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頂いたお題

•初期世代星

•ガンマ線バースト

•超新星爆発

•晩期型星 （ごめんなさい）

•装置ありきではなく、サイエンスから
装置 => サイエンス

TMTサイエンス検討会報告書 / SPICA proposal



初代星を見たい
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“Superluminous” Supernovae
(Quimby+10, Pastorello+10)

Chapter 9: Transients

Figure 9.14: Schematic illustration of luminous Type IIn SNe.
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Figure 9.15: SEDs used in the mock simulations. Days are from the maximum luminosity in rest frame. They are
based on the blackbody fit of the SEDs of SN 2008es (Miller et al. 2009; Gezari et al. 2009).

Many luminous SNe are classified as Type IIn. Their spectra show narrow emission lines of hydro-
gen, hence the name Type IIn with ’n’ coming from ’narrow’ (e.g., Schlegel 1990; Filippenko 1997).
These emission lines are thought to originate from the dense circumstellar medium (CSM) around
SNe and Type IIn SNe are considered to be brightened by the interaction of SN ejecta with the
dense CSM. The dense CSM can be ejected from progenitor stars by stellar wind and/or by erup-
tive events of them (like those of ! Carinae) during their evolution. When a star explodes within
dense CSM, the ejected materials collide with the dense CSM (Figure 9.14). A strong shock wave is
then generated, which converts the huge kinetic energy of the SN ejecta to thermal energy which is
eventually emitted as radiation. The conversion of the kinetic energy to radiation makes Type IIn
SNe brighter than other types of SNe on average (e.g., Richardson et al. 2002). In addition, Type
IIn SNe are bright in rest-frame UV and can be observed even they appear at high redshifts. A
Type IIn SN at z = 2.357 is the current record holder of the most distant SN reported (Cooke et al.
2009). The major progenitors of Type IIn SNe are suggested to be luminous blue variables (LBVs)
which are in an evolutionary path of very massive stars and undergo extensive mass loss. The
progenitor of Type IIn SN 2005gl is actually confirmed to be a LBV (Gal-Yam & Leonard 2009;
Gal-Yam et al. 2007).
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2680 M. Tanaka et al.

Figure 6. Expected number of detection as a function of redshift for HSC–
Deep (upper panel) and HSC–UltraDeep (lower panel). The two solid lines
show the cases for f SLSN = 2 ! 10"2 (top) and 2 ! 10"3 (bottom). The total
number of detection is 15–150 for HSC–Deep and 3–30 for HSC–UltraDeep.

The total number of detections is 15–150 for the Deep layer and
3–30 for the UltraDeep layer. If PTF09cnd is used as input, these
numbers increase by 20 per cent because of the slow luminosity
evolution.

For both layers, the median redshift is found to be z # 2, where the
star-formation rate and hence the intrinsic SN rate has a peak. The
wider survey area of HSC–Deep gives a larger number of detections
at z = 1–3. In future, a dedicated deep survey by LSST will discover
more superluminous SNe. If a similar depth is achieved, for exam-
ple, in the deep drilling field (LSST Science Collaborations et al.
2009), the expected number of detections is simply proportional to
the survey area.

We expect that the rate of superluminous SNe at z # 1–3 should
be accurately determined with HSC–Deep. HSC–UltraDeep can
possibly detect superluminous SNe even at z # 5 if f SLSN = 2 !
10"2. This is in contrast to PISNe, which we can detect only at z < 2
with LSST (Pan et al. 2011b). The highest redshift of superluminous
SNe depends on the intrinsic rate of superluminous SNe, which
can be observationally constrained by HSC–Deep. We emphasize
that surveys with two layers are important first to understand the
properties of superluminous SNe (Deep layer) and then to detect
the highest-redshift SNe (UltraDeep layer).

