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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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Relative fractions of core-collapse supernova types
in a volume-limited sample (Smith et al. 2011).



Spectra of Type IIP Supernovae
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Figure 6. End plateau spectrum (+99 days) of SN 2008in is compared with five low-luminosity SNe 1997D, 1999br, 1999eu, 2001dc, and 2005cs (Pastorello et al.
2009 and references therein), two normal SNe 2004et (Misra et al. 2007) and 2008gz (Roy et al. 2011), and a peculiar Type II SN 1998A (Pastorello et al. 2005),
observed at comparable epochs. The phases quoted for each event are with reference to the moment of inflection (ti; see Figure 3), which marks the highest rate of
decline in the V-band light curve during the end of the plateau and the beginning of the nebular phase (Elmhamdi et al. 2003a). All the spectra have low spectral
resolution (∼10Å). The P-Cygni features of Na i D, Ba ii λ6142, Sc ii λ6248, Ba ii λ6497, and Hα are marked.

more metallic lines get resolved than in the normal IIP SNe and
this arises due to smaller line widths of hydrogen lines seen
in low-luminosity IIP SNe (Fraser et al. 2010 and references
therein). In addition, the Ba ii line in the low-luminosity SNe
shows stronger absorption components due to lower ejecta
temperature than that in the normal luminosity Type IIP SNe
2004et and 2008gz (Turatto et al. 1998). In Figure 7, we have
identified the spectral features in a late-plateau phase (+99 days)
spectrum which covers the full wavelength range from 0.4 to
0.95µm. For line identification we have followed Pastorello
et al. (2004), where different spectral lines were identified for
the +102 day spectrum of a low-luminosity SN 1999br. We are
able to identify all the features and the spectral profiles of all
the elements are similar to the archetypal low-luminosity IIP
SNe 1997D, 2005cs, and 1999br (Pastorello et al. 2004 and
references therein).
Figure 8 shows the spectral evolution of Hα, Hβ, Na i D,

Fe ii, Ba ii, and Sc ii lines. In Figure 9 (left panel), we show the
expansion velocities of the ejecta derived from Balmer and Fe ii

lines. The latter is a good indicator of photospheric velocity.
The expansion velocities of the H-envelope are estimated using
absorption minima of the P-Cygni profiles and at the two
earliest phases (+7 days and +14 days) Hα and Hβ show a broad
P-Cygni profile which, with time, becomes narrower at later

phases keeping the position of the emission peak centered near
zero velocity. The Hα line velocity starts at about 7000 km s−1

at +10 days, reaches 4000 km s−1 at +50 days, and flattens at a
level of 1200 km s−1 in the nebular phases. It can be seen from
the right panel of Figure 9 that in the comparable phases the Hα

line velocities of low-luminosity SNe are less than half those
of normal IIP SNe 1999em and 2004et, whereas the SN 2008in
velocities are more like low-luminosity SN 2005cs. To estimate
the photospheric velocity of the transient, we have computed
the velocities of different Fe ii lines λ4924, λ5018, and λ5169
at different phases. The first marginal detection of these lines
is in the +14 day spectrum and they became prominent in later
stages of evolution. For SN 2008in, the average velocity of these
lines (and hence roughly the photospheric velocity) at +14 days
is about 4450 km s−1, which is comparable with that of low-
luminosity SNe andmuch less than ordinary Type IIP events (see
Figure 12 of Pastorello et al. 2009).
The emergence of absorption dips in the blue wings of Hα is

clearly seen in the post +60 day spectra24 and the absorption
dips have been marked with A, B, and C in Figure 8. We
distinguish “A” as an absorption dip due to Ti ii and Hα and

24 This is the first time that the rapidly changing evolution of Hα profiles
during the late plateau to nebular phase has been so densely covered in a
low-luminosity SN.

10

End plateau spectra of different type IIP SNe (Roy et al. 2011).



