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Figure 8
The Hertzsprung-Russell diagram of the STARS evolutionary tracks (Eldridge & Tout 2004). The location
of the classical luminous blue variable (LBV) region from Smith, Vink & de Koter (2004) is illustrated.
SN2005gl had a luminosity of at least log L/L! " 6, which puts it in the LBV region indicated or at even
higher luminosities if it was hotter and, hence, had a significant bolometric correction. The region where we
should see Wolf-Rayet (WR) progenitors is shown, and the only progenitor detected close to this region is
that of SN2008ax. The red supergiant (RSG) region in which observed progenitors have been detected is
shown again for reference.

(40–100 Mpc) were being carried out (Van Dyk, Li & Filippenko 2003a). The possibility of
even HST images being sensitive to individual stars relied on locating very bright and, hence,
very massive progenitors. A remarkable discovery by Gal-Yam & Leonard (2009) shows that a
star—likely one of the most massive and luminous stars we know exist—exploded to produce a
IIn SN. When SN2005gl was discovered, Gal-Yam et al. (2007) located an HST image of the
host galaxy NGC266 taken in 1997. Images in two filters were available (F547M: medium width
V-band and F218W: UV band), and alignment with a high-resolution image taken with the Keck
laser guide star AO system showed a bright point source (only in the F547M band) coincident
with the SN. Gal-Yam & Leonard (2009) then showed that the star has disappeared in subsequent
HST images with the same filter (see Figure 9). The progenitor was observed with MV = −10.3
and, assuming a zero bolometric correction, this implies a luminosity of log L/L! = 106. The
only stars known locally of this luminosity and visual magnitude are the luminous, classical LBVs
such as AG Car, AF And, P Cyg, and S Dor (see Smith, Vink & de Koter 2004 for a summary
of LBV luminosities, and Figure 8). SN2005gl was a relatively bright SN IIn that shows distinct
evidence of the SN ejecta interacting with a circumstellar shell (Figure 9). The narrow Hα line in
the spectrum 8 days after discovery suggests the existence of a shell of H-rich gas with an outflow
velocity of around 450 km s−1. The later spectra at days 58 and 87 show the broader profile of the
SN ejecta moving at around 10,000 km s−1. From these spectra and the lightcurve, Gal-Yam &
Leonard (2009) estimate that the progenitor lost a modest amount of mass (∼0.03 M!) to create
the circumstellar shell but that the lack of an extended plateau probably points to it having shed a
considerable amount of its H-envelope before explosion.
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Fig. 4.— Hertzsprung-Russell diagram showing the luminosities and tem-
peratures of the progenitors of SNe 2011dh (�), 1993J (⌅; Maund et al. 2004;
Aldering et al. 1994), 2008cn (•; Elias-Rosa et al. 2009), and 2009kr (N;
Fraser et al. 2010b; Elias-Rosa et al. 2010). Overlaid are stars stellar evolu-
tion tracks for solar (red solid) and LMC (blue dashed) metallicities. At the
end of each track the corresponding initial mass is indicated.
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Figure 10. Bolometric LCs (left panel) and g′-band LCs (right panel) for models with the same explosion energy as our preferred model, but different initial radii.
The observed bolometric LC (M. Ergon, in preparation) and g′-band LC (Arcavi et al. 2011) of SN 2011dh (cyan dots) are shown for comparison in each panel. The
error bars indicate the size of the systematic uncertainty that corresponds to an uncertainty of 1 Mpc in the distance to M51. The radius variation is accomplished by
attaching essentially massless (<0.01 M") envelopes to the He4 model. Larger radii produce higher early luminosity for t ! 5 days but no appreciable effect is seen
at later times.
(A color version of this figure is available in the online journal.)

In any case, the Teff is not directly comparable with the black-
body temperature derived from the spectrum. A more direct
comparison can be done using the color temperature (TC). Fol-
lowing the prescription of Ensman & Burrows (1992), we es-
timated TC as the temperature at the “thermalization” depth,8
which led to values of 8500 K and 8300 K at 2.8 days for mod-
els He4 and He4R270, respectively. Although these values are
somewhat higher than the value estimated from the spectrum,
the discrepancy is not important given the uncertainties in the
time of explosion (∼0.6 day) and in the estimations of the color
temperatures. Because of the small differences in temperature
found at t ∼ 2 days between compact and expended progen-
itors, the available temperature measurement is not a suitable
discriminator between these scenarios.

Finally, we analyzed whether it is possible to improve the
comparison between models and early observations assuming
different values of the progenitor radius than that inferred for
the YSG star. Figure 10 shows the bolometric (left panel) and
g′-band (right panel) LCs for models with progenitor radii of 50,
100, 150, and 200 R". All of these configurations have the same
He core taken from the He4 model, and they were constructed
in a similar way as He4R270, i.e., by smoothly attaching an
H-rich envelope to the core (see Figure 1). We denote these
models as He4R50, He4R100, He4R150, and He4R200. As
seen from the figure, it is clear that models with R ≈ 200 R"
are more consistent with the early-time data. This finding is
not affected by the systematic uncertainty in the luminosity that
would arise from an error of 1 Mpc in the distance.