4 N IR SU RV EY

4.1 Expected number of detections

It is likely that a NIR survey is more efficient than optical surveys at
detecting high-redshift superluminous SNe. Fig. 4 (see red line in
the online article) shows the detection efficiency for our proposed
NIR survey. The efficiency is approximately constant at z = 0–6.
The maximum efficiency is 0.5, simply because we require detection
at 3 epochs. Most superluminous SNe up to z # 6 are above the
detection limit. However, because of our criteria, superluminous
SNe that occurred in the latter 3 months of the survey period are
not included in Fig. 4. Using NIR bands is essential to perform a
complete survey at redshift z > 3.

Fig. 7 shows the simulated light curves of superluminous SNe
(red in the online article) compared with other types of SNe. Thanks
to the high rest-UV luminosity (Fig. 1), superluminous SNe even at
z = 6 can be as bright as 24–25 mag at 2 µm. Because of the time
dilation, the light curve of superluminous SNe at high redshifts has
a long time-scale.

The expected number of detections is shown in Fig. 8. It is highly
interesting that, with a 100 deg2 survey, hundreds of z > 2 SNe can

Figure 7. NIR light curves of superluminous SNe (red in the online article)
compared with Type Ia (black), IIP (blue in the online article) and Ibc (green
in the online article) SNe. For superluminous SNe, Type Ia and IIP SNe,
magnitudes in the F200W filter are shown. Since the SED of Type Ibc SNe
at 2 µm is uncertain (see Fig. A1), magnitudes in the F115W filter are shown
for Type Ibc SNe. The light curves of Type Ia SNe and Type IIP SNe are
shifted toward the right for clarity.

Figure 8. Expected number of detections as a function of redshift for the
100-deg2 NIR survey. The two solid lines show the cases for f SLSN =
2 ! 10"2 (top) and 2 ! 10"3 (bottom). The total number of detections is
120–1200.

C$ 2012 The Authors, MNRAS 422, 2675–2684
Monthly Notices of the Royal Astronomical Society C$ 2012 RAS
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High-redshift superluminous SN detectability 2681

Figure 9. Expected cumulative number of superluminous SNe at z > 3 as
a function of the slope index ! of the IMF at M > 50 M!. For this plot, our
‘conservative’ SN rate (f SLSN = 2 " 10#3) is assumed.

possibly be discovered. The total number of SNe is 120 and 1200
for the cases of f SLSN = 2 " 10#3 and 2 " 10#2, respectively. We
discuss the usefulness of such a large sample at high redshifts in the
next subsection.

4.2 Sensitivity to the IMF

As we mentioned earlier, the superluminous SNe of our target are
thought to be triggered by very massive stars. The occurrence rate is
very sensitive to the number fraction of such massive stars. This in
turn can be used, if the occurrence rate is accurately determined, to
probe the slope of the IMF at the massive end (Cooke et al. 2009).
We calculate the sensitivity of the expected number of detections
to the slope of the stellar IMF. For simplicity, we fix the minimum
mass of superluminous SNe (Mmin,SLSN) and the fraction of superlu-
minous SNe (f SLSN) for the following comparison. Note that these
parameters can be observationally constrained by the optical sur-
vey, as discussed in Section 3. To study the influence of the relative
fraction of massive stars, we change the slope of the IMF at large
mass >50 M!, while keeping the slope at <50 M! at 1.35. It is
important to note that changing the IMF at the high-mass end has
little impact on calibration of the star-formation rate, since most
UV continuum emission comes from massive stars with <50 M!.
Thus the occurrence rate of superluminous SNe is a robust probe of
the stellar IMF.

Fig. 9 shows the cumulative number of detections at z = 3–
6 as a function of !, the slope of the IMF. Here the fraction of
superluminous SNe is conservatively assumed to be f SLSN = 2 "
10#3. Even in this case, with ! < 1.1, the expected number can
be about three times as much as that with ! = 1.35. Thus, if the
star-formation rate is independently measured and if the SN rate can
be determined with an accuracy within a factor of 3, the very flat
slope of the massive end of the IMF can be inferred or rejected.

