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• Standard properties of stars


• Stellar structure and properties


• Stellar  evolution


• Origin of the elements in the Universe


• Nucleosynthesis in stars and supernovae


• Explosion mechanism of supernovae


• Topics in time-domain astronomy


• Radiation from explosive phenomena


• Multi-messenger astronomy
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Observations of transients

• Light curve


• Time evolution of luminosity 
(total or in a certain band) 


• Spectra


• Flux as a function of wavelengths 
(and their time evolution)
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Figure 2. The observed spectra of SN 2003du at the pre-maximum epochs (black) compared with the synthetic spectra (red). Panels
(a) - (d) show the spectra at −12.8, −10.9, −7.8 and −5.8 days from B maximum, respectively. Line identifications shown in the figures
are made only for the major contributions. The synthetic spectra are reddened with E(B − V ) = 0.01 mag.

SN 2003du has relatively narrow Si ii lines. To repro-
duce the profile of the Si ii λ6355 line, the mass fraction of
Si is required to be X(Si) ∼ 0.3. The dominant element in
the layers at v > 13000 kms−1 is not Si, but more likely O.
The distribution of Si is discussed in Appendix B.

The mass fraction of S is X(S) = 0.1-0.2 around v =
10000 km s−1. Although the synthetic spectra for the two
earliest epochs show stronger lines than the observations,
the later spectra are nicely reproduced.

Carbon and Oxygen: There is no clear C line in the ob-
served spectra except for the possible C ii λ6578 line at the
emission peak of the strongest Si ii λ6355 line (Stanishev
et al. 2007). We derive an upper limit for the C mass as
M(C) < 0.016 M" at v > 10500 km s−1 (details are pre-
sented in Appendix C). The small mass fraction and mass of
C are consistent with the results of previous work (Marion
et al. 2006; Thomas et al. 2007; Tanaka et al. 2008; Marion
et al. 2009).

The synthetic spectra show a clear O i λ7774 line

around 7500 Å while the presence of such a strong O line is
not that clear in the observed spectra. Although the abun-
dance of O is not well constrained, considering the lower
abundance of C, Mg, Si and S (see above), we conclude that
the dominant element in the outer layers is O. The mass
fraction of O at v > 9400 kms−1 is X(O) = 0.05 − 0.85,
increasing towards the outer layers.

3.2 Maximum Epochs

In Fig. 3, the observed spectra at the epochs from −4 to
+1.2 days since B maximum (black) are compared to the
synthetic spectra (red). The element features present in the
observed spectra are similar to those in the pre-maximum
spectra. At these epochs, the photospheric velocity decreases
from 9050 to 8200 kms−1. The flux of the synthetic spectra
at the line-free region at λ > 6500 Å tends to be overes-
timated because of our assumption of blackbody emission
(see Appendix A1).
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Figure 3. Same as Fig. 2 but at the maximum epochs. Panels (a) - (d) show the spectra at −4.0, −1.9, 0 and +1.2 days from B
maximum, respectively.

Fe-group elements: Around maximum, lines of Fe-group
elements are present, as in the pre-maximum epoch. A larger
amount of 56Ni is required compared with the pre-maximum
epochs to block the emission in the near-UV more effectively.
The mass fraction of 56Ni is X(56Ni) = 0.5−0.7 at v = 8200
- 9050 kms−1.

At maximum epochs, the presence of Fe lines does not
directly indicate the presence of stable Fe because of the
high abundance of the decay product of 56Ni. At B max-
imum (texp = 20.9 days), about 10 % of 56Ni has already
decayed into Fe, and thus an Fe abundance of ∼ 0.05 - 0.07
is the product of the decay of 56Ni. This is much larger than
the abundance of stable Fe required for the pre-maximum
spectra, and thus we cannot distinguish the contribution of
stable Fe.

Silicon and Sulphur: The Si ii λ6355 line becomes nar-
rower. The Si distribution at the outer layers derived from
the line profile in the pre-maximum spectra (Appendix B)
nicely reproduce the maximum spectra. In the spectrum at
maximum, the line ratio of two Si ii lines (λ5879 and 6355,

R(Si ii) in Nugent et al. 1995) is also nicely reproduced,
suggesting the estimates of the temperature and of the ion-
ization are reasonable (Table 1, Hachinger et al. 2008).

The S ii lines around 5500 Å are also reproduced
nicely. Although the photospheric velocity at this epoch is
vph= 8200 - 9050 km s−1, the S ii lines, as well as the Si ii

lines, are mainly formed at v ∼ 10000 kms−1 (see Fig. 1).
The “detachment” of the lines is caused by the ionization
effect, e.g., S iii is dominant near the photosphere while the
fraction of S ii increases towards higher velocities (see Fig.
9 of Tanaka et al. 2008).

