nd SN Ib/c

2nd SN Ib/c

small
kick



  ≥35 M⊙

  ≥14 M⊙

  14 − 20 M⊙

at He ignition

  3 − 5 M⊙

  2 − 4 M⊙  2 − 4 M⊙

  ≥ 5 M⊙

SN Ibc
Long, faint

SN Ibc This is for non-rotating
models.For rapid rotation
and high final mass
gamma-ray bursts may 
occur

   low !M

   high !M

Two Paths to SN Ibc



Properties:  Type Ib/c supernovae
• Lack hydrogen, but also lack the Si II λλ6355 feature that typifies

SN Ia.

• SN Ib have strong features due to He I at 5876, 6678, 7065 and 
10830 A.  SN Ic lack these helium features, at least the 5876 A line. 
Some people think there is a continuum of properties between SN Ib 
and SN Ic

• Found in spiral and irregular galaxies. Found in spiral arms and star 
forming regions. Not found in ellipticals. Associated with star formation

• Often strong radio sources (unlike Type Ia). Suggests extensive mass loss.

• Fainter at peak than SN Ia by about 1.5 magnitudes. Otherwise similar
light curve. Large variation in luminosities.

• Only supernovae definitely associated with gamma-ray bursts
so far are Type Ic

• Cannot have high mass in the common case. Probably come from binaries 



Lyman et al (2014)



• Apparently radioactive powered light curves but fainter
than Ia by about 1.5 m at peak, so a few x 1042 erg s-1

• Distinct IR light curve. No secondary peak like SN Ia

Generally believed to be the explosion of massive stars that
have lost their hydrogen envelope, but how? 

1) Very massive stars – single or in detached binaries – that
have lost their envelopes to winds. Then the initial star mass
would be > 30 solar masses  and unless the remaining helium 
core itself lost a lot of mass the presupernova star would be
quite massive (e.g. Woosley, Langer, Weaver 1993)

2) Stars of mass similar to those of common supernovae (10 – 20
MO) that lose their envelope in a mass exchanging binary.
Progenitors have lower mass (e.g., Woosley, Langer, Weaver 1995)

Ensman and Woosley (1988) showed SN Ib progenitors had to be less than 
7 MO when they died or the light curve would be too broad. < 5 was better.



Type Ib  Supernovae

Don’t believe the models!  The fit to the initial spike invoked an extra
blob of nickel on the outside of the star. I have models where this is
not necessary but the progenitor star has an extended structure instead - SEW



Blob of Ni on the outside or
an extended progenitor?



Typical SN Ib Spectrum

5876
6678

7065



Type Ic Supernovae



Maximum light
t = 0 

Prototypical SN Ic
SN 1994I

(Branch and 
Wheeler – text)

Light curve is
on next page



Type Ic

Type Ib

Or it could be mixing

It is  thought by many that the 
production of Type Ic supernovae 
requires the removal of the 
hydrogen envelope and helium 
shell of a very massive 
star in order to have a weak 
helium line at 5876 A.

The two models on the left are
both derived from a 5.1 MO helium 
star that originated from a binary
pair in which each star was lighter
than 25 solar masses (Yoon, 
Langer and Woosley 2010) 

Lots of mixing

Some mixing

Dessart, Hillier, & Woosley, MNRAS,
424, 2139 (2012)

5876
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The size of the helium core in a massive
star grows during He burning if the 
star retains an envelope. But suppose
the envelope is lost to a companion
at the beginning of helium burning.

  MHe,i ≈ 0.0385 MZAMS
1.603 Woosley (2019)

The outcome of presupernova evolution is 
different in binaries

This expression fits the green points.

Had the star kept its envelope until the 
end,  its mass would be the red points

The exposed helium core then loses mass as a WR-star. It’s mass
shrinks further.

