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4 S. R. KULKARNI CALTECH OPTICAL OBSERVATORIES PASADENA, CALIFORNIA 91125, USA

The sources of interest to these facilities are connected to spectacular explosions. How-
ever, the horizon (radius of detectability), either for reasons of optical depth (GZK cuto↵;
�� ! e±) or sensitivity, is limited to the Local Universe (say, distance . 100Mpc). Un-
fortunately, these facilities provide relatively poor localization. The study of explosions in
the Local Universe is thus critical for two reasons: (1) sifting through the torrent of false
positives (because the expected rates of sources of interest is a tiny fraction of the known
transients) and (2) improving the localization via low energy observations (which usually
means optical). In Figure 2 we display the phase space informed by theoretical considera-
tions and speculations. Based on the history of our subject we should not be surprised to
find, say a decade from now, that we were not su�ciently imaginative.

Figure 2. Theoretical and physically plausible candidates are marked in the
explosive transient phase space. The original figure is from Rau et al. (2009).
The updated figure (to show the unexplored sub-day phase space) is from the
LSST Science Book (v2.0). Shock breakout is the one assured phenomenon on the
sub-day timescales. Exotica include dirty fireballs, newly minted mini-blazars and
orphan afterglows. With ZTF we aim to probe the sub-day phase space (see §5).

The clarity a↵orded by our singular focus – namely the exploration of the transient
optical sky – allowed us to optimize PTF for transient studies. Specifically, we undertake
the search for transients in a single band (R-band during most of the month and g band
during the darkest period). As a result our target throughput is five times more relative
to multi-color surveys (e.g. PS-1, SkyMapper).

Given the ease with which transients (of all sorts) can be detected, in most instances, the
transient without any additional information for classification does not represent a useful,
let alone a meaningful, advance. It is useful here to make the clear detection between
detection7 and discovery.8 Thus the burden for discovery is considerable since for most

7 By which I mean that a transient has been identified with a reliable degree of certainty.
8By which I mean that the astronomer has a useful idea of the nature of the transient. At the very

minimum we should know if the source is Galactic or extra-galactic. At the next level, it would be useful

LSST	Science	Book	(a6er	Rau+09,	Kasliwal+,Kulkarni+)

「時間軸天文学」のフロンティア
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Figure 2. Comparison between the NUV (top) and FUV (bottom) observations
(points, SNLS-04D2dc; Schawinski et al. 2008) and the SN IIP model without
the host galaxy extinction (dot-dashed line) and reddened for the host galaxy
extinction with EB−V,host = 0.06 mag (dashed line), 0.14 mag (solid line), and
0.22 mag (dotted line).

the values are slightly different from Schawinski et al. (2008),
the total extinction integrated over each band depends on the
intrinsic spectrum and varies with time as the spectrum changes.
The variations of extinction in the UV bands are relatively large;
for example, ∼0.3 mag in the FUV band and ∼0.1 mag in the
NUV band from t = 0 to 20 days for the SN IIP model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg.

Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M⊙; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M⊙ to yield
0.07 M⊙ of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is reproduced
by the model and explained by the shift of the peak wavelength
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Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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Figure 2. Comparison between the NUV (top) and FUV (bottom) observations
(points, SNLS-04D2dc; Schawinski et al. 2008) and the SN IIP model without
the host galaxy extinction (dot-dashed line) and reddened for the host galaxy
extinction with EB−V,host = 0.06 mag (dashed line), 0.14 mag (solid line), and
0.22 mag (dotted line).

the values are slightly different from Schawinski et al. (2008),
the total extinction integrated over each band depends on the
intrinsic spectrum and varies with time as the spectrum changes.
The variations of extinction in the UV bands are relatively large;
for example, ∼0.3 mag in the FUV band and ∼0.1 mag in the
NUV band from t = 0 to 20 days for the SN IIP model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg.

Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M⊙; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M⊙ to yield
0.07 M⊙ of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is reproduced
by the model and explained by the shift of the peak wavelength
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Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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the values are slightly different from Schawinski et al. (2008),
the total extinction integrated over each band depends on the
intrinsic spectrum and varies with time as the spectrum changes.
The variations of extinction in the UV bands are relatively large;
for example, ∼0.3 mag in the FUV band and ∼0.1 mag in the
NUV band from t = 0 to 20 days for the SN IIP model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg.

Because of the large uncertainty, we assume several values
for the color excess of the host galaxy as follows: EB−V,host =
0 mag referring to the case of no extinction in the host
galaxy, EB−V,host = 0.06 mag giving half of the standard
extinction in the NUV band, EB−V,host = 0.14 mag being the
standard extinction, and EB−V,host = 0.22 mag giving double
of the standard extinction in the NUV band, which lead to
(ANUV, AFUV) = (0.18 mag, 0.15 mag), (0.75 mag, 1.10 mag),
(1.51 mag, 2.38 mag), and (2.27 mag, 3.65 mag), respectively.
Here, we assume the SMC reddening law for the host galaxy.

Figure 2 shows comparisons of UV LCs with the model with
MZAMS = 20 M⊙ and E = 1.2 × 1051 erg. The model LCs are
consistent with the observations within the uncertainty, while
they are slightly fainter than the observations for EB−V,host =
0.14 mag. The explosion energy of SNLS-04D2dc is consistent
with the canonical value of the explosion energies of core-
collapse SNe (e.g., SN 1987A: E = (1.1 ± 0.3) × 1051 erg;
Blinnikov et al. 2000). Although the 56Ni–56Co radioactive
decay does not contribute to the shock breakout, we expediently
assume a canonical 56Ni ejection without mixing to the envelope
(the ejected 56Ni mass M(56Ni) = 0.07 M⊙; e.g., SN 1987A:
Blinnikov et al. 2000), and thus Mej = 16.9 M⊙ to yield
0.07 M⊙ of 56Ni.