5 N OT E S O N T H E SA M P L E SE L E C T I O N

So far we have discussed the number of detectable SNe of a particu-
lar type, but have not fully evaluated the efficiency of target selection
for actual surveys. Because superluminous SNe are intrinsically rare
events, upcoming optical surveys using 8-m class telescopes such as
Subaru and LSST and NIR surveys with Euclid, WFIRST and WISH
will discover more Type Ia and ordinary core-collapse SNe. These

normal SNe will be more abundant than superluminous SNe by a
factor of about 100. Thus, to identify superluminous SNe at high
redshifts, we must select the candidates properly and efficiently.

Cooke (2008) propose a method to select Type IIn SNe from
colour-selected Lyman-break galaxies. The advantage of the method
is that the photometric redshift of the host galaxy is already known.
When Lyman-break galaxies at z > 2 are selected, most SN candi-
dates found in this sample are likely to be Type IIn SNe or superlu-
minous SNe.

Here we consider the characteristics of superluminous SNe in a
more general case. An important issue would be that the host galaxy
of a distant SN is likely to be too faint to be detected. We summarize
the properties of (1) light curves and their time-scales, (2) colours
and (3) host galaxies of superluminous SNe at high redshifts.

The observed time-scale is determined by the intrinsic time-scale
and the time dilation due to cosmological redshift. Superluminous
SNe observed so far indeed tend to show an intrinsically long time-
scale. As an extreme case, the brightness of SN 2006gy stayed
within 1 mag below the maximum for about 100 d. Other objects
such as 2008es (Gezari et al. 2009; Miller et al. 2009), SCP 06F6
(Barbary et al. 2009), PTF09atu, PTF09cnd and PTF09cwl (Quimby
et al. 2011) also have long time-scales. Their decline tends to be
faster in bluer bands (Fig. 1).

In optical surveys, we observe high-redshift superluminous SNe
at rest-UV wavelengths. The observed time-scale of superluminous
SNe is slightly longer than that of Type Ia and Ibc SNe and shorter
than that of Type IIP SNe (Fig. 5) when we use SN 2008es as a
template. When we use PTF09cnd as a template instead, the light
curve is as slow as that of Type IIP SNe. With such a slowly evolving
light curve, it may be difficult to distinguish superluminous SNe
from Type IIP SNe.

In NIR surveys, the long time-scale of superluminous SNe is
pronounced (Fig. 7). Since NIR wavelengths trace the rest-frame
optical wavelengths at z ! 2, superluminous SNe at z ! 2 can stay
detectable for more than 100 d thanks to both the intrinsic brightness
and the dilation effect (Fig. 7). As a result, the time-scale is longer
than that of any other type of SNe.

The second diagnostic is the observed colour. Fig. 10 shows op-
tical r # i versus i # z (left) and NIR F115W–F200W ([1.2]–[2.0])
versus F200W–F277W ([2.0]–[2.8], right) colour–colour diagrams.
Colours of our template superluminous SN 2008es at high redshifts
are shown in red in the online article. For comparison, we also show
the expected colours of Type Ia SNe at z = 1.0 and 1.5 (black in
the online article), Type IIP SNe at (blue in the online article) and
Type Ibc SNe (green in the online article) at z = 0.3 and 0.5. These
SNe are expected to have similar observed magnitudes to those of
superluminous SNe at z > 3. The colours of these types of SNe are
calculated using the spectral templates of Nugent et al. (2002). See
Appendix A for the SEDs. The reddening in the host galaxy is not
taken into account here. It is worth mentioning that there is a scatter
in the optical colour of observed SNe at low redshifts. Including
the contribution from the host galaxy, the scatter is typically about
1.0 mag for Type IIP and 0.5 mag for Type Ibc SNe (e.g. Olivares
et al. 2010; Drout et al. 2011). For Type Ia SNe, a wide colour spread
is known, but most objects have similar colours within 0.2–0.4 mag
(e.g. Wang et al. 2009).

