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ABSTRACT

The most massive stars on the asymptotic giant branch (AGB), or the so-called super-AGB stars, are thought to produce supernovae
triggered by electron captures in their degenerate O+Ne+Mg cores. Super-AGB stars are expected to have slow winds with high
mass-loss rates, so their circumstellar density is high. The explosions of super-AGB stars are therefore presumed to occur in this dense
circumstellar environment. We provide the first synthetic light curves for such events by exploding realistic electron-capture supernova
progenitors within their super-AGB winds. We find that the early light curve – that is, before the recombination wave reaches the
bottom of the hydrogen-rich envelope of supernova ejecta (the plateau phase) – is not affected by the dense wind. However, after the
luminosity drop following the plateau phase, the luminosity remains much higher when the super-AGB wind is taken into account.
We compare our results to the historical light curve of SN 1054, the progenitor of the Crab Nebula, and show that the explosion of
an electron-capture supernova within an ordinary super-AGB wind can explain the observed light curve features. We conclude that
SN 1054 could have been a Type IIn supernova without any extra extreme mass loss, which was previously suggested to be necessary
to account for its early high luminosity. We also show that our light curves match Type IIn supernovae with an early plateau phase
or the so-called Type IIn-P supernovae, and suggest that they are electron-capture supernovae within super-AGB winds. Although
some electron-capture supernovae can be bright in the optical spectral range due to the large progenitor radius, their X-ray luminosity
from the interaction does not necessarily get as bright as other Type IIn supernovae whose optical luminosities are also powered by
the interaction. Thus, we suggest that optically bright X-ray-faint Type IIn supernovae can emerge from electron-capture supernovae.
Optically faint Type IIn supernovae, such as SN 2008S, can also originate from electron-capture supernovae if their hydrogen-rich
envelope masses are small. We argue that some of them can be observed as Type IIn-b supernovae due to the small hydrogen-rich
envelope mass.

Key words. stars: massive – supernovae: general – supernovae: individual: SN 1054 – supernovae: individual: SN 2009kn –
stars: mass-loss

1. Introduction

Massive stars are known to explode as supernovae (SNe) due
to central core collapse. Stars with the zero-age main-sequence
mass above around 10 M� trigger the core collapse after the
formation of an Fe core. However, it has been suggested that
massive stars whose masses are slightly smaller than the masses
required to form Fe cores can still make electron degenerate
O+Ne+Mg cores, which can trigger core collapse through the
electron-capture reactions (e.g., Miyaji et al. 1980; Nomoto et al.
1982; Nomoto 1984, 1985, 1987; Miyaji & Nomoto 1987).
Core-collapse SNe triggered by the electron-capture reactions
are called electron-capture SNe (ecSNe).

The ecSN progenitors are super-asymptotic giant branch
(super-AGB) stars at the onset of the core collapse if they were
single stars. Since there are many uncertainties in thermal pulses,
mass loss, etc., in the evolution of super-AGB stars, the exact

� Hamamatsu Professor.

mass range of ecSN progenitors, or even the existence of them, is
theoretically not well constrained (e.g., Langer 2012; Poelarends
et al. 2008; Siess 2007, 2010; Jones et al. 2013; Takahashi et al.
2013). It has also been suggested that the binary evolution can
help a star that explodes as an ecSN (Podsiadlowski et al. 2004;
Nomoto 1985). While the exact mass range or the existence of
ecSN progenitors remains uncertain, several first-principle nu-
merical simulations of the O+Ne+Mg core collapse have suc-
ceeded in predicting the observational properties of ecSNe. The
ecSNe are predicted to have small explosion energy (∼1050 erg)
and small 56Ni production (∼10−3 M�) by the neutrino-driven
explosion (Kitaura et al. 2006; Burrows et al. 2007; Janka et al.
2008; Hoffman et al. 2008; Wanajo et al. 2009).

Several SNe have been related to ecSNe based on the pre-
dicted ecSN properties (e.g.. Botticella et al. 2009; Thompson
et al. 2009; Pumo et al. 2009; Kawabata et al. 2010). The most
famous SN related to an ecSN is SN 1054 or the Crab Nebula
(see Sect. 4.1). However, while several numerical simulations
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of the explosions of ecSNe have been performed by using the
realistic progenitor model, there is little theoretical study on
the LC properties of ecSNe. Recently, Tominaga et al. (2013,
TBN13 hereafter) performed numerical LC calculations by us-
ing realistic ecSN progenitor models and provided the LC prop-
erties of ecSNe. They have shown that ecSNe can be bright
(∼−17 mag in optical bands) in spite of the small predicted
explosion energy because of the large progenitor radius and
the small H-rich envelope mass. Super-AGB stars are known
to have high mass-loss rates (∼10−4 M� yr−1, e.g., Poelarends
et al. 2008) and the ecSN progenitors can lose a large fraction
of their H-rich envelope as a result of the large mass-loss during
the super-AGB phase, which is quite distinct from a-little-more
massive stars causing the Fe core collapse.