Yoon (2017)



In the end, for main sequence masses up to 30 MO

the Type Ib or c progenitor mass is just

  MSNIb =0.0548 MZAMS
1.4

For example, for MZAMS =25 MO the progenitor
mass is 5.0 MO. For a single star the helium core mass
would have been between 8 and 9 MO

For still higher masses the progenitor mass is just ¼ of the main 
sequence mass.  Other mass loss rates will give different values
of course and the answer will depend on metallicity.



Compactness compared with single stars

SN Ibc



fWR is a reduction factor 
applied to older overly large
WR mass loss rates
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Fig. 15.— (Top:) For more energetic silicon deflagrations more
mass is ejected to larger radii and the final light curve is brighter.
(Top: Distribution of density and velocity in the mass ejected by
the silicon flash evaluated at the time of final iron core collapse.
Two cases are shown. The solid lines are for Models He3.2A and B
which ejected a small amount of mass with low energy. 0.020 M�
is external to 1012 cm and only 0.0022 M� is external to 1014 cm.
This is the model used to calculate the light curves in Fig. 14. The
dashed line is for a model with a much more violent silicon flash.
0.73 M�is external to 1014 cm. (Bottom:) The light curves of an
explosion with kinetic energies 0.25 (green), 0.42 (red), and 0.86
(blue) ⇥1051 erg produced as it impacts the density distribution
shown as the dashed line in the top panel. Model He3.0C, the red
line, also ejected 0.06 M�of 56Ni though it had no impact on the
light curve.

assumed to completely remove the hydrogen envelope.
Alternatively such stars could be formed by chemically
homogeneous evolution with only a small modification
of composition, but not essential hydrodynamics. Ex-
cept for possible alteration of the explosion physics, the
evolution would be the same.

The evolution of such stars is qualitatively di↵erent
from that of the helium cores inside single stars (Table 8
Pols & Dewi 2002). For single stars, the main sequence
mass range for ECSN and silicon flash supernovae would
extend to 9 and 10.5 M�respectively (Woosley & Heger
2015). Most normal Type IIp supernovae would come
from stars between about 10 and 20 M� (Sukhbold et

Table 8. Critical masses in Close Binary Systems

ZAMS Initial Pre-SN
Star He star Mass Characteristics
[M�] [M�] [M�]

<13 <2.4 - SAGB star, WD

13 - 13.5 2.4 - 2.5 2.0 - 2.1 SAGB star, rad-expansion
ECSN, fast SN Ib, little 56Ni

13.5 - 16 2.5 - 3.2 2.1 - 2.6 Si Flash, rad-expansion,
peculiar SN Ib

16 - 30 3.2 - 10 2.6 - 7 Ordinary SN Ib, Ic

30 - 120 10 - 60 7 - 30 Mostly BH, Massive SN Ic

120 - 140 60 - 70 30 - 35 Weak PPISN, BH

140 - 250 70 - 125 35 - 62 Strong PPISN, BH

250 - 500 125 - 250 62 - 133 PISN, no remnant

>500 >250 > 133 Black holes

Note. — These are for non-rotating solar metallicity stars using
the standard mass loss rate. The “Initial He star masses” corre-
spond to section headers in §3 and §6. Equivalent main sequence
masses are particularly uncertain at very high mass and crude es-
timates are given. The transition mass between NeO white dwarfs
and electron-capture supernovae, shown here as initial helium core
mass = 2.4 M�, is also very uncertain.

al. 2016); substantial hole formation would start at 20
M�, followed by the possibility of black hole formation
or Type Ic supernovae at higher masses, depending on
mass loss and uncertain explosion physics.

These changes reflect chiefly the di↵erent relation be-
tween initial (main sequence) mass and final (presuper-
nova) mass and the larger fraction of the the presuper-
nova star that is carbon and oxygen in the mass-losing
models. Approximations are given relating the presuper-
nova mass to both the initial helium core mass (eq. (11))
and the original main sequence mass (eq. (13)). For ex-
ample, a 15 M� single star, when it dies, has a helium
core of 4.3 M�. A 15 M� star in a binary that loses
its envelope at helium ignition and experiences mass loss
to a wind has a final helium core mass of only 2.4 M�.
These lighter presupernova stars develop more compact
structures and are probably easier to explode. A large
fraction will have the right masses and structures to make
Type Ib and Ic supernovae (§5). Others may have un-
usual light curves that may or may not yet have been
observed.

