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e.g., 165-320M  in R136 cluster
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Very massive stars in R136 and NGC 3603 741

Figure 8. Comparison between solar-metallicity (Z = 1.4 per cent) models calculated for the main-sequence evolution of 85–200 M! stars [initially rotating
at V init/vcrit = 0.4 (dotted) and 0 (solid)] and the physical properties derived from spectroscopic analysis of NGC 3603 WN 6h stars. We obtain excellent
agreement with dynamical masses for A1a and A1b for initially non-rotating models at ages of 1.5 ± 0.1 Myr. Current mass-loss rates match solar-metallicity
theoretical predictions (Vink et al. 2001) to within 0.2 dex.

ages (Sung & Bessell 2004), while Crowther et al. (2006) estimated
1.3 ± 0.3 Myr for NGC 3603 from a comparison between massive
O stars and theoretical isochrones (Lejeune & Schaerer 2001).

4.2 R136

Fig. 9 compares the derived properties of R136a1, R136a2, R136a3
and R136c with LMC metallicity evolutionary predictions, under

the assumption that these stars are single. Initial stellar masses in the
range 165–320 M! are implied, at ages of 1.7 ± 0.2 Myr, plus high
initial rotational rates, in order that the observed surface hydrogen
contents of 30–40 per cent by mass are reproduced. Initial and
current stellar mass estimates are included in Table 5. Differences in
age estimates reflect variations in initial rotation rates. Nevertheless,
equatorial rotation rates of ve " 200 (300) km s#1 are predicted after
"1.75 (2.75) Myr for a 300 (150) M! star.

Figure 9. Comparison between LMC-metallicity models calculated for the main-sequence evolution of 85–500 M! stars [initially rotating at vinit/vcrit =
0.4 (dotted) or 0 (solid)] and the physical properties derived from our spectroscopic analysis. We obtain excellent agreement for initially rapidly rotating,
165–320 M! stars at ages of "1.7 ± 0.2 Myr. Current mass-loss rates match LMC-metallicity theoretical predictions (Vink et al. 2001) to within 0.2 dex.
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Very massive stars in R136 and NGC 3603 733

Table 1. Log of spectroscopic observations of R136 and NGC 3603 stars used in this study.

Star Instrument Grating Date Proposal/PI

R136a1 HST/HRS G140L 1994 July 5157/Ebbets
R136a3 HST/HRS G140L 1994 July 5157/Ebbets
R136a1 HST/FOS G400H, 1996 January 6018/Heap

G570H
R136a2 HST/FOS G400H, 1996 January 6018/Heap

G570H
R136a3 HST/FOS G400H, 1996 January 6018/Heap

G570H
R136c HST/FOS G400H 1996 November 6417/Massey
R136a1+R136a2 VLT/SINFONI K 2005 November– 076.D-0563/Schnurr

2005 December
R136a3 VLT/SINFONI K 2005 November– 076.D-0563/Schnurr

2005 December
R136c VLT/SINFONI K 2005 November– 076.D-0563/Schnurr

2005 December
NGC 3603A1 HST/FOS G400H 1994 September 5445/Drissen
NGC 3603B HST/FOS G400H 1994 September 5445/Drissen
NGC 3603C HST/FOS G400H 1994 September 5445/Drissen
NGC 3603A1 VLT/SINFONI K 2005 April– 075.D-0577/Moffat

2006 February
NGC 3603B VLT/SINFONI K 2005 April– 075.D-0577/Moffat

2006 February
NGC 3603C VLT/SINFONI K 2005 April– 075.D-0577/Moffat

2006 February

Table 2. Stars brighter than MKs ! "6 mag within 13 arcsec (0.5 pc) of
NGC 3603A1, together with V-band photometry from Melena et al. (2008)
in parenthesis.