We conclude this analysis by claiming that a progenitor with
radius similar to that of a YSG star, as suggested from pre-
SN detections, is compatible with the early observations of SN
2011dh. Moreover, we find that radii much smaller than 200 R"
fail to reproduce the observations.

8 The “thermalization” depth is calculated as the layer where 3 τabs τsct ≈ 1,
where τsct is the optical depth for scattering and τabs is the optical depth for
absorption.

4. DISCUSSION

4.1. Single versus Binary Progenitor

SNe IIb require the hydrogen-rich envelope of the progenitor
star to be almost completely removed before the explosion.
Two alternative mechanisms of envelope removal have been
proposed to explain the progenitors of SNe IIb, Ib, and Ic,
thereby called “stripped-envelope SNe”: (1) strong stellar winds
in massive single stars and (2) mass transfer in close binary
systems. In the first scenario, a very massive star with a main-
sequence mass !30 M" is required for the mass-loss rate to be
large enough (Heger et al. 2003; Georgy et al. 2009). This type
of star has an He core mass !8 M" previous to the explosion.
The upper limit of the main-sequence mass may be even larger
according to recent stellar wind mass-loss rates (see Bouret et al.
2005; Eldridge & Vink 2006; Fullerton et al. 2006). In the binary
scenario, less massive stars are allowed with He core masses
prior to the explosion in the range of 3–6 M" (Podsiadlowski
et al. 1993; Yoon et al. 2010). In the previous section, we showed
that such a He-core mass range is in very good agreement with
the observations of SN 2011dh.

To further test the possibility of a single-star progenitor, we
calculated a model based on a progenitor with a main-sequence
mass of 25 M" which forms an He core of 8 M" prior to
the explosion (we call this model He8). In Figures 6 and 7, we
show the LC and vph, respectively, for model He8 using the
same 56Ni mass and distribution as found for the He4 model of
Section 3.1 but with a larger explosion energy of E = 2 foe
in order to reproduce the peak luminosity. Clearly, this model
does not agree well with the observations. While decreasing
the explosion energy can improve the match to the expansion
velocities, it would worsen the fit to the LC irrespective of the
56Ni mixing assumed. Note that the timing of the second peak
imposes an important constraint on the He core mass. More
massive helium stars reach the LC maximum at later times
because the heat produced by radioactive decays takes longer
to diffuse out. The He8 model is too massive to produce the
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SN shock breakout
7.5 Shock Breakout
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Figure 7.6: (Left): Comparison between the GALEX and SNLS observations (points, SNLS-04D2dc,
Schawinski et al. 2008) and a SN IIP model with Mms = 20M! and E = 1.2 × 1051 erg reddened for the host
galaxy extinction with a color excess E(B − V ) = 0.14 mag (lines, Tominaga et al. 2009) (black and red: near UV,
green: g-band, blue: r-band, magenta: i-band). The inset enlarges the phase when the SN emitted UV light. (Right):
Apparent g′-band light curve of a shock breakout in AB magnitude system for a SN IIP model with Mms = 40M!

and E = 1051 erg. Limiting magnitudes for a 4σ detection in 3.3 min, 5 min, 10 min, and 20 min integrations are
also shown (dashed line), assuming 0.7” seeing, 1.6 arcsec aperture, and 3 days from New Moon.

identify the shock breakout with the blue g′ − r′ color as described below. Aims of this survey
are (1) detecting numerous high-z shock breakouts and obtaining their multicolor light curves, (2)
observationally establishing the physics of shock breakouts and confirming that the shock breakouts
take place universally, (3) deriving a cosmic star formation history (CSFH) up to z ∼ 1.5 with the
shock breakouts, and ultimately (4) developing the totally-new high-z study with shock breakouts.

Introduction

Core-collapse supernovae (CCSNe) have been so far observed only at z ! 0.9 (Dahlen et al. 2004;
Poznanski et al. 2007), except for extraordinary events like Type IIn SNe (SNe IIn) (Cooke et al.
2009) and gamma-ray bursts (GRBs; Salvaterra et al. 2009). The record will be broken by a shock
breakout. The shock breakout is the bolometrically-brightest phenomenon in SNe (> 1044 ergs s−1)
lasting several seconds to several hours and emits dominantly in X-ray or ultraviolet (UV) with a
quasi-blackbody spectrum (T > 105 K, Blinnikov et al. 2000). Although the shock breakouts are
proposed to be a probe of the distant universe, its short duration and X-ray/UV-peaked spectra
make it difficult to be observed. The first and currently last complete light curve of shock breakout
of normal CCSN was obtained for SN IIP SNLS-04D2dc (redshift z = 0.19, e.g. Schawinski et al.
2008) by the GALEX satellite but the detection significance in near UV and far UV bands is only
! 4σ and ! 2σ, respectively.

