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Figure 6. The progenitor detections are marked with error bars (data from Table 1 and the limits
are marked with arrows (data from Table 2). The lines are cumulative IMFs with different minimum
and maximum masses.

star-forming regions. Williams et al. (2014) also suggest that
their results are compatible with progenitors all coming from
masses M < 20 M! although the uncertainties do not rule
out the possibility of no upper-mass cut-off.

3.3. Possible explanations

The reasons for these missing high-mass progenitors are dis-
cussed as follows

3.3.1. Dust formation and circumstellar extinction
As discussed in Section 2.1.3, the extinction toward the pro-
genitors is often estimated from the extinction toward the SN
itself, or the nearby stellar population. The former estimates

may not be directly applicable since the circumstellar dust
around the progenitor stars can be destroyed in explosions—
as in the case of SN2012aw and SN2008S.

Walmswell & Eldridge (2012) calculated the dust that
could be produced in red supergiant winds and the extra ex-
tinction that this would produce. The idea is well motivated
and valid, but Kochanek et al. (2012) showed that treating
CSM extinction with a slab of ISM material is not physically
consistent. As shown in Kochanek et al. (2012), the pro-
genitor of SN2012aw was thought to be quite a high-mass
star but correct treatment of radiative transfer in a spheri-
cal dust shell reduces the progenitor luminosity limit while
comfortably fitting the optical, NIR, and MIR detections and
limits. The major concern for this sample is that the objects
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The observational evidence for 
the missing high-mass CCSN progenitors

mmax=30 M⊙
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For the stars that exploded in P-HOTB, the desired kinetic
energy at infinity in KEPLER is obtained by iterating on α.
This required an earlier, more rapid motion outwardfor the
adopted piston. By design, the two explosion models thus
agreed almost exactly in explosion energy and piston mass.
They also agreed to typically better than 10% in the mass of
iron-group nuclei that were synthesized (Tables 7 and 8). Here
the total iron in P-HOTB calculation is taken as the amount
outside the final fallback mass.

To make the agreement in 56Ni mass even better, first, for
afew models the starting location in mass of the special
trajectory, mz, was slightly varied, usually by ∼0.01 M , so that
the KEPLER total iron mass lies roughly in between the special
and fallback trajectories (Figure 12). Then using the innermost
zone abundances, most models were scaled up slightly until the
fallback trajectory value, so that the final disagreement of iron-
group synthesis was a few percent at most. The full tabulated
list of all piston parameters for all explosion calculations is
available at the MPA-Garching archive (see footnote 4).

In the remainder of the paper, the baryonic remnant masses,
the kinetic energies at infinity of the ejecta, and the total iron-
group synthesis are based on the 1D neutrino-powered
explosions using P-HOTB. Only the isotopic nucleosynthesis
(of all elements including pre-SN mass loss) and the light
curves are taken from KEPLER.

4. EXPLOSION PROPERTIES

Inserting the standard “central engines” described in
Section 3 in the various pre-SN stars resulted in a wide variety
of outcomes depending on the properties of each progenitor,
especially its mass and compactness, and the choice of 87A
model used for the engine’s calibration (Figure 13). Generally
speaking, weaker central engines like W20 gave fewer SNe
than stronger engines like N20.

This is an interesting point that warrants elaboration. Not
every model for 87A will give equivalent, or even necessarily
valid, results when its central engine is inserted in other stars.
SN 1987A was a blue supergiant in a galaxy with lower
metallicity than the Sun. All pre-SN models considered here,

except those that lost their envelopes before exploding, are red
supergiants with an initially solar composition. The SN 1987A
models, at least those that made blue supergiant progenitors
(Table 1), also used a different value for semiconvective
mixing that affected the size of the carbon–oxygen core for that
mass (made the core smaller). One of the models, W18,
included rotation, while the present survey does not. Our
calculations are 1D, not 3D. Finally, one expects significant
variations in pre-SN core structure even for two stars of very
similar initial mass and pre-SN luminosity (Sukhbold &
Woosley 2014).
The very similar results for “explodability” for models N20,

W18, W15, and S19.8 are thus welcome and suggest a
robustness to the answer thatmight not necessarily have
existed. They also justify the neglect of model set W20 in the

Figure 11. Trajectory from the neutrino-driven explosion with P-HOTB
(gray)compared withthe corresponding trajectory from KEPLER (blue) for
the explosion of the W18 engine itself. In all cases, the trajectories from the two
codes have a common starting radius and time and the same minimum radius
and time.

