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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

Type IIP SNe originate presumably from 9−25M� main-sequence stars (Heger et al. 2003).



Two Methods to Estimate Mass of the Progenitor

WFPC2 PSF variations and charge-transfer effects across the
chips, zero points, aperture corrections, etc. There are many op-
tion flags to run HSTphot. For our reduction, we chose to in-
clude Option 2 (turn on local sky determination) as recommended
by the HSTphot manual for images of galaxies well beyond the
Local Group, and Option 8 (turn off aperture corrections) as there
are no good aperture correction stars in our images. HSTphot then
uses the default aperture corrections for the filters, which are
probably accurate in general to 0.02 mag. We also used an inde-
pendent detection threshold of 2.5 � (minimum S/N for a given
image or filter for star detection), and a total detection threshold
of 3.0 � (minimum total S/N for a star to be kept in the final
output). All photometry was performed on the co-added images
in each filter.

Table 6 lists the HSTphot photometry for the progenitors of
SNe 2006my and 2006ov. Columns (2) and (3) list the SN loca-
tion as predicted by the astrometric solutions (x 3). Columns (4)
and (5) list the coordinates of the detected sources near the
SN location in HSTphot. From the magnitudes of all 3 � detec-
tions in the images, we also empirically determined the limiting
magnitude near the SN sites in the images, and listed them in col-
umn (9) (Lmag) of Table 6. These limiting magnitudes are differ-
ent (�0.5 to 1.0 mag shallower) from the values calculated with
the WFPC2 ETC on the HST Web site,9 as the SN sites are lo-
cated on a bright stellar background.

Fig. 8.—A 500 ; 500 close-up of the SN 2006ov environment in the HST WFPC2 F450W, F606W, and F814W images. The white circles mark 20 times the 1 �

uncertainty of the astrometric registration. The F606W image is rotated to match the orientation of the F450Wand F814W images. The top panel shows the images in the
originalWFPC2 resolution (0.100 pixelÿ1), while the bottom panel resamples the data to a resolution of 0.0500 pixelÿ1 to bring out more details. The candidate progenitor is
marked by a cross hair in the resampled F814W image. Photometry of the stars was performed on the original images.

TABLE 6

HSTphot Photometry for the Progenitors of SNe 2006my and 2006ov

SN

(1)

X (p)a

(2)

Y ( p)a

(3)

X (m)b

(4)

Y (m)b

(5)

S/N

(6)

Mag1c

(7)

Mag2c

(8)

Lmagd

(9)

2006my ............................ 410.11 158.31 409.72 158.13 5.6 F814W = 24.47(20) I = 24.45(20) I < 25.5

2006my ............................ 410.11 158.31 . . . . . . . . . F555W< 26.5 V < 26.5 V < 26.5

2006ov.............................. 571.12 235.72 571.12e 235.72e 6.1 F814W = 23.19(18) I = 23.08(18) I < 24.6

2006ov.............................. 226.94 266.84 226.94e 266.84e 2.2 F606W = 24.07(50) V = 24.24(50) V < 25.3

2006ov.............................. 571.12 235.72 571.12e 235.72e 6.1f F450W = 23.51(18)f B = 23.40(18)f B < 25.3

a The coordinates as predicted from the astrometric solutions.
b The coordinates as measured in HSTphot.
c Uncertainties in the last two digits for the magnitudes are indicated in parentheses.
d The 3 � limiting magnitude. See text for details.
e The coordinates as enforced in HSTphot. See text for details.
f This detection is likely caused by another source and not the progenitor of SN 2006ov. See text for details.

9 See http://www.stsci.edu/hst /wfpc2/software/wfpc2-etc.html.
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evolution tracks for a range of masses from Lejeune & Schaerer
(2001), assuming enhanced mass loss for the most massive stars
and ametallicity of Z ¼ 0:008.We have corrected themagnitudes
of the progenitor with the Galactic reddening only [E(Bÿ V ) ¼
0:027 mag], as discussed in x 2.2. The uncertainties in the pho-
tometry and the distance are added in quadrature to produce the
final uncertainty for the absolute magnitude. As a result of only
an upper limit to the brightness of the progenitor in the V band,
we have a lower limit to the (V ÿ I )0 color, as illustrated by the
arrows in Figure 9. The filled square represents the data with an
adopted distance modulus of � ¼ 31:8� 0:3 mag. From the lo-
cation of the progenitor on the CMD, Mzams ¼ 11Y15 M� is es-
timated. The filled circle represents the data when the average
VC distance (� ¼ 31:1� 0:5 mag) is used, which suggests
Mzams ¼ 7Y12 M�.