The second peak in the NUV LC at t ∼ 3 days is reproduced
by the model and explained by the shift of the peak wavelength
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Figure 3. Bolometric LC (top), color temperature evolution (middle), and
photospheric velocity evolution (bottom) of the SN IIP model (lines). The insets
in the top and middle panels enlarge the phase of shock breakout.

as Schawinski et al. (2008) and Gezari et al. (2008) suggested.
The bolometric LC and the evolution of color temperature are
shown in Figure 3. Figure 3 also shows the velocity evolution
of photosphere defined as a position where the radiation and
gas are decoupled. Although the bolometric luminosity declines
monotonically after the shock breakout, the radiation energy in
the NUV band increases with time because the peak wavelength
shifts long (Figure 1). After the NUV second peak, the color tem-
perature decreases further and the peak wavelength shifts to the
optical bands. The shift is caused by not only the decreasing tem-
perature of the SN ejecta, but also an enhancement of the metal
absorption lines due to the low temperature. As a result, the UV
luminosity declines monotonically after the NUV second peak.
The model also predicts a second peak in the FUV band but the
brightening is obscured because of the low signal-to-noise ratio.

3.2. Optical Light Curves at Plateau Stage

Thanks to the multigroup radiation hydrodynamics calcula-
tions, subsequent evolutions of multicolor lights are obtained
and compared with the SNLS optical observations. Figure 4
shows comparisons of the g-, r-, i-, and z-band LCs. Here, we
adopt EB−V,host = 0.14 mag and the SMC reddening law for
the host galaxy. The total extinction at the effective wavelengths
of the g-, r-, i-, and z-band filters of the MegaPrime/MegaCam
on CFHT are as large as Ag = 0.64 mag, Ar = 0.47 mag,
Ai = 0.36 mag, and Az = 0.28 mag, respectively.

As SED peaks in the g-band at t ∼ 20 days (Figure 1),
the g-band LC peaks at t ∼ 20 days. After this epoch, the
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赤色超巨星

> 数日後

ショックブレイクアウト

短時間突発天体の例：超新星爆発の瞬間
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KISS:	Kiso	Supernova	Survey
(2012	Apr	-	2015	Mar)

•超高頻度超新星探査
• 1時間おき<=	2-3日

• 視野:	4	deg2	(KWFC)

• 感度:	~	20-21	mag	

• 領域:	~50-100	deg2	/day

• ~100	晩	/年

• 自動データ処理
• 自動観測	

Kiso	1.05m	Schmidt	telescope

Morokuma,	Tominaga,	MT+2014
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Akeno	0.5m

Hiroshima	1.5m

HCT	2m

NOT	2.5m

TNG	3.6m

Swope	1m

WIYN	0.9m

Lulin	1m

OAO	1.88m

発見した日に分光する！



超新星候補	124天体（2015年5月まで）
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HiTS:	High	Cadence	Transient	Survey
(2013	-	2015)

•超高頻度突発天体探査
• 1時間おき

• 視野:	3	deg2	(DECam)

• 感度:	~	23-24	mag	

• 領域:	~120-150	deg2	/day

• 即時データ処理

4m	Blanco	telescope

Dark	Energy	
Camera
	(DECam)

「ショックブレイクアウト」は
見つからなかった

Forster+2016

62	CCDチップ
~	500	メガピクセル



2016年3月...



アストロアーツ ウェブページ
http://www.astroarts.co.jp/news/2016/03/29shockbreakout/index-j.shtml



ケプラー衛星

-	系外惑星観測用の人工衛星
-	昼夜問わず連続観測が可能

NASA/
Kepler



観測データ

II-P. In the case of KSN2011a where we suspect circumstellar
interaction, the shock breakout was likely reprocessed over the
diffusion time in the optically thick wind. The shock continued
into the wind and converted additional kinetic energy into
luminosity that we see as excess flux during the photospheric
rise. The peak absolute Keplermagnitude from the circum-
stellar interaction is MKp=−15.5 mag, but much of the total
energy is likely emitted at shorter wavelengths.

4.2.2. KSN2011d

In the KSN2011d light curve (Figure 2), there is a single 6 hr
median flux point that deviates from the light curve model by 4
standard deviations (σ) at the time expected for shock breakout.
A close-up of this time period is shown in Figure 4 using a
binning width of 3.5 hr. Extrapolating the Rabinak & Waxman
(2011) photospheric model to zero flux predicts shock breakout
at t0=2455873.75±0.05 BJD which corresponds to the time
of the largest deviation from the model.

When we subtract the best fit photosphere model for
KSN2011d there remains seven Kepler photometric observa-
tions within five hours of t0 that are 3σ or more above zero
(lower panel in Figure 4). To avoid bias that might come from
dividing the data into bins, we have smoothed the light curve
residuals using a Gaussian with a full-width at half-maximum
(FWHM) of 2 hr. There is a clear 6σ peak at the time expected
for breakout and we conclude that this is, indeed, the shock
breakout from KSN2011d. The shock breakout flux is 12% of
the peak flux of the supernova, corresponding to a
Keplermagnitude of 22.3±0.2 after correcting for Milky
Way extinction.