An important characteristic of ecSNe, which TBN13 did not
consider, is the existence of the super-AGB wind around the
ecSN progenitors. The ecSN progenitors should be within the
circumstellar medium (CSM) created by the super-AGB wind
when they explode if they are single stars. In addition to the
high mass-loss rates, the wind velocities of super-AGB stars are
∼10 km s−1, making the CSM density as high as those expected
for Type IIn SNe (SNe IIn) in which we see the effect of the
CSM interaction in their observational properties (e.g., Kiewe
et al. 2012; Taddia et al. 2013; Fransson et al. 2013; Moriya et al.
2014; see Sect. 2.1.2). It is even suggested that most SNe IIn may
come from the low-mass stars, which are consistent with ecSNe
(Habergham et al. 2014; Anderson et al. 2012).

The fact that ecSNe can be bright despite the small explosion
energy was already suggested by van Veelen (2010) by mod-
eling the interaction between ecSN ejecta and expected dense
CSM. Smith (2013) also discussed the effect of dense CSM
on ecSN LCs. He suggested that the early large luminosity of
SN 1054 from an ecSN indicates the existence of confined dense
CSM from eruptive mass loss (see Sect. 4.1 for the discussion
of SN 1054). However, as is shown by TBN13 and van Veelen
(2010), ecSNe can be as bright as SN 1054 in spite of the low ex-
plosion energy because of the expected large progenitor radius
and small mass of the H-rich envelope.

The previous numerical simulations of ecSN LCs do not take
either the realistic ecSN progenitor model (van Veelen 2010) or
the existence of the dense CSM around the ecSN progenitors
(TBN13) into account. In this paper, we combine the two previ-
ous LC studies of ecSNe and perform the numerical LC simu-
lation of ecSNe exploding in the super-AGB wind. We provide
realistic ecSN LCs to compare with observations.

The rest of this paper is organized as follows. At first, in
Sect. 2.1, we describe the progenitors and their CSM that we use
for our LC modeling of ecSNe and the properties of the SN ex-
plosions. Then, we show the synthesized LCs in Sect. 3. The LCs
are compared to observed SN LCs with special focus on SN 1054
and so-called “Type IIn-P” SNe in Sect. 4. We conclude this pa-
per in Sect. 5.

2. Initial conditions

2.1. Progenitors and circumstellar media

2.1.1. Electron-capture SN progenitors

The super-AGB ecSN progenitors we use in this work are
the same as those presented in TBN13. The progenitor mod-
els are constructed by attaching a H-rich envelope (Nomoto &
Sugimoto 1972) to the thin He layer on the 1.377 M� O+Ne+Mg
ecSN progenitor that has been obtained by Nomoto et al. (1982);
Nomoto (1984, 1987). Several ecSN progenitors with different

envelope masses (Menv) and hydrogen fractions (Xenv) are con-
structed by TBN13. In this work, we take the model with Menv =
3.0 M� and Xenv = 0.2 as a fiducial model. The LC from the
model was compared to that of SN 1054 in TBN13. The hydro-
gen fraction is rather low in the model. The hydrogen fraction af-
fects the early plateau length in LCs, but the differences between
the plateau lengths of the Xenv = 0.2 models and the Xenv = 0.7
models are less than 20 days (TBN13). The plateau luminosity
is not strongly affected by the composition. The radius and lumi-
nosity of the model are 7×1013 cm (103 R�) and 3×1038 erg s−1

(8×104 L�), respectively. See TBN13 for the detailed properties
of the progenitors.

2.1.2. Circumstellar media

We put the CSM expected from super-AGB winds outside the
aforementioned ecSN progenitors. However, the mass loss from
super-AGB stars is uncertain. Poelarends et al. (2008) adopted
several mass-loss prescriptions to follow the super-AGB evolu-
tion and found that the differences in the mass-loss prescriptions
do not significantly affect the final results. The mass-loss rates
are around 10−4 M� yr−1 (Poelarends et al. 2008). We adopt
three mass-loss rates in our LC calculations: 10−4, 5 × 10−5,
and 10−5 M� yr−1. Although we construct the CSM by assuming
that the mass-loss rates are constant, super-AGB stars experience
thermal pulses, and the mass-loss rates can alter significantly in
a short timescale (e.g., Jones et al. 2013; Lau et al. 2012).

Another important quantity we need to know to estimate
the CSM density is the wind velocity vwind. The escape veloc-
ity of our fiducial progenitor is 41 km s−1. The actual terminal
wind velocity is, again, uncertain. van Veelen (2010) argued that
the wind velocity can be as low as 30% of the escape velocity
based on the formulation of Eldridge et al. (2006). Here, we take
vwind = 20 km s−1 as a representative wind velocity as was as-
sumed in van Veelen (2010).

