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Supernova Survey Plan w/ Tomo-e Gozen

no filter: effectively g+r bands

1 visit


3 sec exposure: [0.5 sec exposure] x 6

~18 mag


2x3 or 2x2 dithering to fill the gaps

~60 deg2 (partially vignetted by ~30%)


time interval for the same field: 2 hours

survey area (per 2 hours): ~10,000 deg2 (EL>30 deg)

3-5 times visits per night


~19 mag for daily stacked data

weather factor: usable (half), photometric (30%)

10,000 deg2 - 2 hr cadence - 18 mag depth

10,000 deg2 - 1 day cadence - 19 mag depth
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Purpose
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本研究では, (1) 42 台の高感度 CMOS センサを用いて 12 平方度を覆う超広視野カメラ
Tomoe Gozen(以後 Tomoe) を開発し, (2) 3, 000 平方度を 30 分 間隔でモニターするという過去に
無い高頻度の広域観測を, 東京大学木曽観測所口径 1mシュミット望遠鏡を用いて 400夜実施する. こ
れにより, 近傍宇宙において, 超新星ショックブレイクアウト(約 10天体)を含めた約 50天体の超新星
爆発最初期の高精度データを取得し, 精密な理論モデルを構築することで, 質量放出を含めた重力崩壊
型超新星爆発直前の大質量星の最期の姿を明らかにする. 加えて, 超新星を含む多種多様な短時間変動
現象を検出し, 動的宇宙の未探査の時間パラメータ領域を開拓する.

学術的背景 重力崩壊型超新星は, 太陽の 8倍以上の質量を持つ大質量星の最期 (赤色超巨星等)の大
爆発であり, その膨大な爆発エネルギーや爆発時に合成される重元素を通して, 宇宙の様々なスケール
において重要な役割を果たしてきた (銀河・星形成へのフィードバック, 宇宙の化学進化等). 近年の精
力的な研究により, 爆発メカニズムが明らかになりつつあるとともに, 超新星爆発の親星に関連する興
味深い現象も報告されている. これまで予想されていなかった “黄色”超巨星が超新星爆発に至った例
[1]や爆発前数年に大量の質量放出が起きた例 [2]などが報告されており, 大質量星の最終進化段階に
対する理解が不十分であることがわかってきた. これら大質量星・超新星噴出物の外層の状態に起因
する現象の理解のためには, 新しく合成された重元素を多く含む内層の噴出物の寄与が卓越した爆発
後数日経過した状態ではなく, 爆発後1,2日以内の密な観測データが重要となる (図 1).

重力崩壊型超新星の爆発最初期には, その親星とされる赤色超巨星の典型的なサイズから, 1時間程
度の短時間スケールの変動現象が存在し, その間, 極めて明るく輝く‘‘ショックブレイクアウト’’が 40

年以上前から予言されている (図 1). これに加えて, 近年報告されている, 数時間から 1,2日程度の時
間スケールでの超新星の急増光は, 爆発直前での 1/1000-1/100太陽質量/年という大きな質量放出の
存在を示唆している. これら1時間未満から1,2日程度以下の現象の光度変動を高精度に観測できれば,

親星の大きさ, 質量, 爆発エネルギー, 星周構造(爆発前の星の質量放出)等を信頼度の高い方法で決定
することができる [3]. しかし, これまでの観測データは頻度, 精度の点で十分ではなかった.
これまでの関連研究成果 (1) すばる 8.2m望遠鏡を用いた遠方ショックブレイクアウト探査: 冨永
[分担]を中心とするグループ (諸隈 [代表], 田中 [連携])は, すばる望遠鏡広視野 CCDカメラ Hyper

Suprime-Cam (HSC; 視野 1.8平方度)を用いて, 遠方重力崩壊型超新星の爆発最初期の検出を目指し
た高頻度観測を 2014年から行っている. 遠方まで観測可能なすばるHSCでは, その膨大な探査体積の
おかげで, ショックブレイクアウトの可視光初検出を実現した [4]. また, 静止系紫外線領域で急激な増
光を示す天体も検出された [5]. これらは, 爆発後 1,2日経過した星の冷却中の外層からの放射, または
光学的に厚い星風からのショックブレイクアウトであることが示唆され, いずれも爆発直後の重力崩
壊型超新星と解釈される. このような爆発最初期の急増光を示す重力崩壊型超新星は, 全体の少なくと
も 10%以上存在するという重要な示唆を得た [5]. しかし, その見かけの暗さゆえ, 爆発前後の密で高精
度な光度曲線, 爆発直後以降の光度曲線, 超新星のタイプ同定など本質的な情報に欠けていた.