In the Nakar & Sari (2010) shock breakout model, the initial
rise is the result of diffusion of the shock emission before the

shock reaches the stellar surface and is only of the order of five
minutes. This is too short a time for even the Kepler cadence,
so the rise to shock breakout is unresolved. After shock
breakout the flux decay follows a t−4/3 power law in time until
the expanding photosphere dominates the luminosity. This
decay is relatively slow and allows the breakout to remain
detectable for several hours. From the Nakar & Sari (2010)
formulation, we can estimate the ratio between the peak flux
from the shock breakout, FSB, and the maximum photospheric
flux, Fmax, which we approximate as the brightness 10days
after explosion. Using the ratio between the shock peak and
photosphere maximum is particularly useful since it eliminates
the uncertainty caused by distance and dust extinction. In the
rest-frame optical (5500Å) the flux ratio is

� �F F M R E0.25 , 1SB max 15
0.54

500
0.73

51
0.64 ( )

where M15 is the progenitor mass in units of 15Me, R500 is the
progenitor radius in units of 500Re, and E51 is the explosion
energy in units of 1051erg. So we expect the shock breakout in
a typical RSG to peak at about 25% of visual brightness of the
supernova at maximum.
Applying the Nakar & Sari (2010) model to KSN2011d

(radius of 490 Re, energy of 2B and a progenitor mass of
15Me), predicts a breakout temperature of 2×105 K, and
Equation (1) gives FSB/Fmax=0.16, meaning the shock
should be 2 mag fainter in the optical than the supernova at
maximum. The Kepler 30 minute cadence will smooth the
sharp peak of the breakout and lower the maximum by 20% so
we expect the ratio to be FSB/Fmax=0.13. The excess flux
seen in Figure 4 peaks at a relative flux of 0.12±0.2 and is
consistent with the Nakar & Sari (2010) prediction.

Figure 4. Left: the Kepler light curve of KSN2011d focused on the time expected for shock breakout. The blue dots are individual Kepler measurements and the red
symbols show 3.5 hr medians of the Kepler data. An error bar at −1.5days indicates the 3σ uncertainty on the median points. The green line shows the best fit
photospheric model light curve. The lower panel displays the residuals between the observations and the model fit. The thick red line is a Gaussian smoothed residual
light curve using a full-width at half-maxmimum of two hours. The dashed red lines indicate 3σ deviations of the Gaussian smoothed curve. The residual at the time
expected for shock breakout is more than 5σ, implying that the feature is unlikely to be a random fluctuation. Right: a simulated light curve created using the statistical
properties of the Kepler photometry and the best fit photospheric model. In addition, a Nakar & Sari (2010) shock breakout model (light green line) for an explosion
energy of 2B and radius of 490Re is compared with both the data and simulation.

5

The Astrophysical Journal, 820:23 (7pp), 2016 March 20 Garnavich et al.

30分間隔
3.5時間平均

理論的な予想
太陽の約500倍の半径

理論的な予想から作った
模擬データ

Garnavich	et	al.	2016
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the nearby supernovae to correct them to the Kepler observed
frame.

For the nearby supernovae we create a spectral energy
distribution (SED) for each epoch observed in multiple filters.
Missing filters are interpolated from adjacent epochs. The
SEDs are corrected for Milky Way extinction using Schlafly &
Finkbeiner (2011). The SED is corrected to the redshift of the
Kepler events, convolved with the Kepler bandpass, and the
result is integrated to give the total photon flux. The result is
also reddened to match the Milky Way extinction in the
direction of the Kepler supernova. Keplermagnitudes are in the
AB system, so the Kepler bandpass is convolved with a
spectrum with constant Fν=3631 Jy and integrated to
determine the magnitude zeropoint.

For comparison, Figure 1 displays the light curve of the well-
observed local event SN1999gi after correction to the redshifts
of the Kepler supernovae. SN1999gi was a slightly fainter than
typical SNe II-P (Bose et al. 2013), and ignoring unknown host
extinction, it is over a magnitude fainter than these two
Kepler supernovae. Still, the shape of the light curve and length
on the plateau make the SNe II-P classifications of KSN2011a
and KSN2011d very solid.

4. ANALYSIS

4.1. Rise to Maximum

The rapid cadence of the Kepler observations provides a
unique window into the early rise of supernovae. In particular,
SNe II-P have rise times on the order of a week and are difficult
to capture in typical ground-based surveys (e.g., Gonzalez-
Gaitan et al. 2015). In Figure 2, we show the Kepler light
curves beginning several days before explosion and ending
soon after maximum light. There are approximately 500

individual photometric measurements between the initial
brightening and maximum light. But these events are at
significant distance, so we have combined the Kepler cadence
into 6 hr median bins to improve the signal-to-noise ratio of the
light curves.
To fit the pre-maximum rise of the Kepler events, we

calculated a grid of light curves using the Rabinak & Waxman
(2011) RSG model. The RSG model assumes a power-law
density structure with an index n=3/2. We vary the
progenitor radius and explosion energy, keeping the stellar
mass at 15Me, which is typical for core-collapse supernovae
(Smartt 2015). We assume fully ionized hydrogen envelopes
(κ=0.34 cm2 g−1) and set the normalization of the ejecta
density to fp = 0.1, although the results are not sensitive to this
parameter. The Rabinak & Waxman (2011) model allows us to
calculate the temperature and radius of the expanding photo-
sphere as a function of time. For each epoch we construct a
blackbody corrected to the redshift and distance of the
Kepler supernova and multiply the spectrum by the
Kepler sensitivity function. We then integrate and normalize
the resulting flux using the zeropoint calculated in the AB
magnitude system. For each pair of initial radius and explosion
energy we have a light curve from which we derive a rise time
and peak magnitude.
The observed rise time (and uncertainty) defines a band in

the radius versus energy plane that is nearly horizontal, while
the observed magnitude (and error) defines a band that cuts
diagonally across the parameters of interest. The results for the
two Kepler supernovae are presented in Figure 3. The
intersection of the two bands is a consistent fit to the rise
time and peak brightness (corrected for Milky Way extinction)
and tightly constrains the derived quantities of progenitor
radius and explosion energy. We also created model grids for