Given the mass-loss rate (Ṁ) and wind velocity (vwind), the
CSM density ρcsm(r) is set as

ρcsm(r) =
Ṁ

4πvwind
r−2, (1)

where r is radius. The super-AGB phase is assumed to continue
for ∼104 years (e.g., Poelarends et al. 2008), and the dense CSM
should reach∼6×1017 cm in the super-AGB phase. However, the
CSM radius boundary is arbitrarily set at 2×1016 cm in the initial
condition of the numerical simulations we performed. Thus, the
effect of the dense CSM on the LCs is expected to last longer
than that we obtain, as discussed in the following sections.

It is an important feature that the CSM density of the super-
AGB wind is similar to those estimated in the CSM of typical
SNe IIn. The CSM density is proportional to Ṁ/vwind (Eq. (1)).
The typical CSM properties of SNe IIn are estimated to be
Ṁ ∼ 10−3 M� yr−1 with vwind ∼ 100 km s−1 (e.g., Kiewe
et al. 2012; Taddia et al. 2013; Fransson et al. 2013; Moriya
et al. 2014). While the mass-loss rates of the super-AGB stars
(∼10−4 M� yr−1) are about one order of magnitude smaller than
those estimated for SNe IIn, the wind velocity∼10 km s−1 is also
one order of magnitude smaller. Thus, the CSM density from the
super-AGB wind is presumed to be high enough to affect the LCs
and spectra of ecSNe as much as we observe in SNe IIn.

2.2. Explosion properties and light curve calculations

The explosions of super-AGB stars are followed in the same
way as in TBN13. The explosions of the ecSN progenitors are
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Fig. 1. Bolometric LCs of ecSNe exploding within the super-AGB
wind. The LC model without CSM (TBN13) is also shown for com-
parison. The mass-loss rate of the model is indicated in the figure. The
wind velocity is vwind = 20 km s−1 for all models.

numerically followed with a one-dimensional multigroup radi-
ation hydrodynamics code STELLA (e.g., Blinnikov et al. 2006,
1998). The explosions are initiated by putting thermal energy at
the center. The explosion energy is set as 1.5×1050 erg, which is
based on the numerical simulations performed with the first prin-
ciples (Kitaura et al. 2006), unless otherwise mentioned. STELLA
does not follow the explosive nucleosynthesis, and we need to
provide the chemical yields from the explosive nucleosynthesis
to obtain the opacity and the energy input from the nuclear de-
cay of 56Ni. We use the chemical yields from the nucleosynthesis
calculation of the self-consistent ecSN explosion performed with
the same O+Ne+Mg core (Model ST in Wanajo et al. 2009).
The amount of 56Ni produced in the model is 2.5× 10−3 M�. We
assume the envelope is not affected by the explosive nucleosyn-
thesis. Finally, TBN13 has investigated the effect of the central
pulsar to the LC but we do not take it into account in this paper.

3. Light curve properties

Synthetic bolometric LCs are presented in Fig. 1. The LC with-
out CSM was already presented in TBN13. It stays bright until
the photosphere located at the hydrogen recombination front re-
sides in the H-rich envelope. This early phase is essentially the
same as the plateau phase of Type IIP SNe. As is already shown
by TBN13, the plateau phase is bright in spite of the low explo-
sion energy. This is because of the large progenitor radius and
the small H-rich envelope mass expected for super-AGB SN pro-
genitors (cf. Kasen & Woosley 2009; Young 2004). The length
of the plateau phase depends on the mass and composition of the
H-rich envelope, and it can be longer than 100 days (TBN13).
The luminosity drops by about two orders of magnitudes at the
end of the plateau, and the LC starts to follow the decay of 56Co
if there is no CSM.

Even if we take the effect of the CSM interaction into ac-
count, the early LCs during the plateau phase are still dominated
by the light from the SN ejecta. The effect of the super-AGB
wind on the LCs starts to appear after the plateau.

The effect of the interaction on the LCs is examined in
detail in Fig. 2. In addition to the models with no CSM and
10−4 M� yr−1 presented in Fig. 1, the analytic bolometric

Fig. 2. Comparison of several bolometric LC models. The “no CSM”
model and the 10−4 M� yr−1 model are the same as in Fig. 1. The
AN1 model is the expected contribution of the luminosity from the in-
teraction in the 10−4 M� yr−1 model which is estimated with the ana-
lytic LC model of Moriya et al. (2013b). Adding the “no CSM” and
AN1 models, we obtain the “no CSM + AN1” model, which roughly
matches the overall LC evolution of the 10−4 M� yr−1 model. The
LC model of van Veelen (2010) is obtained from a numerical two-
dimensional LC calculation with the similar initial conditions in the
10−4 M� yr−1 model. The AN2 model is the analytic LC estimate for
the van Veelen (2010) model. See Sect. 3 for details.

