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

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

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

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

7 and discovery.8 Thus the burden for discovery is considerable since for most

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

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

Fron=er of transient sky

LSST Science Book (a.er Rau+09, Kasliwal+,Kulkarni+)
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Figure 1. PS1 absolute magnitude, rest-frame, light curves for gold sample transients. Circles represent grizP1 detections and triangles represent 3σ upper limits.
Vertical dashed lines indicate epochs when spectroscopic observations were acquired. The gray shaded region is the R-band Type Ibc template from Drout et al. (2011),
normalized to the peak magnitude of the PS1-MDS transient.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1 for silver sample objects.
(A color version of this figure is available in the online journal.)

Figure 3. PS1 apparent magnitude, observer-frame, light curves for our bronze (non-spectroscopic) sample. Symbols have the same meaning as Figure 1.
(A color version of this figure is available in the online journal.)

epoch of r-band imaging for PS1-13ess with Magellan IMACS.
This additional photometry was obtained at +2, +45 and +12
rest-frame days for the three objects, respectively. The images
were processed using standard tasks in IRAF19 and calibrated
using PS1 magnitudes of field stars. We subtracted contributions
from the host galaxies using PS1 template images and the ISIS
software package as described in Chornock et al. (2013). These

19 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association for Research in Astronomy, Inc. under
cooperative agreement with the National Science Foundation.

points are also shown (squares) in Figures 1 and 2, and listed in
Table 2.

2.5. Galaxy Photometry

For our entire sample we compile griz-band photometry for
any underlying galaxy/source. When possible, we utilize the
SDSS DR9 Petrosian magnitudes, which account for galaxy
morphology. For cases where the underlying galaxy/source was
too faint for a high signal-to-noise SDSS detection, we perform
aperture photometry on the PS1 deep template images, choosing
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3 days

Normal SN

Compared with supernovae: 
- Similar luminosity (w/ large diversity) 
- Shorter =me scale (= small mass involved) 
- ~5 % event rate

Motivated by similar analyses by Drout et al. (2014) and
Arcavi et al. (2016), we discuss the power source of rapidly
evolving transients using the phase diagram (Figure 13). The
location in the phase diagram has several implications as
discussed below. The dotted lines show the radioactive decay
luminosity for given masses of 56Ni (Nadyozhin 1994):
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where = ´ -L 6.5 10 erg sNi
42 1, = ´ -L 1.5 10 erg sCo

42 1,
τNi=8.8 days, and τCo=111 days. The rising timescale
t1 2,rise and the luminosity L of the samples are calculated using

the i-band light curves and blackbody fitting to the rest-frame
SED, respectively (Section 4).
The rise time can be linked to the ejecta mass, velocity, and

opacity κ (Arnett 1982):
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Here, we simply assume one-zone ejecta and therefore, the exact
rise time is somewhat uncertain, depending on the density profile
of the ejecta and distribution of 56Ni in the ejecta. Then, for a
given velocity and a rise time, the ejecta mass can be roughly
estimated. The dashed lines in Figure 13 show the maximum
luminosities from the decay of 56Ni, by assuming =M Mejecta Ni.
For a given velocity, the luminosity of the objects located at
upper side of the diagram cannot be explained by the decay of
56Ni because it requires >M MNi ejecta. By assuming typical
velocity of v∼10,000 km s−1, more than half of our rapidly
evolving transients are located above this maximum luminosity.
This indicates that some of the rapidly evolving transients may
be difficult to be explained only by the radioactive decay of 56Ni.
Because the rapidly evolving transients have large varieties

in their luminosities and timescales, their power sources may
not be explained by a single scenario. Some events seem to be
explained well by shock breakout a from progenitor star (Drout
et al. 2014), or from CSM (Drout et al. 2014; Rest et al. 2018).
Although deep systematic transient surveys such as PS1, DES,
and Subaru/HSC can ensure the discovery of a certain number
of rapidly evolving transients, spectroscopy is still challenging
due to the faintness as well as difficulties in real-time
classification. This situation will become more severe in the
era of Large Synoptic Survey Telescope (Ivezić et al. 2019).
Classification with limited photometric data and rapid spectro-
scopic response are therefore essential to obtain more
information on the progenitor scenarios and to understand the
nature of rapidly evolving transients.