Figure 2. The early light curves of the two Kepler SNe II-P. Blue dots are individual Kepler flux measurements with a 30 minute cadence and the red symbols are 6 hr
medians. The x-axis shows the redshift corrected time since shock breakout estimated from the model fit. Note that a shock traversing a red supergiant can take about a
day to reach the surface, so we cannot measure the time of core-collapse. Right: the light curve for KSN2011d with a model fit assuming a progenitor radius of
490Re. An error bar at −10days indicates the 3σ uncertainty on the median points. The lower panel shows the residuals to the fit. Left: the light curve of KSN2011a
with a model fit using a progenitor radius of 280Re. The model cannot match the fast rise early in the light curve and still fit the time of maximum. The lower panel
shows significant residuals that decay on a timescale of 5 days.
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R	=	280	Rsun R	=	490	Rsun
大質量星の最期の姿を探る新たな手段！



超新星爆発の瞬間を捉える：まとめ

• 超新星爆発の瞬間：ショックブレイクアウト
• 数時間の変動タイムスケール
• 大質量星最期の姿を探る手段

• 高頻度超新星探査
• KISS,	HiTS	=>	発見できず

• Kepler衛星による発見	=>	星の半径の推定
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13.1	超新星探査の歴史と現状
13.2	突発天体探査のこれから

Sec$on	14.	突発天体研究の最前線	(2)	
14.1	超新星爆発の瞬間を捉える
14.2	新種の天体	(1):	短時間突発天体
14.3	新種の天体	(2):	超高輝度超新星	



復習:	なぜ超新星は光るのか？

1.	放射性元素	(56Ni)

　全タイプで重要
　Ia型	>	重力崩壊型

2.	内部エネルギー	(衝撃波加熱)

　半径が大きいと重要、IIP型,	IIL型

3.	運動エネルギー	=>	熱エネルギー
　濃い星周物質と衝突、IIn型(水素の輝線)

Ia型
M(56Ni)	~	0.5	Msun	
L	~	1043	erg	s-1
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Figure 4. Gold and silver sample explosion environments. Images are from PS1 templates. Transient explosion sites are marked with red crosses.
(A color version of this figure is available in the online journal.)

an aperture to encompass all of the visible light. Cross-checks
show the PS1 and SDSS magnitudes are consistent. In Figures 4
and 6 we show the environments immediately surrounding the
transients.

2.6. Optical Spectroscopy

Spectroscopic follow-up for the PS1-MDS is carried out on a
number of telescopes, with the MMT, Magellan and Gemini
bearing most of the load. Spectra are acquired for roughly
10% of the transients identified by the photpipe pipeline, with
final selections left to the observer. We obtained spectra of five
transients while they were active, including two observations
of PS1-12bb. The epochs on which these spectra were taken
are indicated by a dashed vertical line in the appropriate panels
of Figures 1 and 2. Host galaxy spectra were also obtained for
six transients. A summary of our spectroscopic data is given in
Table 3.

Initial reduction (overscan correction, flat fielding, extraction,
wavelength calibration) of all long slit spectra was carried out
using the standard packages in IRAF. Flux calibration and
telluric correction were performed using a set of custom idl
scripts (see, e.g., Matheson et al. 2008; Blondin et al. 2012)
and standard star observations obtained the same night as the
science exposures. Spectra obtained with the Hectospec multi-
fiber spectrograph (Fabricant et al. 2005) were reduced using
the IRAF package “hectospec” and the CfA pipeline designed
for this instrument.

3. SAMPLE OVERVIEW

The 14 rapidly evolving transients we identify in the PS1-
MDS can be usefully split into three groups based on (1)
the quality of their observed light curves and (2) constraints
available on their distances. For the rest of the manuscript these
sub-groups will be designated “gold,” “silver,” and “bronze.”

3.1. Gold and Silver Samples

Together our gold and silver samples contain 10 objects. For
these events, we obtained spectroscopic redshifts of their host
galaxies, allowing us to constrain their true luminosity scale.

Our gold sample is composed of six objects. These are our
highest quality events, all of which satisfy the photometric

selection criteria listed in Section 2.2. The absolute magnitude,
rest-frame, light curves for these events are shown in Figure 1.

Our silver sample is composed of four objects. These are
events that were noted as rapidly evolving during the normal
operations of the PS1-MDS but that possess sparser light curves
(Figure 2). In all cases the observed light curves are sufficient
to characterize them as rapidly evolving, but sparse enough
such that they fail the systematic selection criteria described
above. For instance, PS1-13ess only has one band with a deep
limit in the 9 days prior to observed maximum (as opposed to
the requisite two). For a majority of this manuscript, the silver
objects will be analyzed with our gold sample, as they further
inform the properties of rapidly evolving transients. However,
in Section 7 when calculating volumetric rates, only objects that
pass the well defined set of selection criteria outlined above will
be considered.