3.3 Post-Maximum Epochs

In Fig. 4, the observed spectra at epochs from +4.3 to +17.2
days since B maximum are compared to the synthetic spec-
tra. At these epochs, the contribution from Fe-group ele-
ments is larger than at earlier epochs. The assumption of
blackbody emission becomes unreliable, and results in the
overestimate of the flux at λ > 6500 Å. Although the photo-
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Figure 5. The nebular spectrum of SN 2003du (+376.9 days
from B maximum, black) compared with the synthetic spectra
(color lines). The red solid line shows the best fit model while the
blue dashed line shows the model without central region devoid
of 56Ni.

spectra show too strong high velocity component. They are
caused by the high abundance at v > 15000 kms−1 derived
from the earliest spectra. We believe that the constraints
from the earlier spectra are more reliable because the valid-
ity of the assumptions in the atmosphere is more certain at
those epochs.

4 NEBULAR-PHASE SPECTRA

A spectrum at +376.9 days since B maximum (Stanishev
et al. 2007) is modelled to derive the abundances at the in-
nermost layers. A 56Ni distribution decreasing toward higher
velocities (v

∼
> 10000 kms−1) nicely fits the profile of the

two strongest Fe lines (red line in Figure 5). This is con-
sistent with the constraints from the spectra at the pre-
maximum and maximum epochs.

The innermost layers are dominated by stable Fe. In
particular, stable Fe and Ni dominate the abundance at ve-
locities inside of about 3000 km s−1, accounting for a total
mass of ∼ 0.2M". Most of this is actually stable Fe. Lim-
its to the stable Ni mass can be set by the weakness of the
[Ni ii] emission near 7400 Å. As for stable Fe, this is required
in the innermost regions in order to keep an ionization bal-
ance between Fe ii and Fe iii which allows the shape of the
two strong, Fe-dominated emissions in the blue to be re-
produced, as well as their ratio. The bluer emission, near
4600 Å, is in fact dominated by Fe iii, while the redder one,
near 5200 Å, is dominated by Fe ii.

If a central region devoid of 56Ni is absent (blue dashed
line), both of Fe features look very sharp, unlike the obser-
vations. In order to reduce the flux, the 56Ni distribution
must be limited to a smaller region, and the overall higher
density of the tinner region leads to a lower Fe ionization,
so that the ratio of the two Fe lines in the blue is no longer

correct: the Fe ii-dominated line (near 5200 Å) becomes too
strong, as shown in the model in blue dashed line in Fig-
ure 5. On the other hand, the presence of stable Fe acts as a
coolant, keeping the ionization degree to a level which yields
reasonable line intensities (red line).

5 BOLOMETRIC LIGHT CURVE

The derived abundance distribution is tested against the
bolometric LC (Stanishev et al. 2007). SN 2003du is an ex-
tremely well-observed SN, and the bolometric LC was con-
structed with a small uncertainty, including the contribution
in NIR (Stanishev et al. 2007).

For the modelling, we use a Monte Carlo LC code based
on that developed in Cappellaro et al. (1997). The code fol-
lows the emission and propagation of γ-rays and positrons
from 56Ni and 56Co decay. Both γ-rays and positrons are
treated with an effective opacity (i.e., the positrons are
not assumed to deposit in situ). The opacities adopted are
0.027 cm2 gm−1 for the γ-rays and 7 cm2 gm−1 for the
positrons (Axelrod 1980). For optical opacity, we use an an-
alytic formula introduced by Mazzali et al. (2001a, 2007),
which includes the composition dependence (Fe-group ele-
ments and other elements) and a time dependence (Hoeflich
& Khokhlov 1996).

Fig. 6 shows the comparison between the observed bolo-
metric LC (black squares) and the computed LC (blue line).
The input luminosities for the photospheric-phase spectra
are also plotted (red circles). The model LC matches well
with the observed LC from before maximum until > 1 year.
This suggests that the derived abundance distribution, espe-
cially that of 56Ni is reasonable. The bolometric LC derived
from the synthetic spectra at epochs after maximum devi-
ate progressively from the observational points, reflecting
the increased production of spurious flux redwards of 6500
Å in the synthetic spectra (see Sect. 4).

6 ABUNDANCE DISTRIBUTION AND

INTEGRATED YIELDS

6.1 Abundance Distribution

The abundance distribution derived from the modelling of
the photospheric- and nebular-phase spectra is shown in
Figs. 7 and 8. These two figures show the mass fraction of
each element as a function of mass and velocity, respectively.
For comparison, the abundance distribution of a deflagration
model (W7, Nomoto et al. 1984) is also shown (Figs 7b and
8b). Note the line with “56Ni” represents the mass fraction
of radioactive 56Ni at the time of the explosion (texp = 0),
and that “Fe” and “Ni” denotes only stable elements.