LC models based on Moriya et al. (2013b) are shown (AN1 and
AN2). The analytic LC is expressed as

L =
εA
2

(
Ṁ
vwind

) n−5
n−2

E
3(n−3)
2(n−2)

ej M
− 3(n−5)

2(n−2)

ej t−
3

n−2 , (2)

where

A =

(
n − 3
n − 2

)3 [
2

(n − 4)(n − 3)(n − δ)
[2(5 − δ)(n − 5)](n−3)/2

[(3 − δ)(n − 3)](n−5)/2

] 3
n−2

,

(3)

t is the time since the explosion, Eej is the SN kinetic energy,
Mej is the SN ejecta mass, n is the outer density slope of the
SN ejecta (ρej ∝ r−n), δ is the inner density slope of the SN ejecta
(ρej ∝ r−δ), and ε is the conversion efficiency from kinetic energy
to radiation. We refer to Moriya et al. (2013b) for further details.
In this paper, we set n = 9 and δ = 0 to compare the model with
that of van Veelen (2010) but the LC does not strongly depend
on the choice of n and δ within the reasonable range (n � 7–12
and δ � 0–1). All the analytic models shown in Fig. 2 assume
Ṁ = 10−4 M� yr−1 and vwind = 20 km s−1. The AN1 model
in Fig. 2 assumes Eej = 1.5 × 1050 erg and Mej = 3 M�. As
discussed below, the conversion efficiency ε is uncertain in both
the numerical and analytic models. The conversion efficiency ε
in AN1 is chosen to match the later luminosity of the numerical
10−4 M� yr−1 model (ε = 0.1).

The analytic model represents the contribution of the lumi-
nosity from the interaction. In Fig. 2, we also present a model
in which the luminosities of the numerical “no CSM” model
and the analytic AN1 model are added. This model can roughly
explain the bolometric luminosity evolution of the numerical
model with the super-AGB wind. Large differences between the
numerical model and the added model appear in two phases:
(i) just after the plateau phase at around 100 days and (ii) around
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900 days when the numerical LC drops significantly. The earlier
luminosity discrepancy (i) is caused by the higher photospheric
temperature in the numerical interacting model. A similar kind
of smooth transition is also found in the explosion models of red
supergiants within dense CSM (Moriya et al. 2011). The sud-
den decline (ii) appears because the shock goes out of the dense
CSM whose radius is arbitrarily set at 2 × 1016 cm. If the super-
AGB phase continues for ∼104 years with the wind speed of
20 km s−1, the dense CSM should actually be extended up to
∼6 × 1017 cm. This means that the interaction should actually
continue further, and the LC continues to be bright as we see in
the analytic model.

In Fig. 2, we also show the numerical bolometric LC for
the interaction between ecSN ejecta and dense CSM as obtained
by van Veelen (2010). The bolometric LC is obtained with the
hydrodynamics code ZEUS-MP that is combined with a cooling
function, which is applicable to the optically thin system. The
method is similar to that adopted by van Marle et al. (2010). The
homologous SN ejecta is assumed to have two density compo-
nents with n = 9 and δ = 0. The hydrodynamical calculation is
performed in two dimensions. The SN ejecta mass is 3.15 M�,
and the kinetic energy is 1050 erg. These parameters are almost
the same as in our model. The SN ejecta is connected to the
dense CSM by Ṁ = 10−4 M� yr−1 and vwind = 20 km s−1 at
1014 cm.

Since the numerical interaction model of van Veelen (2010)
does not take account of the recombination process in the
SN ejecta, the early LC evolution is different from what we ob-
tained. However, even at the epochs when our LC model is dom-
inated by the luminosity from the interaction, the difference in
the luminosity remains by a factor of about 3. The difference is
likely to stem from the uncertainty in the conversion efficiency ε.
We plot another analytic LC of Moriya et al. (2013b) (Eq. (2))
with Mej = 3.15 M� and Eej = 1050 erg in Fig. 2 (AN2). The
analytic model AN2 matches the numerical model of van Veelen
(2010) well. The Mej and Eej in AN2 are almost the same as
in AN1. The main difference between AN1 and AN2 is that
the conversion efficiency ε is increased to 0.5 in AN2 from 0.1
in AN1. Thus, the main reason for the discrepancy in the two
numerical models is the difference in the conversion efficiency
achieved in these simulations.

The conversion efficiency is a parameter that is still not well-
constrained. It is usually assumed to be �0.1–0.5 in the liter-
ature. The maximum conversion efficiency is �0.5 because of
the conservation of momentum. In the one-dimensional code
STELLA, the conversion efficiency is artificially reduced. The
motivation for the reduction in the code is that the multidimen-
sional instabilities may initiate additional motion in the dense
shell, and more energy may remain as kinetic energy if the di-
mension is larger (Blinnikov et al. 1998; Moriya et al. 2013a). A
recent multidimensional radiation hydrodynamics calculation of
a pulsational pair-instability SN model of Woosley et al. (2007)
by Chen et al. (2014) showed that the resulting luminosity is
similar to that obtained by STELLA with the artificial reduction
of the conversion efficiency. In the multidimensional simulations
by van Veelen (2010), however, it is found that the Rayleigh-
Taylor fingers formed by multidimensional instabilities make
the density ahead of the shock higher, and thus, the luminos-
ity is higher by a factor of 1.8 in the two-dimensional simu-
lations. In summary, the artificial reduction in the conversion
efficiency in STELLA and the larger effective conversion effi-
ciency in multidimensional simulations by van Veelen (2010)
due to the Rayleigh-Taylor fingers cause the difference in the
conversion efficiency. We still do not know clearly how the