Name Sp type mKs AKs MKs
a Binaryb

(mV ) (AV ) (MV )

A1 WN 6h 7.42 ± 0.05 0.59 ± 0.03 "7.57 ± 0.12 Yes
(11.18) (4.91 ± 0.25) ("8.13 ± 0.27)

B WN 6h 7.42 ± 0.05 0.56 ± 0.03 "7.54 ± 0.12 No?
(11.33) (4.70 ± 0.25) ("7.77 ± 0.27)

C WN 6hc 8.28 ± 0.05 0.56 ± 0.03 "6.68 ± 0.12 Yes
(11.89) (4.66 ± 0.25) ("7.17 ± 0.27)

aFor a distance of 7.6 ± 0.35 kpc (distance modulus 14.4 ± 0.1 mag).
bA1 is a 3.77 d double-eclipsing system, while C is a 8.9-d SB1 (Schnurr
et al. 2008a).
cAn updated classification scheme for Of, Of/WN and WN stars (Walborn
& Crowther, in preparation) favours O3 If*/WN 6 for NGC 3603C.

by de Koter et al. (1997) and so is also excluded here. Note also
that R136c has not been observed with GHRS. Visual FOS data
sets, with a circular aperture of diameter 0.26 arcsec achieved R !
1300, although R136a1 and R136a2 once again suffer significant
contamination from one another. It is solely at near-IR wavelengths
(SINFONI) that R136a1 and R136a2 are spectrally separated, for
which R136b served as an AO reference star (Schnurr et al. 2009).
The spectral resolution of the SINFONI data sets is R ! 3000.

We employ high spatial resolution Ks-band photometry of R136.
Differential Ks photometry from AO assisted VLT/SINFONI in-
tegral field data sets are tied to identical spatial resolution wider
field VLT Multi-Conjugate Adaptive Optics Demonstrator (MAD)
imaging (Campbell et al. 2010) using the relatively isolated star
R136b (WN 9h). Three overlapping fields were observed with
VLT/MAD, for which Field 1 provided the highest quality in
R136 [full width at half-maximum (FWHM) ! 0.1 arcsec], as

Figure 1. VLT MAD Ks-band 12 # 12 arcsec2 (3 # 3 pc2 for the LMC
distance of 49 kpc) image of R136 (Campbell et al. 2010) together with a
view of the central 4 # 4 arcsec2 (1 # 1 pc2) in which the very massive
WN 5h stars discussed in this paper are labelled (component b is a lower
mass WN 9h star). Relative photometry agrees closely with integral field
SINFONI observations (Schnurr et al. 2009).

shown in Fig. 1, itself calibrated using archival HAWK-I and
2MASS data sets (see Campbell et al. 2010). For 12 stars in
common between MAD photometry and HST Near Infrared Cam-
era and Multi Object Spectrometer (NICMOS) F205W imaging
(Brandner et al. 2001) transformed into the Cerro Tololo Inter-
American Observatory (CTIO) K-band system, Campbell et al.
(2010) find mKs (MAD) " mK (HST) = "0.04 ± 0.05 mag.

C$ 2010 The Authors. Journal compilation C$ 2010 RAS, MNRAS 408, 731–751

R136

M > 100M  stars are identified in young starburst regions!

105-170M  in NGC3603

(Crowther et al. 2010)

Fate of very massive stars
Supernova?, Blackhole formation?
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Super-Luminous Supernovae (SLSN)

(Gal-Yam et al. 2012)

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 ! 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than !21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
!22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ !22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s!1 (absolute magnitude > !19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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Light curve is well fitted by 56Co decay.
(Gal-Yam et al. 2009)

consistent with the decay rate of radioactive 56Co. These properties
suggest that the very massive ejecta were energized by a large amount
of radioactive nickel (.3M[; Figs 2 and 3; Supplementary
Information, section 3), as expected from models of pair-instability
supernovae4,5,10 (PISNs). Our spectra, lacking any signs of hydrogen
or helium, indicate that this mass is dominated by carbon, oxygen
and heavier elements. The large amount of kinetic energy released,
Ek < 1053 erg (Fig. 2; Supplementary Information, section 3), is com-
parable to those derived for the most energetic c-ray bursts16, placing
this event among the most extreme explosions known. In Fig. 2b, we
show theoretical light curves calculated from PISN models5,9 before
our discovery. The data fit the models very well, suggesting that we
observed the explosion of a star with a helium core mass of around
100M[.

