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Kiso Observatory (The University of Tokyo)
105cm Kiso Schmidt telescope (4th largest Schmidt)

operated since 1974

open-use until March 2017

instruments


2012-2018: Kiso Wide Field Camera (KWFC, 8 CCDs, 4.8 deg2)

2018-:      Tomo-e Gozen (84 CMOS sensors, 20 deg2)

KWFC (8 CCDs, 4.8 deg2) Tomo-e Gocen 
(84 CMOSs, 20 deg2)



KOOLS-IFU WS@京都大学 2018/02/05-06 4

Tomo-e Gozen (巴御前)
84 (=21x4) CMOS sensors

20 deg2 (9 deg diameter)

2 Hz(-200 Hz) readout

30 TB / night

seconds-hours scale transients

Sako+2016, Ohsawa+2016, Morii+2017


Osawa-kun’s talk

completed early 2019


“Q1” (21 chips) from mid-Feb/2018

蔀関月作, 「巴御前出陣図」,
 東京国立博物館, 
©Image: TNM Image Archives
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http://www.ioa.s.u-tokyo.ac.jp/kisohp/NEWS/tomoe_q0_firstlight.html
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Progenitors of Core-Collapse Supernovae

ANRV385-AA47-03 ARI 22 July 2009 3:51

surprisingly, not reliably determined, with estimates ranging from 7.5 to 10.2 Mpc (reviewed by
Hendry et al. 2005). It would be desirable to establish the distance more reliably, as the mass and
luminosity estimate of the progenitor is critically reliant on this estimate. Comparison with the
stellar evolutionary models show the progenitor is likely to have had an initial mass in the range
of 8+4

−2 M⊙. The progenitor’s estimated location on an HRD is similar to RSGs in Milky Way
clusters, with the Galactic stars shown for comparison in Figure 4. The metallicity at the site of
the explosion was probably around solar.

WFC F439W, F555W, F814W

WFPC2 F300W, F606W, F814W ACS HRC F435W, F555W, F814W

ACS HRC F330W, F555W, F814W

FORS BVI and ISAAC K NACO K 
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4.5. Transients of Uncertain Nature: Core Collapse or Not?
An intriguing new twist in the story of optical transients occurred in 2007 and 2008. The discovery
of two objects with similar luminosities, color temperatures, and line velocities within a few months
led to suggestions that they are physically related and that other peculiar transients could be
of the same class. Kulkarni et al. (2007) reported the discovery of an optical transient in M85
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“Moment” of Supernova Explosion

shock breakout

afterbefore

days

<hours

radiation diffusion velocity ~ shock velocity

Shock Breakout
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定 26件). しかし, 近傍宇宙での探査体積の最大化には浅く広い観測が求められ, そのような機敏な高
頻度観測は, 読出時間が数 10秒程度の従来型のCCD搭載カメラでは実現が不可能であり, 残念ながら
明確な候補天体の発見に至らなかった. この結果は, 達成された感度が想定より浅かったことも考慮す
ると, 我々の理論モデル [3]とは無矛盾であった. また, 観測効率の上昇のため, 比較的深い探査を行っ
たことで, 発見天体は見かけで暗いものが多く, 早期の分光同定観測が難しかったという困難も抱えて
いた. 申請者らを含む東京大学・木曽観測所のグループは, これらを一度に解決する「より浅くより広
い」高頻度観測を可能にする, 読出時間が実質的にゼロで機敏な観測が可能なCMOSセンサを用いた
超広視野高速カメラTomoe の開発を, KISS 開始とほぼ同時期の 2012年に開始した [9].

図 1: 超新星の典型的な光度曲線. 点線は理論予想.

黒い時間領域 (1,2日以下)を開拓する.

図 2: すばる HSCで発見した爆発最初期の重力崩
壊型超新星の増光時間スケールと絶対等級 ([5]).

研究期間内に明らかにすること (1) 高感度CMOSセンサを搭載した超広視野高速カメラTomoeを開
発し, (2) 爆発最初期の光度曲線(1時間-1,2日スケール)を十分にサンプルする30分間隔で高頻度・広
域・長期探査観測(3, 000平方度, 3秒積分=可視 18等級, 400晩の観測)を行い, 約 10天体の ショ
ックブレイクアウトを含む約50天体の爆発最初期の高精度かつ密な可視光度曲線を初めて獲得する.

(a) 最初期データから得られる親星の大きさ, 質量, 爆発エネルギー, 星周構造, (b) 爆発後期データか
ら得られる生成重元素の層状構造と質量の情報を組み合わせ, 大質量星の最終進化段階を明らかにす
る. この観測結果をふまえ, 非平衡物理過程を含む輻射流体理論モデルの精密化を進める.

高頻度データ 1夜分を足し合わて得られる深いデータ (20等級)からは, 出現は稀な (わずか重力崩
壊型超新星の 0.1%)近傍宇宙における高光度超新星を 2年で 60個検出し, 同様に詳細な追観測を行う.

その起源は, 超新星の噴出物と, 爆発前の質量放出により形成された分厚い星周物質との相互作用によ
り明るく輝くとするモデルが有力であり, その親星の爆発前の素性を明らかにする有力な手がかりとな
る. 他にも, 極近傍銀河における通常より光度の低い “暗い超新星”, “見かけが極めて明るい超新星”の
早期発見も期待され, 超新星の親星と爆発機構を網羅的に探査する. また, 同様に世界的にユニークな
銀河系内の星に対する高頻度広域データを用いて特に短時間スケールの変光現象も網羅的に探査する.

当該分野における学術的な特色・独創的な点及び予想される結果と意義 本研究で得られる 30分の
時間分解能での超新星爆発最初期の光度変動の観測データを基にした親星の高精度な議論は過去に例
がなく, ハッブル宇宙望遠鏡による親星の観測 (可能なのはハッブル宇宙望遠鏡のみ)を基にした研究
と独立かつ相補的である. この科学的成果は, 長期観測が可能な超広視野望遠鏡と超広視野高速CMOS

カメラの組み合わせならではのものであり, 近傍宇宙で過去最大の探査体積を実現する. これに類する
高頻度広域観測は, 将来計画を含めて他に存在しない. 見かけが明るい超新星を対象とするため, 観測
時間が得やすい (国内を含む)中小口径望遠鏡でも分光追観測が可能であり, 早期の分光同定の成功頻
度が格段に上がる. 本観測で得られるデータは, 多種多様な短時間変動現象を検出でき, 超新星探査に
適さない月明夜には, 銀河円盤面の高頻度広域モニタ観測で銀河系内の変光現象を一網打尽にする.
参考文献: [1] Maund et al. 2011, ApJL, 739, 37 [2] Smith et al. 2010, AJ, 139, 1451 [3] Tominaga et al. 2011, ApJS, 193, 20 [4]

Tominaga et al. 2015, submitted to ApJ [5] Tanaka et al. 2015, submitted to ApJ [6] Sako et al. 2012, SPIE, 8446, 84466L [7]

Morokuma et al. 2014, PASJ, 68, 114 [8] www.ioa.s.u-tokyo.ac.jp/kisohp/KISS [9] www.ioa.s.u-tokyo.ac.jp/tomoe
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Figure 8.1 Framework of Cosmic Explosions in the Year 2011. Note that until 2005 (Fig-

ure 1.1), we only knew about three classes (denoted by gray bands). Systematic surveys,

serendpitous discoveries and archival searches have yielded multiple, new classes of tran-

sients. Discoveries presented in thesis Chapters 3, 5, 6 and 7 are denoted by ⋆.