Figure 10 shows the (V ÿ I )0 versus M 0
I
CMD for the pro-

genitor of SN 2006ov in M61, after correcting the magnitudes
of the progenitor with the Galactic reddening of E(Bÿ V ) ¼
0:022 mag. Adopting � ¼ 30:5� 0:4 mag, the Mzams estimate
for the progenitor is 13Y17 M�. With the average VC distance
(� ¼ 31:1� 0:5 mag), we find Mzams ¼ 15Y19 M�. Figure 11
shows the (V ÿ I )0 versus M 0

V
CMD for the same object. The

Mzams estimate for the progenitor is 12Y17 and 14Y20 M� for
our two choices of the distance, respectively.

It is clear that the adopted distances to the galaxies have a rel-
atively large impact on the derived progenitor masses. As a by-
product of the CMD study, we provide an independent constraint
on the distances to NGC 4651 and NGC 4303 from the global
stellar photometry on theHST images. For SN 2006my, we mea-
sured the photometry of all the stars (with S/Nk 3) on the four
WFPC2 chips on the F555W and F814W images, and plotted
theirmagnitudes on the (V ÿ I )0 versusM 0

I
CMDwith an adopted

distance to NGC 4651. The isochrones of the stellar evolutionary
tracks from Lejeune & Schaerer (2001) are then plotted on the
CMD to see whether they are a good fit to the data. Although this
method is plagued by the need to adopt a global metallicity for all
the stars (while in reality they should come from a range of met-
allicities from different regions of NGC 4651), possible con-
tamination of compact stellar clusters in the photometry, and no
reddening corrections, it nevertheless suggests that � ¼ 31:1�
0:5mag (the average VC distance) provides a better fit to the data
than the average T-F distances (� ¼ 31:8� 0:3). For SN 2006ov,
the F450W and F814W images were used to derive a (Bÿ I )0

versus M
0
I
CMD, and the data favor the average T-F distance

(� ¼ 30:5� 0:4mag) over the averageVC distance (� ¼ 31:1�
0:5 mag). The global metallicity was adopted as solar for both
galaxies, even though the SN sites are subsolar.

Owing to the relatively large uncertainties in the distance es-
timates, our conservative approach is to adopt the progenitor
masses as derived from the distances favored by the CMD study
(� ¼ 31:1� 0:5 mag for SN 2006my, and � ¼ 30:5� 0:4 mag
for SN 2006ov), but allow the error bars to cover the range of
progenitor masses from the other distance estimate. This gives
Mzams ¼ 10þ5

ÿ3 M� for the progenitor of SN 2006my inNGC4651,
and 15þ5

ÿ3 M� for the progenitor of SN 2006ov in M61. Both

Fig. 9.—(V ÿ I )0 vs.M 0
I
color-magnitude diagram for the progenitor of SN

2006my. The filled square represents the data with an adopted distance modulus
of � ¼ 31:8� 0:3mag for SN 2006my, while the filled circle represents the data
with � ¼ 31:1� 0:5 mag. Also shown are model stellar evolution tracks for a
range of masses from Lejeune & Schaerer (2001), with enhanced mass loss for
the most massive stars and a metallicity of Z ¼ 0:008.

Fig. 10.—(V ÿ I )0 vs.M 0
I
color-magnitude diagram for the progenitor of SN

2006ov. The filled square represents the data with an adopted distance modulus
of � ¼ 30:5� 0:4 mag for SN 2006ov, while the filled circle represents the data
with � ¼ 31:1� 0:5 mag. Also shown are model stellar evolution tracks for a
range ofmasses fromLejeune&Schaerer (2001), with enhancedmass loss for the
most massive stars and a metallicity of Z ¼ 0:008.

Fig. 11.—(V ÿ I )0 vs.M 0
V
color-magnitude diagram for the progenitor of SN

2006ov. The filled square represents the data with an adopted distance modulus
of � ¼ 30:5� 0:4 mag for SN 2006ov, while the filled circle represents the data
with � ¼ 31:1� 0:5 mag. Also shown are model stellar evolution tracks for a
range ofmasses fromLejeune&Schaerer (2001), with enhancedmass loss for the
most massive stars and a metallicity of Z ¼ 0:008.
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”Evolutionary mass”
The flux and the color in-
dex of detected pre-SN
can be converted into stel-
lar mass using the stellar
evolution models. Evolu-
tionary mass is measured
for 8 pre-SNe, and for 6
pre-SNe the upper limits
are estimated (Li et al.
2007).