Fig. 3. Multicolor LC of the model with 10−4 M� yr−1.

multi-dimensionality affects the conversion efficiency. One pos-
sibility is that the conversion efficiency depends on the CSM
density. The numerical simulations by Chen et al. (2014) are per-
formed with the denser CSM than those in van Veelen (2010),
which are closer to ours. In this case, the conversion efficiency
may also be time dependent since the CSM density reduces as
the shock propagates outward. Another possible reason for the
difference is that the radiation is not coupled to hydrodynamics
in the simulations by van Veelen (2010), while it is coupled in
the simulations by Chen et al. (2014). The effect of the multidi-
mensionality in SN IIn luminosity needs to be investigated more.

Figure 3 shows the multicolor LC of our numerical model
with 10−4 M� yr−1. The evolution during the early plateau phase
is consistent with those of SNe IIP. After the early plateau, the
evolution of multicolor LCs is similar to each other, but the mag-
nitudes depend on the bands. The evolution of the optical LCs is
similar to that of the bolometric LC in Fig. 1. When the shock
is radiation-dominated (when the ratio of the radiation pressure
to the gas pressure is above �5), the shock temperature does not
become very high because of the large heat capacity of photons,
so optical photons are mainly emitted from the shock (Weaver
1976; Blinnikov & Tolstov 2011; Tolstov et al. 2013). Even
when the shock is not radiation-dominated, the high-energy pho-
tons produced at the shock are efficiently thermalized due to
the large CSM density, so photons can be emitted in the opti-
cal wavelengths (cf. Chevalier & Irwin 2012).

Finally, we show the velocity structures of the models with
and without CSM in Fig. 4 at around the middle of the plateau
phase (t � 50 days). The entire velocity in the model without
CSM is homologous, while only the unshocked SN ejecta is ho-
mologous in the model with CSM. The photosphere is located at
r = 1.1 × 1015 cm in the “no CSM” model, and it is located at
r = 1.2× 1015 cm in the model with the CSM. The photospheric
velocity is almost the same (2300 km s−1) in the two models. The
model with CSM has the velocity drop at r = 1.4×1015 cm where
the SN ejecta collides to the CSM. The material in SN ejecta,
which exists beyond this radius in the “no CSM” model, is ac-
cumulated in the cold dense shell at 1.4 × 1015 cm in the model
with CSM.
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Fig. 4. Velocity structures of the models with and without CSM at t �
50 days.

4. Comparison with observations

In this section, we compare our ecSN LC models presented in
the previous section to the observations, which may be related to
ecSNe.

4.1. SN 1054 (Crab Nebula)

SN 1054 was a “guest star”, which is recorded mainly in Chinese
and Japanese literature (see Stephenson & Green 2002, for a
summary of the historical records). The proximity of the guest
star to the Crab Nebula (M 1 or NGC 1952) was first pointed
out by Lundmark (1921). The expansion of the Crab Nebula,
which was discovered by Lampland (1921) and Duncan (1921),
is consistent with the explosion occurring in 1054 (Hubble 1928;
Rudie et al. 2008, but see also Trimble 1968; Wyckoff& Murray
1977; Nugent 1998). Thus, the Crab Nebula is quite likely the
remnant of SN 1054.

The Crab Nebula is one of the best observed SN remnants
(see Hester 2008; Davidson & Fesen 1985, for summaries). The
observed chemical abundances (e.g., MacAlpine & Satterfield
2008; Satterfield et al. 2012) suggest that the Crab Nebula is a
remnant of an ecSN (e.g., Nomoto et al. 1982). In addition, the
estimated small ejecta mass (4.6 ± 1.8 M�, Fesen et al. 1997)
and small kinetic energy (∼1049 erg, e.g., Frail et al. 1995; Smith
2013) match the theoretical predictions of ecSN properties (e.g.,
Nomoto et al. 1982; Kitaura et al. 2006; Burrows et al. 2007).
The above properties of the Crab Nebula suggest that SN 1054
was likely an ecSN.