We adopted a multi-group radiation hydrodynamics code STELLA (Blinnikov et al. 2000) and
presented X-ray-to-infrared light curves (LCs), including the shock breakout, plateau, and tail, of
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• Frontier of Transient Survey

•KISS (Kiso Supernova Survey)
and Synergy with 3.8m Telescope

• Future Plan



KISS: KIso Supernova Survey

• Extremely high cadence

• 1-hr cadence

• 4 deg2 FOV

• 3 min exposure

• ~ 21 mag in g-band

• ~50-100 deg2 /day

• 100 day observations/yr (around new moon)

• High SFR field (< 200 Mpc, 30-100 Msun/yr)
2012 Apr: Dry run -
2012 Sep: Main survey -



KISS 1st year

No of visits



KISS pipeline

Kiso observatory

standard reduction

image subtraction

< 10 min
~ 50GB/day

KISS database
SubNewRef

source detection

cut-out images

source
info

KISS interface

Amateur astronomers

SubNewRef

Anywhere
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37 SN candidates
KISS12a

KISS12b

KISS12c

KISS12d

KISS12e

KISS12f

KISS12g

KISS12h

KISS12i

KISS12j

KISS12k

KISS12l

KISS12m

KISS12n

KISS12q

KISS13a

KISS13b

KISS13d

KISS13l

KISS13j

SN 2012cq

SN 2012cm

SN 2012ct

SN 2013I

SN 2013J

SN 2013Y

SN 2013??



Follow-up collaboration

Kiso 1m

Akeno 0.5m

Hiroshima 1.5m (1)

HCT 2m

NOT 2.5m (3)

TNG 3.6m (3)

Swope 1m

WIYN 0.9m



KISS collaboration
• Survey members

• Tomoki Morokuma (PI), Nozomu Tominaga, Masaomi Tanaka,
Kensho Mori, Koji Kawabata, Yoshihiko Saito, Nobuharu Ukita, 
Michael Richmond, Yuji Urata

• Indian Institute of Astrophysics 
• Devendra Sahu

• Carnegie Supernova Project (CSP) 
• Eric Hsiao, Maximilian Stritzinger, Mark Phillips, Nidia Morrell, 

Carlos Contreras, Francesco Taddia

• Telescopio Nazionale Galileo (TNG)
• Paolo Mazzali, Emma Walker, Elena Pian

• SNFactory
• Greg Aldering

• Russian Institutes 
• Dmitry Tsvetkov,  Nikolay Pavlyuk



Synergy with 3.8m Telescope

•Rapid follow up

• High speed pointing of 3.8m telescope is 
critical (1 min, Nagata-san, Kurita-san)

• Rapid communication (< 1 hr)
Target feed takes ~ 10-60 min

• Automatic response

• Low resolution spectroscopy
(R~500, v~500 km/s)

• IFU is preferred (Ota-san, Matsubayashi-san)
confirmation image + spectroscopy

No Transient Left Behind
占有性•機動性が最も重要な要素



By-products from 
high-cadence survey

•Variable QSO

• ~ 110

•Variable stars

• ~ 80
(High Galactic latitude)

•Rapid flare (< 1hr)

• ~ 5 (after Maehara et al. ...)

(High Galactic latitude)
Nogami-san’s talk

19.0 mag

>20.8 mag

>20.1 mag

g=22.6 mag

SDSS

21:01

22:01

23:09

1hr

1hr

Spectroscopy during the flare!?



• Frontier of Transient Survey

•KISS (Kiso Supernova Survey)
and Synergy with 3.8m Telescope

• Future Plan



Gravitational Wave - 
Electromagnetic Wave Astronomy

C: NASA

•KAGRA 2017-

•Neutron star merger

• 1-10 events / yr

• EM counterpart

C: KAGRA

Ota-san’s talk



EM signature from 
NS-NS merger

•On-axis short GRB

• very rare

•Off-axis radio emission

• delayed (~1 yr)

• no guarantee of association

• “kilonova” (macronova)

• could be common if r-process occurs

The Astrophysical Journal, 746:48 (15pp), 2012 February 10 Metzger & Berger

with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.

BH

obs

j
Tidal Tail & Disk Wind

Ejecta ISM Shock

Merger Ejecta 

v ~ 0.1 0.3 c

Optical (hours days)

Kilonova
Optical (t ~ 1 day)

Jet ISM Shock (Afterglow)

GRB
(t ~ 0.1 1 s)

Radio (weeks years)

Radio (years)

Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.

2
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Transient Science with 3.8m Telescope

• (Need wide field survey) Kambe-san

•Rapid follow up for 
high-cadence transient survey

• Shock breakout of supernovae

• Rapid flare

•Critical role in GW-EM astronomy

• 3.8m Telescope + 1m Schmidt (wide field)

•Hope for 3.8m Telescope 

• Low resolution spectroscopy (R~500)

• IFU (image and spec, reducing time loss)

• Rapid communication/automatic response