In Figure 4 we show the 25′ × 25′ region surrounding the
gold and silver transients, all of which have an associated host.
Narrow emission and absorption lines were used to measure the
redshift to each host. These range from z = 0.074 (PS1-10ah)
to z = 0.646 (PS1-11bbq) with a median redshift of z = 0.275.
In Table 1 we list the redshift, luminosity distance, and Milky
Way reddening in the direction of each transient (Schlafly &
Finkbeiner 2011). Throughout this paper we correct only for
Milky Way extinction. All calculations in this paper assume a
flat ΛCDM cosmology with H0 = 71 km s−1 Mpc−1, Ωm =
0.27, and ΩΛ = 0.73.

In Figure 5 we plot peak absolute magnitude versus red-
shift in grizP1 for the gold/silver transients. Stars represent
our observed magnitudes corrected for distance and MW ex-
tinction. Circles represent absolute magnitudes that have been
k-corrected to the rest-frame grizP1 bandpasses based on best-
fit blackbodies (see Section 4). We see that our sample spans a
wide range of absolute peak magnitude (−17 > M > −20).

3.2. Bronze Sample

Our bronze sample is composed of four objects. These events
have light curves that were flagged by the selection criteria in
Section 2.2 but for which we were unable to spectroscopically
confirm the extragalactic nature of their hosts. The 25′ × 25′

region surrounding our bronze sample is shown in Figure 6. All
four transients have a faint (25 mag < mi < 22 mag) underlying

5

新種（？）の突発天体

http://pan-starrs.ifa.hawaii.edu/public/

Drout+2014

Pan-STARRS

http://pan-starrs.ifa.hawaii.edu/public/
http://pan-starrs.ifa.hawaii.edu/public/
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超新星の観測 <=> 物理量
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erg s�1

=>	M(56Ni)	~	0.5	Msun

t	~	κ1/2	E-1/4	Mej3/4
早い

Mejは小さい傾向



時間
スケール

速度
エジェクタ
質量

運動
エネルギー

Ia ~20	d 10,000	km/s ~	1.4	Msun 1051	erg

新種 ~5	d 10,000	km/s
(仮定) ~0.1	Msun 0.06	x	1051	erg

100,000	km/s ~	1	Msun 60	x	1051	erg

今のところ正体不明
（熱源？メカニズム？）



4 S. R. KULKARNI CALTECH OPTICAL OBSERVATORIES PASADENA, CALIFORNIA 91125, USA

The sources of interest to these facilities are connected to spectacular explosions. How-
ever, the horizon (radius of detectability), either for reasons of optical depth (GZK cuto↵;
�� ! e±) or sensitivity, is limited to the Local Universe (say, distance . 100Mpc). Un-
fortunately, these facilities provide relatively poor localization. The study of explosions in
the Local Universe is thus critical for two reasons: (1) sifting through the torrent of false
positives (because the expected rates of sources of interest is a tiny fraction of the known
transients) and (2) improving the localization via low energy observations (which usually
means optical). In Figure 2 we display the phase space informed by theoretical considera-
tions and speculations. Based on the history of our subject we should not be surprised to
find, say a decade from now, that we were not su�ciently imaginative.

Figure 2. Theoretical and physically plausible candidates are marked in the
explosive transient phase space. The original figure is from Rau et al. (2009).
The updated figure (to show the unexplored sub-day phase space) is from the
LSST Science Book (v2.0). Shock breakout is the one assured phenomenon on the
sub-day timescales. Exotica include dirty fireballs, newly minted mini-blazars and
orphan afterglows. With ZTF we aim to probe the sub-day phase space (see §5).

The clarity a↵orded by our singular focus – namely the exploration of the transient
optical sky – allowed us to optimize PTF for transient studies. Specifically, we undertake
the search for transients in a single band (R-band during most of the month and g band
during the darkest period). As a result our target throughput is five times more relative
to multi-color surveys (e.g. PS-1, SkyMapper).

Given the ease with which transients (of all sorts) can be detected, in most instances, the
transient without any additional information for classification does not represent a useful,
let alone a meaningful, advance. It is useful here to make the clear detection between
detection7 and discovery.8 Thus the burden for discovery is considerable since for most

7 By which I mean that a transient has been identified with a reliable degree of certainty.
8By which I mean that the astronomer has a useful idea of the nature of the transient. At the very

minimum we should know if the source is Galactic or extra-galactic. At the next level, it would be useful

LSST	Science	Book	(a6er	Rau+09,	Kasliwal+,Kulkarni+)

「時間軸天文学」のフロンティア

新種
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「超高輝度」超新星

太陽の>10倍(!!)の質量の鉄を一気に放出？？
電磁波の明るさだけで、E	>	1051	ergのものも

“super-luminous”	supernova
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Figure 11
Schematic evolutionary tracks of the centers of single stars of various masses in the temperature-density
plane (blue lines), representing the different final fates of stellar evolution. Solid lines indicate hydrostatic
evolution, big red dots indicate the start of the collapse of the core, and dashed lines imply hydrodynamic
evolution, i.e., collapse or explosion. In the three light red areas, the stellar core is prone to collapse, whereas
the brown area represents nonrelativistic electron degeneracy. Labels on the evolutionary tracks indicate the
initial mass and the final fate. At high metallicity, mass loss may prevent the most massive stars from entering
the region of e± -production, whereas at very low metallicity, rotational mixing may lead stars above 60 M⊙
into the pair-unstable regime. Rapid rotation could also lead to the formation of long-duration gamma-ray
bursts for those stars that produce black holes or neutron stars (Section 7.4). Abbreviations: BH, black hole;
CCSN, iron core-collapse supernova (Section 7.2); ECSN, electron-capture supernova (Section 7.1); PISN,
pair-instability supernova (Section 7.3); WD, white dwarf.