(2) 木曽 1mシュミット望遠鏡を用いた近傍ショックブレイクアウト探査: 近傍宇宙での高精度な観測
データの必要性の認識の下, 申請者を中心 (冨永, 酒向 [分担], 田中, 松永 [連携])として, 木曽シュミッ
ト望遠鏡と広視野 CCDカメラKiso Wide Field Camera [6](KWFC; 視野 4平方度, PI: 酒向)を用い
て, 可視光でのショックブレイクアウト初検出を目指した過去に類のない高頻度超新星探査Kiso Sup

ernova Survey [7](KISS)を2012年から3年間実施し, 爆発初期の超新星を効率的に発見した [8](分光同
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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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Supernova Shock Breakout
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After core-collapse…

==> shock wave propagates outside

==> passes the stellar surface

==> suddenly brighten

     (color temperature: 3,000K --> 200,000K!!!)


semi-blackbody

e.g., Klein & Chevalier 1978
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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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TABLE 4

Kepler Type II-P Supernova Candidates

a

Name Host SN Redshift MW A
V

Peak Kpc Date of Breakout Rise Time
KICb Type (z) (mag) (mag) (BJD-2454833.0) (days)

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

a
Reproduced from Garnavich et al. (2016)

b
Kepler Input Catalog (Brown et al. 2011)

c
Not corrected for extinction

TABLE 5

Fit results for KSN 2011a and KSN 2011d.

SN Progenitor R
s

/R� v
s8.5 t0 � 2454833.0

KSN 2011a BSG 10
+37(stat)
�7(stat)

+8(sys)
�1(sys) � 4 � 1.8(stat) � 1.4(sys) 934.32+0.09

�0.16

KSN 2011d RSG 140
+91(stat)
�47(stat)

+23(sys)
�28(sys) � 2 � 0.29(stat) � 0.19(sys) 1040.81+0.11

�0.24

In regards to the claim of shock breakout we find
that their result is highly dependent on binning and
the underlying model. There is no strong prediction
for the emission just prior to breakout in any of the
NS10/RW11/SW16 models. Therefore the model which
G16 used does not fairly test the hypothesis. The ap-
proach we explored tests the departure from a smooth
function, i.e. a signal indicative of a flash. We present
the most and least significant results we obtained given
phase shifts (choice of arbitrary BJD values for the first
point of the binning) of the 3.5 hour binning. The results
are presented in Figure 12 and show that the most sig-
nificant departure is 3.85 �, while the lease is just 1.56 �.
We conclude that their result is not statistically signifi-
cant, and more events of this nature must be studied.
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Fig. 12.— Significance of the departure of the shock-breakout
identified by G16. Top: the early time light curve binned to 3.5
hour intervals with di↵erent binning phases, o↵set by 0.1 for vi-
sual clarity. The data have been fit to a 9th 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 e↵ect on the significance of the departure, which at
most is 3.85 �, but can drop to 1.56 �.

5. CONCLUSIONS

We have explored the uncertainties in applying SW16
shock cooling models to observations. Generating syn-
thetic photometry with a realistic followup campaign and
noise model we have shown that ultraviolet coverage is
necessary to constrain the progenitors radius in a mean-
ingful way. It is clear that ground-based campaigns will
be limited in their ability to constrain the progenitors
radius. Shock cooling models are discriminative with re-
gards to the polytropic index. We were unable to self-
consistently fit n = 3 models to data generated from
n = 3/2 models and vice versa. 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.

Multi-band light curves have the potential to constrain
the local host extinction, with the best performance
with high cadence ultraviolet coverage. A dedicated UV
satelite such as ULTRASAT (Sagiv et al. 2014) would
provide superior coverage even to that which was ex-
plored in this work.

We applied our methods to the SN LCs recently pub-
lished by G16. Our finding do not agree with theirs.
First, there is an unknown source of discrepancy of
⇠ 0.25 � 0.5 magnitudes which we were unable to re-
solve based on the information provided in their paper.
Our estimates of the uncertainties take into account the
model’s limitations. We find that a 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.