Light Curves of Type IIP SupernovaeNo. 2, 2009 IMPROVED STANDARDIZATION OF SNe II-P 1071

0 20 40 60 80

15

15.5

16

16.5

17

17.5

1999bg

1

JD- 2451259
0 50 100 150

13

14

15

16

17

18

19

1999em

1

JD- 2451476
0 50 100 150

14

15

16

17

18

19

1999gi

JD- 2451520

0 20 40 60 80 100

17

17.5

18

18.5

19

19.5

20

2000bs

JD- 2451650
0 20 40 60 80

15

16

17

18

19

2000dc

JD- 2451762
0 50 100

17

18

19

20

2000dj

JD- 2451789

0 50 100 150

15

16

17

18

19

2001x

JD- 2451964
0 20 40 60 80 100

15

15.5

16

16.5

17

17.5

2001bq

JD- 2452034
0 20 40 60

16

16.5

17

17.5

18

2001cm

JD- 2452064

0 20 40 60 80 100

16

17

18

19

2001cy

JD- 2452086
0 20 40 60

15

16

17

18

19

2001do

JD- 2452134
0 20 40 60 80 100

16.5

17

17.5

18

18.5

19

2002gd

JD- 2452551

0 50 100 150

14

15

16

17

18

19

20

2002hh

JD- 2452576
0 50 100 150

15

16

17

18

19

20

2003hl

JD- 2452868
0 50 100

15

16

17

18

19

20

2003iq

JD- 2452921

0 20 40 60 80 100

16

17

18

19

2004du

JD- 2453223
0 20 40 60 80

11

11.5

12

12.5

13

13.5

2004et

JD- 2453272
0 20 40 60 80 100

15

16

17

18

2005ay

JD- 2453453

0 10 20 30 40 50

13.5

14

14.5

15

15.5

16

2005cs

JD- 2453550

Figure 2. Light curves of the 19 SNe II-P from KAIT: B (blue dots), V (green upside-down triangles), R (red triangles), and I (black squares). Vertical line segments
at the bottom of each panel mark the times for which we have spectra. Note the abundance of spectra, and the diversity in the SN light-curve shapes.

(A color version of this figure is available in the online journal.)

Light curves of SNe IIP: B (blue), V (green), R (red), and I (black) (Poznanski et al. 2009).



Death of Massive Stars

for Type IIL supernovae that the radius be large (Swartz,
Wheeler, & Harkness 1991) and helpful if the 56Ni mass is
not too small. The minimum metallicity for Type IIL/b
supernovae in single stars is set by the requirement that the
mass loss needs to be strong enough to remove enough of
the hydrogen envelope (Fig. 2). In single stars Type IIL/b
SNe are formed only in a thin strip where the hydrogen
envelope is almost, but not entirely, lost. Gaskell (1992)
finds that Type IIL supernovae are currently about 10%–
20% as frequent as Type IIp.

For increasing metallicity, this domain shifts to lower ini-
tial mass. Below a certain minimum metallicity we do not
expect Type IIL/b supernovae from single stars at all.
Indeed, those stars that form at the lowest (possible) metal-
licities will be so massive that they frequently form black
holes by fallback and have not very luminous supernovae.
This will be particularly true if the stars explode as blue
supergiants but lack radioactivity.

4.2. Type Ib and Ic Supernovae

A complication is that Type Ib/c SNe with masses above
4–5M�, which may be the most common ones to come from

single stars, also have dim displays even if they are still
powerful explosions (Ensman & Woosley 1988); i.e., the
progenitor stars’ cores are not so massive that they encoun-
ter significant fallback. In this paper, we do not differentiate
these types of supernovae from our set of normal super-
novae. Our assumptions regarding the different types of
supernovae are summarized in Table 2.