Particularly interesting are the light curves of low mass
stars, those here with initial helium core masses between
2.5 and 3.2 (Table 7). These stars experience significant
radius expansion after helium depletion (Fig. 5). A sub-
set also experiences a violent silicon flash similar to that
in the 10 M� single stars studied by Woosley & Heger
(2015). When these stars explode, the larger radius leads
to a bright, brief, blue display (Fig. 12 last a few days
to a week. This is from the di↵usion of shock deposited
energy out of the ejected helium envelope. If the explo-
sion makes substantial 56Ni, then the light curve may
have two peaks, the second resembling a Type Ib su-
pernova, but occurring somewhat earlier because of the
low ejected mass. For those events that experience sil-
icon deflagration a wide variety of light curves are pos-
sible (Fig. 13,Fig. 14, and Fig. 15), depending chiefly
on the mass and radius of the shell ejected by the sili-

sponding to a given ZAMS mass are quite uncertain

Woosley (2019)

PPISN will reduce
the BH mass to 

< 46 MO



What makes the difference between a Ib and 
a Ic - i.e., why are the helium lines present in the 
former and not the latter. It could be a mass stripping
effect – the helium has been pealed off

Initial  MHe Pre_SN Mass Surface helium
3.5 2.57 0.99
5 3.43 0.99
7 4.45 0.99
9 4.87 0.49
12 5.43 0.21
16 6.34 0.21
20 7.39 0.19

Woosley (2019)   Mdot*1.5

Start Ic
here?

What is not He at the 
surface is mostly C+O



MERGERS
“Since a large fraction of the orbital binding energy
is released in a merger, the merger process itself might
resemble a faint supernova (“supernova impostor”), 
such as the outburst of eta Carinae in the 19th century. 

After the merger, the remnant will be a rapidly rotating 
supergiant,  at least initially rotating near break-up at the 
equator.  This is probably  the major channel for producing 
B[e] supergiants,  which are evolved stars rotating near 
breakup.”

About 10% [up to 10%?] of massive stars are expected
to experience a merger in their lives. The time scale may be 
long (radiative envelopes with steep density gradient) or long
(convective envelope)

Podsiadlowski, Morris & Ivanova 2006



https://purcell.ssl.berkeley.edu/~korpela/astro10/html/lec11/img62.html

SN 1987A – the explosion of a BLUE
SUPERGIANT

https://purcell.ssl.berkeley.edu/~korpela/astro10/html/lec11/img62.html


Sky and Telescope

SN 1987A - Rings







Merger by Gravitational Radiation

Chris Hirata, CIT, Lecture XV, 12/2/11

tGW = 3.3×1017  years 
a / 1 AU( )4

M1M2 M1 +M2( ) /M⊙
3

e.g., in a Hubble time, 1010  years, two 1.4 M⊙  objects will merge

if their initial separation is less than 0.02 AU, i..e., 4.3 R⊙. This

corresponds to an initial period of 16 hours.

Two 10 M⊙  objects will merge if their separation is 19 R⊙.

There are many known systems of compact objects with 
known periods much less than this. E.g., binary pulsar 
1913+16 (Taylor and Weisberg 1989) has a period of 7.75 hours.



• J0106-1000 contains a pair of WDs (0.17 MO primary 
+ 0.43 MO invisible secondary) at a separation of 0.32 
RO. The two WDs will merge in 37 Myr. Probably will 
make a single He-burning star. Gianninas et al (2014) 
list about two dozen WDs that will merge in a Hubble
time. Most are low mass.