Generally, SN LCs are an important clue to investigate
their progenitors. The LC of SN 1054 deduced from the ancient
records (see below) has been extensively discussed by many au-
thors (e.g., Minkowski 1971; Chevalier 1977; Wheeler 1978).
It has been argued that the LC of SN 1054 may be inconsistent
with those expected from ecSNe. Sollerman et al. (2001) pointed
out that the last observational record of SN 1054 is incompatible
with the small amount of 56Ni production expected in ecSNe.
Recently, Smith (2013) suggested that the relatively high early
luminosity of SN 1054 is hard to be explained by the small ex-
plosion energy expected for ecSNe. However, TBN13 showed
that the small explosion energy is consistent with the early high-
luminosity of SN 1054 because of the progenitor’s large radius

Fig. 5. LCs of SN 1054 and our ecSNe exploded within super-AGB
winds. The V-band LCs of the models are shown. The observations of
SN 1054 are based on human eyes, which are sensitive at around the
V band (Vos 1978). Note that the V-band and R-band magnitudes are
similar in our models (Fig. 3).

and the small H-rich envelope mass in ecSNe. Sollerman et al.
(2001) proposed that the later high-luminosity of SN 1054 was
powered by energy input from the central pulsar or the CSM in-
teraction. The energy input from the pulsar was taken into ac-
count by TBN13. They found that the energy input from the
pulsar can potentially explain the late luminosity, although their
model with one-group radiation transport predicted a lower lu-
minosity. We compare here our ecSN LC models with super-
AGB winds to that of SN 1054 to show that ecSN exploded
within super-AGB winds can actually explain the LC properties
of SN 1054.

In Fig. 5, we compare our LC models with the LC of
SN 1054 deduced from the historical records. The recorded
brightness of SN 1054 at three epochs, which were observed
with human eyes are adopted (Stephenson & Green 2002):

1. The “guest star” appeared on AD 1054 July 4
(JD 2 106 219)1, and it was as bright as Venus (∼−4.5 mag).

2. It was able to observe during the daytime for 23 days. Thus,
the star was as bright as the sky in the daytime at 23 days
since its discovery (JD 2 106 232), which is at ∼−3 mag.

3. It disappeared from the sky on AD 1056 April 6
(JD 2 106 858). We assume that SN 1054 became ∼6 mag at
this time.

The errors, especially in magnitude, are expected to be large.
For example, the Japanese record reports that the star was as
bright as Jupiter (mopt ∼ −2 mag) instead of Venus (Stephenson
& Green 2002). We assign a magnitude of error to the de-
duced magnitudes. The recorded date also has uncertainty. In
addition, the star may not have been seen for a while because
of the bad weather. Thus, we assign the error of 10 days in
the recorded dates. The estimated observed magnitudes are cor-
rected to the absolute ones with the distance of 2 kpc (Trimble
1973; Davidson & Fesen 1985) and the extinction of AV =
1.6 mag (Miller 1973).

Our LC models show that the explosion of an ecSN
within super-AGB wind can explain the major characteristics of

1 The star was recorded to appear in late May in 1054 in Japanese lit-
erature (Meigetsuki), but it is likely that there is an error in the recorded
month. The actual date is likely to be one month later, which is consis-
tent with the Chinese records (Stephenson & Green 2002).
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SN 1054. As has already been shown by TBN13, the early high
luminosity of SN 1054 can be explained by the ecSN model.
Smith (2013) suggested that a confined dense shell is required to
explain the early high luminosity of SN 1054 with a low energy
explosion of ecSNe but this is not necessarily the case (TBN13).
The early luminosity can be solely explained by ecSNe without
any confined dense shell. No extreme mass loss of the super-
AGB star shortly before the explosion is required.

An essential difference between our models and those of
TBN13 is the existence of the super-AGB wind in our mod-
els. As was discussed by Sollerman et al. (2001), the late lu-
minosity of SN 1054 requires about 0.06 M� of 56Ni, which is
incompatible with the expected small 56Ni production of ecSNe
(∼10−3 M�). It was invoked by TBN13 that the luminosity in-
put from the central pulsar to explain the late high luminosity.
Our models, which include the luminosity from the interaction
with dense CSM whose existence is naturally expected in the ex-
plosion of super-AGB stars, can describe the later luminosity of
SN 1054 without invoking the energy input from the pulsar. This
possibility was already proposed by Sollerman et al. (2001), and
we confirmed it. Both the pulsar and interaction may contribute
to the late time luminosity.

The difference in observational properties of the pulsar and
interaction models appears in the spectra. The interaction is pre-
sumed to make SN 1054 Type IIn. The luminosity from the in-
teraction dominates after the early plateau phase, but the strong
narrow emission lines may have made SN 1054 Type IIn from
early on. Observations of light echoes may be able to distinguish
them as was suggested by Smith (2013). However, detection of
SN IIn spectra does not necessarily indicate that SN 1054 was
powered by the interaction from the earliest time as is shown
here.

A remaining concern about our LC models for SN 1054 is
the final observational record. The final LC point is based on
the Chinese record that the guest star vanished at that epoch.
However, the SN luminosity of our models stays constant. One
can, of course, doubt the accuracy of the record, and the luminos-
ity may have stayed more or less similar for longer time. Another
possible interpretation is that the shock had gone through the
dense part of the CSM at this time, and the LC declined sud-
denly as seen at around JD 2 107 000 in Fig. 5 in our models
whose dense CSM radius is 2 × 1016 cm. The disappearance at
JD 2 106 858 can be explained if the dense CSM only extends to
�1.5 × 1016 cm. In this case, the super-AGB progenitor should
have undergone the high mass-loss rate starting from �240 years
before the explosion, assuming vwind = 20 km s−1. This may
be possible if the mass loss from super-AGB stars is related to
many thermal pulses of He shell burning, thus being strongly
time-dependent.