At the innermost layers (Mr < 0.1M", v < 3000
kms−1), stable Fe is dominated (Section 4). This is also
suggested by the NIR spectrum at late phase (Höflich et al.
2004; Motohara et al. 2006). The existence of stable ele-
ments at the innermost layers is consistent with the ex-
plosion model. These elements are synthesized via electron
capture reactions under high density, and thus are typically
located in the innermost layers.

Above the layer of stable elements, there is a 56Ni
-dominated layer (Mr = 0.1-0.9M", v = 3000-10000

c© — RAS, MNRAS 000, 1 - ??
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What powers the extreme luminosity of supernovae?

What can we learn from observations?



1. Radioactivity (56Ni) 
　Important in all the types 
　Type Ia > Core-collapse


2. Shock heating 
　Important for large-radius star (Type II)


3. Interaction with CSM  
    Ekin => Eth (Type IIn)    


4. Magnetar? 
    Erot => energy loss by spin down 

Heating source of supernovae
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Figure 3. U − B, B − V, V − R, and V − I color curves of SN 2010jl compared with those of Type IIn SNe 1997cy (Germany et al. 2000), 1998S (Fassia et al. 2000),
and 2006tf (Smith et al. 2008). All of the comparison SNe have been dereddened for the reddening in the Milky Way. The dotted lines are the least-squares fit to the
colors of SN 2010jl.

Figure 4. Absolute R-band light curve of SN 2010jl compared with other notable
Type IIn SNe 1997cy (Germany et al. 2000), 1998S (Fassia et al. 2000), 2006gy
(Smith et al. 2007), and 2006tf (Smith et al. 2008); Type Ia SN 2005cf (Wang
et al. 2009); and Type IIP SN 1999em (Leonard et al. 2002).

3.3. Absolute Magnitudes and Bolometric Light Curves

In Figure 4, we compare the absolute R-band light curves of
SN 2010jl with other SN samples. The pre-maximum data points
are extrapolated through the V-band light curves published by
Stoll et al. (2011) and the linear V −R color curve as presented
in Figure 3. Overplotted are the light curves of a typical Type
Ia SN 2005cf (Wang et al. 2009) and Type IIP SN 1999em
(Leonard et al. 2002). The Hubble constant H0 is taken to be
72 km s−1 Mpc−1 (Freedman et al. 2001) in deriving the absolute
magnitudes for these objects. Days of the light curves are given
relative to the estimated phase of the maximum brightness. One
notable feature of this plot is the heterogeneous light curves of
the SNe IIn. Compared with Type Ia and IIP SNe, the SN IIn
samples are very luminous and their high luminosity lasts for a
long time after the peak. A recent study by Kiewe et al. (2012)
suggests that the rise time for those luminous core-collapse can
be very long (>20 days). As seen from the plot, SN 2006gy
could have a rise time longer than 60 days, which is the most
luminous SNe IIn ever recorded in recent years. Although less
extreme relative to SN 2006gy, SN 2010jl clearly shows a high
luminosity with a long duration. It is interesting to note that
the light curve of SN 2010jl is similar to that of SN 2006tf and
SN 1997cy at early times, but remarkable difference between
them emerges at late times. By t ∼ 90 days from the maximum
light, the light curve of SN 2010jl becomes almost flat, unlike
SN 1998S or SN 2006tf, which declined in R at a faster pace
at a similar phase. By t ! 200 days, SN 2010jl becomes the
most luminous SN IIn of our samples due to its remarkably
slow evolution at late times. Such a long-duration emission at
high luminosity demands a large amount of emitting materials.

6
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- Slower evolution
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Zhang+12
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Type IIn SNe: powered from CSM interaction
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Figure 19. The wind speeds and mass-loss rates measured for our SN IIn
sample (black) as well as objects from the literature measured using the same
methodology (magenta; values based on Section 4 and Table 9). For comparison,
we plot typical values for red supergiant (RSG) stars (red), Wolf-Rayet stars
(WR, blue), and LBVs (green), where we plot the range of typical LBV behavior
(quiescent and eruptive) in the left, darker-shaded rectangle, and the extended
velocity range suggested by Pastorello et al. (2010) to the right in lighter shaded
green.
(A color version of this figure is available in the online journal.)

that have not yet reached these late, short-lived stages. While
the luminous progenitor of SN 2005gl (Gal-Yam & Leonard
2009) and very high deduced mass-loss rates of some SNe
(e.g., SN 2006gy, Smith et al. 2009; SN 2006tf, Smith et al.
2008) suggest that some SNe IIn come from extremely massive
stars, it is not clear if this is true for all these events. In this
context, our measurements of high mass-loss rates argue against
the progenitors of SNe IIn being red supergiant stars, whose
wind velocities and mass-loss rates are too low, and the strong
hydrogen lines and extended light curves argue against W-R
stars, whose atmospheres are expected to be hydrogen-poor and
compact (some W-R stars may explain the class of interacting
H-poor Ibn SNe; Pastorello et al. 2008). Thus it seems that SNe
IIn as a class (if all or most of the objects arise from a single
group of massive stars) require a progenitor star that does not fit
any of the common classes of massive stars. Such rare progenitor
stars are naturally explained by extreme masses, though other
explanations are possible.

