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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).



Two Methods to Estimate Mass of the Progenitor

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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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,

78 Smartt

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
9.

47
:6

3-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 M

ax
-P

la
nc

k-
G

es
el

ls
ch

af
t o

n 
10

/0
3/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.

”Evolutionary mass”
The flux and the color in-
dex of detected pre-SN can
be converted into M-S stel-
lar mass using the stellar
evolution models. Evolu-
tionary mass is measured
for 8 pre-SNe, and for 10
pre-SNe the upper limits
are estimated (Smartt et al.
2009, Smartt 2009).

”Hydrodynamic mass”
Hydrodynamic modeling
recovers the ejecta mass
which, combined with NS
mass, determines pre-SN
mass. The latter and the
mass lost by stellar wind
give the mass estimate of
M-S star. Hydrodynamic
mass is measured only for
5 type IIP SNe.



Directly Detected Type IIP Pre-Supernovae

4.5. Transients of Uncertain Nature: Core Collapse or Not?

An intriguing new twist in the story of optical transients occurred in 2007 and 2008. The discovery

of two objects with similar luminosities, color temperatures, and line velocities within a few months

led to suggestions that they are physically related and that other peculiar transients could be

of the same class. Kulkarni et al. (2007) reported the discovery of an optical transient in M85
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Smartt (2009) provides a
brief summary for directly
(non)detected pre-SNe:

• The type IIP pre-SNe were
confirmed as red supergiants
(as predicted by Grassberg,
Imshennik & Nadyozhin
1971).

• The minimum initial mass that
produces type IIP SN is con-
verging toward 8 ± 1M�.

• A surprising lack of high-mass
(>16M�) type IIP progeni-
tors was found (so called ”Red
Supergiant Problem”).

A cumulative frequency plot of the masses of type IIP progenitors and the Salpeter IMF.
Solid line: Salpeter IMF with α = −2.35, Mmin = 8.5M�, Mmax = 16.5M�.
Dotted line: Salpeter IMF with Mmax = 30M� (Smartt 2009).



Light Curves of Well-Observed Type IIP Supernovae

The bolometric luminosity at the plateau varies by ∼ 1.2 dex from the low-luminosity
SN 2003Z to the luminous SN 2004et.



Hydrodynamic Models Versus Observed Progenitors

SN Menv MNS Mpre−SN ∆Mlost Mhydro
ZAMS Mevol

ZAMS

(M�) (M�) (M�) (M�) (M�) (M�)

SN 1987A 18.0 1.6 19.6 1.7 19.8–22.8 16–22a, 18–22b,c,d

SN 1999em 19.0 1.6 20.6 1.6 21.0–23.4 15–25e, < 15f

SN 2003Z 14.0 1.4 15.4 0.2–0.8 14.4–17.4 —
SN 2004et 22.9 1.6 24.5 1.4–3.4 25.0–29.0 8–14g

SN 2005cs 15.9 1.4 17.3 1.0 17.6–20.4 7–12h, 7–13i, 6–8j

(a) Woosley (1988)
(b) Nomoto & Hashimoto (1988)
(c) Shigeyama & Nomoto (1990)
(d) Woosley et al. (1997)
(e) Leonard et al. (2003)

(f) Smartt et al. (2003)
(g) Smartt et al. (2009)
(h) Maund et al. (2005)
(i) Li et al. (2006)
(j) Eldridge et al. (2007)

• In sharp contrast with the progenitor masses estimated from the pre-explosion
images, hydrodynamic modeling suggests that the 15 − 30 M� main-sequence
stars are the progenitors of type IIP SNe.



Comparison of Optimal and Evolutionary Models
SN 2004et

SN 2005cs

optimal / evolutionary

R0(R�) = 1500/600

Menv(M�) = 24.5/15.9

E(1051erg) = 2.3/1.3

R0(R�) = 600/700

Menv(M�) = 15.9/7.8

E(1050erg) = 4.1/1.4



Aspherical Explosion
• SN 2005cs: A kinetic energy excess of ∼ 1049 erg (∼ 3% of the explosion energy)

in the outermost layers of ∼ 0.2M� is required to fit spectroscopic observations.

• Spectropolarimetry shows that asphericity of core-collapse SNe is more pronounced
in the inner layers, implying that the explosion process is strongly aspherical (e.g.
Leonard & Filippenko 2005; Wang & Wheeler 2008).

• A directed outflow as the aspherical energy input would produce the required kinetic
energy excess in the outer layers.

The pre-SN of Alex Heger
R0 = 600R�
Menv = 8M�
E = 1051 erg

2D simulations
hydro code PROMETHEUS
(Fryxell, Müller, & Arnett 1989)



A Failure of Aspherical Explosion
• Hydrodynamic modeling of the photo-

spheric velocity for SN 2005cs gives
vmax(opt)/vmax(evol) ≈ 1.75.

• 2D simulations show that near polar direc-
tion vmax(asph)/vmax(sph) ≈ 1.25 at ter-
minal phase.