Clearly, mass loss is a key parameter, and both high met-
allicities and high initial masses are required to produce

Fig. 2.—Supernovae types of nonrotating massive single stars as a function of initial metallicity and initial mass. The lines have the same meaning as in
Fig. 1. Green horizontal hatching indicates the domain where Type IIp supernovae occur. At the high-mass end of the regime they may be weak and
observationally faint because of fallback of 56Ni. These weak SN Type IIp should preferentially occur at low metallicity. At the upper right-hand edge of the
SNType II regime, close to the green line of loss of the hydrogen envelope, Type IIL/b supernovae that have a hydrogen envelope ofd2M� are made ( purple
cross-hatching). In the upper right-hand quarter of the figure, above both the lines of hydrogen envelope loss and direct black hole formation, Type Ib/c
supernovae occur; in the lower part of their regime (middle of the right half of the figure) they may be weak and observationally faint because of fallback of
56Ni, similar to the weak Type IIp SNe. In the direct black hole regime no ‘‘ normal ’’ (non–jet-powered) supernovae occur since no SN shock is launched. An
exception are pulsational pair-instability supernovae (lower right-hand corner; brown diagonal hatching) that launch their ejection before the core collapses.
Below and to the right of this we find the (nonpulsational) pair-instability supernovae (red cross-hatching), making no remnant, and finally another domain
where black hole are formed promptly at the lowest metallicities and highest masses (white) where nor SNe are made. White dwarfs also do not make
supernovae (white strip at the very left).

TABLE 2

Explosion Assumptions for Different Supernova Types

Type Ib/cHe CoreMass

at Explosion

(M�) Explosion Energy Display

e15 .................................. Direct collapse Nonea

�15–8 ............................... Weak Dima

�8–5 ................................. Strong Possibly dim

d5 .................................... Strong Bright

a If not rotating.

No. 1, 2003 DEATH OF MASSIVE STARS 291

General paradigm: type IIP SNe originate from the 9–25 M� M-S stars (Heger et al. 2003).



Evolutionary tracks in the Tc − ρc plane

Janka (2012)



Two Methods to Estimate Mass of Progenitor Star

surprisingly, not reliably determined, with estimates ranging from 7.5 to 10.2 Mpc (reviewed by

Hendry et al. 2005). It would be desirable to establish the distance more reliably, as the mass and

luminosity estimate of the progenitor is critically reliant on this estimate. Comparison with the

stellar evolutionary models show the progenitor is likely to have had an initial mass in the range

of 8+4
−2 M⊙. The progenitor’s estimated location on an HRD is similar to RSGs in Milky Way

clusters, with the Galactic stars shown for comparison in Figure 4. The metallicity at the site of

the explosion was probably around solar.
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Figure 4

(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M⊙. The 6- and
8-M⊙ tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.

bands and a very red object, with I = 21.2 ± 0.2 and (I−K ) = 2.86 ± 0.2. Mattila et al. (2008)

show the stellar SED can be fit by a late type M4I with AV = 1, and this corresponds to a RSG

of initial mass 8.5 ± 1.0 M⊙. The metallicity of the host galaxy at the position of the explosion

appears to be low, intermediate between the SMC and LMC; hence, the RSGs of the LMC and

Z = 0.08 tracks are shown in Figure 4.

4.1.4. SN2004dj and SN2004am. The vast majority of CCSNe in the local Universe occur in

star-forming regions of their host galaxies but, perhaps somewhat surprisingly, are rarely coincident

with bright star clusters (Van Dyk, Li & Filippenko 2003a; Maund & Smartt 2005). Quantitatively,

it is probably 10% or less. Smartt et al. (2009) show that in their volume-limited sample of 20

II-P SNe, only 2 SNe fall on compact coeval star clusters. If these clusters are indeed coeval, then

a measurement of their age gives a reasonable estimate for the evolutionary turn-off mass and,
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(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M⊙. The 6- and
8-M⊙ tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.
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“Pre-SN image mass”
The flux and the color in-
dex of pre-SN can be con-
verted into mass using the
evolution models. It is
measured for 13 pre-SNe,
and for 10 the upper lim-
its are estimated (Smartt
2009, Elias-Rosa et al.
2009, Fraser et al. 2011,
2012, Van Dyk et al. 2012,
Tomasella et al. 2013).