• The Galactic WD merger rate per WD is Rmerge = 
(9.7 � 1.1) � 10-12 yr-1. Integrated over the Galaxy lifetime, 
this implies that 8.5-11 per cent of all WDs ever formed 
have merged with another WD. 15% of these mergers
would have to make a SN Ia to explain the Galactic
rate (Badenes and Maoz 2018). May be difficult.

• Galactic DNS merger rate of 21(+28−14) Myr-1

based on 3 Galactic DNS systems (Chruslinka et al (2017)



PPISN

Mass gap

Mass gap

XTE J1650-500 – 3.8 MO

Frank Elavsky



   

ML

<M>

∫
dM
M1−Γ = dM

M1−Γ
<M>

MU

∫
dM
M1−Γ∫ = M Γ

Γ

< M >Γ − ML
Γ = MU

Γ −< M >Γ

< M > = 1

2

⎛
⎝⎜

⎞
⎠⎟
1/Γ

(MU
Γ +ML

Γ )1/Γ

< M > ≈ 0.51/Γ ML ≈ 1.67ML if MU≫ML

Γ = d logξ
d logM

≈ −1.35 (Salpeter )

This gives the average mass above a certain threshold for
an assumed power law slope.

For example, if all stars above 9 solar masses become supernovae, the median 
supernova mass is (9)(1.67) = 15 solar masses. If only stars from 9 to 20 MO
become supernovae, retain the MU term and get 13 solar masses. Half of all 
supernovae probably come from stars lighter than 13 MO.

 For an IMF that is a power-law:  ξ(log M)=NMΓ

  
dN=ξ(logM)d (logM)

dt
T0



> 1 AU

Fe
 c

or
e

15 20 25

For massive stars that would
make black holes the relevant 
mass is generally the helium 
core. 

The hydrogen envelope is very 
loosely bound and has a large
radius. 

PreSN mass loss, gravity waves,
neutrino mass loss, binary 
interaction would all act to remove 
the envelope.

   

1M⊙ of ionized hydrogenat

13.6 eV / atom = 2.6×1046  erg



If assume a) zero mass loss and b) all stars above 18 MO make
black holes then the average black hole mass is 5/3 *18 = 30 MO.
The average helium core mass, a better estimate of black hole mass
in a binary is the helium core mass 0.51*30  -4.2 = 11.1 MO.

These are both very approximate. The envelope may not all fall in
or may be lost to winds and the helium core may lose mass after
being uncovered in a binary system. 18 MO is not a sharp cutoff, etc.

   

MHecore = 0.43MZAMS − 2.0 M⊙ MZAMS < 27 M⊙
= 0.51MZAMS − 4.2 M⊙ MZAMS ≥ 27 M⊙
4.4 M⊙  at MZAMS  = 15 M⊙
16.2 M⊙  at MZAMS  =  40 M⊙

Simple Estimate of Average BH Mass



He Core    Main Seq. Mass    Supernova Mechanism

   

1.5≤ M ≤ 3.5 8 ≤ M ≤13 Electron capture on lower end
Fe core collapse. Neutron star.

3.5 ≤ M ≤32 13≤ M ≤75 Fe core collapse to neutron star
                                                      or a black hole. 

32≤ M ≤62 75≤ M ≤  140    Pulsational pair instability followed
                                                           by Fe core collapse to a black hole

62≤ M ≤133 140≤ M ≤260 Pair instability supernova 
                                                          (single pulse, no remnant)

M ≥133 M ≥260 Pair instability. Black hole, 
                                                           no explosion