(Brown et al. 2011) that undergo such an explosion.

2. Luminous Red Novae: The defining characteristics of the emerging class of luminous

red novae (LRN) are: large amplitude (> 7mag), peak luminosity intermediate be-

tween novae and supernovae (−6 to −14mag), very red colors and long-lived infrared

emission. When the first LRN was discovered (Kulkarni et al. 2007), the similarities

to three Galactic explosions (including V838Mon) suggested a common origin. Since

then, 5 more extragalactic and 1 more Galactic LRN have been discovered. Recent

developments suggest there may be two progenitor channels.

http://www.astro.caltech.edu/~ycao/B&ETalks/B&E_FRBs_Cooke.pdf
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Figure 4. Framework of Cosmic Explosions in the Year 2011 (Kasliwal 2011). Note that until 2005 (Fig. 1),
we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
eries by the Palomar Transient Factory and P60-FasTING (Kasliwal et al. 2011a) are denoted by ?. Several
new classes are emerging and the governing physics is being widely debated: luminous red novae (electron
capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).

(advanced LIGO, advanced VIRGO, LCGT, INDIGO) coming online. Detecting gravitational
waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.
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studies of SNe II-P, the red-sensitive Kepler bandpass is not
ideal for detecting shock breakout radiation. Furthermore, the
way Kepler data was taken made it difficult to study transient
events in “real time,” so little is known about these supernovae
other than their exquisite light curves, which are analyzed in
their entirety by B. E. Tucker et al. (2016, in preparation).

2. OBSERVATIONS

While the primary goal of the Keplermission (Haas et al.
2010) was to find and study extra-solar planets, it also provided
nearly continuous observations of many galaxies. Several
Kepler guest observer projects monitored about 500 galaxies at
a 30 minute cadence to look for brightness variations in their
centers indicative of an active galactic nucleus or to specifically
search for supernovae. Targets were selected from the 2MASS
extended source catalog (NASA/IPAC IRSA) and the NASA/
IPAC Extragalactic Database (NED). Typically, galaxies were
monitored for two to three years, leading to the discovery of
three SNe Ia (Olling et al. 2015), one probable typeIIn event
(P. M. Garnavich et al. 2016, in preparation), and the
supernovae presented here. Unfortunately the timescale for
the release of Kepler data meant that follow-up of the events
was not possible from ground-based observatories. We did
obtain spectra of the host galaxies that provided redshifts of the
supernovae and information on the environment around the
progenitors (B. E. Tucker et al. 2016, in preparation).

On a timescale of minutes to hours, Kepler provides
photometric precision of a few parts per million for bright
sources. However, on longer timescales, various systematic
effects considerably reduce the precision of the standard
Kepler products. For example, the Kepler observations were
organized in three-month segments labeled quarters Q0–Q16.
Each quarter that the spacecraft rotated to keep the Sun on the
solar panels resulted in the targets shifting to different
detectors. About once per month, the spacecraft goes through
a pointing maneuver to downlink the data to Earth. Significant
sensitivity variations in the pipeline light curves after re-
pointing maneuvers are removed through special processing.
Details of our Kepler reduction procedures can be found in
Olling et al. (2015) and Shaya et al. (2015).

3. LIGHT CURVES

KSN2011a was discovered in the galaxy KIC8480662,
which is a bright 2MASS galaxy at a redshift of z = 0.051
(B. E. Tucker et al. 2016, in preparation). The Kepler light
curve shows a fast rise, a broad maximum followed by a long
plateau (see Figure 1). Finally there is a rapid decay followed
by an exponential decline. The light curve is characteristic of
SNe II-P.

KSN2011d was discovered in the galaxy KIC10649106,
which is also a 2MASS cataloged galaxy at a redshift of
z = 0.087 (B. E. Tucker et al. 2016, in preparation). Its light
curve also shows a fast rise, a broad maximum, and then a slow
decay before falling off the “plateau” after 130 days.
KSN2011d appears to fade faster on the plateau than
KSN2011a, but part of that can be attributed to the higher
redshift which means the bandpass contains bluer light that
fades more quickly in SNe II-P. A detailed analysis of the full
light curves can be found in B. E. Tucker et al. (2016, in
preparation).
These Kepler supernovae light curves are very similar to

several well-observed SNe II-P events such as SN1999em
(Suntzeff, private com.), SN1999gi (Leonard et al. 2002), and
SN2012aw (Bose et al. 2013). The Kepler supernovae are at
significantly higher redshifts than these local events, so k-
corrections are important, but there is no color information for
the Kepler events. Therefore, we use the BVRImagnitudes of

Table 1
Kepler TypeII-P Supernova Candidates

Namea Host SN Redshift MW AV Peak Kpc Date of Breakout Rise Time
KICb Type (z) (mag) (mag) (BJD-2454833.0) (days)

KSN 2011a 08480662 IIP 0.051 0.194 19.66±0.03 934.15±0.05 10.5±0.4
KSN 2011d 10649106 IIP 0.087 0.243 20.23±0.04 1040.75±0.05 13.3±0.4

Notes.
a Kepler SuperNovae (KSN) 2011b, 2011c and 2012a were published in Olling et al. (2015).
b Kepler Input Catalog (Brown et al. 2011).
c Not corrected for extinction.

Figure 1. The Kepler light curves of KSN2011a (top) and KSN2011d
(bottom). The blue points are magnitudes estimated from the standard
Kepler 30 minute cadence while the large red symbols show 1 day medians.
The small symbols connected by a line display the light curve of the proto-
typical typeIIP SN1999gi (Leonard et al. 2002) after correction to the redshift
of the Kepler events. The initial rise of KSN2011a is clearly faster than
KSN2011d based on the number of red points (1 day median) before maximum
light.
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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 10days
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 15Me, R500 is the
progenitor radius in units of 500Re, and E51 is the explosion
energy in units of 1051erg. 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 2B and a progenitor mass of
15Me), 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 −1.5days 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 2B and radius of 490Re is compared with both the data and simulation.
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500 galaxies, 30-min cadence

trise: 13.3 +/- 0.4 days

E = 2x1051 ergs

R = 490 +/- 20 Rsun

Kepler detected SN IIP 
Shock Breakouts in optical 
for the first time???

