
Following - Epstein, Colgate and Haxton, “Neutrino-induced r-process nucleosynthesis”
PRL, 61, 2038 (1988)

Also numerous earlier papers on neutrino nucleosynthesis in supernovae by Dimitrij
Nadyozhin in the late 70’s and early 80’s of which we were unaware. Also those 
were by charged current reactions.





Production factor relative to solar normalized to 16O production 
as a function of μ and τ neutrino temperature (neutral current) 
and using 4 MeV for the electron (anti-)neutrinos (for charged current only).
6 MeV is now considered a more likely value for Tµτ

Product

6 MeV 8 MeV 6 MeV 8 MeV

WW95 This 
work WW95 This work WW95 This work WW95 This 

work

11B 1.65 1.88 3.26 3.99 0.95 1.18 1.36 1.85

19F 0.83 0.60 1.28 0.80 0.56 0.32 1.03 0.53

15N 0.46 0.49 0.54 0.58 0.09 0.12 0.15 0.19

138La 0.97 1.10 0.90 1.03

180Ta 2.75 3.07 4.24 5.25

Heger et al,, 2005, Phys Lettr B, 606, 258

http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TVN-4F1T507-1&_mathId=mml30&_user=4428&_cdi=5539&_rdoc=1&_ArticleListID=279984808&_acct=C000059601&_version=1&_userid=4428&md5=90709dded36fb87bf00bbca2e70ab927
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TVN-4F1T507-1&_mathId=mml31&_user=4428&_cdi=5539&_rdoc=1&_ArticleListID=279984808&_acct=C000059601&_version=1&_userid=4428&md5=d6ef312219917e65a4f406753af7b20c


hydrodynamics package KEPLER (Weaver et al. 1978; Woosley
& Weaver 1995; Woosley et al. 2002). In this framework, the
explosion is driven by a piston that is positioned at the edge of the
Fe core and the trajectory of the piston is adjusted to achieve an
explosion energy of 1.2×1051 erg for all the models we have
computed. We use supernova progenitors from a set that has been
evolved in the same numerical framework as discussed by
Rauscher et al. (2002), spanning initial masses between 13Me and
30Me. It is unclear which of the explored models would explode
self-consistently and how the explosion energy and amount of
fallback depend on progenitor mass and structure (Woosley &
Weaver 1995; Horiuchi et al. 2014; Sukhbold & Woosley 2014;
Ertl et al. 2016). Taking the same explosion energy for all the
models may also affect the systematics with respect to the
progenitor mass.

The progenitor models we study here have been affected by
the coding error in the implementation of neutrino loss rates
reported by Sukhbold et al. (2018) that affects the progenitor
structure, in particular the innermost regions. However, the ν
process operates mostly in regions beyond the O/Ne shell,
which are not significantly affected by this error.

Since our results are based on one-dimensional calculations
the results depend on the choice of the mass cut, which
determines the amount of material that is accreted onto the
central object (fallback) and determines how much of the
innermost part of the star can be successfully ejected by the
explosion. This neglects, in particular, multi-dimensional
effects that are expected to have a large impact on the
properties of the innermost supernova ejecta. But because the ν
process mainly operates in outer regions of the stellar mantle,
the results are not expected to be affected significantly by
fallback or multi-dimensional effects. Nevertheless, fallback
may trigger the formation of a black hole resulting in a sudden
end to neutrino emission (Burrows 1988; Fischer et al. 2009).
This possibility is neglected in our calculations. For the sake of
comparison with previous studies and since neutrino energies
and luminosities from self-consistent explosion simulations are
still rare and the quantitative relations to the progenitor model
are not established yet (Müller et al. 2016; Sukhbold
et al. 2016), we model the neutrino emission with an
exponentially decreasing luminosity Lν=L0 exp(−t/τν), with
τν=3 s and L0, chosen to result in a total energy of 3×1053

erg emitted as neutrinos and distributed equally over the six
neutrino flavors. Also in agreement with most previous studies

we assume that the neutrinos follow a Fermi–Dirac spectrum
with vanishing chemical potential. Hence, the number of
neutrinos with a given energy, nν(Eν), is given by:
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characterized by a neutrino temperature Tν that is connected to the
average energy by á ñ »n nE T3.15 . The supplementary data
contain the neutrino reaction cross sections averaged over such
spectra. This approach neglects the fact that supernova neutrino
spectra are expected to be pinched, i.e., depleted in the high-energy
tail (Giovanoni et al. 1989; Janka & Hillebrandt 1989; Myra &
Burrows 1990; Keil et al. 2003; Tamborra et al. 2012). Pinched
spectra would have the largest effect for neutral-current spallation
reactions that are mostly induced by muon and tau neutrinos and
antineutrinos. The spectra of those neutrinos are expected to be
relatively well described by thermal spectra (Tamborra et al. 2012).
The spectra of νe and n̄e may deviate more significantly, but
charged-current reactions are less sensitive to the high-energy tail.
Abundances are evolved using a nuclear reaction network
including 1988 species up to 2.5×104 s after bounce when the
most short-lived nuclei have already decayed and those potentially
interesting for observations remain. If not stated otherwise, mass
fractions of radioactive nuclei quoted here have been extracted at
this time. Nuclear reactions are switched off once the temperature
drops below 107 K. Beta-decays and neutrino reactions are
followed until the end of the calculation. The size of the nuclear
reaction network matches the co-processing network that was
employed in the calculations of the stellar evolution of the
progenitor models (Woosley et al. 2002). Therefore, any effects
from the s-process and the γ-process during stellar evolution are
included. This is particularly important for the nucleosynthesis of
the heaviest species: 92Nb, 98Tc, 138La, and 180Ta.