”Hydrodynamic mass”
Hydrodynamic modeling
recovers the ejecta mass
which, combined with the
mass of neutron star and
the mass lost by the stelar
wind, gives the mass es-
timate of main-sequence
star. Hydrodynamic mass
is measured only for three
type IIP SNe.



Physics of the Light Curve

There are a few type IIP SNe that have complete photometry and good quality spectra.



The Peculiar Type IIP SN 1987A

R0 = 35R�, Menv = 18M�, E = 1.5 × 1051 erg, MNi = 0.0765M� (Utrobin 2005)



The Normal Type IIP SN 1999em

R0 = 500R�, Menv = 19M�, E = 1.3 × 1051 erg, MNi = 0.036M� (Utrobin 2007)



The Low-Luminosity Type IIP SN 2003Z

R0 = 230R�, Menv = 14M�, E = 2.45 × 1050 erg, MNi = 0.0063M�
(Utrobin et al. 2007)



The Sub-Luminous Type IIP Supernova 2005cs in M51SN 2005cs in M51 1753
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Figure 1. SN 2005cs in M51: V-band image obtained on 2005 July 1 with the Copernico 1.82-m telescope of Mt. Ekar, Asiago (Italy). The sequence stars

from Richmond et al. (1996) are labelled with letters. Some of our local sequence standards (Pastorello et al., in preparation) are indicated by numbers.

2003; Hendry et al. 2005; Smartt et al. 2004), SN 2004et (Li et al.

2005), SN 1999ev (Maund & Smartt 2005) and, now, SN 2005cs

(Maund, Smartt & Danziger 2005; Li et al. 2006). Lower magnitude

limits or ambiguous detections have been obtained for other SNe

IIP precursors (e.g. SN 1999br; Maund & Smartt 2005). All these

observations seem to support the idea that most SNe IIP originate

from the explosion of moderately massive stars (M 6 15⊙).

SN 2005cs was discovered in the famous Whirlpool Galaxy

(NGC 5194 or M51) by Kloehr et al. (2005) on 2005 June 28.905

UT. Modjaz et al. (2005) classified it as a young Type II SN. The ear-

liest detection was that of M. Fiedler on June 27.91 UT (SNWeb1).

Nothing was visible on June 20.6 UT (Kloehr et al. 2005) at the

SN position. Moreover, no clear detection of SN 2005cs was found

on several different images obtained on June 26 by other amateur

observers (SNWeb). In particular, the SN site was monitored by

the team of the Osservatorio Astronomico ‘Geminiano Montanari’

(Cavezzo, Modena, Italy) on June 26.89 using a Newton 0.4-m tele-

scope and nothing was detected below the following limits: B >
17.3, V > 17.7, R > 17.6. These detection limits constrain the

explosion time to a very small uncertainty (about 1 d). Therefore,

in this paper we adopt June 27.5 UT (JD = 245 3549 ± 1) as the

explosion epoch.

The coordinates of SN 2005cs are α = 13h29m52.s85 and δ =

+47◦10′36.′′3 (J2000). The object lies in the southern arm of M51,

15-arcsec west and 67.3-arcsec south of the galaxy nucleus (Fig. 1).

M51 is classified by NASA/IPAC Extragalactic Database (NED)2 as

1http://www.astrosurf.com/snweb2/
2http://nedwww.ipac.caltech.edu/

a SA(s)bc peculiar galaxy. The galaxy also hosted the well-studied

core-collapse SN 1994I (Wheeler et al. 1994; Filippenko et al. 1995;

Clocchiatti et al. 1996; Richmond et al. 1996).

A candidate progenitor for SN 2005cs was identified in combined

Hubble Space Telescope (HST) ACS F814W images (∼ I band) as

a red supergiant (M ZAMS = 9+3
−2 M⊙) of spectral type in the range

K0–M4 (Maund et al. 2005; Li et al. 2006). These two papers re-

port different values for the I-band detection magnitude: 24.15 (i.e.

absolute magnitude MI ≈ −5.5) and 23.3 (MI ≈ −6.4, adopting

the same reddening and distance as Li et al. 2006), respectively.