• Axis ratio of ≈ 3/2 results in a linear polar-
ization P ≈ 2% (Höflich 1991).

• Type IIP SNe at early-time phase: no event
to show P ≥ 0.5% (Leonard & Filippenko
2005).

• The required velocity excess of 50 − 75%
is inconsistent with polarimetric observations
of type IIP SNe.

• An aspherical explosion fails to produce the
required kinetic energy excess in the outer
layers at the observed polarization.



”Red Supergiant Problem”?
• Type IIP SN 2009kr is probably the first evidence of high-mass progenitors. In

HST pre-explosion images the pre-SN was identified as yellow SG with initial mass
11 − 20M� (Fraser et al. 2009; the evolutionary tracks of Eldridge & Tout 2004) and
18 − 24M� (Elias-Rosa et al. 2009; the evolutionary tracks of Hirschi et al. 2004).

• The progenitor mass for SN 2004et estimated with hydrodynamic modeling is in the
range of 25 − 29M� (Utrobin & Chugai 2009).
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Fig. 4.— Top panel: Time series of spectra of SN 2009kr from Telescopio Nazionale Galileo

+ Dolores, Nordic Optical Telescope + ALFOSC, Calar Alto 2.2m telescope + CAFOS,

New Technology Telescope + EFOSC2, showing the evolution of the SNe, and in particular

the development of the Hα P-Cygni profile. Narrow components are believed to be from a

nearby HII region. Bottom left panel: Spectrum of the SN at ∼30d, compared to other SNe

at similar epochs, as discussed in text. Bottom right panel: R-band lightcurve of SN 2009kr

based on photometry obtained with Liverpool Telescope + RatCam, as compared to other

SNe (r′ images from RatCam have been calibrated to Bessell R). SN 2009kr magnitudes are

relative to discovery epoch (Nov. 6).

Fraser et al. (2009)

– 13 –

Fig. 2.— (a) Subsections of the pre-explosion HST+WFPC2/F814W images of NGC 1832,

and (b) the post-explosion AO Kp image of SN 2009kr with Keck II+NIRC2. The approx-

imate positions of the candidate progenitor and the SN are indicated by tick marks. (c)

5′′ × 5′′ zoom of the HST image. The radius circle is 3σ.

Fig. 3.— A Hertzsprung-Russell diagram showing the Lbol and Teff for the candidate pro-

genitor of SN 2009kr (filled circle). Model stellar evolutionary tracks for solar metallicity

(Hirschi, Meynet, & Maeder 2004) are also shown for a rotation of vini = 0 kms−1(dot-

dashed, solid and dashed red lines) and vini = 300 kms−1 (dot-dashed, solid and dashed blue

lines).

Elias-Rosa et al. (2009)



Very Luminous Type IIP SN 2009kf
• Botticella et al. (2010): SN is extremely luminous both in the optical and NUV and has

a large expansion velocity of ∼ 9000 km s−1 on day 61. The upper limit luminosity at ∼
day 234 suggests MNi < 0.4M�. It may be interpreted with explosion energies > 1052

erg or pre-SN radii > 1000R�, or interaction of the ejecta with a surrounding shell.

• Utrobin, Chugai, & Botticella (2010): It is the first energetic type IIP SN and its high explo-
sion energy implies that this event is associated with a formation of BH (e.g. jet-powered
explosion) rather than NS (e.g. neutrino-driven or magnetohydrodynamical mechanism).

R0 = 2000R�, Menv = 28.1M�, E = 2.15 × 1052 erg, MNi = 0.4M�, MBH = 4.5M�



Explosion Energy and 56Ni Mass Versus Progenitor Mass

SN 2009kf
Its high explosion energy mani-
fests that the event is powered by
an accretion into BH.

Single star scenario (Collapsar)
It implies that a border between
the NS and BH formation lies in
the range of 30 to 35M�.

Binary scenario (Merger)
In this case a term ”progenitor”
loses its original sense. For ex-
ample, the required pre-SN could
be produced by a 25M� + 20M�
close binary at the ZAMS.



Final Comments and Conclusions

• Evolutionary mass
The mass distribution of detected type IIP progenitors can be fitted with a Salpeter
IMF of a slope α = −2.35, assuming a minimum mass of 8.5M� and a fixed
maximum mass of 16.5M� (Smartt 2009).

• Hydrodynamic mass
Hydrodynamic modeling suggests that the 15 − 30M� main-sequence stars are
the progenitors of type IIP SNe.

• Aspherical explosion
An aspherical explosion cannot reduce the ejecta mass measured from hydrody-
namic modeling of type IIP SNe.

• ”Red Supergiant Problem”
Type IIP SN 2009kr, the pre-SN of which was discovered on the pre-explosion
images, is probably the first evidence of high-mass progenitors.

• Black hole formation in type IIP SN
The very luminous SN 2009kf is the first energetic type IIP SN associated with a
formation of BH (e.g. jet-powered explosion) rather than NS (e.g. neutrino-driven
or magnetohydrodynamical mechanism).