Superluminous SNe at high redshifts tend to have redder colours
than Type IIP and Ibc SNe, both in r # i and i # z. For superluminous
SNe at high redshifts, the observed r, i, z wavelengths correspond to
the near-UV wavelengths in the rest frame, which are at the blue side
of the spectral peak. On the other hand, most Type IIP and Ibc SNe
with optical surveys will be discovered at z " 1. Their observed

C$ 2012 The Authors, MNRAS 422, 2675–2684
Monthly Notices of the Royal Astronomical Society C$ 2012 RAS
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Optical Counterpart of GW Source?No. 1, 2009 NEAR-IR AND OPTICAL AFTERGLOW OF GRB 070724A 881

within the host galaxy. To reconcile the observed fluxes with
a typical spectral index of ! ! "0.6 requires E(i " Ks)obs !
1 mag, or a rest-frame Ahost

V ! 2 mag for a Milky Way extinction
curve. Such a large extinction seems unlikely given the location
of the afterglow at the edge of the host galaxy. However, a large
average value of E(B " V ) ! 1.2 mag (i.e., AV ! 4 mag) has
been inferred for the host galaxy based on its ratio of H" and H!
emission lines (Kocevski et al. 2009), indicating that extinction
may indeed play a role in suppressing the optical emission.

We further investigate this possibility by comparison to the
X-ray afterglow brightness at the time of the optical observa-
tions, F#,X(1 keV) ! 0.04 µJy (Ziaeepour et al. 2007). This
leads to an optical to X-ray spectral index of !O,X ! "0.5,
which marginally qualifies GRB 070724A as a “dark burst”
(Jakobsson et al. 2004; Cenko et al. 2009b). On the other hand,
the near-IR to X-ray spectral index, !NIR,X ! "0.7, is con-
sistent with a typical afterglow. Thus, the comparison of the
optical/near-IR and X-ray afterglow emission is consistent with
a standard afterglow origin and significant dust extinction. We
note that Kocevski et al. (2009) find excess absorption in the
early X-ray data, but attribute this result to rapid variations in
the X-ray flux and spectral hardness. In light of the possible
significant dust extinction, the excess photoelectric absorption
may indeed be real.

An alternative explanation is that the near-IR flux is domi-
nated by a different source of emission than the afterglow. In
particular, in the context of a compact object merger, the emis-
sion may be due to the decay of radioactive material synthesized
in a subrelativistic outflow, the so-called Li–Paczynski mini-SN
(Li & Paczyński 1998; Rosswog & Ramirez-Ruiz 2002; see
also Kocevski et al. 2009). In the formulation of Li & Paczyński
(1998), the emission from such a mini-SN is described by a peak
luminosity (Lp)

Lp ! 2 # 1044 f"3M
1/2
"2 (3!)1/2($/$e)"1/2 erg s"1, (1)

a peak effective temperature (Teff,p)

Teff,p ! 2.5 # 104 f
1/4
"3 M

"1/8
"2 (3!)"1/8($/$e)"3/8 K, (2)

and a peak time (tp)

tp ! 1 M
1/2
"2 (3!)"1/2($/$e)1/2 days, (3)

where f is the fraction of rest mass energy released by the
radioactivity, M is the ejecta mass in units of M$, ! % v/c
is the ejecta velocity, $ is the average opacity, $e ! 0.2 cm2 g"1

is the electron scattering opacity, and we use the notation
X % 10nXn.

For our detected source, we use the near-IR luminosity and
observed time as proxies for Lp and tp, respectively, leading to
Lp ! 1043 erg s"1 and tp ! 0.1 days. Using the constraint
that 3! ! 1 and assuming that $ = $e, we find from
Equation (3) that M"2 ! 10"2 (i.e., M ! 10"4 M$). In
conjunction with Equation (1), this provides a lower limit of
f"3 " 5. The resulting lower limit on the effective temperature
is Teff,p " 7 # 104 K, corresponding to a peak in the UV rather
than in the near-IR. The apparent discrepancy in the spectral
peak may be viewed as an indication that the observed emission
is not due to a mini-SN. However, we note that Equations (1)–
(3) correspond to the case of a power-law decay model with
an assumed contribution from elements with a wide range of
decay timescales. An exponential decay model, in which a single
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Figure 5. Optical flux at the time of discovery for all 16 short GRBs with optical
and near-IR afterglows (including GRB 070724A). The solid stars mark the i-
and Ks-band fluxes of the afterglow of GRB 070724A, while the open star is
the optical flux in the i band extrapolated from the near-IR with a spectrum of
F# & #"0.6, typical of GRB afterglows. Data for other short GRBs are taken
from the literature (Hjorth et al. 2005b; Berger et al. 2005; Soderberg et al. 2006;
de Ugarte Postigo et al. 2006; Levan et al. 2006; Roming et al. 2006; D’Avanzo
et al. 2009; Stratta et al. 2007; Piranomonte et al. 2008; Graham et al. 2009;
Perley et al. 2007, 2009b; Malesani et al. 2008; Cenko et al. 2009a; Berger &
Kelson 2009; Kuin & Hoversten 2009).