The position of the candidate as measured by Li et al. (2006) is α =

13h29m52.s76, δ = +47◦10′36.′′11 (J2000). Alternatively, Richmond

(2005) claim that SN 2005cs exploded near a cluster of young

stars and find that the progenitor candidate could be a blue star

at α = 13h29m52.s803, δ = +47◦10′36.′′52 (J2000), with MV ≈

−6. However, since SN 2005cs is evolving like a normal plateau

event (see Section 2), this blue supergiant progenitor candidate is

not convincing.

Here, we present early-time optical observations of SN 2005cs

(until ∼1 month after the explosion). In Section 2, we describe the

photometric evolution of SN 2005cs and in Section 3 we analyse

the spectroscopic data. A discussion follows in Section 4.

2 P H OTO M E T RY

Our photometric data were obtained using seven different tele-

scopes, and cover 19 epochs (including the pre-discovery limit),

until approximately 35 d after the explosion.
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V-band image obtained on 2005 July 1 (Pastorello et al. 2006).

Discovered by amateur
Wolfgang Kloehr (Ger-
many)

t0=JD 2453549±1
D=8.4 Mpc
(Pastorello et al. 2006)

EB−V = 0.12±0.08
(Li et al. 2006)



Supernova 2005cs: Bolometric Light Curve and Spectra

The observed bolometric light curve is
recovered from UBV RI photometry of
Pastorello et al. (2006) and Tsvetkov
et al. (2006).

MNi = 0.0082M� from R-luminosity
compared to that of SN 1987A

SN 2005cs in M51 1757

Figure 5. Evolution of the region between 4100 and 7300 Å, where the
minima of Hβ, He I 5876 Å and Hα are marked, as well as the position of
the features at ∼4580, 5580 and 6300 Å.

are marked and the corresponding line velocities are reported. The
features at 4580, 5580 and near 6300 Å are also marked, with la-
belled the two alternative identifications: as putative HV H and He I
(with the corresponding line velocities), and as N II and Si II lines
(bottom line of Fig. 5). Baron et al. (2000) discuss the identification
of the 4580- and 5580-Å features in an early-time spectrum of SN
1999em. Using the simple parametrized code SYNOW (Fisher 2000),
in which the relative line strengths for each ion are fixed assuming
local thermodynamic equilibrium (LTE), Baron et al. (2000) find
that these features could be consistent with N II λ4623 and λ5679.
However, the non-LTE model atmosphere code PHOENIX provides
a synthetic spectrum which leads them to reject this identification,
because it would require an overabundance of nitrogen to repro-
duce these features. Therefore, they support the identification of the
4580- and 5580-Å absorptions as secondary features of Hβ and He I
5876Å at high velocity (∼20 000 km s−1), produced by complicated
and unexplained non-LTE effects. Alternatively, using the model
atmosphere code CMFGEN (Hillier & Miller 1998) and assuming a
relevant N enrichment, Dessart & Hillier (2005, 2006) reproduce
the lines in the blue wings of both of Hβ and He I 5876 Å detected
in the spectra of SN 1999em as N II.
For SN 2005cs, a scenario where two line-forming regions exist

for hydrogen and helium is not supported by the line velocities
measured for the putative HV components. As shown in Fig. 5,
these line velocities are inconsistent. In particular, the velocity of
the putative HV Hβ component is much larger than that of the HV
Hα component.Moreover, the putativeHVHβ andHVHe I features
disappear simultaneously in the spectrum at ∼8 d. This supports,
at least in the case of SN 2005cs, the identification of these two
features as both due to N II.
For the same reason, and because of its persistence over a much

longer time than the feature at 4580 Å, we believe that the feature
near 6300 Å is Si II 6355 Å, rather than HVHα. The presence of this

Figure 6. Top panel: expansion velocities for Hα, Hβ, He I λ5876, Na ID,
N II λ5680, Fe II λ5169, Si II λ6355 deduced from the minima of P Cygni
profiles in the spectra of SN 2005cs. Bottom panel: comparison of the Hα

velocity evolution for SN 2005cs, SN 1987A, SN 1999em and SN 1999br.
See the text for references.