5. Conclusions

We have explored the uncertainties in applying SW17
models of shock cooling to observations. Generating synthetic
photometry with a realistic follow-up campaign and noise
model, we have shown that ultraviolet coverage is necessary to
constrain the progenitor’s radius in a meaningful way. It is clear
that ground-based campaigns will be limited in their ability to
constrain the progenitor’s radius. Shock-cooling models are
discriminative with regards to the polytropic index for large
radii. The uncertainties are strongly influenced by the limits of
validity of the models, as was explained in Rubin et al. (2016),
although several works have not treated them systematically—
leading to incorrect conclusions.

Multiband light curves have the potential to constrain the
local host extinction—given reasonable assumptions on
RV—with the best performance found with high-cadence
ultraviolet coverage. A dedicated UV satellite such as
ULTRASAT (Sagiv et al. 2014) would provide superior
coverage even to that which was explored in this work.
We applied our methods to the SN LCs published recently

by G16. Our findings do not agree with theirs. First, we were
unable to reproduce G16ʼs results based on the information
provided in their paper. Our estimates of the uncertainties take
into account the model’s limitations. We find that an n=3
model can be self-consistently fit to KSN 2011a. This is due in
part to the fact that the observed plateau begins after
T=0.7 eV—where the model is no longer valid.

Figure 12. Top: best fit to KSN 2011d. Blue points are the 2 hr binned data. The models are valid only for the times where the best-fit red line is drawn. Bottom:
residuals.

Figure 13. Significance of the departure of the shock breakout identified
by G16. Top: the early-time light curve binned to 3.5 hr intervals with different
binning phases, offset by 0.1 for visual clarity. The data have been fit to a
ninth-order polynomial (excluding the two points in red) to test departure from
a smooth function. Bottom: residuals from the smooth functions. Binning has a
dramatic effect on the significance and shape of the departure, which at most is
3.85σ, but can drop to 1.56σ.

Figure 14. Histogram of P-values of 10 consecutive points (not binned) with
respect to the background in the data up to two days before the SN explosion.
The P-value of the claimed shock breakout is shown by the vertical dotted line.
Several events have less likely departures in the noise.
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The [O II] λ3727 emission line is detected from all the host
galaxies, which indicates that they are all star-forming galaxies.
The redshifts range from z = 0.384 (SHOOT14jr) to z = 0.821
(SHOOT14or).

3. LIGHT CURVES

3.1. Overview

Figure 3 shows light curves of our samples on Day 1 and
Day 2. Hereafter, the epochs of stacked g-band data on Day
2 are taken to be t=0 unless otherwise mentioned. The
photometry is performed in the subtracted images using the
final references (e.g., Day 1 – Day 327 and Day 2 – Day 327
for the g-band).

Throughout the paper, we do not take into account full K-
correction for absolute magnitudes since only limited informa-
tion about the spectral energy distribution is available for our
samples. Instead, we correct only the effect of redshifts, i.e.,
M m z2.5 log 1( )m= - + + , where M and m are absolute
and observed AB magnitudes (measured as fν) and μ is the
distance modulus. The last term originates from the difference
in the frequency bins in the restframe and observer frame, i.e.,
L d z f4 1e o

2( ) [( ) ( )] ( )n p n= +n n , where νe and νo are rest-
frame and observer frame frequencies, and d is the luminosity
distance (Hogg et al. 2002).

The absolute magnitudes of the five objects range from −16
to −19 mag in the restframe near-ultraviolet (UV) wavelengths
(2620–3450Å, depending on the redshifts). The photometric
values of our samples are corrected for extinction in our Galaxy
but not for extinction in the host galaxy. Therefore, intrinsic
absolute magnitudes can be brighter than those shown in
Figure 3.

All of the five objects show a blue g− r color on
Day 2, g r 0.60, 0.21, 0.15- - - -� , and −0.15 mag for
SHOOT14gp, 14or, 14 ha, and 14jr, respectively. For
SHOOT14ef, the color is g r 0.39- < - mag. This indicates
that, for the blackbody case, the peak of the spectra is located

at wavelengths shorter than the wavelengths corresponding
to the observed r-band. Therefore the blackbody temperatures
for our objects are TBB13,000, 15,000, 13,000, 11,000,
and 13,000 K for SHOOT14gp, 14or, 14 ha, 14jr, and 14ef,
respectively. Note that the intrinsic colors can be bluer due to
the extinction in the host galaxies.
SHOOT14or and 14jr are detected in the images of

Day 1 – Day 327. We measure the rates of rise from
Day 1 to Day 2 using the g-band one-day stacked images:

m t∣ ∣D D =3.12 0.70
1.11

-
+ and 1.61 0.32

0.39
-
+ mag day−1 for SHOOT14or

and 14jr, respectively (errors represent 1σ, Table 3). Note that
the rate of rise is measured in the restframe, so the time interval
used for the measurement varies with the source redshift
(Δt=0.55 days for SHOOT14or while Δt=0.72 days for
SHOOT14jr). The other three objects (SHOOT14gp, 14 ha, and
14ef) are not detected in the subtracted images of Day 1 – Day
327. The 3σ lower limits of the rate of rise measured in the
g-band are m t∣ ∣D D >3.10, 1.21, and 1.17 mag day−1. These
are also high enough to match our criterion for rapidly rising
transients.
In the following sections, we compare the light curves of our

samples with those of previously known SNe and transients.

3.2. Comparison with SNe

Figure 4 shows a comparison of rapidly rising transients with
normal SNe. Since the redshifts of our samples are moderately
high, z=0.384–0.821, we compare our g- and r-band light
curves with near-UV and u-band light curves of nearby SNe
with good temporal coverage. We use the Swift uvw1- and
u-band data from Brown et al. (2012) and Pritchard et al. (2014)
with extinction correction (both in our Galaxy and host galaxies)
using the extinction law of Brown et al. (2010). Since the
effective restframe wavelengths do not always match perfectly,
we always give effective restframe wavelengths in parenthesis.
Figure 4 shows that the properties of our samples are not

consistent with those of SNe Ia at any phase, or those of core-
collapse SNe more than a few days after the explosion. The

Figure 3. Light curves of the five rapidly rising transients on Days 1 and 2. The g- and r-band photometry is shown by the blue and red points, respectively. Triangles
show the 3σ upper limit. For the g-band data, photometry for one visit (5×2 minute exposures) is shown in pale blue while photometry in the one-night stacked data
is shown in blue.
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objects for follow-up observations. Since 8 out of 16 objects
show declining flux, it is likely that the majority of these 16
sources are active galactic nuclei. The remaining 15 sources
have an offset from the center of the galaxies, and are selected
as SN candidates.

The final SN candidates consist of 14 brightening objects.
From this final sample, we performed follow-up observations
of the 12 most reliable objects. Among these, we measured
redshifts for eight of them while the other four (and their host
galaxies) were too faint to take spectra. The remaining two
objects were not observed.