element dominates the release of energy, may lead to distinctly
different luminosity and evolution (Li & Paczyński 1998).

To summarize, the unusually red optical/near-IR counterpart
of GRB 070724A can be explained as a typical afterglow with
significant dust extinction, Ahost

V ! 2 mag. The alternative
explanation of a mini-SN leads to an expected peak in the UV,
but this may suggest that the mini-SN models should be revised.

5. DISCUSSION AND CONCLUSIONS

Optical afterglow emission has now been detected from 16
short GRBs, including GRB 070724A. In Figure 5, we plot the
flux of each optical afterglow at the time of its discovery. For
GRB 070724A, we show both the optical and near-IR fluxes,
as well as the expected i-band flux extrapolated from the Ks
band using a typical spectral index of ! = "0.6. While the
observed i-band flux is one of the faintest to date, the near-IR flux
indicates that the afterglow of GRB 070724A is actually one of
the brightest at the time of its discovery. Indeed, only the optical
afterglows of GRBs 050724, 060313, 070714, and 090510 were
brighter, and of these only the afterglow of GRB 050724 was
discovered on a comparable timescale; the optical afterglows of
GRBs 060313, 070714, and 090510 were all discovered ! 20
minutes after the burst. On a timescale of 1 hr to 1 day after
the burst, the optical afterglows of short GRBs generally have
fluxes of ' 1–10 µJy, about 2 orders of magnitude lower than
the typical brightness of long GRB afterglows (e.g., Kann et al.
2008; Cenko et al. 2009b). From the existing distribution, we
conclude that the detection of a substantial fraction of short GRB
afterglows requires optical/near-IR observations to mAB '
24 mag within ' 0.5 days.

The unusually red afterglow of GRB 070724A can be ex-
plained with a substantial rest-frame dust extinction, Ahost

V !
2 mag. This value is larger than the typical extinction inferred
for most long-duration GRBs, AV ' 0.1–1 mag (e.g., Perley

Berger+09 10hr1hr

Short GRBs @ z ~ 0.5

24 mag
~19 mag

(@ 200Mpc)

Monitoring nearby Universe
 with high cadence



Transient Survey

Survey
Diameter

(m)
FOV
(deg2)

Depth
(R mag)

Area/day
(deg2)

LOSS 0.76 0.01 19 1000 galaxy

ROTSE-III 0.45 3.42 18.5 450

PTF 1.26 7.8 21 1000

Pan-STARRS 1.8 7 21.5 6000

SDSS-II 2.5 1.5 22.6 150

SNLS 3.6 1 24.3 2

GOODS 2.5 (HST) 0.003 26 0.04

HSC 8.2 1.75 26.5 1.75

KISS 1.08 4 21 100

(partly taken from Rau et al. 2009, PASP, 121, 1334)
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KISS: 
KIso Supernova Survey

• Extremely high-cadence SN survey

• Time: 1-hr cadence

• Area: ~50-100 deg2 /day

• Depth: ~ 20-21 mag in g-band
 (3 min exposure)

2012 Apr -
PI: T. Morokuma (see poster)

Kiso Schmidt 
telescope

OK (?)
all sky?
galaxy monitor?
OK



Optical-GW Astronomy

•Dedicated 1m-class telescopes

• Survey method

• Blank field survey 

• Targeted survey

•Time resolution

• CCD => CMOS?