absorption in the spectra of SN 1999em was claimed by Dessart &
Hillier (2005), and not explicitly mentioned by Baron et al. (2000).
In Fig. 6 (top panel), we show the evolution of the velocity of

various absorption spectral lines in SN 2005cs, as derived from the
position of their minima. Hα shows the highest velocities, about
1000 km s−1 larger than those of the He I line. The N II and the
Si II features appear to have smaller velocities than other lines. In
particular, the velocity of the N II lines decreases from about 5600 to
∼3200 km s−1 between∼3 and 5 d. The velocity of the Si II 6355-Å
feature decreases from 4300 km s−1 at ∼8 d to about 2100 km s−1

one month after the explosion. Over the same time interval, the Hα

velocity decreases from6200 to 3700 km s−1, while the Fe II velocity
is ∼800 km s−1 faster than that of the Si II line. In Fig. 6 (bottom
panel), we compare the Hα velocity evolution in SN 2005cs with
that of SN 1987A (Phillips et al. 1988), SN 1999em (Pastorello
2003) and SN 1999br (Hamuy 2001; Pastorello et al. 2004). The
Hα velocity curve of SN 2005cs appears to be strikingly similar to
that of the low-velocity SN 1999br.

3.3 Spectral models: the 17- and 34-d spectra

Some preliminary spectral models have been computed in order to
provide basic line identification. The code used for the synthetic
spectra was described in more detail by Abbott & Lucy (1985),
Mazzali & Lucy (1993), Lucy (1999) and Mazzali (2000). The pro-
cedure involves a Monte Carlo (MC) simulation of the line transfer
based on the Sobolev approximation. The code assumes that all ra-
diative energy is emitted below a sharp lower boundary. The prop-
agation of all energy packets is followed through the spherically
symmetric envelope. Processes of interaction for photons taken into
account are electron scattering and line transitions. When a pho-
ton packet is absorbed by a line transition, it is reemitted at a new
frequency corresponding to the branching probabilities for the ra-
diative decays of the excited level. At the end of theMC calculation,
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vmax = 10000 km s−1 (Pastorello et al. 2006)



Hydrodynamic Model: Presupernova Structure



Hydrodynamic Model: Chemical Composition

M core
He = 4.2M�, vmax

Ni = 610 km s−1, vmin
H = 300 km s−1



Hydrodynamic Model: Bolometric Light Curve

R0 = 600R�, Menv = 15.9M�, E = 4.1 × 1050 erg, MNi = 0.0082M�



Bolometric Light Curves of Type IIP Supernovae

The initial peak of SN 2005cs is more prominent than those of other type IIP SNe.



Hydrodynamic Models for Type IIP Supernovae

SN R0 Menv E MNi vmax
Ni vmin

H

(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 2003Z 230 14 0.245 0.63 535 360
SN 2005cs 600 15.9 0.41 0.82 610 300

• The basic parameters of the sub-luminous type IIP SN 2005cs are intermediate
between those of low-luminosity and normal type IIP SNe.

• In the case of SN 1987A, a relative compactness of the pre-SN is a major factor
that determines the peculiar properties of this phenomenon.

• The optimal model for SN 1987A is characterized by a moderate 56Ni mixing up to
∼ 3000 km s−1 compared to a weaker 56Ni mixing up to ∼ 600 km s−1 in other
type IIP SNe, hydrogen being mixed deeply downward to 360 − 700 km s−1.

• The total 56Ni mass correlates with the explosion energy. This dependence is con-
sistent with the empirical correlation found by Nadyozhin (2003).



Explosion Energy and 56Ni Mass Versus Progenitor Mass

The explosion energy and the 56Ni mass decrease towards a lower progenitor mass.



Cumulative ”Salpeter” and ”Observed” Distributions

Significance: a random realization of four SNe has a little probability of ∼ 0.01.

What happens with main-sequence stars from the 9 − 15 M� mass range?
Selection effect: SNe II from the 9 − 15 M� stars are intrinsically faint.
Silent collapse: core collapse in the 9 − 15 M� range does not produce any SN II,

but a black hole up to ∼ 15 M� as the outcome.



Conclusions

• The basic parameters of the sub-luminous type IIP supernova
2005cs are intermediate between those of low-luminosity and
normal type IIP SNe: Menv = 15.9M�, E = 4.1 × 1050 erg,
MNi = 0.0082M�, and MZAMS = 18.2M�.

• The fate of the 9 − 15 M� main-sequence stars might be:
1) these stars produce very faint yet undetectable SNe IIP;
2) a core collapse of stars from this mass range does not

produce SN event at all.