Note that the sample selection for spectroscopy was made
based on the flux difference over two nights, not on the
magnitude difference since the final reference images were not
available and true magnitudes of the objects on Day 1 were not
known at the time of spectroscopy (2014 August). Therefore,
even after the selection processes, our initial samples could
include not only rapidly rising transients but also normal SNe
around their peak brightness if the flux difference over two
nights is large enough. In fact, our follow-up spectroscopic
observations (Section 2.3) allowed us to identify three out of
eight objects as normal SNe (at z = 0.13, 0.25, and 0.40). In
addition, after obtaining the final reference images on Day 327,
we confirmed that these three objects were already bright on
Day 1. The rates of rise for these three objects are

m t∣ ∣D D <1 mag day−1, which is also consistent with
normal SNe. Therefore, we omit these three objects from our
samples.

Figure 1 shows images of five rapidly rising transients,
named SHOOT14gp, 14or, 14 ha, 14jr, and 14ef (Table 3).
Photometry of these five objects is shown in Table 4.

2.3. Follow-up Observations

We performed imaging and spectroscopic observations of
five objects (Table 3) using the Faint Object Camera and
Spectrograph (FOCAS, Kashikawa et al. 2002) of the Subaru
telescope. Observations of four objects (SHOOT14gp, 14or,
14 ha, and 14jr) were carried out on 2014 August 5 and 6 UT
(Days 35 and 36, respectively) while observations of
SHOOT14ef were made on 2015 June 22 (Day 356, only for
the host galaxy).
For the FOCAS imaging data, we performed image

subtraction with the final reference images using the HOT-
PANTS package. SHOOT14gp and 14or were only marginally
detected in the r-band while they were not detected in
the g-band. The other objects were not detected in either
g- or r-band. Typical limiting magnitudes are ;25.0–25.5 mag
(Table 4).

Figure 1. Images of rapidly rising transients (g- and r-band two-color composite images). From top to bottom, each panel shows the discovery images taken on Day 2,
images taken on Day 1 (used as references for the sample selection), and difference images (Day 2 – Day 1). Each panel is of size 8″×8″. North is up and east is left.
The color scales for the discovery and reference images are set to be the same.

Table 3
Rapidly Rising Transients from the Subaru/HSC Transient Survey

Object R.A. Decl. Redshift m t∣ ∣D D a

(J2000.0) (J2000.0) (mag day−1)

SHOOT14gp 23:20:20.80 +28:25:00.54 0.635 >3.10
SHOOT14or 15:26:24.18 +47:47:07.34 0.821 3.12 0.70

1.11
-
+

SHOOT14ha 23:21:44.91 +28:54:49.80 0.548 >1.19
SHOOT14jr 16:33:49.99 +34:28:05.36 0.384 1.61 0.32

0.39
-
+

SHOOT14ef 21:31:08.77 +09:32:54.10 0.560 >1.31

Note.
a Measured in g-band data. Errors represent 1σ. For the objects that are not
detected in the difference images on Day 1 (Day 1 – Day 327), 3σ lower limits
are given.
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corresponds to t∼−10 days. However, with this assumption,
the non-detection of PS1-13duy before the peak in the r-band is
not consistent with our detection on Day 2. In addition, the
brightness and upper limits at later epochs (Days 35 and 36) are
much fainter than the magnitudes of PS1-11qr, for which the
data in the declining part are available. Therefore, our samples
are not likely to be the same population as the PS1 luminous
samples.

Our samples show a better agreement with the PS1 faint
samples (lower panels of Figure 8). The rate of rise of the PS1
samples in theg-band is m t∣ ∣D D <1 mag day−1, which does
not fulfil our criterion. However, PS1 data are taken with
∼3 days cadence, and thus the rate of rise measured with a
shorter interval can be faster. In fact, if the rising part is
interpolated with f t t0

2( )µ - , the rate of rise can be as fast as
that measured for our samples. In particular, three of our
samples (SHOOT14ha, 14jr, and 14ef) show a good match if
the epochs of these objects are shifted so that Day 2
corresponds to t∼−2 days. Then, our data at later epochs
are also consistent with the PS1 samples in the declining phase.
Since the estimated epoch of zero flux for PS1-10ah and PS1-
10bjp is t0∼−4.2 days from the peak, the epochs of our
observations correspond to ∼1.5–2.2 days after the explosion.

The agreement between the two luminous objects in our
samples (SHOOT14gp and 14or) and PS1 faint samples is not
as good as that for the three faint objects (SHOOT14ha, 14jr,
and 14ef). Note that a direct comparison at perfectly matched
wavelengths is not possible (<3000 Å for SHOOT14gp and
14or but >4000 Å for the PS1 faint samples). Nevertheless,
SHOOT14gp and 14or show faster rises than the PS1 faint

samples. The rates of rise of SHOOT14gp and 14or are >3.10
and 3.12 0.70

1.11
-
+ mag day−1, respectively (Table 3). On the other

hand, the rate of rise of the PS1 faint sample is
m t∣ ∣D D <1.3 mag day−1 even at the fastest phase in the

interpolated light curves (see dashed lines in Figures 8 and 9).
The nature of these objects is discussed in Section 5.

4. PHASE SPACE OF TRANSIENTS

Figure 9 shows a summary of the rate of rise and absolute
magnitudes of our samples and other transients shown in
Figures 4, 6, and 8. The figure is shown as a function of rising
timescale τrise≡1/ m t∣ ∣D D , the time for a rise of 1 mag. See,
e.g., Rau et al. (2009), LSST Science and Collaboration (2009),
Kasliwal (2012) and Arcavi (2015) for similar phase-space
diagrams. For our objects, SN 2010aq, PS1-13arp, and the PS1
samples, the rates of rise are measured only at an interval on the
rise as there are no time-series data before the peak. The time
interval is Δt0.5 days. For normal SNe, for which good
time-series data are available, we measure the rate of rise

m t∣ ∣D D as a function of time (connected with lines in
Figure 9). In order to match the time interval with other objects,
it is kept at Δt0.5 days. For example, although fine time-
series data are available for SN 2006aj before the peak, we
measure the rate of rise from t = 0.082 and t = 0.541 days from
the burst (Δtrest=0.45 days). For the PS1 faint samples (PS1-
10ah and PS1-10bjp), the green dashed lines show the rate of
rise measured with Δtrest=0.5 days using the light curves
interpolated with f∝(t− t0)2.
In this diagram, as also discussed in Section 3.2, it is clear

that SNe Ia show the fast rise only in the very early phase with

Figure 9. Summary of absolute magnitudes and rising timescale (τrise≡1/ m t∣ ∣D D ) of transients. Our samples are compared with the following objects: SN 2010aq
and PS1-13arp (Gezari et al. 2010, 2015) with early UV detection with GALEX, the early peak of SN 2006aj (Campana et al. 2006; Šimon et al. 2010, Figure 6), SN Ia
2011fe (Brown et al. 2012), core-collapse SNe (SN Ib 2007Y, SN IIb 2008ax, and SN IIn 2011ht, Pritchard et al. 2014), and rapid transients from PS1 (Drout et al.
2014). For rapid transients from PS1, the rising timescale (rate of rise) is measured with g-band data. The dashed lines show the absolute magnitude and rising
timescale of PS1-10ah and PS1-10bjp measured with the interpolated g-band light curves.
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Tomo-e SN Survey KISS
instrument Tomo-e Gozen KWFC