PISN models imply that such an explosion would synthesize
3M[–10M[ of radioactive 56Ni (Table 1). Such a large amount of
newly synthesized radioactive material would energize the supernova
debris for an extended period of time, ionizing the expanding gas
cloud. Collisional excitation would lead to strong nebular emission
lines, whose strength should be roughly proportional to the amount
of radioactive source material, providing another testable prediction.
Figure 3a shows a comparison of the nebular spectrum of SN 2007bi
with that of the well-studied, 56Ni-rich SN 1998bw, which produced
,0.5M[ of radioactive nickel17, suggesting that SN 2007bi produced
>7M[ of nickel (Supplementary Information, section 3), again sup-
porting its interpretation as a PISN.

By modelling the nebular spectrum, we are able to resolve the
elemental composition of the fraction of the ejected mass that is

illuminated by radioactive nickel. We can directly measure the abun-
dances of carbon, oxygen, sodium, magnesium, calcium and iron,
and derive the mass of radioactive 56Ni. Our elemental abundance
ratios are in good agreement with model predictions5 for heavier
elements, but lighter elements (carbon, oxygen and magnesium)
seem to be under-observed. By adopting the calculated model out-
put5 for elements that do not have strong nebular emission in the
optical (mostly silicon and sulphur, and some neon and argon), we
arrive at a total illuminated mass of .50M[, with a composition as
described in Table 1. We note that this falls well below the total mass
derived from photometry, indicating that even the unprecedented
amount of radioactive nickel produced by SN 2007bi was not suf-
ficient to energize the entire mass ejected by this extreme explosion
(Supplementary Information, section 6). The unilluminated mass
probably contains more light elements that originated in the outer
envelopes of the exploding star, and in which our nebular observa-
tions are deficient (see Supplementary Information, sections 3 and 6,
for additional details).

Our data thus provide strong evidence that we have observed the
explosion of a helium core with M < 100M[, which, according to
theory, can only result in a PISN3–6,10,18. The measured light curve,
yield of radioactive nickel and elemental composition of the ejecta are
consistent with models of PISNs that were calculated before our
discovery. On the basis of fewer observations of SN 2007bi, combined
with their analysis of the host-galaxy properties, the authors of ref. 19
consider both a PISN model and an interpretation in terms of a
massive iron-core-collapse supernova20, slightly favouring the latter.
However, our quantitative estimate of the helium core mass from our
peak light-curve shape and analysis of the nebular spectra is incon-
sistent with iron-core-collapse models20 and theoretically requires a
PISN5,10. We thus conclude that we have most likely discovered the
first clear example of a PISN.

There are several implications of this discovery. Theory allows stars
as massive as 1,000M[ to have formed in the very early Universe21.
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Figure 2 | Radioactive 56Ni and total ejected mass from the light-curve
evolution of SN 2007bi are well fitted using PISN models. a, The R-band
light curve of SN 2007bi. We have compiled observations obtained using the
48-inch (1.2-m) Samuel Oschin Telescope (P48), the 60-inch (1.5-m) robotic
telescope (P60) and the 200-inch (5-m) Hale Telescope (P200) at Palomar
Observatory, California, as well as photometry from the Catalina Sky
Survey15 (CSS) and synthetic photometry integrated from our late-time Keck
spectrum (Fig. 3; see Supplementary Information, sections 1 and 2, for
additional details). We find a peak magnitude of MR 5 221.3 6 0.1 mag on
2007 February 21 (Supplementary Information, section 2). The error is
dominated by the absolute zero-point calibration uncertainty. The
outstanding peak luminosity of this event, if radioactively driven, suggests
that a remarkable amount of 56Ni was produced (.3M[; ref. 28;
Supplementary Information, section 3). The slow rise time derived from our
fit (77 d; Supplementary Information, section 2), combined with the
measured photospheric velocity (12,000 km s21; Fig. 1), requires very
massive ejecta (Mej < 100M[) and a huge release of kinetic energy
(Ek < 1053 erg; Supplementary Information, section 3), where we apply the
commonly used scaling relations28,29. An independent direct estimate for the
56Ni yield is obtained from the luminosity during the late-time radioactive-
decay phase, compared with the observed decay of SN 1987A30