4. Stable Isotopes

Typical nuclei that are sensitive to neutrino nucleosynthesis are
7Li, 11B, 15N, 19F, 138La, and 180Ta (Woosley et al. 1990; Heger
et al. 2005); all of which are observed in the solar system, but are
not produced in sufficient amount in nucleosynthesis calculations
without including neutrino interactions. Neutrino nucleosynthesis
pushes the averaged production factors of those nuclei closer to

Table 1
Averaged Production Factors Relative to Solar Abundances from Lodders (2003), Normalized to 16O Production

Nucleus No ν Low Energiesa High Energiesb

With ν Only Charged Current Only Neutral Current With ν Only Charged Current Only Neutral Current
7Li 0.002 0.04 0.01 0.03 0.58 0.05 0.57
11B 0.01 0.31 0.17 0.21 1.57 0.58 1.31
15N 0.06 0.09 0.08 0.08 0.16 0.10 0.15
19F 0.13 0.18 0.14 0.16 0.29 0.17 0.26
138La 0.16 0.46 0.44 0.18 0.77 0.73 0.22
180Tac 0.20 0.49 0.48 0.24 0.84 0.80 0.33

Notes. The results obtained without neutrinos (“no ν”) are shown, with our choice of neutrino temperatures (“low energies”), and with the choice of Heger et al. (2005)
(“high energies”). For each set of energies, the results are also shown when only charged-current reactions (induced by electron flavor neutrinos) and neutral-current
reactions are considered.
a =nT 2.8 MeVe , = =n nm t¯T T 4.0 MeVe , .
b =nT 4.0 MeVe , =n̄T 5.0 MeVe , =nm tT 6.0 MeV, .
c Assuming that 35% survives in the long-lived isomeric state (Mohr et al. 2007).
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13 – 30 solar masses, 1.2 x 1051 erg piston induced explosions

Sieverding et al ApJ, 865, 143, (2018)

Tνe = 2.8 MeV;Tνe ,νµ ,ντ
= 4.0 MeV

Much cooler, also cross sections smaller especially F.



For Approach3, we find á ñ =nE 10.6 MeVe ,
á ñ =n̄E 13.3 MeVe , á ñ =nE 12.5 MeVx , and á ñ =n̄E 13.3 MeVx ,
relatively close to the values used by Sieverding et al. (2018),
i.e., á ñ =nE 8.8 MeVe and á ñ = á ñ = á ñ =n n n¯ ¯E E E 12.6 MeVe x x .

In Approaches2 and3, we use FD-like neutrino spectra with
a constant (time-independent) average energy, which still
differs for νe, n̄e, νx, and n̄x neutrinos. This ansatz is equivalent
to the assumption of constant time-independent average
energies for the different neutrino species.

Nucleosynthesis studies published prior to 2018 used
neutrino emission spectra with noticeably higher energies, as
they were appropriate at the time they were performed, e.g.,
á ñ =nE 12.6 MeVe , á ñ =n̄E 15.8 MeVe , and
á ñ = á ñ =n n̄E E 18.9x x MeV in Heger et al. (2005).

3. Impact of the Improved Description of the Neutrino
Emission on the νprocess

In this section, we report on the results that we obtain in our
nucleosynthesis studies for a 27Me progenitor star using the
improved neutrino emission description based on the super-
nova simulation of Mirizzi et al. (2016) and defined in the
previous section (Approaches 1a and 1b). Note that Approa-
ch1a also includes the effects of the pinching of neutrino
spectra, which are discussed in detail in Section 4. The 27Me
progenitor star used here does not reflect the full picture of
neutrino nucleosynthesis. It has some peculiarities that are, for
example, not found in lower-mass progenitors (Sieverding et al.
2018) and that we will address below. Our goal here is to
explore the impact of the various improvements that we
consider in the description of the neutrino emission signal. To
this end, the results of our Approach1b are compared to
calculations in which these improvements were either treated
approximately (time-independent average neutrino energies;
Approach 2) or partly ignored (no consideration of the burst
and accretion phases and time-independent average neutrino
energies; Approach 3). As stated above, Approach3 reflects
the spirit of previous studies of neutrino nucleosynthesis.

The results of our nucleosynthesis studies are summarized in
Table 3. We list production factors, P, normalized to 16O, i.e.,

* *= : :[ ( ) ( )] [ ( ) ( )] ( )P X A Z X A Z X X, , O O , 1016 16

with solar mass fractions Xe from Lodders (2003) and stellar
mass fractions X* obtained from our calculations. More recent
evaluations of the solar system abundances are available
(Asplund et al. 2009; Lodders et al. 2009), but for consistency
within this paper, we use the same values that were assumed for
the initial composition of the progenitor model. The ground
state of 180Ta has too short a β-decay half-life (8.2 hr) to
contribute to the abundance in the solar system. Only the long-
lived isomeric state 180Tam with a half-life of ∼1015 yr is still
present. In our calculations, we do not follow the ground and
isomeric states separately but rather determine the population
of the isomeric state in our reaction network by adopting the
estimate of Mohr et al. (2007) and Hayakawa et al. (2010) that
35%–39% of the total 180Ta abundance survives in the isomeric
state. The yields and production factors for 180Tam shown in
Table 3 are 35% of the calculated 180Ta yields.
Before entering the detailed discussion of the effect of our