sensor CMOS CCD
readout time ~0 sec 120 sec

period 2018/4- 2012/4-2015/9 (3.5 yrs)
survey area [deg2] 10,000 50-100

cadence 2 hours / 1 day 1 hour
exposure time / visit 3 sec 180 sec

depth 18 mag / 19 mag 20-21 mag
filter no (~g+r) g

#(SBOs), #(SNe) / yr 5, 1000 O(0.1)-O(1), 100

data storage daily-stacked image  
SN cutout images

all data saved

reference - TM, Tominaga, Tanaka+2014

Tomo-e Gozen SN Survey  
          vs Kiso Supernova Survey (KISS) w/ KWFC
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Tomo-e Gozen SN Survey vs other SN surveys
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Tomo-e Gozen SN Survey vs other SN surveys
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TM, Tominaga, Tanaka+2014
Tomo-e Gozen

Tomo-e pipeline

SN pipeline
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website for transient candidate (Subaru/HSC)
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KISS (w/ KWFC)

Tomo-e SN Survey

©Sako
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Spectroscopic ReductionSpectroscopic Reduction

The red-channel spectra
from the data cube.

A zoom in on the
supernova.

Peter Nugent Type Ia Supernovae and Cosmology 26

A 1 hr run before twilightA 1 hr run before twilight……

SNe 2004da,
2004dd, 2004dh
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supernovae.
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Spectroscopic ReductionSpectroscopic Reduction

The collapsed data
cube, 15x15 lenslets.

©Peter Nugent (SNFactory/UH88/SNIFS)

“flash” spectroscopy w/ Kyoto 3.8-m/KOOLS-IFU
IFU is an ideal instrument for SN quick follow-up


no accurate slit alignment necessary
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UH88/SNIFS observations

e.g., Kuncarayakti+2013

(SNe IIP, II-L)

“flash” spectroscopy w/ Kyoto 3.8-m/KOOLS-IFUThe Astronomical Journal, 146:31 (14pp), 2013 August Kuncarayakti et al.

Figure 2. Left panel: the SN 1970G site reconstructed from the IFU FoV. The SN position within a 1 arcsec error radius is indicated by the circle. The approximate
linear scale corresponding to 2 arcsec is also indicated; this scale is calculated from the host galaxy distance only, and thus does not take into account the projection
effect and host galaxy inclination. “SC” indicates the host star cluster. Right panel: extracted spectrum of the star cluster.
(A color version of this figure is available in the online journal.)

Figure 3. IFU FoV and extracted host cluster spectrum for SN 2009hd. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Our observations show that the spectrum of the cluster
is very similar in appearance to the host of SN 1961U—a
blue continuum rising toward the UV region, dominated by
strong emission lines of ionized gas (Figure 2). High-order
Paschen emission lines are present along with helium lines.
No Wolf–Rayet (WR) star signatures could be found. We
determined the metallicity of the site as around half solar. At
this metallicity, the age determined from Hα is 3.4 Myr, which
corresponds to the lifetime of a very massive star exceeding
∼100 M⊙.

3.1.2. SN 2009hd Site

SN 2009hd exploded in the nearby spiral galaxy M66
(NGC 3627). The study by Elias-Rosa et al. (2011) provides
a comprehensive investigation of the evolution of SN 2009hd
and the nature of its progenitor star. Using pre-explosion HST
images, they detected a possible progenitor in F814W images
but not in the F555W filter. The purported progenitor might have
been a luminous red or yellow supergiant with an initial mass
!20 M⊙ based on their analysis, with a positional uncertainty
of the order of 0.′′01.

With SNIFS, we found that the explosion site appears to
be clumpy with the presence of at least three distinct stellar
populations. We extracted the spectrum of the H ii region nearest
to SN 2009hd, 1 arcsec west of the SN. Its continuum is rising
toward blue wavelengths with strong Hα emission (Figure 3).
Using the N2 calibration, we determined the metallicity of this
cluster to be solar, and the Hα EW yields an age of 6.4 Myr.
This corresponds to the lifetime of a 29.3 M⊙ star.

3.1.3. SN 2009kr Site

Elias-Rosa et al. (2010) and Fraser et al. (2010) independently
reported the results of their studies on SN 2009kr. Using pre-
explosion HST images, both studies managed to pinpoint the

progenitor of the SN (positional uncertainty of the order of
0.′′02) and both studies agreed on the yellow supergiant nature
of the star. However, Fraser et al. (2010) concluded that the
initial mass of the progenitor was about 15 M⊙, while Elias-
Rosa et al. (2010) determined a higher progenitor initial mass
of around 18–24 M⊙. This difference is caused by the different
interpretations of the progenitor location on the H-R diagram.
Elias-Rosa et al. (2010) reported a solar environment metallicity
of 12 + log(O/H) = 8.67 in PP04’s N2 scale, but did not
clearly mention which part of the progenitor’s environment this
measurement referred to. The nature of SN 2009kr as a Type II-L
explosion has also been confirmed by Arcavi et al. (2012).

The SN exploded in the outskirts of a large star cluster in the
spiral galaxy NGC 1832. The SNIFS spectrum of the cluster at
a glance immediately shows the youthful nature of the cluster: a
faint continuum dominated by strong emission lines (Figure 4).
We determined the metallicity of the cluster to be slightly lower
than solar, 0.89 Z⊙, using both the O3N2 and N2 indices. The
EW of the Hα line indicates a very young age of 3.3 Myr. This
corresponds to the lifetime of a very massive star with a mass
on the order of ∼117 M⊙.

3.2. SN II-P Sites

3.2.1. SN 1961I Site

SN 1961I appears to be not well studied. We could not find
any reference reporting the characteristics nor the exact subtype
of this SN except that it is a Type II SN. We provisionally take
this SN along with SN 1994L as Type II-P, simply based on
the observed fact that SNe II-P are the most populous class
within the Type II SN classification (Smartt et al. 2009). The
SN position measured on Palomar survey plates was shown to
be accurate to within 2′′ by Porter (1993), as with SN Ic 1964L
(cf. Paper I).
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Figure 2. Left panel: the SN 1970G site reconstructed from the IFU FoV. The SN position within a 1 arcsec error radius is indicated by the circle. The approximate
linear scale corresponding to 2 arcsec is also indicated; this scale is calculated from the host galaxy distance only, and thus does not take into account the projection
effect and host galaxy inclination. “SC” indicates the host star cluster. Right panel: extracted spectrum of the star cluster.
(A color version of this figure is available in the online journal.)