“Hydrodynamic mass”
Hydrodynamic modeling
recovers the ejecta mass
which, combined with the
NS mass and the mass
lost by stellar wind, gives
the mass of a M-S star.
Hydrodynamic mass is
measured for 9 objects.



Positions of Detected Type II Progenitors

8 S. J. Smartt

Figure 3. The positions of the detected progenitors and upper limits to the type II SNe as discussed in Section 2. The stellar evolutionary
tracks are from Eldridge & Tout (2004). The possible positions of the progenitor star of iPTF13bvn is marked with two symbols, joined
by the dotted line. These show the two positions of the progenitors proposed by Bersten et al. (2014) and Eldridge et al. (2015) in their
binary models. The position of the progenitor of SN2009ip is shown as the magenta symbol, as estimated from the faintest magnitude
the LBV star was found at (see Section 2.4 for more details). The 14 Ibc progenitors with no detections are not quantitatively marked
here. If they were WR stars then one would expect to find them around the blue shaded area (although the box position is illustrative
as some models predict progenitors outside this locus, e.g. Groh et al. 2013a,c) There are 30 progenitors below logL = 5.1, and only
one (SN2009ip) above, if indeed SN2009ip is a genuine core-collapse supernova.

It remains to be seen if the existing, and follow-up
data for SN2013df and SN2008ax also can be explained
with binary models. However it is certain that the pro-
genitors all have luminosities around logL ≃ 5.0L⊙, al-
beit with the assumption that the bolometric correc-
tion for the SN2008ax progenitor is not unusually high.
The stellar evolutionary models employed in the stud-
ies discussed in this section to explain the progenitor
luminosities have ZAMS masses in the range 13-17M⊙.
It would appear that IIb progenitors are consistently
among the highest luminosity (and hence highest mass)
progenitors so far detected. There are few other upper
limits, and with four cases of nearby IIb SNe all with
bright, detected progenitors it seems reasonable to con-
clude that they are not produced by lower mass systems

in the 8-12M⊙ range. The physical reason for this is not
determined and it will be interesting in the future to test
quantitative models. One may speculate that it could be
due to higher mass stars forming closer binaries more
easily or brighter progenitors being more extended and
hence their envelopes more efficiently undergoing Roche
lobe overflow when they reach the L1 point.
A spectrum of the light echo of Cas A showed this

Milky Way supernova to be of type IIb (Krause et al.
2008; Rest et al. 2008). There is no sign of an obvi-
ous companion star in the centre of the Cas A rem-
nant, leading to the speculation that this was a high
mass single star that lost most of its hydrogen en-
velope through winds. However the total amount of
gas either ejected or residing in the CSM, and there-

PASA (2015)
doi:10.1017/pas.2015.xxx

Smartt (2015)



Urgently Needed Observations of Type IIP Supernovae

Complete photometry, good spectra, early detection, and transition from plateau to 56Co tail.



Light Curves of Ordinary Type IIP Supernovae

Luminosity at the plateau varies by ∼ 1.2 dex for type IIP SNe which result from RSG stars.



Light Curves of Peculiar Type IIP Supernovae

For BSG pre-SNe, the doom-like light curves are entirely powered by radioactive decay.



Hydrodynamic Models for Type IIP Supernovae

SN R0 Menv E MNi vmaxNi vminH

(R�) (M�) (1051 erg) (10−2M�) (km s−1) (km s−1)

SN 1987A 35 18 1.5 7.65 3000 600
SN 1999em 500 19 1.3 3.60 660 700
SN 2000cb 35 22.3 4.4 8.3 8400 440
SN 2003Z 230 14 0.245 0.63 535 360
SN 2004et 1500 22.9 2.3 6.8 1000 300
SN 2005cs 600 15.9 0.41 0.82 610 300
SN 2008in 570 13.6 0.505 1.5 770 490
SN 2009kf 2000 28.1 21.5 40.0 7700 410
SN 2012A 715 13.1 0.525 1.16 710 400

• The diversity in observational data transforms into wide range of SN parameters.