Iron core collapse
supernova (CCSN):
the stellar explosion
from a massive star
that has developed an
iron core at the end of
its evolution

Type II supernova: a
supernova that shows
hydrogen

mass in intermediate-mass single stars below the Chandrasekhar mass, can be avoided. Due to
the lack of a massive and extended hydrogen envelope in the corresponding supernova progenitor
stars, such electron-capture explosions are likely to be fast and faint transients, which might be
hard to detect.

7.2. Core-Collapse Supernovae
Iron core collapse supernovae (CCSNe), which can occur in stars covered with a hydrogen envelope
(Type II supernovae) or in stars where hydrogen is almost or completely missing (Type Ib/c
supernovae), show a large variety in properties. Much of the diversity in their spectra and light
curves reflects differences of the envelope properties of the progenitor stars, e.g., the envelope mass,
radius, and chemical composition (Young 2004). However, a large range of explosion energies,
radioactive nickel masses, and ejecta geometries are also inferred from observations, which are
thought to be determined by the properties of the core of the progenitors: its mass, density
structure, spin, and magnetic field (Woosley, Heger & Weaver 2002).
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可能性（１）巨大質量星の核爆発

「対生成型」超新星



「対生成型」超新星のメカニズム

水素 ヘリウム 炭素

酸素

巨大質量星なら起こる
(太陽の100倍以上)

*	理論上ほとんど
			不定性がない
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Figure 19. Top panel: R-band light curves for PISN models B190NL,
B210NL and He100ionINL, together with the observed R-band light curve
of SN 2007bi (adjusted horizontally for convenience). The abscissa is the
time since the bolometric maximum – it differs by merely a few days from
the time of R-band maximum used below. No correction for reddening is ap-
plied. Middle panel: montage of observed spectra of SN 2007bi (Gal-Yam
et al. 2009), stacked arbitrarily for visibility. The labels refer to the time
since the R-band maximum. Bottom panel: montage of synthetic spectra for
model He100ionINL at contemporaneous epochs.

et al. 2011) and stellar evolution (Langer et al. 2007) for such
supermassive star progenitors,9 we have provided independent ar-
guments that suggest that even if PISN ejecta existed, their radiative
properties would conflict in numerous ways with the observations
of SN 2007bi. As we propose in Dessart et al. (2012b), we instead
favour a magnetar scenario for SN 2007bi, as well as for superlu-
minous SNe characterized by blue colours.

6.2 SN 2006gy

The spectral evolution of our H-rich PISN models (i.e. R190, B190,
B210) can also be compared to that of PISN candidate SN 2006gy,
whose superluminous display was associated with 56Ni power or
circumstellar material (CSM) interaction (Ofek et al. 2007; Smith
et al. 2007). This superluminous Type IIn SN reveals a spectrum
dominated noticeably by H I Balmer and Fe II lines with narrow
and broad velocity components (Smith et al. 2010). Its spectral
morphology suggests a slow cooling of the emitting region, with
little signs of line blanketing, and, surprisingly, no emission of the
usual [Ca II] and [O I] nebular lines seen in massive-star explosions.

The 56Ni-power versus CSM-interaction models can be discussed
further in light of our simulations. The explosion of a RSG progen-
itor is directly rejected from the bell-shape light-curve morphology
of SN 2006gy, while the presence of hydrogen would require a blue
or a yellow supergiant (in agreement with the expectations from
stellar evolutionary calculations; Langer et al. 2007). However, our
simulations, wherein the luminosity is powered by radioactive decay
primarily, indicate that by the time the SN reaches its peak bright-
ness, the photosphere is in the helium core and radiates a spectrum
that contains little sign for the presence of hydrogen (models B190
and B210). The bulk of that energy arises from the core and the
emission is channelled for a sizeable part into those fine structure
lines, which should thus be observable. The fact that SN 2006gy
retained a Type II spectral morphology for hundreds of days with
no signs of blanketing shortwards of 5000 Å and no forbidden line
emission from [Ca II] and [O I] invalidates the 56Ni-power model for
SN 2006gy.

7 PI S N e A S M E TA L L I C I T Y I N D I C ATO R S
IN THE UNIVERSE

Being so luminous, PISN explosions represent attractive probes
of the young Universe where the first stars formed. In particular,
those that die as RSG stars would sustain a high luminosity in the
optical from early after breakout until the transition to the nebular
phase about a year later (in the SN frame). As discussed earlier
(Section 5.1), the representative model R190 has a nearly pure
H I spectrum (with small contributions from He I) with no sign of
line blanketing from either IMEs or IGEs for !250 d after the
explosion. During that extended time, which may last a few years
for an observer on earth depending on the redshift, spectroscopic
observations could reveal the environmental metallicity out of which
the PISN progenitor formed. At large redshift, this determination
is generally done from analysis of nebular lines (Osterbrock 1989),
but doing this task using the SN spectrum offers a very interesting
alternative. In the present case reported, the metallicity is so low
that no metal lines are seen at early times, which would be an
unambiguous signature that the metallicity is extremely low. For

9 On possible way to overcome the evolution argument is through mergers
in a dense star cluster, as recently discussed by Pan et al. (2012b).
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Figure 19. Top panel: R-band light curves for PISN models B190NL,
B210NL and He100ionINL, together with the observed R-band light curve
of SN 2007bi (adjusted horizontally for convenience). The abscissa is the
time since the bolometric maximum – it differs by merely a few days from
the time of R-band maximum used below. No correction for reddening is ap-
plied. Middle panel: montage of observed spectra of SN 2007bi (Gal-Yam
et al. 2009), stacked arbitrarily for visibility. The labels refer to the time
since the R-band maximum. Bottom panel: montage of synthetic spectra for
model He100ionINL at contemporaneous epochs.

et al. 2011) and stellar evolution (Langer et al. 2007) for such
supermassive star progenitors,9 we have provided independent ar-
guments that suggest that even if PISN ejecta existed, their radiative
properties would conflict in numerous ways with the observations
of SN 2007bi. As we propose in Dessart et al. (2012b), we instead
favour a magnetar scenario for SN 2007bi, as well as for superlu-
minous SNe characterized by blue colours.