Figure 12. Comparison of iron production in the KEPLER and P-HOTB
calculations for all models that exploded using the Z9.6 and W18 engines. The
shaded gray region is bounded on the bottom by the total iron produced by
P-HOTB outside the “special” trajectory (orange), and on the top by the total
iron ejected (green). The thick blue curve represents total iron production in the
converged KEPLER explosions.

Figure 13. Explosion outcomes from the five different central engines for SN
1987A (Tables 1 and 3)shown in comparison. Successful explosions that make
neutron stars are green, the explosions that make BHs through fallback are light
blue, and the failures, which make BHs, are black lines. The calibrators are
listed by the engine strength, weakest at the bottom. Models heavier than 12.25
M were covered by these five engines;all lighter models produced successful

explosions by the Z9.6 engine calibrated to Crab SN.
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an increase in the number 
of CCSNe, compared to a 
single mass range:8-18M⊙

13% (mmax=22.6 M⊙ )

11% (mmax=21.2 M⊙ )

the complex explosion/BH landscape   

The theoretical modeling of CCSNe supports a low mmax

It may be reasonable to assume the CCSN mass range=8-18M⊙

If a single mass range 
is assumed
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The conventional Galactic chemical evolution scheme 
adopts a high mmax such as 100 M⊙

(at least 50 M⊙)

The CCSN number 
reduces to ~70%

If mmax=18M⊙, 

The reduction in the
total amount of heavy
element is more serious

mstar melement
reduces to ~50%



果たして銀河系化学進化は超新星親星上限質量:18~20 M⊙
を受け入れられるのか？

効率の悪くなった化学進化をある程度は星形成率を高めることで、
埋め合わせはできそう

化学進化は星形成率と星の初期質量関数で大方が決まる

とは言え、難しそう （当初は相容れないという趣旨の論文を
書くつもりでこの仕事を開始した）

いや待てよ。新たな銀河化学力学進化の枠組みがあるではないか

SFR IMF
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outward 
migration

inward
migration

Stars radially move on the Galactic disk : radial migration

A new paradigm of Galactic dynamics

via a gravitational interaction with transient recurrent spirals
by losing or gaining angular momentum
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This theory predicts : 
the stars in the solar vicinity represent 

the mixture of stars born at 
various Galactocentric distances over the disk
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Local Galactic chemical evolution accepts 
a 8-18 M⊙ mass range

(TT 2023)



The Galactic bulge demands more CCSNe than that expected 
from a 8-18 M⊙ mass range with the Salpeter (x=-1.35) IMF 

the Salpeter IMF

the flatter (x=-0.9) IMF

This argument for a flat IMF in the Galactic bulge can be extended to 
an insight into the form of the IMFs in elliptical galaxies. 

On the other hand, 

obs

a flat IMF



Galactic chemical evolution suggests 
the variable IMF in the Universe 

late-type galaxies early-type galaxies

How star formation proceeds?

moderate mode bursting mode= =

th
e 
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the Salpeter 
the one generating 

numerous CCSNe
(x=-1.35) (x=-0.9)

(Pouteau+2022)



If the IMF is universal

If the IMF is non-universal

Cosmic star formation rate Cosmic CCSN rate∝

Cosmic star formation rate Cosmic CCSN rate∝
a break in the proportionality

proportional
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Fig. 16. CC SN rate per unit volume. All mea-
surements do not account for the correction for
hidden SNe. To obtain the predicted SN rate
from the measured SFR, we adopt 8, 40 M�
as the lower and upper mass limits for SN
CC progenitors and the proper IMF, Salpeter
for Madau & Dickinson (2014) and SalA for
Hopkins & Beacom (2006). The dashed lines
show the predicted SN rate, assuming the frac-
tion of hidden SNe given in (Mattila et al.
2012).

Given the short lifetime of their progenitors (<30 Myr), there
is a simple, direct relation between the CC SN and the current
SF rate:

rCC(z) = KCC ⇥  (z), (7)

where  (z) is the SFR and KCC is the number of stars per unit
mass that produce CC SNe, or:

KCC =

R
mU,CC

mL,CC
�(m)dm

R
mU

mL
m�(m)dm

, (8)

where �(m) is the initial mass function (IMF), mL and mU are the
extreme limits of the stellar mass range and mL,CC and mU,CC, the
mass range of CC SN progenitors.