improved treatment of the neutrino emission, we note that,
qualitatively, our calculations using the full neutrino emission
signal (Approaches 1a and 1b) confirm the general conclusions
drawn in Sieverding et al. (2018) for the neutrino-induced
production of the nuclides 7Li, 11B, 15N, 19F, 138La, and 180Ta.
In agreement with previous studies (Woosley et al. 1990; Heger
et al. 2005; Sieverding et al. 2018), using an extensive nuclear
network, we do not find evidence for other nuclides being
significantly produced by the νprocess. Comparing our results
with Approaches1a and1b to the more approximate
Approaches2 and3, however, we find some significant
differences that demonstrate the importance of the improved
treatment of the neutrino signal. Table 3 shows that the
differences are largest between Approaches1b and3. For
Approach3, which is in the spirit of the previous studies, the
yields are noticeably less than in our improved study, with
differences ranging from 16% for 19F to 50% for 7Li. This
shows that the neutrino emission from the burst and accretion
phases needs to be included. With Approach2, considering all
three neutrino emission phases, the reduction is noticeably
smaller, but in Approach2, we have ignored the time
dependence of the average neutrino energies by using constant
average energies for the individual neutrino species. With this
approach, we still find smaller nucleosynthesis yields for the ν-
process nuclei compared to Approach1a, but the reduction is
on the level of a few percent for all species. This difference is
due to the energy dependence that enters the neutrino–nucleus
cross section via the phase-space factor. This additional energy
factor favors the contribution arising from neutrino energies
higher than average relative to those lower than average and is
explained in more detail below. We note that the yields
calculated in our Approach3 agree quite well with those
presented by Sieverding et al. (2018) using the same progenitor
and explosion model. As stated above, Approach3 is
performed using the same general assumptions in the
description of the neutrino emission signal, and the remaining
differences between the two calculations can be traced back to
two compensating effects. The time-integrated neutrino
luminosity assumed by Sieverding et al. (2018) is slightly
larger than that calculated in Approach3 (3× 1053 erg
compared to 2.53× 1053 erg, respectively). This reduces the
yields with our Approach3. On the other hand, the average
energies of the various neutrino species are slightly smaller in
Sieverding et al. (2018) than in our Approach3, increasing our

Table 3
Production Factors

Appr. 1a Appr. 1b Appr. 2 Appr. 3 Literature
Nucleus α=α(t) α=2.3 α=2.3 α=2.3 FD
7Li 0.04 0.04 0.03 0.02 0.02
11B 0.30 0.31 0.28 0.18 0.13
15N 0.06 0.05 0.05 0.04 0.04
19F 0.12 0.12 0.11 0.10 0.10
138La 0.69 0.74 0.66 0.41 0.44
180Tam 1.32 1.33 1.27 1.09 1.11

Note.Production factors are normalized to 16O (see Equation (10)), comparing
the different approaches for the description of the neutrino irradiation discussed
in the text for the 27Me model. Only Approach1a takes the spectral shape
described by α(t) into account and is discussed in Section 4. The column
labeled “Literature” gives the results of Sieverding et al. (2018), who assumed
Fermi–Dirac spectra with vanishing chemical potential for the neutrinos. The
results given for 180Tam assume that 35% of the produced 180Ta at 200 s after
bounce survives in the isomeric state 180Tam.
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Sieverding et al (2019) - time dependent neutrino flux histories from models including 
break out slightly increase yields, especially of boron.  This is the low temperature
case from the previous slide.

So should multiply B yield on previous slide by 2.5.   B probably mostly
due to neutrino process (my view). Can be used to constrain ν−spectrum

Sieverding et al  (including spectrum from Janka)  27 solar mass model only. 



THE DEATHS OF MASSIVE 
STARS AND THE 

BIRTH OF BLACK HOLES

Stan Woosley (UCSC)

with Tuguldur Sukhbold (Ohio)
Thomas Ertl (MPI), and
Thomas Janka (MPI)



Surveys For the Impatient

• For over 50 years (Colgate and White 1966) theorists have
struggled to produce supernovae powered by neutrino
transport that agree with observations. A lot of progress has 
been made.  Really.

• Several groups now routinely get low energy explosions
of low mass progenitors, roughly 8 to 11 solar masses. These
may account for the Crab, in particular, and maybe half of all
supernovae. Heavier stars occasionally explode on the computer, 
but with low energy – few x 1050 erg

• Heavier stars are needed for nucleosynthesis, light curves,
explosion energies above ~1051 erg, and remnant mass 
distributions, but it may be that most stars over 20 solar 
masses (helium cores about 6 solar masses) usually fail to explode.
This is (maybe barely) consistent with observations 

• Missing pieces may involve presupernova turbulence, mild 
rotation, modifications to the EOS, and/or new physics
(flavor mixing?).



Stars below 12 MO (He core 3.5  MO) are comparatively easy to explode with 
neutrino transport and account for about half of observed supernovae. It is
very likely that they all make neutron stars. 

Presupernova Density Distributions
Maximum 
neutron 

star



The “supernova problem” has three pieces: preSN models,
explosion models, and observation. Presently in terms of quality of data:

Observations >>  PreSN models   >> Explosion models

The preSN models show a great deal of systematics that will 
certainly affect the outcome. We’d like to explore those systematics
now, especially in an era of GW observations

   

ξ2.5 =
2.5

R2.5M⊙
 in units of 1000 km

      ~   Gravitational potential at 2.5 M⊙
O'Connor and Ott (2011)

Hard to
Explode

Easy



Beyond Pistons
1D Neutrino-Transport Calculation
with a standard central 1.1 MO core

“PNS”center

shrinks in t
Radiates BE
as neutrinos 

Full (1D) neutrino transport
on a model by model basis

  1.1 M

see  Ugliano, Janka, Marek, and Arcones (2012)
[ApJ, 757, 60]

Sukhbold, Ertl, Woosley, Brown, and Janka (2016)

Central engine varied – 5 models for 87A; 1 for the Crab
Star not forced to explode

Standard Progenitor dependent
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Fig. 5.— Mass inside a radius of 3000 km for all progenitors up to
30 M� at the time when the central density reaches the same value
of 3 ⇥ 1010 g cm�3. The black crosses and squares mark indicate
“SN1987-like” cases; the red squares, “Crab-like” ones. Squares
are models similar to Woosley & Heger (2015); crosses, those of the
Sukhbold & Woosley (2014) progenitor set. The locations of the
calibration models are indicated by colored symbols as indicated
in the figure legend. While N20, W20, and S19.8 cluster closely,
W15 lies far o↵ because this model has a very small compactness,
⇠2.5 (see Ertl et al. 2015).

negative. The former term represents the gravitational
binding energy release as a consequence of the PNS-core
settling in the gravitational potential including the com-
pressional work delivered by the surrounding accretion
layer. In contrast, the latter (negative) term accounts
for the additional internal energy (and pressure) of the
core that is needed for gravitational stability when the
overlying mantle grows in mass. This second term thus
reduces the energy that can be radiated in neutrinos.