• Most of type IIP pre-SNe are found to be RSGs, while two peculiar objects with
dome-like light curves originate from BSGs.

• Mixing between He core and H envelope, indicated by low H velocity, is needed.

• Huge explosion energy of SN 2009kf: the sign of a BH formation?



Current State of Type IIP Progenitors

The M-S mass controversy still remains for hydrodynamic modeling.



Crucial Role of Spectral Data

SN 2005cs

optimal / “evolutionary” model

R0(R�) = 600/700

Menv(M�) = 15.9/7.8

E(1050erg) = 4.1/1.4



Time-Dependent Effects in Photospheric Spectra
SN 1987A



Hα and Hβ Lines Problem at Early Phase
The ratio Rτ = τS(Hα)/τS(Hβ) is determined by atomic data. Theoretical value is 7.25.

Ordinary type IIP SN 2008in: Rτ = 2.5 (RSG)

Peculiar type IIP SN 1987A: Rτ = 7.25 (BSG)



Inhomogeneous Outer Layers of Ejecta

Smooth medium Clumpy medium

Iν = Iphν [fc exp (−τc) + (1− fc) exp (−τic)]

ν = ν0(1− vz/c)

Rτ = τS(Hα)/τS(Hβ) = 7.25 both in clumps and interclump matter.



Clumping: Solution of Hα and Hβ Lines Problem
SN 2008in

fc ≈ 0.5, vf ≈ 6100 km s−1, τc ≈ 100, τic ≈ 1, Mf ≈ 0.03M� (∼ 2× 10−3 of Menv)



Origin of Clumps in Ordinary Type IIP Supernovae

RSG density profiles

Fadeyev (2012)

Shock-turbulence interaction

9

Canonical shock/turbulence interaction

• Isotropic turbulence passing through a normal shock in a perfect gas

• Isolates the core interaction between turbulence and shock

Eddies visualized by Q-

criterion, colored by vorticity.

Shock visualized by dilatation

contour.

Lele et al. (2009)



Fundamentals of Clumping Description

q(τc) = 3
8τ 3

c

[2τ 2
c − 1 + (1 + 2τc) exp(−2τc)]

Basic Formulae

fc = µcD
−1

ρc = Dρ

ρic =
1− µc
1− fcρ

ktot = fck
eff
c +(1−fc)kic

ηtot = fcη
eff
c +(1−fc)ηic

keffc = kc q(τc)

ηeffc = ηc q(τc)



Effects of Clumping in Hydrodynamic Modeling

SN 2012A: MpreSN = 14.5M�, clumpy mass ∼ 0.07M� with velocities > 5500 km s−1.



Explosion Energy and 56Ni Mass Versus Progenitor Mass

SN 2009kf
Single star scenario
2.2× 1052 erg⇒ BH
NS/BH border in 30-35 M�

“Missing” CCSNe
Extrapolated properties:
MZAMS ≈ 10M�
E ≈ 6× 1049 erg
MNi ≈ 10−3M�



Different Approach to Hydrodynamic Modeling14 Bose et al.
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Figure 18. Comparison of the evolution of the main observables of SN 2013ab with the best-fit model computed using the general-
relativistic, radiation-hydrodynamics code (total energy 0.35 foe, initial radius 4.2 × 1013 cm, envelope mass 7M⊙). Top, middle, and
bottom panels show the bolometric light curve, the photospheric velocity, and the photospheric temperature as a function of time. To
better estimate the photosphere velocity from observations, we use the minima of the profile of the Sc ii lines which are considered good
tracer of the photosphere velocity in Type II SNe. As for the photospheric temperature, we use the blackbody temperature derived from
the blackbody fits to the spectral continuum.

may be linked to a systematic shift between the true photo-
spheric velocity and the values estimated from the observed
P-Cygni line profiles (Dessart & Hillier 2005a), according to
which the optical depth in the lines could be higher than that
in the continuum, causing a shift of the line photosphere to
a larger radius (see also Inserra et al. 2013). Nevertheless we
notice that the discrepancy can be eliminated by adopting
for the model higher values for the initial radius (∼ 6×1013

cm), the energy (∼ 0.6 foe) and the envelope mass (up to 13
M⊙). However in this case we get a worse fit to the observed
light curve, with a longer (by about 30%) plateau.