6.2 SN 2006gy

The spectral evolution of our H-rich PISN models (i.e. R190, B190,
B210) can also be compared to that of PISN candidate SN 2006gy,
whose superluminous display was associated with 56Ni power or
circumstellar material (CSM) interaction (Ofek et al. 2007; Smith
et al. 2007). This superluminous Type IIn SN reveals a spectrum
dominated noticeably by H I Balmer and Fe II lines with narrow
and broad velocity components (Smith et al. 2010). Its spectral
morphology suggests a slow cooling of the emitting region, with
little signs of line blanketing, and, surprisingly, no emission of the
usual [Ca II] and [O I] nebular lines seen in massive-star explosions.

The 56Ni-power versus CSM-interaction models can be discussed
further in light of our simulations. The explosion of a RSG progen-
itor is directly rejected from the bell-shape light-curve morphology
of SN 2006gy, while the presence of hydrogen would require a blue
or a yellow supergiant (in agreement with the expectations from
stellar evolutionary calculations; Langer et al. 2007). However, our
simulations, wherein the luminosity is powered by radioactive decay
primarily, indicate that by the time the SN reaches its peak bright-
ness, the photosphere is in the helium core and radiates a spectrum
that contains little sign for the presence of hydrogen (models B190
and B210). The bulk of that energy arises from the core and the
emission is channelled for a sizeable part into those fine structure
lines, which should thus be observable. The fact that SN 2006gy
retained a Type II spectral morphology for hundreds of days with
no signs of blanketing shortwards of 5000 Å and no forbidden line
emission from [Ca II] and [O I] invalidates the 56Ni-power model for
SN 2006gy.

7 PI S N e A S M E TA L L I C I T Y I N D I C ATO R S
IN THE UNI VERSE

Being so luminous, PISN explosions represent attractive probes
of the young Universe where the first stars formed. In particular,
those that die as RSG stars would sustain a high luminosity in the
optical from early after breakout until the transition to the nebular
phase about a year later (in the SN frame). As discussed earlier
(Section 5.1), the representative model R190 has a nearly pure
H I spectrum (with small contributions from He I) with no sign of
line blanketing from either IMEs or IGEs for !250 d after the
explosion. During that extended time, which may last a few years
for an observer on earth depending on the redshift, spectroscopic
observations could reveal the environmental metallicity out of which
the PISN progenitor formed. At large redshift, this determination
is generally done from analysis of nebular lines (Osterbrock 1989),
but doing this task using the SN spectrum offers a very interesting
alternative. In the present case reported, the metallicity is so low
that no metal lines are seen at early times, which would be an
unambiguous signature that the metallicity is extremely low. For

9 On possible way to overcome the evolution argument is through mergers
in a dense star cluster, as recently discussed by Pan et al. (2012b).
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超高輝度超新星の
スペクトル（観測）

対生成型超新星の
スペクトル（計算）

Dessart+13

短波長側で明るい
（青い）

短波長側で明るい
（赤い）

鉄族元素による吸収

課題：スペクトルが予想と異なる



星風

可能性（２）自分が出した「星風」と衝突

超新星をせき止める

運動エネルギーを
熱エネルギーに変える



課題：輝線がない場合もある

水素輝線がある
超高輝度超新星

(IIn型)

水素輝線がない
超高輝度超新星

(I型)

Smith+07

Quimby+11



可能性（３）特殊な中性子星

中性子星

通常の超新星 「超」超新星

超強磁場中性子星
「マグネター」

（銀河系の中では見つかっている）

課題：どうやって検証する？？



「超高輝度」超新星

まだ正体不明
（大質量星であることは間違いないだろう）

“super-luminous”	supernova



Bright blue death 11
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Figure 4. Detectability of luminous transients at large redshifts. The solid curves show the

expected magnitude in the observer frame r-band (red) and z-band (black) as a function of

redshift for SN2005ap-like transients with an assumed absolute magnitude of −22 in the (rest)

r-band. For comparison, we have also plotted observed magnitudes derived from the pair-insta-

bility models of ref. 24 for both a solar (dotted lines) and a 10−4 solar (dashed lines) metallicity

progenitor. In the PISN models, UV line blanketing increases with rising metallicity and thus

the source flux rapidly diminishes as the proper UV photons are shifted into the observer bands.

The SN2005ap-like sample, however, shows relatively less UV absorption, which leads to compa-

rably brighter sources at higher redshifts. Arrows mark the detection limits for the PTF r-band

survey and for deep z-band surveys as could be done with Subaru or LSST.

