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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.
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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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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?).
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or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
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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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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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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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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.

Transients in the local Universe 383

100 101 102

−24

−22

−20

−18

−16

−14

−12

−10

−8

−6

Characteristic Timescale [day]

Pe
ak

 L
um

in
os

ity
 [M

V]

V838 Mon
M85 OT

M31 RV

SCP06F6

SN2006gy
SN2005ap SN2008es

SN2007bi

SN2008S

NGC300OT

SN2008ha

SN2005E

SN2002bj

PTF10iuv
PTF09dav

PTF11bij
PTF10bhp

PTF10fqs

PTF10acbp

PTF09atu
PTF09cnd

PTF09cwlPTF10cwr

 Thermonuclear
 Supernovae

 Classical Novae

 Luminous
 Red

 Novae

 Core−Collapse
 Supernovae

 Luminous Supernovae

 .Ia Explosions

 Ca−rich
 Transients

P60−M81OT−071213

P60−M82OT−081119

1038

1039

1040

1041

1042

1043

1044

1045

Pe
ak

 L
um

in
os

ity
 [e

rg
 s
−1

]

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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“Moment” of Supernova Explosion

shock breakout

afterbefore

days

hours

Supernova Shock Breakout
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SN 2016gkg@NGC 613 Bersten+2018, Nature
Discovered by Victor Buso@Argentine, 16-inch telescope

Very Early Phases of Core-Collapse Supernovae

possible detection with Gaia (Garnavich+2016, Rubin+2016)

serendipitous detections with Swift/XRT (SN 2008D; Soderberg+2008), 
GALEX (Schawinski+2008)
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105cm Kiso Schmidt Telescope
@Nagano, Kiso

105 cm Schmidt telescope (4th largest)

since 1974

open-use ==> collaboration basis (2018-)
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Tomo-e Gozen
84 CMOS sensors

low dark current, readout noise


operated in room temp. (no cooler)

effective area: 20 deg2 (9 deg in diameter)


1k x 2k ~ 20 x 40 arcmin2

no filter (gri, Ha, … sometimes)

2 Hz readout (nominal): up to ~200 Hz

April 2019 completed
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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no filter: effectively g+r bands

1 visit


6 sec exposure: [0.5 sec exposure] x 12

~18-19 mag


2x3 or 2x2 dithering

~8% missed


~60 deg2 (partially vignetted by ~30%)

cadence: ~2 hours

survey area / 2 hrs: ~7,000 deg2, EL>40 deg

2-4 times visits per night


~19 mag for daily stacked data (not yet implemented)

survey simulation (Joao, Ikeda+)

reference: PS1 r-band

7,000 deg2 - 2 hr cadence - 18 mag depth

7,000 deg2 - 1 day cadence - 19 mag depth

Northern Sky Transient Survey w/ Tomo-e Gozen
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Fig. 1. Summary of typical survey depth (in optical band) and area for long-term transient surveys: All-Sky Automated Survey for Supernovae (ASAS-SN,

Kochanek et al. 2017; Holoien et al. 2017); ATLAS (Tonry et al. 2018); Evryscope (Law et al. 2015); Catalona Real-Time Transient Survey (CRTS, Drake

et al. 2009; Djorgovski et al. 2011; Palomar Transient Factory (PTF, Rau et al. 2009; Law et al. 2009; Zwicky Transient Facility (ZTF. Bellm et al. 2019); Kiso

Supernova Survey (KISS, Morokuma et al. 2014); Skymapper (Keller et al. 2007; Scalzo et al. 2017); La Silla-QUEST Low Redshift Supernova Survey (Baltay

et al. 2013); Sloan Digital Sky Survey (SDSS, Frieman et al. 2008); Pan-STARRS1 (PS1, Rest et al. 2014); Supernova Legacy Survey (SNLS, Astier et al.

2006); ESSENCE (Miknaitis et al. 2007); Dark Energy Survey (DES, (D’Andrea et al. 2018)); Subaru/XMM-Newton Deep Survey (SXDS, Morokuma et al.

2008); HST Cluster Supernova Survey (HST-CSS, Dawson et al. 2009) HST/GOODS (Dahlen et al. 2012); HST/CANDELS (Rodney et al. 2014); HST/CLASH

(Postman et al. 2012; Graur et al. 2014). Orange points show multi-filter surveys while blue points show single-filter surveys. Surveys shown in the square

symbol are high-cadence surveys with a cadence higher than 1 day.

5

Tomo-e Gozen

Tomo-e Gozen Survey Power Yasuda+2019, in press
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Survey Statistics (as of 2019/07/05)

red: tonight

blue: previously observed

(thicker, more visits)

ecliptic

equatorial
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First Discovery of A Supernova (SN 2019cxx)

http://www.ioa.s.u-tokyo.ac.jp/kisohp/NEWS/SN2019cxx/index.html

Tomo-e PS1 [Tomo-e] - [PS1]

April 2019

Type Ia supernova@z=0.025

follow-up observations


Spectroscopy

Gemini-N/GMOS (Tanaka+)

Seimei/KOOLS-IFU (Maeda+)

Kanata/HOWPol


Imaging

Kanata/HOWPol

3 days

Kanata/HONIR
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Follow-up Scheme