(Supplementary Information, section 3). Given the uncertainty in the
explosion date of SN 2007bi and a range of bolometric correction values
(Supplementary Information, section 2), the 56Ni mass produced by
SN 2007bi satisfied 4M[ , M56Ni , 7M[. The total radiated energy we
measure by direct integration of the light curve is Erad < (1–2) 3 1051 erg
(Supplementary Information, section 3), which is comparable to that of the
most luminous supernovae known7. Errors, 1s. b, Comparison of the
observations of SN 2007bi with models calculated before the supernova’s
discovery5,9. The curves presented are for various helium cores (masses as
indicated) exploding as PISNs, and cover the photospheric phase. The data
are well fitted by 100M[–110M[ models. At later times, the emission is
nebular and bolometric corrections used to calculate the model R-band light
curve cease to apply (Supplementary Information, section 4). In comparing
with these rest-frame models, cosmological time dilation for z 5 0.1279 has
been taken into account.
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Metallicity: 
   Z ~ 0.004 - 0.008

(Young et al. 2010)

(Explosion of CO star)

(Gal-Yam et al. 2009)



Explosion Mechanism of SN 2007bi
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Mf ~ 95 - 105 M
Pair-instability SN (PISN)

SN models reproducing light curve of SN 2007bi

(Gal-Yam et al. 2009) (Moriya et al. 2010)

Core collapse SN (CCSN)
Mf ~ 43 M

M(56Ni) = 3 - 12 M M(56Ni) = 6.1 M
@E = 3.6×1052 erg
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MCO=39 M

PI SNe and PPI SNe
(e.g., Heger & Woosley 2002, Umeda & Nomoto 2002)
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“Failed” pair-instability SNe

MCO=56 M
PPI SN (CCSN)

MCO < 40 M

Pair-instability (PI) SNe

MCO=130 M

Pulsational pair-instability (PPI) SNe
SN explosion induced by e-e+ pair-creaction

Core-collapse

e-e+

“unstable”

MCO > 60 M PISN

MCO ~ 40-60 M

MCO range

CCSN

~

~



Minit ~ 110-280M   (CCSN)
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Final Fate of Very Massive Stars

PISN

M(56Ni) > 3 M

Minit ~ 515-575M   (PISN)56Ni mass of SN 2007bi

Z=0.004 stars (TY & Umeda 2011, MNRAS 412, L78)

(Umeda & Nomoto 2008)

M(56Ni) > 3 M  from CCSN
  MCO > 35 M , E > 2×1052erg

~
~ ~

(Heger & Woosley 2002, 
 Umeda & Nomoto 2002)

PISN MCO > 60 M

56Ni mass in CCSNe250 M  and 110 M  models

Mf

MCO

Filled circles
CO stars: Type Ic SNe

PISN: SN 2007bi

CCSN



 E > 2×1052 erg

56Ni Production of Spherical CC SNe

56Ni mass of SN 2007bi is reproduced.
E < 5×1051 erg

SN 2007bi

M(56Ni)

Mtotal/10

~
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250M

110M

SN explosions
Assumed explosion 
energy

SN 2007bi
M(56Ni) ~ 3.5-7.4 M

Fall back
(TY, Okita, Umeda 2013, submitted)

Solid lines: 250 M 
Dashed lines: 110 M

~

Explosive nucleosynthesis in SNe 56Ni mass

250M



E = 7×1052 erg

Dependence on opening angle θop

SN 2007bi
Mtotal/10

56Ni Production of Aspherical CC SNe
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250M

110M

250 M  model (solid lines)

110 M  model (dashed lines)
E = 5×1052 erg

θop

Energy injection
E

56Ni mass of SN 2007bi θop > 40° for 250M  model~
~θop > 65° for 110M  model

(TY, Okita, Umeda 2013, submitted)

M(56Ni)



110M   model, E=5×1052 erg: θop > 65°

Conclusions
Super-luminous supernovae

Some of them are expected to be evolved from very massive stars.

Type Ic SNe with large 56Ni production @ Z=0.004

PISN with M(56Ni) > 3 M
Minit > 500 M
(Minit > 300 M   with small mass loss rate)

Aspherical CC SN models for SN 2007bi

110 < Minit < 280 M  , E > 2×1052 erg
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e.g. SN 2007bi: pair-instability (PI) SN or core-collapse (CC) SN?

~
~

~
~

250M   model, E=7×1052 erg: θop > 40°~
~

CCSN (PPI SN) with M(56Ni) > 3 M~
~ ~