Table 3. pns core-model parameters in p-hotb

Model Rc,f [km] � ⇣ n E51 M(56Ni+ 1/2 Tr)

Z9.6 7.0 3.0 0.65 1.55 0.16 0.0087
S19.8 6.5 3.0 0.90 2.96 1.30 0.089
W15 6.0 3.0 0.60 3.10 1.41 0.068
W18 6.0 3.0 0.65 3.06 1.25 0.074
W20 6.0 3.0 0.70 2.84 1.24 0.076
N20 6.0 3.0 0.60 3.23 1.49 0.062

3.1.3. Calibration to SN 1987A and SN 1054
The four free parameters of the PNS-core model, �,

⇣, n, and Rc,f , determine the core-neutrino emission as
given by Eq. (2) and thus the solution to a given super-
nova explosion. The observational cases that serve our
needs for calibrating these free parameters are SN 1987A
for high-mass stars and the Crab supernova, SN 1054, for
low-mass stars. The progenitors and explosion properties
of these supernovae are distinctly di↵erent and require
di↵erent values for our model parameters as we shall ar-
gue below. For both SN 1987A and SN 1054 the explo-
sion energy and 56Ni mass are fairly well determined and
reasonably good guesses for the progenitors exist.

For the SN 1987A progenitor, Ertl et al. (2015) consid-
ered five di↵erent 15–20 M� models, W18, N20, S19.8,
W15, and W20. The parameter values that were found

Fig. 6.— Radius of the 1.1 M� core as a function of post-bounce
time for a low-mass neutron star (baryonic mass 1.36 M�; gravita-
tional mass 1.25 M�) characteristic of the Z9.6 M� progenitor (red
line), and for a high-mass neutron star (baryonic mass 1.78 M�;
gravitational mass 1.59 M�) characteristic of a 27 M� progeni-
tor (black line). Both cores were evolved in a self-consistent PNS
cooling simulation with detailed neutrino transport and the LS220
high-density EoS of Lattimer & Swesty (1991). The same simula-
tions were recently reported by Mirizzi et al. (2015). The di↵erent
contraction behaviour of the high-density cores of low-mass and
high-mass PNSs is obvious.

to approximately reproduce the known explosion energy
and 56Ni production of SN1987A, 1.3–1.5⇥ 1051 erg and
0.0723–0.0772 M�, respectively (Utrobin 2005; Utrobin
& Chugai 2011; Utrobin et al. 2014), are given in Ta-
ble 3. In the table, E51 is the explosion energy in units
of 1051 erg=1 B=1 bethe, and M(56Ni + 1/2 Tr) is the
mass of shock-produced 56Ni plus one-half of the iron
group species in the neutrino-powered wind. Because Y

e

in the wind is not precisely determined, the actual 56Ni
synthesis is between M(56Ni) and M(56Ni + Tr) (Ertl et
al. 2015). In practice, �, and for most cases Rc,f , are
held constant (� = 3 and Rc,f = 6.0 km), while n and ⇣

are adjusted in an iterative process.
Once the parameter values of the PNS core-model are

determined for a given SN 1987A progenitor, that same
core history is used in all the other presupernova stars
of di↵erent masses. In this way a set of supernovae cali-
brated to a given SN 1987A progenitor is generated. This
set of explosions is named according to the calibration
model, so we have the “W18 series”, the “N20 series”,
etc. In this paper we mainly focus on the sets of explo-
sions for the W18 and N20 calibrations.

A problematic point in the results of Ugliano et al.
(2012) was an overestimation of the explosion energies
for lower-mass supernovae. Because of the calibration of
the PNS-core parameters with SN 1987A models, a high
core-neutrino luminosity caused a strong neutrino-driven
wind for low-mass neutron stars. This led to explosion
energies in excess of 1.5 B for most stars between 10 M�
and 15 M�. In particular for progenitors below ⇠12 M�
such high energies are, on the one hand, not compati-
ble with recent self-consistent 2D and 3D models of the
explosion, which obtain much lower explosion energies in
the range of .0.1B to at most a few 0.1 B for progenitors

Mc = 1.1 solar masses
Rc,i from preSN model
EOS Lattimer Swesty 220 MeV

Neutrinos launched
from edge of core 
with thermal distributions
and the local temperature.
1D transport after that.

Central engine varied – 5 models for 87A; 1 for the Crab
Star not forced to explode

Crab

87A*standard



Average explosion energy     6 - 8  x 1050 erg
Average 56Ni mass                  0.04 – 0.06  MO
Supernovae > 20 MO 5%
Fraction SN that make BH               26 – 45%

Explosion highly correlated with compactness 
(about 200 preSN models explored; 5 explosions each)     

Sukhbold et al (ApJ, 821, 38, 2016)  12 – 70 MO

WR mass loss from Welstein and Langer (1999)
[large

Single stars

explode
to 9 MO



Sukhbold et al (2016)

50% of SN below 12 MO ;  Very few above 20 MO

12
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Prediction : The light curves and tails of SN below
12 M⊙  are typically fainter. There should be a correlation between

preSN brightness and SN brightness.