4.2. Type IIn supernovae with LC plateau (Type IIn-P)

Some SNe IIn are known to be characterized by an early
LC plateau followed by the sudden LC decline as seen in
SNe IIP. They have been suggested to be related to ecSNe be-
cause of low estimated 56Ni masses (e.g., SN 1994W, Sollerman
et al. 1998; SN 2009kn, Kankare et al. 2012; SN 2011ht,
Mauerhan et al. 2013). This kind of SNe IIn is also called
“Type IIn-P” SNe by some authors because of the LC plateau
(e.g., Mauerhan et al. 2013).

In Fig. 6, we compare the ecSN LC model by interacting
with a super-AGB wind with the LC of SN 2009kn (Kankare
et al. 2012). The progenitor model is constructed by attaching
the Ṁ = 10−4 M� yr−1 and vwind = 20 km s−1 wind on top of the

Fig. 6. Comparison of the observed LC of SN 2009kn (Kankare et al.
2012) and the multicolor LC model of the ecSN exploded in the super-
AGB wind.

Menv = 4.7 M� and Xenv = 0.5 progenitor presented in TBN13.
The explosion energy is increased to 3.5 × 1050 erg to match the
plateau luminosity of SN 2009kn. The 56Ni mass is the same as
in the previous models (2.5 × 10−3 M�) for simplicity.

The overall LC properties of SN 2009kn are reproduced by
the numerical model. The R-band brightness of the first three
observed epochs is higher than the numerical LC. However, the
multicolor LCs of the later plateau phase are consistent with the
observations. The luminosities after the plateau are lower than
observed ones. This may indicate that the mass-loss rate of the
progenitor was larger than 10−4 M� yr−1, and/or the wind veloc-
ity was smaller than 20 km s−1.

For the LC drop after the plateau, two reasons have been sug-
gested. (i) Chugai et al. (2004) suggested that the drop appears
when the blast wave leaves the dense part of CSM. The major
power input from the interaction terminates when the blast wave
leaves the dense part of the CSM and the LC drop is observed.
(ii) Dessart et al. (2009) related the drop to the recombination.
Our model is close to the latter idea. In our model, however,
the LC plateau is not related to the interaction as considered in
Dessart et al. (2009) but is caused by exactly the same reason as
in SNe IIP, which is the recombination in the H-rich layers of the
SN ejecta.

As the emission from the early phase is dominated by the
emission from the SN ejecta, one may expect to see SN IIP spec-
tral features in these epochs. However, the photospheric veloc-
ity during the plateau phase is as low as ∼2000 km s−1 (Sect. 3
and Fig. 4). Thus, the spectral features from the SN ejecta can
be strongly diluted by the intermediate narrow-line components
usually observed in SNe IIn, which typically have the width of
∼1000 km s−1. The dense shell may also smear out the spectral
features from the SN ejecta.

One observational property of these SNe IIn, which may not
prefer our ecSN model, is the observed velocities of the nar-
row P-Cygni profiles. The small velocities of the narrow P-Cygni
profiles in SNe IIn are generally related to the wind velocity of
the progenitors. The velocities of the narrow components in the
SNe IIn with the LC plateau are typically 100–1000 km s−1 (e.g.,
Chugai et al. 2004; Kankare et al. 2012; Mauerhan et al. 2013).
This is inconsistent with the small wind velocities of the super-
AGB wind. One possibility is that these features may come from
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the slowly-moving SN ejecta and other unobserved, much slower
P-Cygni components in the spectra may exist. In addition, the
detailed line formation mechanisms of SNe IIn are not well un-
derstood, and the detailed spectral modeling is required to see if
the super-AGB model is able to explain the spectral properties.

Finally, one of the SNe IIn with the LC plateau, SN 2011ht,
is found to have brightened a year before the major luminosity
increase in 2011 (Fraser et al. 2013). If SN 2011ht is associated
with a super-AGB star, the pre-outburst could be related to the
thermal pulses of He-shell burning in the super-AGB progenitor.
Several possible pre-burst events have been reported (Ofek et al.
2014), and some of them may be related to the AGB activities.

