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Figure 1. Relative fractions of CCSN types in a volume-limited sample

from LOSS. This is slightly different from the fractions quoted in Paper II,

in order to better suit the aim of this paper as explained in the text. The main

difference is that we exclude SNe in highly inclined galaxies because of

extinction effects, and we reorganize the class of SNe Ibc-pec (namely, we

moved broad-lined SNe Ic from the ‘Ibc-pec’ category to the ‘Ic’ group).

included them, the fraction of SNe IIn would be significantly higher;

note that even without the SN impostors, however, our relative frac-

tion of SNe IIn is higher than in previous studies (Cappellaro et al.

1997; Smartt 2009). The criteria for excluding an individual SN im-

postor are admittedly somewhat subjective, but this is a necessary

step since the diversity and potential overlap of SNe IIn and massive

star eruptions are not fully understood yet. Generally, if an object

has a peak absolute R or unfiltered magnitude brighter than −15

and has linewidths indicating expansion speeds faster than about

1000 km s−1, we include it as a real SN IIn. Less luminous and

slower objects are considered impostors and are excluded.

Unlike previous studies, we include a category called ‘SNe

Ibc-pec’ (peculiar; see Paper II). This category was necessary to

introduce in Paper II because some SN Ibc vary significantly from

the template light curves used to derive the control times for SNe

Ib and Ic. As such, the ‘Ibc-pec’ category in Paper II includes some

Table 1. Volume-limited core-collapse SN fractions.

SN type Fraction Error

(per cent) (per cent)

Ic 14.9 +4.2/−3.8

Ib 7.1 +3.1/−2.6

Ibc-pec 4.0 +2.0/−2.4

IIb 10.6 +3.6/−3.1

IIn 8.8 +3.3/−2.9

II-L 6.4 +2.9/−2.5

II-P 48.2 +5.7/−5.6

Ibc (all) 26.0 +5.1/−4.8

Ibc+IIb 36.5 +5.5/−5.4

broad-lined SNe Ic such as SN 2002ap that are clearly SNe Ic.

We have moved these to the SN Ic category for the purpose of

this paper, since they clearly correspond to massive stars that have

fully shed their H and He envelopes. This has a small effect on the

overall statistics, because broad-lined SNe Ic are very rare in our

sample, contributing only 1–2 per cent of all CCSNe. This is in

agreement with the recent study of Arcavi et al. (2010), who find

that broad-lined SNe Ic contribute only 1.8 per cent of CCSNe in

large galaxies. It is noteworthy, however, that Arcavi et al. (2010)

find broad-lined SNe Ic to be much more common (∼13 per cent

of CCSNe) in low-metallicity dwarf host galaxies. We also exclude

SNe occurring in highly inclined galaxies, where dust obscuration

may introduce statistical problems that are difficult to correct. As

a result of these minor adjustments, made because our goal of in-

vestigating implications for massive-star evolution is different from

the goal of deriving relative rates and correcting for observational

biases, the relative fractions of various SN types in Table 1 and

Fig. 1 differ slightly from the results in Paper II.

In quoting fractions of various SN types, we ignore metallicity,

galaxy class, and other properties, although we are cognizant of the

importance of these properties and consider them in our discussion

below. The galaxies included in the LOSS survey span a range of

luminosity, with most of the CCSN hosts corresponding roughly

to metallicities of 0.5–2 Z⊙ (Garnett 2002; the LOSS galaxy sam-

ple spans a range of MK from about −20 to −26 mag, but most of

the CCSN hosts are in the range of −22 to −25 mag; see Paper

II). We note some trends in Paper II, such as the fact that SNe IIn

appear to prefer lower luminosity spirals, whereas SNe Ibc seem

to prefer large galaxies and therefore higher metallicity, consistent

with previous studies (Prantzos & Boissier 2003; Prieto et al. 2008;

Boissier & Prantzos 2009). LOSS is biased against very faint dwarf

galaxies, since larger galaxies with potentially more SNe were tar-

geted to yield a richer harvest of SNe. However, low-luminosity

galaxies seem to have more than their expected share of star for-

mation per unit mass, and probably contribute 5–20 per cent of the

local star formation (Young et al. 2008). If unusually luminous SNe

IIn and II-L favour such low-luminosity galaxies, as some recent

studies may imply (Smith et al. 2008b; Miller et al. 2009; Quimby

et al. 2009), then this may slightly raise the relative fractions of

SNe IIn and II-L compared to our study. Recently commissioned

untargeted surveys can help constrain this contribution (see Arcavi

et al. 2010, as noted above regarding broad-lined SNe Ic in dwarf

hosts).

Our volume-limited survey within 60 Mpc includes 80 CCSNe,

compared to the heterogeneous volume-limited study of 92 CCSNe

within 28 Mpc summarized by Smartt (2009). However, because the

LOSS survey was conducted with the same telescope in a system-

atic way, we are able to make proper corrections for the observing

biases, as Paper II describes in detail. We also have much more

complete spectroscopic follow-up observations and we monitor the

photometric evolution of the SNe we discovered, which particu-

larly affects the relative fractions of SN II-P versus II-L, IIn and

IIb, all of which are sometimes called simply ‘Type II’ in initial

reports. Thus, samples of SNe using identifications from initial re-

ports are often unreliable or unspecific, but our study resolves this

issue because our more extensive photometric and spectroscopic

follow-up observations allow us to more reliably place the SNe

in subclasses. Consequently, our observed fractions of CCSN types

differ from those of previous studies in a few key respects. The main

differences compared to SN fractions listed in various studies re-

viewed by Smartt (2009) are as follows.
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ordinary SNe IIP ∼ 50%
(Li et al. 2011, Smith et al. 2011)

SN 1987A-like events 1–3%
(Pastorello et al. 2012)



Light Curve of Peculiar Type IIP SN 1987A

Open circles (Catchpole et al. 1987,1988); open triangles (Hamuy et al. 1988).