The values reported above are consistent with a core
collapse scenario from a typical red super-giant progenitor
of relatively low mass. The radius estimate is also consistent
within errors with that estimated from early photospheric
temperatures described in §7.1.

8 SUMMARY

In this paper we present high-cadence broadband photo-
metric and low resolution spectroscopic observations of SN
2013ab spanning a duration of about 6 months. In total, we
collected 135 epoch of photometric and 25 epochs of spectro-
scopic observations. A brief summary of the results obtained
in this work is given below.

(i) The light curve and the bolometric luminosity com-
parisons with other SNe IIP suggest that SN 2013ab is a
normal SN IIP, though with a relatively large plateau de-
cline rate (0.92 mag 100 d−1 in the V band) and a shorter

plateau duration (∼ 78 d). The 56Ni mass estimated by com-
paring the tail luminosity with that of SN 1987A yields a
value of 0.064 M⊙.

(ii) Spectroscopic comparisons show strong resemblance
with canonical type IIP events. Earliest spectra show a fea-
tureless continuum. As the SN evolve, the spectra develop
metal lines (calcium, iron, scandium, barium, titanium and
neutral sodium). Nebular phase spectra show emission lines
with little or no P-Cygni signatures. Spectra until 77d with
good signal-to-noise ratio are modeled using synow to iden-
tify most of the prominent features and to estimate expan-
sion velocities for the He i , Fe ii and Hβ lines.

(iii) The EPM has been applied to SN 2013ab using the
synow-derived velocities and BV I photometric data. This
provides an independent and reliable estimate of the dis-
tance of the galaxy NGC 5669 as 24.3± 1.0 Mpc.

(iv) We constrained the physical properties of SN 2013ab
at the explosion by means of a hydrodynamical mod-
elling of the main observables which uses the general-
relativistic, radiation-hydrodynamics code described in
Pumo & Zampieri (2011). The kinetic plus thermal energy
is estimated to be ∼ 0.35 foe, the progenitor mass is ∼ 9 M⊙
and the radius is about 600 R⊙.
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The best-fit model for SN 2013ab:
R0 = 603R�, Menv = 7M�, E = 0.35× 1051 erg (Bose et al. 2015).



SN 1987A: Evolutionary pre-SN models

Model RpSN M
core
He MpSN MZAMS Xsurf Ysurf Zsurf ξ1.5 Ref

(R�) (M�) (M�) (M�) (10−2)

B15 56.1 4.05 15.02 15.02 0.767 0.230 0.34 0.24 1
N20 47.9 5.98 16.27 ∼20.0 0.560 0.435 0.50 0.83 2
W18 46.8 7.40 16.92 18.0 0.480 0.515 0.50 0.68 3
W20 64.2 5.79 19.38 20.10 0.738 0.256 0.56 0.78 4

(1) Woosley et al. (1988);
(2) Shigeyama & Nomoto (1990);
(3) Woosley (2007);
(4) Woosley et al. (1997).



SN 1987A: Density distributions in the pre-SN models

Models B15 (blue), N20 (green), W18 (magenta), W20 (red), and optimal model (black).



SN 1987A: Mass fractions in the pre-SN models

Models B15-2 (Panel a), N20-P (Panel b), W18 (Panel c), and W20 (Panel d).



SN 1987A: Morphology of radioactive 56Ni-rich matter



SN 1987A: Mass fractions as functions of velocity

Models B15-2 (Panel a), N20-P (Panel b), W18 (Panel c), and W20 (Panel d).



SN 1987A: Bolometric light curves

Models B15-2 (blue), N20-P (green), W18 (magenta), W20 (red), and optimal model (black).