Heger and Woosley (ApJ, 2002, 2016)
Woosley (ApJ 2017)

well known Poorly known without rotation

Stellar Death Summary
Single Stars
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Fig. 15.— (Top:) For more energetic silicon deflagrations more
mass is ejected to larger radii and the final light curve is brighter.
(Top: Distribution of density and velocity in the mass ejected by
the silicon flash evaluated at the time of final iron core collapse.
Two cases are shown. The solid lines are for Models He3.2A and B
which ejected a small amount of mass with low energy. 0.020 M�
is external to 1012 cm and only 0.0022 M� is external to 1014 cm.
This is the model used to calculate the light curves in Fig. 14. The
dashed line is for a model with a much more violent silicon flash.
0.73 M�is external to 1014 cm. (Bottom:) The light curves of an
explosion with kinetic energies 0.25 (green), 0.42 (red), and 0.86
(blue) ⇥1051 erg produced as it impacts the density distribution
shown as the dashed line in the top panel. Model He3.0C, the red
line, also ejected 0.06 M�of 56Ni though it had no impact on the
light curve.

assumed to completely remove the hydrogen envelope.
Alternatively such stars could be formed by chemically
homogeneous evolution with only a small modification
of composition, but not essential hydrodynamics. Ex-
cept for possible alteration of the explosion physics, the
evolution would be the same.

The evolution of such stars is qualitatively di↵erent
from that of the helium cores inside single stars (Table 8
Pols & Dewi 2002). For single stars, the main sequence
mass range for ECSN and silicon flash supernovae would
extend to 9 and 10.5 M�respectively (Woosley & Heger
2015). Most normal Type IIp supernovae would come
from stars between about 10 and 20 M� (Sukhbold et

Table 8. Critical masses in Close Binary Systems

ZAMS Initial Pre-SN
Star He star Mass Characteristics
[M�] [M�] [M�]

<13 <2.4 - SAGB star, WD

13 - 13.5 2.4 - 2.5 2.0 - 2.1 SAGB star, rad-expansion
ECSN, fast SN Ib, little 56Ni

13.5 - 16 2.5 - 3.2 2.1 - 2.6 Si Flash, rad-expansion,
peculiar SN Ib

16 - 30 3.2 - 10 2.6 - 7 Ordinary SN Ib, Ic

30 - 120 10 - 60 7 - 30 Mostly BH, Massive SN Ic

120 - 140 60 - 70 30 - 35 Weak PPISN, BH

140 - 250 70 - 125 35 - 62 Strong PPISN, BH

250 - 500 125 - 250 62 - 133 PISN, no remnant

>500 >250 > 133 Black holes

Note. — These are for non-rotating solar metallicity stars using
the standard mass loss rate. The “Initial He star masses” corre-
spond to section headers in §3 and §6. Equivalent main sequence
masses are particularly uncertain at very high mass and crude es-
timates are given. The transition mass between NeO white dwarfs
and electron-capture supernovae, shown here as initial helium core
mass = 2.4 M�, is also very uncertain.

al. 2016); substantial hole formation would start at 20
M�, followed by the possibility of black hole formation
or Type Ic supernovae at higher masses, depending on
mass loss and uncertain explosion physics.

These changes reflect chiefly the di↵erent relation be-
tween initial (main sequence) mass and final (presuper-
nova) mass and the larger fraction of the the presuper-
nova star that is carbon and oxygen in the mass-losing
models. Approximations are given relating the presuper-
nova mass to both the initial helium core mass (eq. (11))
and the original main sequence mass (eq. (13)). For ex-
ample, a 15 M� single star, when it dies, has a helium
core of 4.3 M�. A 15 M� star in a binary that loses
its envelope at helium ignition and experiences mass loss
to a wind has a final helium core mass of only 2.4 M�.
These lighter presupernova stars develop more compact
structures and are probably easier to explode. A large
fraction will have the right masses and structures to make
Type Ib and Ic supernovae (§5). Others may have un-
usual light curves that may or may not yet have been
observed.