Figure 3. IFU FoV and extracted host cluster spectrum for SN 2009hd. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Our observations show that the spectrum of the cluster
is very similar in appearance to the host of SN 1961U—a
blue continuum rising toward the UV region, dominated by
strong emission lines of ionized gas (Figure 2). High-order
Paschen emission lines are present along with helium lines.
No Wolf–Rayet (WR) star signatures could be found. We
determined the metallicity of the site as around half solar. At
this metallicity, the age determined from Hα is 3.4 Myr, which
corresponds to the lifetime of a very massive star exceeding
∼100 M⊙.

3.1.2. SN 2009hd Site

SN 2009hd exploded in the nearby spiral galaxy M66
(NGC 3627). The study by Elias-Rosa et al. (2011) provides
a comprehensive investigation of the evolution of SN 2009hd
and the nature of its progenitor star. Using pre-explosion HST
images, they detected a possible progenitor in F814W images
but not in the F555W filter. The purported progenitor might have
been a luminous red or yellow supergiant with an initial mass
!20 M⊙ based on their analysis, with a positional uncertainty
of the order of 0.′′01.

With SNIFS, we found that the explosion site appears to
be clumpy with the presence of at least three distinct stellar
populations. We extracted the spectrum of the H ii region nearest
to SN 2009hd, 1 arcsec west of the SN. Its continuum is rising
toward blue wavelengths with strong Hα emission (Figure 3).
Using the N2 calibration, we determined the metallicity of this
cluster to be solar, and the Hα EW yields an age of 6.4 Myr.
This corresponds to the lifetime of a 29.3 M⊙ star.

3.1.3. SN 2009kr Site

Elias-Rosa et al. (2010) and Fraser et al. (2010) independently
reported the results of their studies on SN 2009kr. Using pre-
explosion HST images, both studies managed to pinpoint the

progenitor of the SN (positional uncertainty of the order of
0.′′02) and both studies agreed on the yellow supergiant nature
of the star. However, Fraser et al. (2010) concluded that the
initial mass of the progenitor was about 15 M⊙, while Elias-
Rosa et al. (2010) determined a higher progenitor initial mass
of around 18–24 M⊙. This difference is caused by the different
interpretations of the progenitor location on the H-R diagram.
Elias-Rosa et al. (2010) reported a solar environment metallicity
of 12 + log(O/H) = 8.67 in PP04’s N2 scale, but did not
clearly mention which part of the progenitor’s environment this
measurement referred to. The nature of SN 2009kr as a Type II-L
explosion has also been confirmed by Arcavi et al. (2012).

The SN exploded in the outskirts of a large star cluster in the
spiral galaxy NGC 1832. The SNIFS spectrum of the cluster at
a glance immediately shows the youthful nature of the cluster: a
faint continuum dominated by strong emission lines (Figure 4).
We determined the metallicity of the cluster to be slightly lower
than solar, 0.89 Z⊙, using both the O3N2 and N2 indices. The
EW of the Hα line indicates a very young age of 3.3 Myr. This
corresponds to the lifetime of a very massive star with a mass
on the order of ∼117 M⊙.

3.2. SN II-P Sites

3.2.1. SN 1961I Site

SN 1961I appears to be not well studied. We could not find
any reference reporting the characteristics nor the exact subtype
of this SN except that it is a Type II SN. We provisionally take
this SN along with SN 1994L as Type II-P, simply based on
the observed fact that SNe II-P are the most populous class
within the Type II SN classification (Smartt et al. 2009). The
SN position measured on Palomar survey plates was shown to
be accurate to within 2′′ by Porter (1993), as with SN Ic 1964L
(cf. Paper I).
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Figure 4. IFU FoV and extracted host cluster spectrum for SN 2009kr. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 5. IFU FoV and extracted host cluster spectrum for SN 1961I. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 6. IFU FoV and extracted host cluster spectrum for SN 1994L. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Boffi et al. (1999) suspected that the bright patch at the
explosion site may be an H ii region or a young open cluster.
We confirmed this with SNIFS, finding that the object has a
very blue continuum with Balmer emission lines (Figure 5).
We found that the SN host cluster is 6.4 Myr old with 0.91
solar metallicity. Translated into a stellar lifetime, at solar
metallicity the age corresponds to a star with initial mass of
29.1 M⊙.

3.2.2. SN 1994L Site

This object is not very well studied and is only known by
its Type II classification. No further study has found a secure
subtype for the classification of this object. As with SN 1961I,
this SN was provisionally taken as a Type II-P. The position of
SN 1994L is probably accurate to 1′′, as estimated by Van Dyk
(1992) for SNe of that era.

The host galaxy NGC 2848 is an Sc spiral. No other SNe have
been reported in this galaxy. SN 1994L exploded in a bright
cluster in the southern part of the galaxy. Our SNIFS pointing
missed the explosion spot but a large portion of the cluster is
within the field, it is therefore possible to extract the cluster

(Figure 6). Using SNIFS data, we derived a host cluster age of
nearly 5.0 Myr at 0.69 solar metallicity, which corresponds to
the lifetime of a 45.9 M⊙ star.

3.2.3. SN 1999gi Site

The progenitor of this SN has been searched for in HST pre-
explosion images (positional uncertainty on the order of 0.′′02)
but was not detected; only upper limits could be derived (Smartt
et al. 2009). The upper mass limit for the progenitor star was
derived to be 14 M⊙.

Using SNIFS, we observed the parent stellar population of
SN 1999gi and the data show that there are at least three
clusters present at the explosion site within the SNIFS IFU
FoV (Figure 7). For the cluster at the SN position (SC-B), we
derived an age of 6.3 Myr, which corresponds to a progenitor
mass of 29.4 M⊙. We also measured a brighter cluster west of
the SN host cluster and derived age of 5.5 Myr (corresponding
to a turnoff mass of 36.7 M⊙). The clusters have 0.79 and 0.72
solar metallicity, respectively. We could not measure the third
cluster since it lies at the edge of the FoV and thus only a small
part of it is visible.
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metallicity the age corresponds to a star with initial mass of
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subtype for the classification of this object. As with SN 1961I,
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SN 1994L is probably accurate to 1′′, as estimated by Van Dyk
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cluster in the southern part of the galaxy. Our SNIFS pointing
missed the explosion spot but a large portion of the cluster is
within the field, it is therefore possible to extract the cluster
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nearly 5.0 Myr at 0.69 solar metallicity, which corresponds to
the lifetime of a 45.9 M⊙ star.
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explosion images (positional uncertainty on the order of 0.′′02)
but was not detected; only upper limits could be derived (Smartt
et al. 2009). The upper mass limit for the progenitor star was
derived to be 14 M⊙.