6. SUMMARY

• UV coverage at early times is necessary to statisti-
cally constrain the progenitor’s radius.

• UV coverage at early times in conjunction with op-
tical bands can provide an accurate measurement
of the local host extinction.

• The ejected mass is weakly correlated with v
s8.5

and R
s

.

8

“Kepler” Shock Breakouts ???
Garnavich+2016

Rubin & Gal-Yam 2016 (arXiv:1612.02805)

first optical detection?

not significant?
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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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localizations of the gravitational wave signal and consequent large false positive rate of electro-
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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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Tanaka+2016, Subaru/HSC (e.g, Drout+2014, PS1)
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Supernova Survey Plan w/ Tomo-e Gozen

no filter: effectively g+r bands

1 visit


3 sec exposure: [0.5 sec exposure] x 6

~18 mag


2x3 or 2x2 dithering to fill the gaps

~60 deg2 (partially vignetted by ~30%)


time interval for the same field: 2 hours

survey area (per 2 hours): ~10,000 deg2 (EL>30 deg)

3-5 times visits per night


~19 mag for daily stacked data

weather factor: usable (half), photometric (30%)

10,000 deg2 - 2 hr cadence - 18 mag depth

10,000 deg2 - 1 day cadence - 19 mag depth
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https://wis-tns.weizmann.ac.il/stats-maps/maps

2016/01/01-2017/02/19

> 600 spectroscopically classified SNe

https://wis-tns.weizmann.ac.il/stats-maps/maps
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Tomo-e SN Survey KISS
instrument Tomo-e Gozen KWFC

sensor CMOS CCD
readout time ~0 sec 120 sec

period 2018/9- 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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!!! Follow-Up Observations !!!
After discovering SN candidates…


spectroscopic identification

multi-band light curves


most successful recent SN projects

PTF, iPTF (Palomar 1.2m)


“550 nights of spectroscopy in 4.5 years” (M. Kasliwal)

ASAS-SN (0.14m x 8 x 2)


bright, <17 mag. Easily observed w/ 1m tel.

KISS + KISS collaboration + OISTER


# of spectroscopic observations (29 spec-ID+) limited. 

because most of the candidates (1.05 m, 3-minute 
exposure, 1-hour cadence) were as faint as g>19…


brightest spec-ID: g=16.8, SN 2012cm

faintest spec-ID: g=20.6, SN 2015aa
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May 2012

g=16.8

SN 2012cm

identified w/ Kanata/
HOWPol (Itoh+2012)

10 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0

Fig. 6. Discovery images of the KISS SNe which were reported to CBET except for SN 2014bk. The image sizes are 2′ × 2′. North is up and east is to
the left. (Color online)

Fig. 7. Kiso/KWFC g-band light curves for the CBET-reported KISS SNe except for SN 2014bk. Nugent’s light curve templates (Nugent et al. 2002) are
overlaid in gray lines except for SN 2013J, for which Drout’s SN Ic template (Drout et al. 2011) is used. Arrows indicate the dates of the spectroscopic
observations. The right-hand y-axis indicates the absolute magnitude in g-band without K-corrections.
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Fig. 6. Discovery images of the KISS SNe which were reported to CBET except for SN 2014bk. The image sizes are 2′ × 2′. North is up and east is to
the left. (Color online)

Fig. 7. Kiso/KWFC g-band light curves for the CBET-reported KISS SNe except for SN 2014bk. Nugent’s light curve templates (Nugent et al. 2002) are
overlaid in gray lines except for SN 2013J, for which Drout’s SN Ic template (Drout et al. 2011) is used. Arrows indicate the dates of the spectroscopic
observations. The right-hand y-axis indicates the absolute magnitude in g-band without K-corrections.
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Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 11

Fig. 8. Identification spectra for the CBET-reported KISS SNe except for SN 2014U (shown in figure 9) and SN 2014bk. The flux density (fλ) scale has
arbitrary units. Observed and template spectra are shown in black and red, respectively. SN spectra of the best-fitting templates are also shown
in red characters with the estimated phase (days relative to max light) in parentheses. Telluric absorption wavelength regions around 7600 Å are
gray-shaded. (Color online)