6. Conclusions

We performed a systematic search for rapidly evolving
transients using the data taken with the HSC–SSP Transient
Survey. We identified five rapidly evolving transients. These
transients have a wide range of the redshift (0.3�z�1.5) and
peak brightness (- -. .M17 20i ). The timescales of our
samples are characterized by a rapid rise (t - 61 2,rise days) and
slightly slower decline. Overall properties are similar to the
rapidly evolving transients identified with PS1. However, the
estimated temperatures for our rapidly evolving transients
extend to the lower temperature (∼8000 K). This may reflect
the fact that the HSC–SSP Transient Survey probes shorter rest
wavelengths, which suffer from larger interstellar extinction.
We estimated the total luminosities and timescales of our

samples. We found that some of the objects are difficult to be
explained only by the radioactive decay of 56Ni due to their
high luminosities and short timescales. This fact implies the
necessity of other power sources such as shock breakout
from CSM.

Figure 12. Event rates of the rapidly evolving transient from the HSC–SSP
Transient Survey (red), PS1 (green, Drout et al. 2014), and Dark Energy
Survey (blue, Pursiainen et al. 2018) compared with the event rate of normal
core-collapse SNe (gray, Strolger et al. 2015).

Figure 13. 2 t1 2,rise vs. observed peak luminosity of our rapidly evolving
transients and the rapidly evolving transients from PS1. Lines represent the
correlation of t1 2,rise and observed peak luminosity at given parameters
assuming mass of 56Ni is equal to the mass of ejecta.
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• Ultra-stripped envelope SN? 

• Mej ~0.1 Msun by binary interacJon  
(e.g., Tauris+13, Moriya+17)   
a route to neutron star merger? 

• BH-forming supernovae? 

• Disk ouWlow (e.g., Kashiyama+15)  
or AccreJon-powered transients?  
(e.g., Dexter & Kasen 13) 

• …?

BH or NS

Mej ~ 0.01 Msun

Origin of rapid transients?

Moderate samples so far 
Drout+14 (PS1, 2m),  Pursiainen+18 (DES, 4m),  Tampo+20 (Subaru, 8m)

=> Difficult to perform spectroscopy 
     Need nearby, bright objects for spectroscopy

Mej ~ 0.1 Msun



Tomo-e Gozen Transient Survey (2019/4-)

• Tomo-e Gozen @ Kiso Schmidt 

• 84 CMOS sensors, no filter 

• 20 deg2 FOV 
=> MulJ-messenger follow-up  
     (GravitaJonal wave, IceCube neutrino) 

• Survey strategy 

• 7000 deg2 

• 2 hour cadence 

• 0.5 sec x 12 = 6 sec exposure 
=> 18 mag (5 sigma) 

• ~ a few rapid transients / 0.5 yr (< 200 Mpc) 

•Follow-up with Seimei  

• 19A-21A (PI: Morokuma) KOOLS-IFU 

• 21B (PI: Tanaka)  KOOLS-IFU + TriCCS
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Pedroso, Ikeda, et al. in prep.