9 – 12 MO



s-proc
deficient

p-proc deficient

IMF averaged nucleosynthesis is
reasonably good but a deficiency
of s- and p-process.  Need larger
22Ne(α,n)25Mg rate or more massive
stars to explode. B and F are 
mostly ν-process here but used a 
large Tµτ



Neutron Star Masses

Average mass = 1.37 M⊙
Range = 1.3 M⊙  to 1.9 M⊙

IMF
weighted



Black hole mass distribution
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

Tail sensitive
to WR mass loss.

No PPISN in 
this study

Pile up from
stars 33 - 70 MO

ZAMS stars

Stars lose entire envelope
before dying



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).  

Most measurements of stellar remnant masses come 
from close binaries that will have interacted during their 
evolution.

Most often mass transfer occurs during or near the onset 
of core helium burning (Case B mass transfer),

Survey - Binaries Woosley (2019, ApJ)



Case A

Case
B

Case C

He-depletion

He = 0.5

He ignition

25 MO Radius History



   

log !MCO = − 9.2+ 0.85 log
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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 
(Case B). Its initial mass would be 
the green points.

The outcome of presupernova evolution is 
different in binaries

Had the star kept its envelope until the 
end,  its mass would be the red points.
A 25 MO star in a bianry ends up as a 
5 MO progenitor instead of a RSG with 
an 8.4 MO core.

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

Yoon (2018)

+ WR mass loss

*

*



• Use same approach to modeling the explosion as before. –
central 1.1 MO of proto-neutron star evolves as before in 
models calibrated to SN 1987A; 1D neutrino transport 
outside.

• Again study hundreds of models, but this time start
with bare helium stars and allow them to lose mass
according to several current mass loss prescriptions.
Essentially we assume that the effect of binary membership
is to remove the hydrogen envelope at helium ignition.

• Explode using P-HOTB, postprocess with KEPLER. 
Check for consistent energy, remnant mass, and 
especially 56Ni production. 

Ertl, Woosley. Sukhbold and Janka (2019)
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Table 2. Average Nickel, Oxygen and Magnesium yields

Eexp Nimin Ni + Tr/2 Ni + Tr Nimax Ni (2016) O Mg fSN

[B] [M�] [M�] [M�] [M�] [M�] [M�] [M�]

overall

W
18 median 0.753 0.028 0.042 0.054 0.069 0.036 0.382 0.050

0.79
mean 0.832 0.029 0.041 0.053 0.073 0.035 0.840 0.078

S
1
9.

8 median 0.966 0.031 0.051 0.070 0.097 0.474 0.069
0.83

mean 1.015 0.036 0.052 0.068 0.090 1.096 0.090

5 > MHe,i � 3

W
18 median 0.628 0.026 0.034 0.042 0.059 0.036 0.236 0.040

1.00
mean 0.738 0.023 0.034 0.044 0.064 0.032 0.268 0.052

S
1
9.

8 median 0.680 0.025 0.032 0.041 0.059 0.235 0.040
1.00

mean 0.833 0.025 0.037 0.049 0.071 0.270 0.053

8 > MHe,i � 5

W
18 median 1.429 0.037 0.058 0.081 0.113 0.042 0.972 0.149

1.00
mean 1.408 0.040 0.061 0.081 0.110 0.045 0.985 0.141

S
1
9.

8 median 1.782 0.038 0.069 0.100 0.136 0.971 0.148
1.00

mean 1.719 0.045 0.071 0.097 0.130 0.986 0.141

MHe,i � 8

W
18 median 0.969 0.050 0.064 0.079 0.100 0.058 1.367 0.056

0.40
mean 0.900 0.052 0.066 0.080 0.095 0.060 1.566 0.094

S
1
9.

8 median 1.363 0.066 0.087 0.109 0.130 1.953 0.117
0.54

mean 1.190 0.067 0.089 0.112 0.130 2.282 0.125

per supernova per death

Note. — Nimin is 56Ni calculated by P-HOTB ignoring Tr and ↵. Nimax is 0.75⇥(Ni+Tr+↵). See §3.3 and Fig. 9.

may be di�cult to produce. They also give 1.33 M� with
a dispersion of 0.09M� as the average for double neutron
stars; 1.54 M� with a dispersion 0.23 M� for the recycled
neutron stars; and 1.49M� with a dispersion of 0.19 M�
for the slow pulsars. A recent study by Antoniadis et al.
(2016) raised the possibility of two peaks (see also Valen-
tim et al. 2011) within the recycled millisecond pulsar
population, with the first peak at 1.388 M� with a dis-
persion of 0.058 M� and a second peak at 1.814 with dis-
persion 0.152 M� (see single star comparison in Raithel
et al. 2018).

Also given in Table 3 are the neutron star masses re-
sulting from taking the mass separation to arbitrarily oc-
cur at the edge of the iron core. This gives a lower limit
neutron star mass and a maximum production of 56Ni
which is of interest for the light curve. These masses are
consistently small compared with the observations sug-
gesting that such a deep mass cut is, on the average,
probably not realistic.

The neutron star masses based on the same approach
as in Sukhbold et al. (2016) are also given for comparison.
Since the “special trajectory” (§3.2) is more shallow, the
neutron star masses are slightly higher.

6.2. Black Holes
Stellar collapses that fail to create a strong outward

moving shock before 10 s in P-HOTB are assumed to
form black holes. While Woosley (2019) gives results for

helium cores up to 120 M� (presupernova masses up to
60 M�), only those that had a reasonable likelihood of
leaving a neutron star were followed with P-HOTB. It is
expected that for helium stars of up to 60 M� (presuper-
nova up to 30 M�) the presupernova mass will collapse
to a black hole with little mass ejection. For helium cores
of 60–70 M� (presupernova 30–35M�) a mild pulsational
instability is encountered that does not greatly a↵ect the
mass of the star when its iron core collapses. To good ap-
proximation these stars too make black holes with masses
equal to their presupernova mass. For helium stars ini-
tially above 70M�, the pair instability becomes an im-
portant consideration. So As far as remnant masses go,
the chief e↵ect of the pair instability is to reduce the
mass of the remnant. Woosley (2019) derives an upper
limit to black hole masses coming from pulsational pair
instability supernovae of 46 M�. To good approximation
then the black hole mass, for masses bigger than 20 M�,
for the assumed mass loss rate is given by

MBH = 0.463MHe,i + 1.49 M� , (11)
where MHe,i is the initial mass of the helium star, and

MBH = 0.232MZAMS � 1.23 M� , (12)
where MZAMS is the main sequence mass of the star.