4.3. Other supernovae

Other SNe IIn, which have been suggested to be ecSNe, are
faint from early times. For example, the peak bolometric magni-
tude of SN 2008S was about −14 mag (1041 erg, e.g., Botticella
et al. 2009), and the progenitor was found to be around 10 M�
(Prieto et al. 2008). Our LC models, however, predict that ec-
SNe are not faint at early times. One possible way to make the
early ecSN LCs faint is to reduce the mass of H-rich envelope.
Then, the early bright phase gets as short as those in SNe IIb,
and the subsequent luminosity is dominated by the interaction
from early times because of the small 56Ni mass. The luminosi-
ties only from the interaction in our models are comparable to
those of faint SNe IIn, which have been suggested to be ecSNe
like SN 2008S (Fig. 2). The H-rich envelope may become small
enough depending on the amount of mass loss from the progen-
itors if they are single stars. A large amount of mass can also be
lost by ecSN progenitors from binary stars due to the binary evo-
lution (cf. Podsiadlowski et al. 2004). Without the super-AGB
wind, faint SNe IIn, such as SN 2008S, may have been observed
as SNe IIb from ecSNe with very small mass H-rich envelopes.
In some cases, the SN IIb features may be observed at early
times and ecSNe with little H-rich envelope may be observed
as “Type IIn-b”.

X-ray observations of SNe IIn can play an important role in
identifying the SNe IIn of the ecSN origin. Although our ecSN
LCs with the plateau phase are optically bright at early times,
the high luminosity is not due to the interaction. This means
that X-ray luminosities, which are mainly from the interaction,
can be very low compared to other SNe IIn with similar opti-
cal luminosities, which are powered mainly by the interaction in
the optical range as well. For example, the X-ray luminosities
of ∼1037 erg s−1 in 0.1–10 keV at one year after the explosion
is expected in our 10−4 M� yr−1 model with the formalism of
Fransson et al. (1996). SN IIn 2005ip, which had a similar opti-
cal luminosity to our ecSN model at the early plateau (Stritzinger
et al. 2012), had an X-ray luminosity of �1041 erg s−1 in 0.1–
10 keV at one year after the explosion (Katsuda et al. 2014).
Thus, optically bright but X-ray-faint SNe IIn can be promis-
ing candidates for ecSNe. However, if ecSN ejecta mass is small
due to the mass loss or binary evolution, the luminosity from the
interaction can also be high (van Veelen 2010, see Eq. (2)). In
other words, the luminosities of ecSNe with little H-rich enve-
lope would be dominated by the interaction from early times,
and their X-ray luminosities can be as bright as those expected
from the optical luminosities. Then, the corresponding SNe IIn
can also be X-ray bright for a long time, as is observed in, for
example, SN 1988Z (van Veelen 2010). Radio observations may
also be used to trace the shock properties, but the radio luminos-
ity can be low because of the strong free-free absorption by the
dense CSM (cf. Chevalier 1998).

5. Conclusions

We performed numerical LC calculations of ecSNe that ex-
ploded within super-AGB winds and obtained the following re-
sults. The early bolometric LCs at the plateau phase are not
affected by the dense CSM, and they are the same as those
from the models without the dense CSM (TBN13). As is shown
by TBN13, the early LCs of ecSNe can be as luminous as
−17 mag in the optical bands in spite of the small explosion en-
ergy (1.5 × 1050 erg) because of the large radius and the small
H-rich envelope mass of super-AGB stars. The effect of the
super-AGB CSM on the LCs starts to appear after the plateau
phase. If there is no CSM, the LCs start to follow the 56Co decay
(L ∝ e−t/(111 days)) after the plateau. However, if a dense CSM
from the super-AGB stars exists, the interaction between the
SN ejecta and the dense super-AGB CSM provides additional
energy to illuminate ecSNe. The bolometric LCs decline much
slower than the 56Co decay (L ∝ t−3/(n−2), where n is the outer
density slope of SN ejecta, ρej ∝ r−n, with n � 7–12).

SN 1054 (Crab Nebula) has been suggested to be an ecSN.
However, several observational properties have been argued to
be difficult to be explained by ecSNe. Sollerman et al. (2001)
argued that the final observational record at t � 650 days after
discovery indicates that SN 1054 was too bright to be an ecSN,
which does not produce enough 56Ni. We confirmed that the
interaction with the dense CSM expected from the super-AGB
stars can explain the last observational record. Smith (2013)
argued that early luminosity is also too bright to be ecSNe.
However, it was shown by TBN13 and this work that the lu-
minosity is consistent with ecSNe.

We also compare our LC model to the LCs in a subclass of
SNe IIn, which show the LC plateau in the early phase (Type IIn-
P). We show that our LC model is consistent and suggest that
they are ecSNe exploding within the dense super-AGB CSM.
Faint SNe IIn can be ecSNe with the dense CSM but with little
H-rich envelope. They may be observed as “Type IIn-b”.

We show that SNe IIn with the LC plateau from ecSNe can
be bright in optical at early times, even if the CSM is not dense
enough to power the early optical luminosity by the interaction.
Thus, their X-ray luminosities from the interaction can be faint
in spite of the large optical luminosities in the SNe IIn. As a re-
sult, some ecSNe can be observed as optically bright but X-ray-
faint SNe IIn. Since the luminosities of ecSNe with little H-rich
envelope are dominated by the interaction from early on, their
X-ray luminosities can be as bright as those expected from the
optical luminosities.
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