Fig. 9. Identification near-infrared spectra for SN 2014U. Flux density
(fλ) scale is in arbitrary unit. Observed and template (SN 2013hj at
t =+20 d) spectra are shown in black and red, respectively. Telluric
absorption wavelength regions are gray-shaded. (Color online)

astronomers in Japan to check whether the candidates
are real astronomical sources or not and SNe or not.
When we judge that a candidate is a real astronomical
source and a good candidate for a newly discovered super-
nova, we trigger follow-up observations as described in
subsection 2.3. We note that all the SNe reported in

Fig. 10. Distributions of the 15 CBET-reported SNe except for SN 2014bk
in discovery magnitude versus redshift in the left-hand panel and dis-
covery phase versus redshift in the right-hand panel. SNe Ia and core-
collapse SNe are shown by red circles and blue stars, respectively.
(Color online)

CBET (Central Bureau Electronic Telegrams)10 by other
groups within our survey area were not missed by our
reduction system.

10 ⟨http://www.cbat.eps.harvard.edu⟩.
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First KISS SN was the brightest.
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Optical Imaging Spectrograph LISS

Fig. 14. ⎫⏇⎠/LISS૝ଊഇޏഇڶ (R ∼ 100, 10ഇ × 5, 2×2 ␏␇␯⏬) ⎬⏉⎤⎧ࠟண⎖⏍⎠ Iaؠ૝ईॠ

KISS15q=SN 2015aa (g ∼ 20.5mag, অ൘ഫΫ ∼ 0.18)⎯⏵␖⏫␄ ␧. SNID code (Blondin and Tonry 2007)

⎬⏉⏌␕⏵␄ ␑⏟⏿ ␄ ␂␯␓␨⍬␄ ⏵␖⏫␄ ␧⏓࡚⎮⎧␓␩⏿␄ ⎘⎧⎅⏌ . ⎔⎯଼ਹ⎯ࣟ܄, λ >7000
◦

A⎬⎋⎒

⏌ ⏟␂⏿⏟␑⎰௡ܩ⎯ڶߘ2 ␯⏬ٌї⎬ϳׄ⎘⎫⎅. ഇڶԘਗ⎰ 2015௰ 5ُ 21௟ ߗ22 20ഇ-23ߗ 14ഇ⎬۱

⏐⏍⎠ .

2. ѕӁԘਗढ़ї

Ιч⎨⎰, ѱゖLISSҔ౎⏬␧⍬␓⎍⎔⏍⎿⎨⎬⎫⏇⎠൷Р׃/LISS⏓ๆ⎅⎧۱⎤⎧⎎⎠ѕӁԘਗ⎯௅฻⎩ࡾՃ

ढ़ї⎬⎥⎅⎧ൎ܍⎚⏌ .