明るい => 遠くの宇宙でも観測可能
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遠方宇宙の大質量星を
研究する新しい方法



感度

領域の広さ

時間分解能「時間軸天文学」

ASAS-SN

ZTF

Tomo-e

HSC,	LSST



WFIRST:	Wide	Field	InfraRed	Survey	Telescope
2025-

WFIRST-AFTA 
 

Section 1: Introduction 12 

HST/ACS HST/WFC3 JWST/NIRCAM 

Figure 1-1: Field of view comparison, to scale, of the WFIRST-AFTA wide field instrument with wide field instruments 
on the Hubble and James Webb Space Telescopes. Each square is a 4k x 4k HgCdTe sensor array. The field of view 
is 0.28 degrees2. The pixels are mapped to 0.11 arcseconds on the sky. 

NASA

視野	0.28	deg2

ハッブル望遠鏡 JWST

WFIRST

近赤外線の広視野探査

（近赤外線としては非常に大きい）
WFIRST-AFTA	2015	Report

(?)



宇宙最初の星の爆発を捉える
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新種の突発天体：まとめ
• 突発天体探査		=>	これまで知られていなかった天体

																																		(“unknown	unknown”)

• 早くて明るい天体
• 56Niの量と、放出物質量が矛盾	=>熱源？？

• 超高輝度超新星
• これまでの超新星より10倍以上明るい

• 電磁波で1051ergを放出するものも	=>	熱源？？

• 遠方宇宙（初期宇宙）探査の手段として期待
赤外線による時間軸天文学も
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Fig. 3. The dependency of observational quantities, peak
g-band magnitude mg,peak, hours for 0.5 mag decline from
the peak in g-band tg,0.5mag , and g − r at z = 0.02 for dif-
ferent model parameters; main-sequence masses M⊙, presu-
pernova radius RpreSN, and explosion energies E51 from left
to right. Main-sequence mass M⊙ in the three right pan-
els are 25 M⊙. Different colors indicate different metallicity;
Z=0.001,0.004,0.02, and 0.05 in blue, green, red, and orange,
respectively. Different symbols (filled triangles, boxes, stars,
and open circles) also indicate different epochs; t=0.0,0.5,1.0,
and 2.0 days from the time with the bluest g−r color, slightly
after the g-band peak.

Figure 3 show the dependencies of observational quantities
on the theoretical model parameters; a brighter peak lumi-
nosity and slower decline rate of the shock breakout result
from a progenitor star with a larger presupernova radius,
i.e., higher main sequence mass. Although core-collapse
SNe usually explode in dusty environment and are ob-
scured by dust, some of the observational properties (e.g.,
decline rate) are free from dust extinction. Therefore, we
conclude that the survey parameters as described in §2.2,
i.e., 1-hour cadence (tint = 1 hour) and 5 visits per night
(Nvisit = 5) using a single g-band, which corresponds to
20 fields (Nfield = 20), would be the optimum strategy. In
this survey parameter set, the expected number of shock
breakout detections is an order of 1 during the 3-year
project term considering all the factors described above
and the typical SFR per KWFC FoV is 20 M⊙ yr−1 at
z < 0.03.
Figure 4 shows simulated KWFC g-band light curves

for shock breakouts of stars with M = 15, 20, and 30M⊙

at a distance of d = 85 Mpc (z ∼ 0.02) by assuming the
typical depth (gsub=19.8 mag, 5σ) and observing strategy
of our survey. The figure demonstrates that the decline of
the light curve after the shock breakout can be well char-
acterized by our survey strategy. While the light curves
are almost constant on the second day, the SN brighten
with time again and the luminosities in g-band peak at
20− 30 days after the explosion (Figure 4). The g-band
and r-band magnitudes at the plateau phase are expected
to be as bright as < 18 mag at z = 0.02. The plateau du-
ration and the brightness and photospheric velocity at the
plateau phase also depend on the presupernova radius, en-

Fig. 4. Simulated g-band light curves for M =15 (black), 20
(red), 30 M⊙ (blue) progenitor stars at z=0.02 (at a distance
of ∼ 85 Mpc). Time in x-axis is arbitrarily shifted for ease of
comparison. Photometric errors are calculated by assuming
a limiting magnitude (5σ) of 19.8 mag. The left panels are
magnified views of the right panels around the shock breakout
phases.

velope mass, and explosion energy (Eastman et al. 1994)
and have been frequently used to constrain the explosion
properties (Utrobin et al. 2009). Therefore, in order to
confirm the detection of the shock breakout and verify
the constraints derived from the observational properties
of the shock breakout, it is important to continuously ob-
serve the same fields over several months.
Further constraints on physical properties of shock

breakouts discovered by KISS would be achieved with the
quick follow-up observations described in §2.3. For exam-
ple, the change in time of observed colors such as g− r in
the shock breakout phase is also sensitive to the progenitor
mass as shown in the bottom row of Figure 3. The color
evolution indicates the photospheric temperature and con-
strains the evolution of the photospheric radius, i.e., the
shock velocity. This additional information determines
the presupernova radius and the explosion energy inde-
pendently. Furthermore, if spectroscopic observations are
performed, growing metal absorption lines due to the de-
crease of the photospheric temperature will be observed
(Gezari et al. 2008). The spectral evolution provides an-
other clue to properties of shock breakouts and super-
novae, e.g., presupernova radius, circumstellar material
structure, and mass loss at the last stage of stellar evolu-
tion. It also reveals the structure of a radiation-mediated
shock, in which radiation and matter are marginally cou-
pled. This can test radiation hydrodynamics theories at
high temperature, e.g., how the absorptive and scattering
opacities contribute to the total opacity (Blinnikov et al.
2000).

ショックブレイクアウトの明るさ
=> 星の半径

Morokuma,	
Tominaga,
MT+14