Fig. 17 shows the resulting IMF-weighted birth func-
tion for black holes using the P-HOTB results and an ex-
trapolation from 19 to 46M� using the above equations

Nimax = 0.75*(Ni+Tr+α) starts to violate fundamental constraints
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0 20 40 60 80 100
Time [days]

41.0

41.5

42.0

42.5

43.0
lo

g
L

[e
rg

s�
1
]

2.5 < MpreSN < 3.8 [M�]

Lyman et al. (2015, Ib)

0 20 40 60 80 100
Time [days]

41.0

41.5

42.0

42.5

43.0

lo
g

L
[e

rg
s�

1
]

3.8 < MpreSN < 5.6 [M�]

Lyman et al. (2015, Ic)

0.0 0.1 0.2 0.3 0.4 0.5
56Ni mass [M�]

41.4

41.6

41.8

42.0

42.2

42.4

42.6

42.8

43.0

lo
g

L
p
ea

k
[e

rg
s�

1
]

Prentice et al. (2016, Ib/c)

W18

S19.8

0.0 0.1 0.2 0.3 0.4 0.5
56Ni mass [M�]

41.2

41.4

41.6

41.8

42.0

42.2

42.4

42.6

42.8

43.0

lo
g

L
p
ea

k
[e

rg
s�

1
]

Prentice et al. (2016, Ib/c)

W18 (2016)

Ertl et al (2019)



The rise times, widths, velocities, and temperatures of the 
models are consistent with observations. However, it only 
proves possible to produce the peak luminosity of about half
the observations. 

The models predict a maximum bolometric luminosity of 1042.5 erg s-1 

and a maximum 56Ni mass near 0.15 MO. Median luminosities and Ni 
masses were between 1041.15 and 1042.23 erg s-1 and  0.05 to 0.07 MO

• We have underestimated 56Ni production in our models
(unlikely based on physics arguments, neutron star masses,
and the need to make most of iron in SN Ia not SN II or Ib)

• The observers have overestimated the bolometric luminosities
of Type Ib and Ic supernovae, especially the brightest 1/3

• “Normal” Type Ib and Ic supernovae are not all powered by 
radioactive decay like the text books say. Magnetar?  Relation to
SN Ic BL,  SLSN, GRB ?

Possibilities 
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To get the remnant mass distribution 4 choices of mass loss 
rate were explored and two metalliciies
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Table 3. Average Neutron Star Masses

Ṁ
median mean fNS

[M�] [M�]

Yoon 1.348 1.382 0.776
Yoon⇥ 2 1.324 1.342 0.895
Vink 1.368 1.409 0.686
Sander et al. 1.368 1.410 0.685

Note. — All quantities are evaluated at solar metallicity with
Salpeter ↵ = 2.35 across the entire helium star mass range. fNS is
the fraction of supernova explosions.

relation between presupernova mass and remnant mass
is given in Table 2 and Fig. 3.

3.1. Neutron stars
Combining these results, the birth function and its

properties for neutron stars are illustrated in Fig. 4 and
Table 3. A Salpeter-like ↵ = 2.35 was assumed over the
entire mass range (§2). The distribution for solar metal-
licity and mass loss rates from Yoon (2017) agrees very
well with the results for actual stellar models in Ertl et
al. (2019). The median gravitational mass 1.35 M� is
also within 0.01 M� of their result. Perhaps this is not
surprising given that most of Table 2 was extracted from
that work, but it does validate the calculation of presu-
pernova masses by numerically integrating the mass loss
history.

Fig. 4 and Table 3 additionally show, however, a weak
dependence of the distribution function on mass loss. For
instance, the frequency of the most massive neutron stars
(> 1.7 M�), made by fall back in more massive progen-
itors (Ertl et al. 2019), is reduced with stronger mass
loss rate. For the low mass loss rate from Vink (2017)
the median neutron star mass is 1.37 M� and for the
high mass loss rate, twice that of the standard value of
Yoon (2017), the mass is 1.32 M�. We thus predict that
the median gravitational mass of neutron stars in binary
systems will vary, but only a little, with mass loss – and
hence with metallicity.

This agreement belies the fact that the total number of
neutron stars is substantially di↵erent in the three cases.
In each case the distribution function has been normal-
ized so that the integral of number over mass is unity.
For the upper limit mass loss rate (twice the Yoon’s) the
fraction of stars that produced a neutron star is 90%,
while for the lower limit mass loss rate (Vink’s) it is only
69%.

3.2. Black Holes
In a similar fashion, the birth function for black holes

can be calculated and is also found not to vary greatly
with metallicity or mass loss prescription. A caveat is
that it has been assumed that helium cores all the way up
to 150 M�, hence ZAMS stars to 300 M� are produced
with the same continuous Salpeter-like mass function. If
star formation is truncated at a smaller mass, this would
show up as a cut o↵ in the black hole mass distribution. If
instead, for example, no stars formed with main sequence
masses 100 M� formed, there would be no helium cores
with initial mass over 44 M�. Hence for solar metallicity
and standard Yoon mass loss rates, there would be no

Fig. 4.— Given the presupernova masses (Fig. 2) for helium stars
with solar metallicity evolved with mass loss (Fig. 1), the remnant
masses can be calculated from the data in Fig. 3 and Table 2.
The normalized birth function for the gravitational neutron star
mass is shown here for four choices of mass loss rate, Yoon (2017,
blue), Vink (2017, green), Sander et al. (2019, red), and twice Yoon
(2017, gray). The birth function is quite robust against changes
in the mass loss rate. Median values range from 1.32 to 1.37 M�,
while the fraction of supernovae range from 90% to 69% between
twice the Yoon’s and Vink’s prescriptions respectively.

presupernova mass over 22 M� and no black holes heavier
than that either. Mass loss for extremely massive stars
at a rate very di↵erent from the unverified extrapolation
of the expressions used here, would also give di↵erent,
interesting results.