Using SNIFS, we observed the parent stellar population of
SN 1999gi and the data show that there are at least three
clusters present at the explosion site within the SNIFS IFU
FoV (Figure 7). For the cluster at the SN position (SC-B), we
derived an age of 6.3 Myr, which corresponds to a progenitor
mass of 29.4 M⊙. We also measured a brighter cluster west of
the SN host cluster and derived age of 5.5 Myr (corresponding
to a turnoff mass of 36.7 M⊙). The clusters have 0.79 and 0.72
solar metallicity, respectively. We could not measure the third
cluster since it lies at the edge of the FoV and thus only a small
part of it is visible.
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explosion site may be an H ii region or a young open cluster.
We confirmed this with SNIFS, finding that the object has a
very blue continuum with Balmer emission lines (Figure 5).
We found that the SN host cluster is 6.4 Myr old with 0.91
solar metallicity. Translated into a stellar lifetime, at solar
metallicity the age corresponds to a star with initial mass of
29.1 M⊙.

3.2.2. SN 1994L Site

This object is not very well studied and is only known by
its Type II classification. No further study has found a secure
subtype for the classification of this object. As with SN 1961I,
this SN was provisionally taken as a Type II-P. The position of
SN 1994L is probably accurate to 1′′, as estimated by Van Dyk
(1992) for SNe of that era.

The host galaxy NGC 2848 is an Sc spiral. No other SNe have
been reported in this galaxy. SN 1994L exploded in a bright
cluster in the southern part of the galaxy. Our SNIFS pointing
missed the explosion spot but a large portion of the cluster is
within the field, it is therefore possible to extract the cluster

(Figure 6). Using SNIFS data, we derived a host cluster age of
nearly 5.0 Myr at 0.69 solar metallicity, which corresponds to
the lifetime of a 45.9 M⊙ star.

3.2.3. SN 1999gi Site

The progenitor of this SN has been searched for in HST pre-
explosion images (positional uncertainty on the order of 0.′′02)
but was not detected; only upper limits could be derived (Smartt
et al. 2009). The upper mass limit for the progenitor star was
derived to be 14 M⊙.

Using SNIFS, we observed the parent stellar population of
SN 1999gi and the data show that there are at least three
clusters present at the explosion site within the SNIFS IFU
FoV (Figure 7). For the cluster at the SN position (SC-B), we
derived an age of 6.3 Myr, which corresponds to a progenitor
mass of 29.4 M⊙. We also measured a brighter cluster west of
the SN host cluster and derived age of 5.5 Myr (corresponding
to a turnoff mass of 36.7 M⊙). The clusters have 0.79 and 0.72
solar metallicity, respectively. We could not measure the third
cluster since it lies at the edge of the FoV and thus only a small
part of it is visible.
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Figure 7. IFU FoV and extracted host cluster spectra for SN 1999gi. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 8. IFU FoV and extracted host cluster spectra for SN 1999gn. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 9. IFU FoV and extracted host cluster spectrum for SN 2002hh. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

3.2.4. SN 1999gn Site

SN 1999gn is not well studied. It is a Type II-P SN and
was suspected to be a low-luminosity event (Pastorello et al.
2004). Van Dyk et al. (2000) reported that the SN was observed
during the Two Micron All Sky Survey (2MASS) and that it is
included in the 2MASS All-Sky Catalog of Point Sources (Cutri
et al. 2003). The 2MASS coordinates of SN 1999gn agree with
the coordinates from Dimai & Li (1999) within about 0.′′1—this
value is assigned as the positional uncertainty of this SN.

SNIFS data show that there are two clusters in the SN
environment (Figure 8). The brighter one, the SN host cluster
(SC-A), is very young with an age of 3.3 Myr and a metallicity of
1.07 solar. This age would imply a very massive progenitor star
with an initial mass on the order of ∼117 M⊙. A neighboring
cluster was found to be older, with an age of 6 Myr and a
1.02 solar metallicity. This age corresponds to the lifetime of a
30.9 M⊙ star.

3.2.5. SN 2002hh Site

This interesting SN in NGC 6946 is well studied. Pozzo
et al. (2006) presented a ∼1 yr photometric and spectroscopic

monitoring campaign of the SN in the optical and infrared. They
inferred a progenitor mass of 16–18 M⊙ from the luminosity
of the [O i] λλ6300,6364 line in the SN spectra. The self-
obscuring progenitor of SN 2002hh has been suspected to be a
massive M supergiant or a luminous blue variable (LBV) that
has undergone massive mass loss, inferred from the massive
(!10 M⊙) dust+gas shell surrounding the SN (Barlow et al.
2005). This shell might have been produced by episodic ejection
prior to the SN explosion. However, Meikle et al. (2006) showed
that the amount of circumstellar material present around the SN
is likely to be smaller, ∼3.6 M⊙. Smartt et al. (2009) derived
a progenitor upper mass limit of 18 M⊙ from a nondetection
in pre-explosion images. Their positional uncertainty is on the
order of 0.′′1.

With SNIFS, we observed the explosion site of SN 2002hh
and managed to capture the H ii region northeast of the SN
position (also present in Meikle et al. 2006, Figure 2). The
spectrum of the object is dominated by strong emission lines
indicative of a young stellar population (Figure 9). We derived
the metallicity of the host H ii region as 1.05 solar using
the O3N2 and N2 indices, and an age of 5.8 Myr. The age
corresponds to the lifetime of a 33.2 M⊙ star.
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(A color version of this figure is available in the online journal.)

Figure 8. IFU FoV and extracted host cluster spectra for SN 1999gn. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 9. IFU FoV and extracted host cluster spectrum for SN 2002hh. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)
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2004). Van Dyk et al. (2000) reported that the SN was observed
during the Two Micron All Sky Survey (2MASS) and that it is
included in the 2MASS All-Sky Catalog of Point Sources (Cutri
et al. 2003). The 2MASS coordinates of SN 1999gn agree with
the coordinates from Dimai & Li (1999) within about 0.′′1—this
value is assigned as the positional uncertainty of this SN.

SNIFS data show that there are two clusters in the SN
environment (Figure 8). The brighter one, the SN host cluster
(SC-A), is very young with an age of 3.3 Myr and a metallicity of
1.07 solar. This age would imply a very massive progenitor star
with an initial mass on the order of ∼117 M⊙. A neighboring
cluster was found to be older, with an age of 6 Myr and a
1.02 solar metallicity. This age corresponds to the lifetime of a
30.9 M⊙ star.
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This interesting SN in NGC 6946 is well studied. Pozzo
et al. (2006) presented a ∼1 yr photometric and spectroscopic
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inferred a progenitor mass of 16–18 M⊙ from the luminosity
of the [O i] λλ6300,6364 line in the SN spectra. The self-
obscuring progenitor of SN 2002hh has been suspected to be a
massive M supergiant or a luminous blue variable (LBV) that
has undergone massive mass loss, inferred from the massive
(!10 M⊙) dust+gas shell surrounding the SN (Barlow et al.
2005). This shell might have been produced by episodic ejection
prior to the SN explosion. However, Meikle et al. (2006) showed
that the amount of circumstellar material present around the SN
is likely to be smaller, ∼3.6 M⊙. Smartt et al. (2009) derived
a progenitor upper mass limit of 18 M⊙ from a nondetection
in pre-explosion images. Their positional uncertainty is on the
order of 0.′′1.