Particularly interesting are the light curves of low mass
stars, those here with initial helium core masses between
2.5 and 3.2 (Table 7). These stars experience significant
radius expansion after helium depletion (Fig. 5). A sub-
set also experiences a violent silicon flash similar to that
in the 10 M� single stars studied by Woosley & Heger
(2015). When these stars explode, the larger radius leads
to a bright, brief, blue display (Fig. 12 last a few days
to a week. This is from the di↵usion of shock deposited
energy out of the ejected helium envelope. If the explo-
sion makes substantial 56Ni, then the light curve may
have two peaks, the second resembling a Type Ib su-
pernova, but occurring somewhat earlier because of the
low ejected mass. For those events that experience sil-
icon deflagration a wide variety of light curves are pos-
sible (Fig. 13,Fig. 14, and Fig. 15), depending chiefly
on the mass and radius of the shell ejected by the sili-

sponding to a given ZAMS mass are quite uncertain

Woosley (2019)

PPISN will reduce
the BH mass to 

< 46 MO

STELLAR  DEATH  SUMMARY - BINARIES



  

E.g., 50 M  helium core pulses

until 46.7 M  is left then evolves

to core collapse

70 MO <  M  <  140 MO
Pulsational Pair Instability 

Supernovae (PPISN)
• A thermonuclear instability 

encountered at oxygen ignition

that  affects helium cores from 

30 to 65 MO . Main sequence 

masses 70 MO to 140 MO.

• Usually removes all remaining

hydrogen envelope and part

of the remaining helium core

before collapsing to a black

hole. Easy to model explosion,

but mass loss history is uncertain.

. 

• Rare events, ~1% of super-

novae neglecting mass loss. 

Probably much lower

in regions of solar metallicity.



He core mass

Remnant (black hole) mass

No black holes will 
be born in close 

binaries with mass
between 52 and 133
solar masses. Many 

will have masses 
near 35 – 45 solar

masses

Forbidden to
Black Holes

The variation at each
mass is due to different
assumed mass loss rates
in the precollapse star

No remnant until
260 MO

Woosley (2017)
64 models



No Mass Loss  Except for PPISN

For M < 70 MO, blue points are the original mass of the star and
red, the helium core. Might be appropriate for Pop III

No black hole at all for masses above ~70 MO (PPISN threshold)
up to 133 MO (He cores at top of PPSN range)

No black hole masses above 52 MO derived from stars that have
lost their envelopes (or never had one)

Seeing a ~65 MO BH in a merger might require a dynamical origin

Full star limit
He core limit
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Solar Metallicity, Normal Mass loss

Green points are the full presupernova mass and yellow
points are the helium cores – assuming envelope retention .

Above 33 MO the helium core is revealed and experiences mass
loss according to Tramper, Sans, and DeKoter (2016). Similar
results to Ekstrom et al (2012)

Between 33 and 70 MO mass loss is less because appreciable
helium is burned before the envelope is lost

SWH18
TSK16

2*TSK16

PPISN



Solar Metallicity; Normal Mass Loss, Single stars

  Mmedian = 9.8 M⊙

  Mmedian = 13.6 M⊙

He core implodes for
single preSN

Whole Pre-SN star 
implodes

No PPISN

Tail sensitive
to WR mass loss

  8.5 M⊙

Pile up from
stars 33 - 70 MO

ZAMS stars



Single stars  - helium core collapses (after uncovering and mass
loss in stars over 32 MO) – orange

Bare helium cores uncovered at onset of helium core burning
plus TSK16 mass loss  - turquoise   [also appropriate for CHE]

Correction for binary evolution - in progress

He core implodes for
single preSN

Helium core uncovered
at helium ignition

  9.8 M⊙

  7.6 M⊙

Pile up from
stars 33 - 70 MO

ZAMS stars



Minimum Maximum Median Mean

No mass loss
Full star collapse 13.8 69.4 27.8 31.2

Normal mass loss
Full star collapse 10.9 32.0 13.6 14.1

No mass loss
Helium core collapse 3.71 51.4 9.6 13.7

Normal mass loss
Helium core collapse 4.01 32.0 9.8 10.3

WR-Mass loss rate 
times 2 4.00 14.9 8.4 8.0

Bare cores 6.90 46.0 ~10 ~10

unlikely