The remnant mass distribution for black holes is shown
in Fig. 5, and its properties are listed in Table 4 assum-
ing that the mass range of initial helium cores extends
from 2.5 to 150 M� or 2.5 to 40 M�. This corresponds
to cuto↵s in the main sequence mass function around
100 and 300 M� respectively. For the more limited mass
range, the median black hole mass using standard Yoon
mass loss and the W18 central engine (which was used to
make Table 2, is 8.87 M�. This compares very favorably
with the 8.61 M� calculated by Ertl et al. (2019) using
the same assumptions but actual stellar models. This
again serves to validate the semi-analytic approach used
here, i.e. the use of Table 1 to integrate the mass loss
equation to estimate presupernova masses without run-
ning an actual stellar models. For the larger mass range,
including helium stars up to 150 M�, the results di↵er,
though not greatly. Ertl et al. (2019) gave a median
black hole mass of 10.88 M� for the W18 engine that
was used here to make Table 2. We get 12.3 M�. The
new value is larger and more realistic because pulsational
pair-instability supernovae (PPISN) were not included in
the previous study.

The birth function itself (Fig. 5) is not very sensitive
to either metallicity or mass loss rate. Note that all dis-
tributions have been normalized so that the integral of
dN/dM over all black hole masses is one. As in Ertl
et al. (2019), a few low mass black holes are made by
fall back and there is a narrow gap of production around
10 M�. The exact location of this gap will be sensi-
tive to the compactness distribution of the presupernova
stars and thus may vary with di↵erent choices for con-

The median is robustly between 1.32 and 1.37 MO
This is consistent with observations 
Very similar results for Z = 0.1 solar.
Lightest neutron star 1.24 MO
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Table 4. Average Black Hole Masses

Ṁ
median mean fBH

[M�] [M�]

2.5 < MHe,i < 40 [M�]

Z = Z� ↵ = 2.35

Yoon 8.9 10.3 0.16
Yoon⇥ 2 9.0 10.7 0.08
Vink 10.7 11.4 0.20
Sander et al. 8.3 9.9 0.24

Z = 0.1 Z� ↵ = 2.35

Yoon 10.7 11.3 0.19
Yoon⇥ 2 10.5 11.1 0.19
Vink 10.8 11.4 0.20
Sander et al. 10.8 11.4 0.20

2.5 < MHe,i < 150 [M�]

Z = Z� ↵ = 2.35

Yoon 12.3 15.9 0.22
Yoon⇥ 2 12.8 15.5 0.11
Vink 15.5 18.3 0.31
Sander et al. 9.0 14.4 0.32

Z = 0.1 Z� ↵ = 2.35

Yoon 15.2 18.0 0.30
Yoon⇥ 2 14.4 17.2 0.28
Vink 15.7 18.5 0.32
Sander et al. 16.0 18.1 0.32

Z = Z�

Yoon (↵ = 1.35) 18.9 21.6 0.49
Yoon (↵ = 1.85) 15.4 18.6 0.34
Yoon (↵ = 2.35) 12.3 15.9 0.22
Yoon (↵ = 2.85) 10.5 13.8 0.14
Yoon (↵ = 3.35) 8.7 12.1 0.09

Note. — All masses include correction to neutrino emission.

vection theory and 12C(↵, �)16O reaction rate, but its
presence is robust and worth looking for, as it would
provide constraints on the presupernova evolution. The
birth function for black holes left by PPISN, i.e., masses
35 to 46 M�, is noisy. Whether this reflects the sparse
sample of PPISN used to generate the plot (Table 5 of
Woosley (2019) has a resolution in black hole mass of
about 2 M�) or a physical e↵ect needs further investiga-
tion. Current results suggest a preponderance of black
holes with masses 35 to 40 M�. This is because the more
massive PPISN near the upper limit (46 M� here) have
more violent instabilities and eject more mass.

The relatively small value for the median black hole
mass using the Sander et al. mass loss rate at solar
metallicity is a consequence of the pile up in presuper-
nova masses around 8 – 10 M�, resulting from a very
non-linear decrease in the mass loss rate at around a
luminosity of 105.2 L� (Fig. 1 and Table 1). At lower
metallicity the dip in mass loss occurs at higher mass
and also less mass is lost, so the e↵ect on the median
mass is not so great.

The median black hole masses when the entire mass
range of initial helium core masses, 2.5 to 150 M�, is
sampled are substantially larger than frequently cited for
observed binary x-ray sources. This could reflect a cut

Fig. 5.— The black hole initial mass function for solar metallicity
(top) and 10% solar metallicity (bottom) stars using the presuper-
nova masses given in Fig. 2. The birth function is broadly insensi-
tive to mass loss prescription and metallicity. The gap near 10 M�
is due to the presupernova compactness variation, and the pile-up
at high mass is due to PPISN. At low metallicity, the Sander et al.
prescription predicts a well defined pile-up near 20 M�.

o↵ in the production of very high mass stars coupled with
a high mass loss rate, or could reflect observational bias.
X-ray binaries containing black holes above 20 M� may
be rare, short lived, and di�cult to detect. LIGO has
turned up a large sample of much heavier black holes.
This might be regarded as a more complete census of of
the stellar graveyard for very high mass stars, since the
black holes that are merging might not be easily detected
any other way.