Targeted survey
40 galaxies/telescope

Blank field survey
400 deg2/telescope

=> several tens of telescopes!?
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超新星爆発



Multi-messenger Astronomy

RSN(z) = ρ∗(z)

�Mmax,SN

Mmin,SN
ψ(M)dM

�Mmax

Mmin
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Galactic SN rate
 ~  1 SN / 100 yr

(EM+GW+Neutrino)

IR monitoring Galactic center
 with high cadence

(Matunaga+11)
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GRB 980425/SN 1998bw
(ESO)

GRB 980425/SN 1998bw (z=0.0085)
GRB 030329/SN 2003dh (z=0.1685 )
GRB 031203/SN 2003lw (z=0.105)
XRF 060218/SN 2006aj (z=0.033)
GRB 100316/SN 2010bh (z=0.0591)
GRB 120422/SN 2012bz (z=0.283)

Bufano+12

GRB-SN connection
The Astrophysical Journal, 753:67 (13pp), 2012 July 1 Bufano et al.

Figure 12. Location of GRB 100316D in the Ep,i ! Eiso plane. GRBs/XRFs
connected with a spectroscopically confirmed SN are shown with red dots.
Similar to GRB 060218, GRB 100316D is consistent with the correlation
Ep,i ! Eiso (solid line) derived by Amati et al. (2002). The two parallel dotted
lines delimit the 2.5! confidence region (Amati et al. 2009).
(A color version of this figure is available in the online journal.)

velocities measured from the spectra. This could suggest that
spectra are more sensitive than light curves to possible effects
of the viewing angle, in case of asymmetric explosion (a bipolar
explosion is expected in the presence of a GRB; Piran 2004).
Then we would expect that the weakest GRB (most off-axis)
also has the lowest registered Ek/Mej ratio. In Table 5, we
report the Mej and Ek values found for previous GRB–SNe and
other broad-lined SNe Ic, as well as the corresponding Ek/Mej
ratio, and thus plot the latter versus the relative ejected MNi
(Figure 11). While SN 2010bh has an intermediate Ek/Mej
ratio, it lies on the low Nickel mass tail of the energetic
Type Ic SN distribution (SN 2002ap, Mazzali et al. 2007b;
SN 2003jd, Valenti et al. 2008a). The main reasons for such a
wide variety among GRB–SNe cannot rely only on differences
in the viewing angle, but must be intrinsic (e.g., explosion
collimation, progenitor mass, etc.). Indeed, GRB–SNe have
been supposed to come from different explosion scenarios (see
Woosley & Bloom 2006 and references therein), where the
core collapse of a massive progenitor star (20–60 M") leads
to the formation of different central engines (a magnetar or
a black hole). On the other hand, this heterogeneity does not
have an obvious correspondence in the properties of the GRB.
In Figure 12, the intrinsic peak energy is plotted as a function
of the isotropic emitted energy (see, e.g., Amati et al. 2009),
showing that GRB–SN events, including GRB 100316D, are
consistent with the correlation in the Ep,i–Eiso plane, holding
for all long GRBs (with the exception of GRB 980425). As noted
by Starling et al. (2011), GRB 100316D has prompt gamma-ray
spectral properties similar to GRB 060218.

The similarity between the light curves of SN 2010bh and
SN 2006aj and between the observational characteristics of their
associated GRBs suggests a common explosion mechanism for
these two events. SN 2010bh would be produced by the core
collapse of a relatively massive progenitor star (20–25 M"),
which leaves behind a magnetar, similar to SN 2006aj (Mazzali
et al. 2006a). Indeed, by analyzing the spectral and temporal
properties of the associated GRB 100316D, Fan et al. (2011)
claimed that SN 2010bh was possibly powered by a magnetar
with a spin period of P # 10 ms and a magnetic field

B # 3 $ 1015 G. In this picture, the magnetar rotational energy
would be injected in the expanding remnant on a timescale set
by the magnetic dipole radiation. Following Equation (2) of
Kasen & Bildsten (2010), we would expect t0 # 12 hr; thus,
even if a good fraction of the pulsar energy is converted into
radiation, it will be lost by adiabatic expansion before escaping
from the ejecta. Maeda et al. (2007) argued that in SN 2006aj
the contribution from the magnetar to the light curve was likely
negligible compared with the 56Ni power, and this could be
applicable in general to all magnetar-powered GRBs/XRFs.