2–1. ਓݼߗਉ ·ଊഇޏഇڶ૰Ԙਗ⎬⏉⏌૝ईॠ⏳␣⏿ ⏫␒␨⏠ ⏫⏞⏢␄ ി଼ਹ⎯ஔ଑ڴ

LISS⎯஦ૠ⎯λ⎥⎩⎘⎧ , ૝ଊഇޏ⏬␦ ⏶␜⎯݉ๆ⎬⏉⎤⎧ , ఉૠഇѽ௾⎰գ०⎬⎫⏌⏃⎯⎯, ಒۿ⎬࣢ӽ୞

⎯ഇڶԘਗ⎍я௾⎬⎫⎤⎧⎅⏌୅⏓֘⎓⏌⎔⎩⎍⎨⎎⏌ . ⎔⎯⏉⎇⎫ਂટ⎯ޞโ⎰, ಅҼଯΔ⎅ (g > 17୾)૝

ईॠ⎯ഇڶஔ଑⏓ , ⏌⎚⎬Ԙਗ⎨۱⎇⎔⎩⏓я௾ڶԝഇߗԝଟ୞⎯઄ߗ1 . ⎔⎯⏉⎇⎫ LISS⎯஦ૠ⏓१⎌⎚Ԙ

ਗ⎩⎘⎧ , ७⎰⏋ ⎿଼ഓੑ⎫⏇⎠൷Р֩׃ஔ๭ๆԘਗߗԝ⏓๭ๆ⎘⎧ , ෱োԘਗࡿ 1.05-m෱ো⏳␡␛ ⏿ ␄ ൷Р

␥␝⏧ฅ߄ۊ⎠⏍⎖ݗ୰⎬׃ KWFC⏓ๆ⎅⎧ 2012௰ 4ُ⎌⏊۱⏐⏍⎧⎅⏌૝ईॠ⏱⍬␕⏠ Kiso Supernova

Survey7 (KISS; Morokuma et al. 2014)⎨౎٪⎖⏍⎠૝ईॠڴി଼ਹ⎯૝ଊഇޏഇڶ૰Ԙਗ⏓۱⎤⎧⎎⎠ . ඕ

Ԙਗ⎯݂࠿ෳଯ⎰, KISS⎨౎٪⎖⏍⏌⎔⎩⎍Ճਿ⎖⏍⏌࡚ຢ൓Ҁؠ૝ईॠ⏳␣⏿ ⏫␒␨⏠⏫⏞⏢␄ ڴ⎯࣐ټ

ി଼ਹ (e.g., Tominaga et al. 2011) ⏓ਓݼߗਉ ·ഇڶ૰Ԙਗ⎘ , ഇڶஔ଑⎚⏌⎔⎩⎨⎃⏌ . ⎔⏍⎿⎨⎯ KISS

⎯Ԙਗ⎨⎰⎿⎡⏳␣⏿ ⏫␒␨⏠⏫⏞⏢␄ ,⎍⎅⎫⎅⎧⎤⎌⎥٪⎰ി଼ਹڴ ⎞⎯਩⎯఻౎ࡾՃΙۼ⎯૝ईॠڴി

଼ਹ⎬⎥⎅⎧⎰, ⎫⏇⎠൷Р׃/LISS⎯ഇڶԘਗ⎬⏉⎤⎧ 4଼ਹ⎯ഇڶஔ଑⎬ढ़ڸ⎘⎧⎅⏌ 8 . ⎔⎯ 4଼ਹ⎯

⎇⎢ , ஦⎬ 2015௰ 5ُ⎯Ԙਗ⎨ஔ଑⎖⏍⎠ Iaؠ૝ईॠ KISS15q=SN 2015aa (g ∼20.5mag; Morokuma et al.

2015d, 2015e)⎰, ௟ඕ܎௅⎯൷Р׃⎨ഇڶஔ଑⎖⏍⎠ர౎଼ਹ⎩⎘⎧⎰݂⏃Δ⎅଼ਹ⎨⎃⏋ , 2.0-m⎫⏇⎠൷

Р׃⎩ LISS૝ଊഇޏഇڶ⎯৕⏀ۿ⏌⏉⎬⎜⏐܄ӽ୞Ԙਗ⎯Ρຢ⎍ຶۂ⎠⏍⎖ߟ⎩⎫⎤⎧⎅⏌ (य 14).

7 http://www.ioa.s.u-tokyo.ac.jp/kisohp/KISS/
8 KISS14ap=SN 2014ec (II ;ؠ Morokuma et al. 2015a), KISS14an=SN 2014ed (Ia ;ؠ Morokuma et al. 2015b);

KISS15a=SN 2015E (Ia ;ؠ Morokuma et al. 2015c); KISS15q=SN 2015aa (Ia ;ؠ Morokuma et al. 2015d, 2015e)

–15–

18

May 2015

g=20.6

SN 2015aa

identified w/ Nayuta/LISS (TM+2015)


10 minutes x 5

Faintest spec-ID. KISS SN
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Follow-Up Facilities

imaging spectroscopy

TNG (3.5m)

NOT (2.5m)

OISTER (Kyoto 3.8m)
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KISS (w/ KWFC)

Tomo-e SN Survey

©Sako



Peter Nugent Type Ia Supernovae and Cosmology 24

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

16-17th mag.
supernovae.
15 min.
integrations

Peter Nugent Type Ia Supernovae and Cosmology 23

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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IFU is an ideal instrument for SN quick follow-up

no accurate slit alignment necessary 


Tomo-e Gozen SN Survey starts from summer 2018. 

Kyoto 3.8m tel. operation starts from summer 2018. 