An important feature to highlight in these results is
the nearly constant slope of the black hole birth function
roughly between 15 and 35 M�. Above 35 M�, the dis-
tribution is altered by the PPISN, while below 15 M�
stars frequently produce supernova, and thus the distri-
bution is highly modular due to the varying outcomes of
the stellar collapse. Inbetween lies a prominent contin-
uous “clean” range, where the black hole mass is solely
determined by the presupernova mass, minus the small
correction for neutrino emission. Just one case, using
the Sander et al. mass loss rate at 10% solar metallic-
ity, shows a strongly non-montonic behavior in this mass

PPISN 
pileupall 

stars
collapse

structure
sensitive



• No BH mass gap at 5 MO Can produce a continuous 
distribution from max neutron star mass on up. But there
is a relative deficiency below 5 – 6 MO

• BH mass gap at 46 to 133 (55 to 144) MO depending
on 12C(α,γ)16O in binaries. (PPISN). Smaller 12C(α,γ)16O 
raises the gap and also weakens the PPI

• Pile up around 38 - 40 MO  (PPISN)

• BHs up to 70 MO can be made in single stars or detached
binaries  (H envelope implodes)

• Hint of a gap at 11 MO, sensitive to reaction rates and 
convection physics

• Remnant mass distribution is determined by preSN mass
distribution for stripped stars (and helium core mass
distribution in preSN for single stars)
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Between 12 and 33 MO the 
distribution of black hole masses
follows the IMF.  This is because
the preSN mass, all of which 
collapses is nearly a constant 
fraction of the initial star’s mass

Measurements of the BH IMF 
in this mass range would 
constrain the stellar IMF for
ZAMS stars in the range 50
to 130 MO

• Assuming a Salpeter like 
(power law) distribution of 
initial stellar masses up to 
130 MO

• And a mass loss rate that is
not very non-linear in the 
luminosity







If degeneracy is negligible and mass is constant, the Virial Theorem
implies that the central temperature, central density and mass of a 
star follow a simple scaling. (This scaling is strictly true for any polytrope
of single index n, uniform composition, and constant ratio of ideal gas
pressure to total pressure, β, where degeneracy does not dominate)

Tc
3

ρc
∝M 2

More massive stars have higher
entropy, less degeneracy, and 
burn their fuels at lower density

Basics
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Central Conditions
at death the 
iron cores of
massive stars
are somewhat
degenerate

As a star of given mass evolves, its central temperature
rises roughly as the cube root of its central density
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3.2. Final fate as a function of  stellar mass 

As seen from eq. (3), smaller-mass stars have higher interior densities than larger-mass stars for the 
same central temperature and thus tend to form electron degenerate cores at earlier stages of evolution. 
In fig. 3, the earlier evolution of the central density, Pc, and temperature, T o is shown for helium stars 
(or cores) of mass M = 8, 6, 3.3, 3.0, 2.8, and 2.2 M e [27]. The approximate ignition lines for carbon, 
neon, oxygen, and silicon, where the nuclear energy generation rate is equal to neutrino energy losses, 
are shown. The line for $ = 10 approximately separates the electron degenerate and nondegenerate 
regions, where ~ is the chemical potential of an electron in units of kT. These evolutionary paths clearly 
indicate the effect of electron degeneracy and its dependence on stellar mass. 

Helium stars of M~ = 4-8 M e undergo nuclear burning under nondegenerate conditions. In contrast, 
the 2.2 M o helium core enters the strongly degenerate region after carbon burning. Stars of M~ = 
2.8-3.3 M e are intermediate: the O + Ne + Mg core becomes semi-degenerate and whether they will 
enter the degenerate or nondegenerate region is an interesting question. The final stages of evolution 
are classified by the stellar mass as follows (see refs. [34, 25, 45] for reviews and references). 

(1) Mm, <0.08 Me: The star will become a planet-like black dwarf without igniting hydrogen 
burning. 

(2) 0.08 M O < Mms < 0.45 Mo: The star will end up as a helium white dwarf, though such a single 
star has not evolved off the main sequence in a Hubble time. 

(3) 0.45 M O < Mms < 8 M®: The star forms a C-O core of mass smaller than 1.06 M e, which then 
becomes strongly degenerate. Most of these stars will become C-O while dwarfs by losing their 
hydrogen-rich envelope, but some (6-8 Me) could reach a supernova stage by increasing the C-O core 
mass to the Chandrasekhar mass and igniting carbon deflagration. The explosion may look like a Type 
II-L supernova [9, 40]. 

(4) 8 M@ < Mms < 10 Mo: The star undergoes nondegenerate carbon burning and forms a degener- 
ate O + Ne + Mg core [23, 26]. The mass of the O + Ne + Mg core (<1.37 Me) is too small to ignite 
neon. Further evolution is due to the growth of the mass of the O + Ne + Mg core toward the 
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Fig. 3. The evolution of the central density, Pc, and temperature, To, is shown for helium stars of mass M s = 8, 6, 3,3, 3.0, 2.8, and 2.2 M e. The 
ignition lines for carbon, neon, oxygen, and silicon, where the nuclear energy generation rate is equal to neutrino energy losses, are shown. The line 
for ¢, = 10 approximately separates the electron degenerate and nondegenerate regions, where ~b is the chemical potential of an electron in units of 
kT. 

More generally for helium cores of constant
mass, 2.2, 2.8, 3.0, 3.3, 6 and 8 MO (Nomoto and Hashimoto 1988)

It turns out that MHe =35 MO will just brush the e+e- pair instability

MZAMS ≈ 9 − 25 M⊙

Degeneracy

low mass

high mass

Presupernova



Mass (solar 
masses)

End point Remnant

<  ~8 planetary nebula CO white dwarf
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degenerate core
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