With SNIFS, we observed the explosion site of SN 2002hh
and managed to capture the H ii region northeast of the SN
position (also present in Meikle et al. 2006, Figure 2). The
spectrum of the object is dominated by strong emission lines
indicative of a young stellar population (Figure 9). We derived
the metallicity of the host H ii region as 1.05 solar using
the O3N2 and N2 indices, and an age of 5.8 Myr. The age
corresponds to the lifetime of a 33.2 M⊙ star.

6

The Astronomical Journal, 146:31 (14pp), 2013 August Kuncarayakti et al.

Figure 10. IFU FoV and extracted host cluster spectrum for SN 2003ie. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 11. IFU FoV and extracted host cluster spectrum for SN 2004am. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

3.2.6. SN 2003ie Site

There are few published studies on this particular SN.
Smartt et al. (2009) suggested that SN 2003ie may not be a
normal Type II-P and derived a progenitor upper mass limit of
24 M⊙ from a nondetection in pre-explosion images (positional
uncertainty of 0.′′17). Arcavi et al. (2013) reported that this SN
may have been a faint SN II-P resulting from the explosion of
a rather low-mass progenitor star (<12 M⊙). The position of
SN 2003ie coincides with a bright cluster with extended Hα
emission, but unfortunately our SNIFS pointing was inaccurate
and only a small part of the host cluster fell inside the IFU
FoV. We failed to extract the spectrum of this cluster (SC-A;
see Figure 10). However, another faint cluster is visible at the
southeast side of SC-A. This cluster appears to be associated
with the extension of SC-A along the southeast direction. We
managed to obtain the spectrum of this SC-B cluster and derived
a metallicity of 0.93 solar metallicity and an age of 5.9 Myr. This
age corresponds with a progenitor initial mass of 32 M⊙. From
our IFU reconstructed images, we notice that SC-A is stronger
than SC-B in Hα, so probably it is younger. This implies that
the mass of the progenitor star may be higher than 32 M⊙.

3.2.7. SN 2004am Site

SN 2004am is not very well studied, but its position is
coincident (given a positional uncertainty of the order of 0.′′1)
with super star cluster L in M82 (Smartt et al. 2009), providing
an interesting opportunity to derive its progenitor properties. A
study by Smith et al. (2006) concludes that the age of the cluster
is 65+70

−35 Myr based on a limited spectral energy distribution
(SED) fit from optical broadband photometry. Later work by
Lançon et al. (2008) improved this estimate to 18+17

−8 Myr via
near-infrared broadband photometry SED fitting. It is apparent
that the red SED of the cluster could lead to misinterpretation
of the cluster as an old stellar population.

Our SNIFS spectrum shows unambiguously that M82-L is a
young cluster exhibiting prominent Balmer and CaT absorption
lines, but is severely reddened hence the red appearance of the
SED (Figure 11). Hα shows up in emission in the spectrum.
We derived the N2 metallicity of the cluster as 1.35 solar. From
the Hα emission EW, we determined the age of the cluster as
12.6 Myr, while the CaT EW yields an age between 9 and 15 Myr
with a mean value of 12.8 Myr. These two measurements agree
very well with each other and are consistent with the 18+17

−8 Myr
estimate of Lançon et al. (2008). The mean Hα+CaT age of
12.7 Myr corresponds to the lifetime of a 15.8 M⊙ star.

3.2.8. SN 2004dj Site

SN 2004dj exploded in the nearby spiral galaxy NGC 2403.
The position coincides (given a positional uncertainty of the
order of 0.′′1) with the star cluster Sandage 96 in one of the
spiral arms of the host galaxy. Several authors have attempted
to characterize the progenitor star based on the study of Sandage
96. Maı́z-Apellániz et al. (2004) presented their study of
Sandage 96 using published photometry and fit the SED with
Starburst99 SSP models to derive an age of 13.6 Myr. Based
on this age, these authors proposed a 15 M⊙ initial mass for the
SN progenitor. Solar metallicity of the cluster is assumed in this
work. Another estimate by Wang et al. (2005) yields a cluster age
of ∼20 Myr (∼12 M⊙ SN progenitor) at 0.4 solar metallicity.
Furthermore, Vinkó et al. (2009) studied Sandage 96 in detail
after SN 2004dj had faded and found that the age distribution of
the stellar population within the cluster is bimodal: ∼10–16 Myr
and ∼32–100 Myr. While it is likely that the older population
is captured field stars, the younger population gives a mass
estimate for the SN 2004dj progenitor of ∼12–20 M⊙. The
10 Myr lower limit is supported by the lack of Hα emission
associated with Sandage 96, as revealed from narrowband Hα
imaging.
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Figure 10. IFU FoV and extracted host cluster spectrum for SN 2003ie. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)

Figure 11. IFU FoV and extracted host cluster spectrum for SN 2004am. Figure annotations are the same as in Figure 2.
(A color version of this figure is available in the online journal.)
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order of 0.′′1) with the star cluster Sandage 96 in one of the
spiral arms of the host galaxy. Several authors have attempted
to characterize the progenitor star based on the study of Sandage
96. Maı́z-Apellániz et al. (2004) presented their study of
Sandage 96 using published photometry and fit the SED with
Starburst99 SSP models to derive an age of 13.6 Myr. Based
on this age, these authors proposed a 15 M⊙ initial mass for the
SN progenitor. Solar metallicity of the cluster is assumed in this
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of ∼20 Myr (∼12 M⊙ SN progenitor) at 0.4 solar metallicity.
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associated with Sandage 96, as revealed from narrowband Hα
imaging.

7

star clusters (possible hosts)

spectroscopy at the same time
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IFU is an ideal instrument for SN quick follow-up

no accurate slit alignment necessary 


Tomo-e Gozen (Q1) SN Survey starts from April 2018. 

Kyoto 3.8m tel. operation starts from summer 2018. 


ToO / queue observations

Both queue systems are developed by Maehara-kun(?). 


sensitivity: 19.0 mag (S/N=10)

30-minute exposure, R~600-800


10-30 minutes exposure is enough for Tomo-e Gozen SNe.

total maximum(?) observing time (KOOLS-IFU)


identification: 1000 SNe x 1 epoch ==> ~40 nights

photo-z/distance prior to reduce the number


detailed study: + 100 SNe x 10 epochs ==> ~80 nights

==> a few tens good candidates ==> ~30 nights

“flash” spectroscopy w/ Kyoto 3.8-m/KOOLS-IFU
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Summary
supernovae in early phases


shock breakouts

key to progenitors


What we want to do is …

discoveries of supernovae in early phases w/ Tomo-e Gozen

flash spectroscopy w/ Kyoto/KOOLS-IFU


Tomo-e Gozen all-sky survey

3 sec exposure, 2-hour cadence, 18 mag, 10,000 deg2

Q1 (5 deg2) survey from 2018 April

~1,000 SNe/yr w/ “Q4” (full Tomo-e)


several “young” SNe