ToO / queue observations

sensitivity: 19.0 mag (S/N=10)


30-minute exposure, R~600-800

10-minute exposure is enough for Tomo-e Gozen SNe.

total observing time (KOOLS-IFU)


1000 SNe x 1 epoch (identification) ==> ~40 clear nights

+ 100 SNe x 10 epochs ==> ~80 clear nights

“flash” spectroscopy w/ Kyoto 3.8-m/KOOLS-IFU
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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@amywhere
Realtime check

SubNewRef

Tokyo

cut-out images

KISS 

source
info

©Masaomi Tanaka
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Target Handling System (KISS)
developed by M. Tanaka et al.
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Target Handling System (KISS)

SDSS KWFC KWFC

realtime check “by human” = KISS member & amateur astronomers

developed by M. Tanaka et al.



2017/02/20-22
 木曽広視野サーベイと京都3.8m即時分光によるタイムドメイン天文学の推進 26

Target Handling System (KISS)
developed by M. Tanaka et al.



2017/02/20-22
 木曽広視野サーベイと京都3.8m即時分光によるタイムドメイン天文学の推進 27

Target Handling System (KISS)
developed by M. Tanaka et al.
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Target Handling System (Subaru/HSC)

Hyper Suprime-Cam (on 8.2m Subaru telescope)  
Transient Survey for COSMOS field (2016/11-2017/4)

developed by M. Tanaka et al.
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Target Handling System (Subaru/HSC)

Hyper Suprime-Cam (on 8.2m Subaru telescope)  
Transient Survey for COSMOS field (2016/11-2017/4)

developed by M. Tanaka et al.
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Target Handling System (Tomo-e SN)

18mrq

“no-human” alerts for bright candidates



2017/02/20-22
 木曽広視野サーベイと京都3.8m即時分光によるタイムドメイン天文学の推進 31

Supernova Survey Plan w/ Tomo-e Gozen

no filter: effectively g+r bands

1 visit


3 sec exposure: [0.5 sec exposure] x 6

~18 mag


2x3 or 2x2 dithering to fill the gaps

~60 deg2 (partially vignetted by ~30%)


time interval for the same field: 2 hours

survey area (per 2 hours): ~10,000 deg2 (EL>30 deg)

3-5 times visits per night


~19 mag for daily stacked data

weather factor: usable (half), photometric (30%)

10,000 deg2 - 2 hr cadence - 18 mag depth

10,000 deg2 - 1 day cadence - 19 mag depth
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2x3 dithering
4.4 deg (radius)

8.8 deg (diameter)

no gap

but large overlap
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2x2 dithering

small gap

small overlap

4.4 deg (radius)

8.8 deg (diameter)
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2x2 dithering
4.4 deg (radius)

8.8 deg (diameter)

small gap

small overlap
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Survey Simulation (ongoing…)

time interval [hours]Galactic Plane (< +/- 10 deg)

time interval: 

        ~2 hours

EL = 30 deg
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Tomo-e Gozen = All-Sky Monitoring Survey

Supernovae (Maeda, Suzuki, Yamanaka, Nagao, Jiang): KISS, SKYS

GRBs, high energy phenomena (Ioka, Serino, Yatsu, Y.Tanaka): 
MAXI, IceCube follow-up

radio transients (Niino)

stars (Notsu, Niinuma, Ichiki, Nogami, Imada, Maehara): KISOGP, 
M31 monitoring

search for gravitational wave sources (Tagoshi, M.Tanaka): J-GEM

quasar / nearby AGN monitoring (Iwamuro, Horiuchi): accretion 
miniBAL/NAL monitoring, accretion disk (Kokubo+), low-mass BHs 
(Taniguchi+)

Solar System / Near-Earth (Ishiguro, Abe, Yanagisawa, Okumura)

stacking all data (> 1 hr): stellar population in galaxy outskirt

synergy with other surveys? (Itoh, Kawabata)
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Summary: Tomo-e Gozen SN Survey

no filter: effectively g+r bands

3 sec exposure: ~18 mag, ~60 deg2

2-hour cadence

survey area (per 2 hours): ~10,000 deg2 (EL>30 deg)

3-5 times visits per night (~19 mag for daily)

search for supernova shock breakouts


more SN-related science

many other sciences cases


Systematic quick follow-up spectroscopy is critical.

Kyoto 3.8-m/KOOLS-IFU is the best (40 nights/yr?). 

collaborative follow-up obs w/ other facilities

Late-phase obs. w/ larger telescopes (Subaru, TAO, …)


Join us & Let’s discuss in more detail. 

10,000 deg2 - 2 hr cadence - 18 mag depth

10,000 deg2 - 1 day cadence - 19 mag depth