We consider the detection at %12 hr after the burst (R #
21.4 mag) as the contribution from the “cooling envelope” dur-
ing the post-shock breakout phases (we may also have a non-
thermal contribution from the afterglow at this phase). Follow-
ing Chevalier & Fransson (2008), we estimate the progenitor
radius: using their Equations (4) and (5) and Ek and Mej from
our Table 5, we obtain the expected blackbody luminosity and
temperature at 12 hr for different progenitor radii. Then, the
expected blackbody spectrum was converted to the observed
frame (assuming the SN 2010bh redshift and total color excess)
and convolved with the R-band filter. The resulting magnitude
was fainter than the observed one only in the case of a progen-
itor radius R ! 1011 cm. Even considering the 3! upper limit
flux, we would obtain a progenitor radius of the same order.
This estimate is certainly rough, since it is based only on the
single R-band image and uses simplified formulae (Chevalier &
Fransson 2008), but it could provide support for a compact pro-
genitor scenario and it is also consistent with the initial radius
of 7 $ 1011 cm found by Olivares et al. (2012) analyzing the
early X-ray-to-NIR emission.

On the other hand, we cannot exclude a scenario in which the
outcome of GRB 100316D/SN 2010bh was a black hole, which
could explain the small ejected mass as a consequence of the
possible fall-back of ejecta onto the black hole. Recently, such
small ejected masses have been inferred from the kinematics
of black holes with >10 M" in our Galaxy, such as Cygnus
X-1 (Mirabel & Rodrigues 2003; Gou et al. 2011), GRS 1915,
and V404 Cyg (Mirabel 2011). However, in this case it may
be difficult to accommodate the higher expansion velocities
measured for SN 2010bh than those of previous HNe with a
collapsar progenitor (e.g., SN 1998bw).

As anticipated, the high vph may likely be explained as
an effect of the explosion geometry. Good indicators of the
explosion geometry are the nebular emission lines of Fe ii (a
blend near 5200 Å) and [O i] (""6300,6363; Maeda et al.
2002, 2006; Mazzali et al. 2005), whose profiles can reveal the
presence of asymmetry. No such information on the SN 2010bh
explosion geometry can be deduced from its nebular spectrum
because of the faintness of the emission lines.
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Prospects for SPICA (SN at 5 Mpc)12 Tanaka et al.
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Fig. 9.— Expected IR SEDs of SN dust (purple), shocked CS dust (blue), and IS dust (red) compared with 5! detection limit of 1
hr imaging observation with various telescopes, i.e., JWST (black), SPICA (red), Herschel (black) and ALMA (black). Gray dashed line
shows the expected confusion limit of background galaxies with a 3 m telescope (T. T. Takeuchi et al. 2011, in preparation). The distance
to the SN is set to be 5 Mpc. For the SN dust, we assume Mdust = 0.1M! with Tdust= 50 K. This roughly corresponds to the total IR
luminosity of LIR ! 1037 erg s"1. For the shocked CS dust, we assume Mdust = 3 " 10"4M! with Tdust = 150 K (the total luminosity is
LIR = 3.9 " 1037 erg s"1). For the IS dust echo, we assume LIR ! 1037 erg s"1 with Tdust = 150 K. The e!ective emitting mass of dust
is Mdust ! 10"4M!.

of the SN progenitor. SN dust component has a smaller
contribution, but has a spectrum peaking at longer wave-
lengths. If the emission by the shocked CS dust and IS
dust echo does not dominate the SN dust might be de-
tected at > 30 µm. This will give a reliable estimate of
the SN dust mass, which does not su!er from the high
optical depth of dust and the confusion with the inter-
stellar dust.
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