6. SUMMARY AND CONCLUSIONS

SNe IIn exhibit a wide range of wind velocities and mass-
loss rates (Table 9). We have presented our observations of
four representative SNe IIn observed by the CCCP project. Our
photometry allows us to determine peak magnitudes and rise and
decline rates for three events. Our spectroscopic time series are
used to measure the pre-explosion wind velocities and mass-loss
rates from the progenitor stars of these SNe. We then provide
an extensive review of the literature and discuss our results in
the context of other well-studied events. Our main results are as
follows.

1. SNe IIn are typically luminous compared to other core-
collapse SNe (peak MV = −18.4 mag), and have a
relatively long rise time (>20 days) followed by a slow
decline.

2. SN IIn spectra often show prominent narrow P-Cygni
profiles in the Balmer lines and multi-component Hα
profiles.

3. We measure fast pre-explosion progenitor winds
(600–1400 km s−1) and derive large mass-loss rates
(0.026–0.12 M" yr−1).

4. Our work supports the association between SNe IIn and
LBV-like progenitor stars. The strong and massive winds
we find are broadly consistent with LBV progenitor stars
and unlike those of typical RSGs. This is in accordance
with the results from analysis of pre-explosion images of
the progenitor of Type IIn SN 2005gl (Gal-Yam & Leonard.
2009).

We thank N. Chugai, A. Pastorello, S. Benetti, N. Smith, and
the anonymous referee for useful comments on the manuscript.
The work of A.G. is supported by grants from the Israeli Science
Foundation (ISF), an EU FP7 Marie Curie IRG fellowship,
the Benoziyo Center for Astrophysics, and The Lord Sieff
of Brimpton Memorial Fund. S.B.C. acknowledges generous
support from Gary and Cynthia Bengier and the Richard and
Rhoda Goldman fund.

APPENDIX

PHOTOMETRIC CALIBRATION

In Figure 20 we show finding charts for the SNe and nearby
calibration stars, whose magnitudes are given in Table 10.

A.1. SDSS versus Landolt Calibrations

Landolt-derived equations for the observing nights of 2005
August 31 and 2009 April 19 were used to calibrate 15
stars located near four CCCP SNe within the SDSS footprint.
The standard Landolt results were compared with magnitudes
obtained from the SDSS photometry of these stars as above.
The difference between the two calibrations was calculated in
each filter for each star as well as the average and the standard
deviation of the differences of all the stars. The results from
both nights are shown in Table 11.

In all the filters, the scatter in the differences is larger than
the mean offsets. We conclude that the two calibration methods
are consistent.

Table 10
Calibration Stars

Supernova Star R.A. Decl. B V R I

SN2005bx 1 13:50:36.5 +68:35:23.0 17.18 16.15 15.64 15.17
2 13:50:54.7 +68:33:27.0 18.06 16.72 15.99 15.35
3 13:50:33.2 +68:32:48.3 14.76 14.07 13.63 13.26

SN2005cl 1 21:02:07.4 −06:17:12.5 18.54 17.97 17.65 17.26
2 21:02:08.6 −06:18:30.4 18.05 17.29 16.84 16.38
3 21:02:05.0 −06:19.09.4 15.50 14.64 14.02 13.85
4 21:02:03.8 −06:19:38.2 15.91 15.12 14.58 14.34
5 21:02:18.4 −06:19:57.2 14.97 14.07 13.60 13.21

SN2005cp 1 23:59:44.2 +18:10:42.2 15.03 14.28 13.83 13.44
2 23:59:54.2 +18:08:23.3 17.09 16.05 15.43 14.92
3 23:59:42.1 +18:07:51.5 18.09 17.52 17.12 16.65

SN2005db 1 00:41:26.0 +25:32:40.6 15.32 14.46 13.99 13.53
2 00:41:26.2 +25:31:57.4 16.44 15.87 15.56 15.22
3 00:41:20.9 +25:29:12.5 18.13 17.11 16.53 15.98
4 00:41:24.1 +25:28:21.2 16.88 16.24 15.89 15.50
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Summary: Radiation from supernovae (I)

• Erad ~ 1049 erg  
<< Ekin (1051 erg) << Egrav (1053 erg)


• Power source


• Radioactivity (56Ni)


• Shock heating


• Interaction with CSM, magnetar, …


• Lessons from observations


• M_Fe (Type Ia SN) > M_Fe (CC SN)


• R (Type II SN) > R (Type Ibc SN) > R (Type Ia SN)