SN 1987A: Evidence for H and 56Ni Mixing

Not flat-topped Hα profile on day
498 (Phillips et al. 1990) implies that
there is no cavity free of hydrogen at
zero velocity.

The [Ni II] 6.64 µm profile at day 640 gives
vFWHM = 3100 km s−1 (Colgan et al. 1994).



SN 1987A: Bochum Event and Fast 56Ni Clump
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Fast 56Ni clump: v3D ≈ 4700 km s−1, MNi ∼ 10−3 M� (Utrobin et al. 1995).



Modeling of Supernovae: Three Approaches
First approach

No
fit

Second approach
3D simulations

No
fit

Third approach

Fit



Light Curve: Radioactive 56Ni and Mixing

SN 1987A originates from BSG; its light curve is powered by radioactive decays.



Presupernova Models for Blue Supergiants

Model RpSN M core
He MpSN MZAMS Xsurf Ysurf Zsurf Rot. Ref.

(R�) (M�) (10−2)

B15 56.1 4.05 15.02 15.02 0.767 0.230 0.34 No 1
W16 28.8 6.55 15.36 16 0.474 0.521 0.50 Yes 2
W18 46.8 7.40 16.92 18.0 0.480 0.515 0.50 Yes 2
W18r 41.9 6.65 17.09 18 0.542 0.453 0.50 Yes 3
W18x 30.4 5.13 17.56 18 0.713 0.281 0.60 Yes 2
N20 47.9 5.98 16.27 ∼20.0 0.560 0.435 0.50 No 4
W20 64.2 5.79 19.38 20.10 0.738 0.256 0.56 No 5

(1) Woosley et al. (1988), (2) Sukhbold et al. (2016), (3) Woosley (priv. comm.),
(4) Shigeyama & Nomoto (1990), (5) Woosley et al. (1997)



Presupernova Models: Density vs. Interior Mass



Presupernova Models: Density vs. Radius



Pre-SN Models: Mass Fractions vs. Interior Mass



Hydrodynamic Models

Model MNS Menv Eexp M min
Ni M max

Ni MNi v bulk
Ni 〈v〉tailNi

(M�) (B) (10−2M�) (km s−1)

B15-2 1.25 14.21 1.40 3.11 9.36 7.28 3355 3490
W16-1 1.97 13.38 1.13 3.43 8.24 7.32 2117 2222
W18 1.40 15.52 1.36 3.67 12.97 7.26 1395 1472
W18r-2 1.35 15.73 1.27 2.48 9.37 7.65 1088 1101
W18x-1 1.57 15.98 1.22 2.85 9.23 7.64 2247 2361
W18x-2 1.52 16.03 1.38 3.86 12.19 7.54 2436 2837
N20-P 1.46 14.72 1.67 4.16 12.11 7.23 1635 1790
W20 1.50 17.92 1.45 4.10 13.04 7.24 1374 1482



Morphology of 56Ni-rich Matter in Model B15-2



Morphology of 56Ni-rich Matter in Model W18



More Massive Helium Core, Lower 56Ni Velocity

Only model B15-2 yields maximum Ni velocity consistent with the observations!



Hertzsprung-Russell Diagram for SN 1987A Progenitors.
Single Star Scenario

Sukhbold et al. (2016)



Two Possible Solutions of The Problem

• A rapid rotation of Fe core producing more extent of Ni mixing.
• A binary evolution scenario for the BSG Sanduleak −69◦202.

Credit: (ESA/STScI), HST, NASA
The triple-ring system was explained by Morris & Podsiadlowski (2009)

in the scenario of a binary merger model.



Hertzsprung-Russell Diagram for SN 1987A Progenitors.
Binary Merger Scenario
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M1 = 16M� Menon & Heger (2017), see also A. Menon’s talk.



Bolometric Light Curves

The total 56Ni mass is scaled to fit the observed luminosity in the radioactive tail.



Light Curves: Artificial Mixing

The total 56Ni mass is scaled to fit the observed luminosity in the radioactive tail.



Summary
• 3D neutrino-driven explosion simulations of SN 1987A are able to synthesize

the 56Ni mass estimated from the observed luminosity in the radioactive tail.

• The extent of outward 56Ni mixing in the framework of the 3D simulations
decreases with He-core masses of the corresponding progenitor models.

• In 3D simulations only the model with He-core mass of 4M� yields a maxi-
mum velocity of the bulk of 56Ni consistent with SN 1987A observations.

• In a single star scenario Sk −69◦202 seems to require a progenitor with
a ∼6M� He core, and a 4M� He core is not able to explain the color-
luminosity properties before collapse.

• Rapid rotation of the iron core might lead to more mixing. Investigations are
needed.

• Binary progenitor models with ∼4M� He cores can account for the color-
luminosity properties of Sk −69◦202 (see A. Menon’s talk). But do they yield
the extent of mixing to explain SN 1987A observations?

• Inward hydrogen mixing leads to minimum velocities of H-rich matter of less
than 100 km s−1 in a good agreement with SN 1987A observations.

Future
• 3D neutrino-driven explosion simulations on the basis of binary merger mod-

els of Menon & Heger (2017) for the progenitor of SN 1987A.