Assuming that KCC does not evolve significantly in the red-
shift range of interest, the evolution of the CC SN rates with
redshift is a direct tracer of the cosmic SF history (SFH).
Conversely, we can use existing estimates of the SFH to com-
pute the expected CC SN rate, assuming a mass range for their
progenitors. To do this consistently one has to use the same IMF
(or KCC) adopted to derive the SFR. Indeed, although Kcc de-
pends on the IMF in Eq. (8), the ratio between the cosmic SFR
and CC rate does not give a real indication on the IMF, since
both quantities actually trace the number of massive stars that
produce both UV photons and CC SN events. The formal depen-
dence on the IMF of this ratio is introduced by the extrapolation
factor used to derive the SFH from luminosity measurement to
convert the number of massive stars formed at the various red-
shifts into the total stellar mass that has been formed.

The CC progenitor mass range is still uncertain, both for the
low and upper limit. Stellar evolution models suggest a typi-
cal range of 9�40 M� (Heger et al. 2003) for CC SNe, though
the upper limit strongly depends on metallicity and other fac-
tors, e.g. rotation or binarity. In recent years, it was feasible to
search for the progenitor star for a number of nearby CC SN
in archival pre-explosion images (Smartt 2009, 2015, and ref-
erences therein). This allows an estimate of the masses of their
progenitor stars to be obtained, or, if not detected, an estimate of
upper limits. By comparing the observed mass distribution with

the IMF, it was argued that the minimum initial mass is 8± 1 M�.
The same analysis also suggests a paucity of progenitors of SN II
with mass greater than 20 M�, which would indicate that these
stars collapse directly in to a black hole, without producing a
bright optical transient (Smartt 2009). However this result needs
to be confirmed so hereafter, following the trend of the literature
in the field, we adopt an upper limit of 40 M�.

With a mass range 8�40 M� for the SN CC progenitors
we obtain a scale factor KCC = 6.7 ⇥ 10�3

M
�1
� for a standard

Salpeter IMF or KCC = 8.8 ⇥ 10�3
M
�1
� for a modified Salpeter

IMF (SalA), with a slope of �1.3 below 0.5 M� (similar to what
adopted in Hopkins & Beacom 2006).

Assuming the 8�40 M� mass range, it has been claimed that
the comparisons between the SFH from Hopkins & Beacom
(2006; hereafter HB06) and the published measurements of
CC SN rates showed a discrepancy of a factor two at all red-
shifts (Botticella et al. 2008; Bazin et al. 2009).Horiuchi et al.
(2011) argue that this indicates a “supernova rate problem” for
which they propose some possible explanations: either many
CC SNe are missed in the optical searches because of heavy
dust-obscuration, or there is a significant fraction of intrinsically
very faint (or dark) SNe at which point, after the core has col-
lapsed, the whole ejecta falls back onto the black hole.

On the other hand, Botticella et al. (2012) found that the
CC SN rate in a sample of galaxies within 11 Mpc is consis-
tent with that expected from the SFR derived from FUV lumi-
nosities. Taylor et al. (2014), based on the SDSS-II SN sam-
ple, estimated that the fraction of missing events is about 20%.
Gerke et al. (2015) performed a search for failed SNe by mon-
itoring a sample of nearby galaxies (<10 Mpc). After four yr
they found only one candidate, which suggests an upper limit
of 40% for the fraction of dark events among CC SNe that, un-
fortunately, is not yet a strong constraint. To detect the CC SNe
hidden by strong extinction, several infrared SN searches have
been performed in local starburst galaxies (Maiolino et al. 2002;
Mannucci et al. 2003; Mattila & Meikle 2001; Miluzio et al.
2013), in some cases exploiting adaptive optics (Cresci et al.
2007; Mattila et al. 2007; Kankare et al. 2008, 2012) to improve
the spatial resolution. However, despite the e↵orts, it has not
been possible to unveil the hidden SNe.

A62, page 16 of 25

(Cappellaro+2015)

rcc(z) = kcc h2 Y(z)

The observed CCSN rate’s slope is steeper than 
the predictions from the observed cosmic star formation rate 

a scale factor of massive stars 
that explode as CCSNe per unit mass of the IMF

=

Assuming,
kcc = const.

with the Universal IMF
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Cosmic star formation history
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The evolution of cosmic CCSN rate with redshift 

constant kcc

variable kcc

Madau & Dickinson 2014
Hopkins & Beacom 2006

constant kcc case

variable kcc case



Summary

Our result predicts a high rate of BH formation, 
which must greatly influence the count of DBSN neutrinos

(中里さんの講演へ)

fBH ≈ 33~42%

❑

failed SNe

(Neustadt+2021)
4~39%

❑

❑

❑

The narrow mass range (8-18 M⊙) for CCSN progenitors 
is found to accepted by Galactic chemical evolution

This narrow mass range strongly supports a variable IMF 
among different type of galaxies

This variable IMF well explains an observed  large contrast 
in the cosmic CCSN rates