�15

Tomo-e SN Survey

KISS (w/ KWFC)

©Sako

Kyoto/Seimei

KOOLS-IFU

optical

spectroscopy

optical imaging

After discovering transient candidates…

spectroscopic identification


flash spectroscopy w/ Seimei/KOOLS-IFU

multi-band light curves


KISS w/ KWFC: KISS international collaboration + OISTER

# of spectroscopic observations (29 spec-ID+) limited: too faint


TM+2014, Tanaka+2014, TM+2017, Gabanyi+2018, Kokubo+2019

Tomo-e Gozen survey: bright enough for OISTER domestic telescopes


discovery ==> follow-up within the same night

Approved programs


Seimei/KOOLS-IFU

Gemini-N/GMOS

(Kanata, MITSuME)
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Figure 3 Light curves of rapid transients with

planned epochs of KOOLS-IFU spectroscopy.

Figure 4 The first supernova discovered with

Tomo-e Gozen. This supernova was spectro-

scopically observed with Seimei/KOOLS-IFU and

Gemini-N/GMOS and identified as a Type Ia at

z = 0.025. From left to right, 6-second Tomo-

e Gozen discovery image, PS1 reference image,

subtracted image (Tomo-e−PS1), and follow-up

Kanata/HOWPol IC-band image.

successfully including the first identified SN 2019cxx*1*2 (Figure 4) and transients not reported to the Transient

Name Server (TNS)*3 by other transient surveys. We measure rising rates of transients and select candidates of

rapid transients (> 1 mag day−1, ∼ −18 mag) up to ∼ 150 Mpc. Since the event rate of these transients is

estimated to be ∼ 5% of core-collapse SN rate (T16), we expect ∼ 10 rapid transients per year. Our survey also

has a potential to discover even shorter timescale transients thanks to the CMOS sensors.

Observing strategy with KOOLS-IFU Real-time spectroscopy is critical to understand the nature of rapid

transients and we need 4m-class telescopes for this purpose although follow-up imaging data will be taken with

1m-class telescopes such as Kanata and MITSuME. We trigger KOOLS-IFU ToO observations once we find rapid

transients brighter than 18.6 mag We aim at taking spectra at 5 epochs in total to follow the rapid time evolution

(Fig. 3); 3 epochs immediately after the discovery and 2 epochs for a later phase. To identify element features of

rapid transients, the required S/N per resolution is ∼ 10. We use the VPH-Blue grism to cover the bluest wavelength

range, including Hα, which gives an important clue of the progenitor star. Considering flash spectroscopy of ∼ 15

candidates, we here propose 37 hours (i.e., 5 nights) in total (the details are described in the Application Form).

We have not trigger ToO observations as of May 27, 2019 in our ongoing program (19A-1-CT03) because of

multiple reasons including limited field-of-view of Tomo-e Gozen until late April (the completion), limited power

of our data analysis system (now being improved much), and other intensive programs done in the early May new

moon phase. We are now finding new transients every night if the weather permits and we do not have any problems

to trigger KOOLS-IFU ToO observations.

*1 http://www.ioa.s.u-tokyo.ac.jp/kisohp/NEWS/SN2019cxx/index.html
*2 https://wis-tns.weizmann.ac.il/object/2019cxx
*3 https://wis-tns.weizmann.ac.il

2

~15 candidates w/ ~> 1 mag day-1 (up to 150 Mpc)

“flash spectroscopy” (<1 day after Tomo-e discovery)


~4 objects

more (~4 more times) follow-up w/ Seimei/KOOLS-IFU

more follow-up w/ Kanata, MITSuME, …


Discoveries, identification, & characterization of a few rapidly 
evolving transients
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Proposed Observations for Seimei/KOOLS-IFU

@Our proposal (from Tanaka+2016)
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after image subtraction: being developed

Subtracted images relative to PS1 r-band


CNN ==> automatic alert for bright transients

photometry@subtracted images


before image subtraction for variable stars etc.

photometry & light curves


motion detection

NEO search


Discovery of 2019 FA

size: ~8m (http://www.ioa.s.u-tokyo.ac.jp/kisohp/NEWS/2019FA/2019FA.html)

Data Products

�17

everyon
e welcome !!!

http://www.ioa.s.u-tokyo.ac.jp/kisohp/NEWS/2019FA/2019FA.html
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Let’s catch supernovae (and other transient phenomena) in early-phase (right 
after explosions). 

Tomo-e Gozen was completed in April 2019. 

Northern Sky Transient Survey has been started since Nov. 2018 (w/ Q1). 


Fully ready this fall. 

2x2 dithering, 7,000 deg / 2 hours, 18 mag depth

2-4 visits / night


Effective survey by simulation (Joao, Ikeda et al. in prep.)

additionally consider weather conditions (avoid cloudy region and 
choose clear sky region) <== ongoing


Development of automatic data reduction pipeline & website I/F: almost done.

Machine-learning technique (CNN) to pick up only real sources: being 
developed

Automatic alert (to ourselves): being tested


First SN (Type Ia) was successfully discovered & identified. 

quick follow-up observations w/ Seimei, Kanata, Gemini, …


“flash” spectroscopy w/ KOOLS-IFU

�18

Summary