Oxygen Doublet at Nebular Phase

ρ ∝Me(vt)
−3⇒ E ∝M5/3

e ρ−2/3t−2

Progenitor mass estimates for SN 2012A 1649

Figure 9. Comparison among spectra of SN 2012A, SN 1999em and SN 2005cs at similar phases. Top panel: few days past explosion; middle panel: about
one month past explosion; bottom panel: about one year past explosion.

Table 8. Flux measurements in the nebular spec-
trum at+394 d. The spectrum has been corrected
for the adopted extinction in the direction of the
SN 2012A, E(B − V) = 0.037mag.

Line Flux (×10−14erg cm−2 s−1)

Hα 4.10
[O I] 6300Å 0.81
[O I] 6363Å 0.31
[Fe II] 0.27
[Ca II] 1.90
Na ID 0.30
[Mg II] 0.27
Ca II NIR 1.00

4.2 Near-infrared spectrum

AnNIR spectrum of SN 2012Awas collected with NTT+SOFI dur-
ing the photospheric phase (+67 d), covering the wavelength region
between 9400 and 25000 Å. It is shown in Fig. 10 after merging
with the +66 d optical spectrum taken with the same telescope

but equipped with ESO Faint Object Spectrograph and Camera
(EFOSC2). This was compared with the NIR SN spectra presented
in Gerardy et al. (2001); Fassia et al. (2001); Pozzo et al. (2006)
which were also used as guide for line identification. The NIR
spectrum is dominated by the Paschen series of hydrogen, showing
P-Cygni profiles similar to the Balmer lines. Brγ is also detected. In
the insert of Fig. 10, we show a zoomed-in view of the NIR region
between 9000 and 13000Å. The spectral lines are typical of SNe
IIP at this phase, in particular the blend of C I 10691Å with He I
10830Å that was also observed in coeval epochs are available, i.e.
SN 1997D (Benetti et al. 2001), SN 1999em (Hamuy et al. 2001),
SN 2005cs (Pastorello et al. 2009) and SN 2004et (Maguire et al.
2010b). Sr II 10327Å is clearly visible, while the contribution of
Fe II 10547Å is not as evident as in other Type II SNe (see for
example SN 2005cs in Pastorello et al. 2009).

4.3 Blackbody temperature and expansion velocities

Estimates of the photospheric temperatures of SN 2012A were de-
rived from blackbody functions fitted to the spectral continuum

 at MPI Astrophysics on December 12, 2013
http://mnras.oxfordjournals.org/

Downloaded from 

wavelength (Å)

SN 1999em
day 384

SN 2012A
day 393

SN 2005cs
day 329

Red
Blue

= exp (E12/kT )

(
λ13

λ23

)5
1− exp (−τ23)
1− exp (−τ13)

⇒ n(O)
τ ∝ n(OI) t, n(O) = n(OI)



Differential and Cumulative Density Distributions

• The oxygen densities obtained for 11 SNe are reduced to day 300.

• The average value is 2.3× 109 cm−3 with the standard deviation of 109 cm−3.

• The found distributions do not depend on distance, extinction, or model assumptions.



Modeling Oxygen Density Distributions

ρ ∝Me(vt)
−3⇒ E ∝M5/3

e ρ−2/3 & (2.3± 1)× 109 cm−3⇒ growing E(M)

Model M1 M2 E1 E2 k
(M�) (1051 erg)

Model 1? 9 25 0.2 4 –
Model 2 9 25 0.2 4 2.9
Model 3 9 20 0.2 2 2.9

?No correlation between E and M .

E ∝Mk

k = ln(E2/E1)/ ln(M2/M1)

• Progenitor mass M : Salpeter law dN/dM ∝M−2.35 in the range M1 < M < M2.

• Explosion energy E: relation E = E1(M/M1)
k in the range E/s− sE, s = 1.1.

• Ejecta: ρ = ρ0/(1 + (v/v0)
q), v0 and ρ0 are determined by E and Me, and q ≈ 8.



Empirical and Hydrodynamic Energy-Mass Relations