Poin=ng padern



Data flow

Raw image 
(0.5 sec x 12)

Standard reducJon 
(+ astrometry)

**deleted in 1 week

Image subtracJon 
(PS1, r-band)

Subtracted 
 image

Reduced image 
(0.5 sec x 12)

Stacked image 
(6 sec)

Stack

CatalogCatalogCatalog 
(0.5 sec)

** **

LimiJng magnitude

Measurement

Real/bogus classificaJon 
Match w/ minor planet 

and w/ previous detecJon

30 TB/night

Web  
Interface

Overall speed-up 
(led by 冨永 望さん)

Main issues 
- Too many images to reduce 
- Too many fake detecJon

Update of real-bogus 
classifica=on 

(led by 高橋 一郎さん)

Update of reference images 
(led by 新納 悠さん)

Update of web interface 
(led by 瀧田 怜さん)



Challenges in transient detec=on

Real Fake

FakeFake Fake

Fake

Examples of difference images

Satura=on

Imperfect 
convolu=onCosmic ray

Cosmic ray
Imperfect  
alignment

- =
New Old Difference

Fake/Real >> 1000 
=> 1% false posi=ve rate 
     is not good enough



成績⽐較（Sky引き）

現状

※しきい値: probability=0.5

出⼒分布

Confusion 
matrix

※pramcand考慮

VAT

accuracy precision recall f1 score AUC(ROC) FPR@TPR=0.9

pramcand
考慮しない

現状のmodel 0.974 0.050 0.981 0.095 0.9956 0.009157
VAT 0.998 0.436 0.942 0.596 0.9995 0.000654

paramcand
考慮する

現状のmodel 0.988 0.099 0.967 0.179 --- ---
VAT 0.999 0.611 0.934 0.739 --- ---

Ini=al development: 浜崎 凌さん (甲南大) 

Performance update: 高橋 一郎さん (東北大)Classifica=on with 
Convolu=onal Neutral Network (CNN)

90 % true 
posi=ve rate  

bener

False posi=ve rate 
= 0.0006  
(at 90 % true posi=ve 
rate)

Figure by Ichiro Takahashi 



Performance of new machine

Updated

1/130

1/40

Figure by Ichiro Takahashi 

1 detec=on

2 detec=ons

~100,000 images /day  
=> ~150 transient candidates / day  = manageable number!



Further improvement in real-bogus classifica=on (iden=cal response) 
=> automa=c alert for high-confidence candidates

Deep coadd reference for 20,000 deg2 sky 
(PS1 => Tomo-e)

Led by 新納 悠さん (東京大)

-15 -8.6 -2.1 4.5 11 18 24 30 37 44 50-15 -8.6 -2.1 4.5 11 18 24 30 37 44 50

前田さん講演



Web interface Led by 瀧田 怜さん (東京大)



Toward higher =me resolu=on
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Real=me analysis of “movie”

ApplicaJon of  
object recogniJon technique  
(Single Shot MulJbox detector 
 = SSD, arXiv:1512.02325)

SSD: Single Shot MultiBox Detector 13

Fig. 5: Detection examples on COCO test-dev with SSD512 model. We show
detections with scores higher than 0.6. Each color corresponds to an object category.

Method
VOC2007 test VOC2012 test COCO test-dev2015

07+12 07+12+COCO 07++12 07++12+COCO trainval35k
0.5 0.5 0.5 0.5 0.5:0.95 0.5 0.75

SSD300 74.3 79.6 72.4 77.5 23.2 41.2 23.4
SSD512 76.8 81.6 74.9 80.0 26.8 46.5 27.8

SSD300* 77.2 81.2 75.8 79.3 25.1 43.1 25.8
SSD512* 79.8 83.2 78.5 82.2 28.8 48.5 30.3

Table 6: Results on multiple datasets when we add the image expansion data aug-
mentation trick. SSD300* and SSD512* are the models that are trained with the new
data augmentation.

Watch out 16th frame



• Fron=er of transient sky 

• Rapid transients: new kind of astronomical explosion 

• Need rapid spectroscopic follow-up 

• Tomo-e Gozen transient survey 

• 7000 deg2 - 2 hr - 18 mag 

• A number of development work in the past years 

• Data reducJon pipeline, Real-bogus classifier, 
Coadded reference images, Web interface, 
ReducJon of movie data 

• Feed good targets for Seimei 

• Toward automaJc alert for high-confidence candidates

Summary

昨日からの議論：「自動ToO観測」は非常にありがたいです 

= 当日観測者に負担をかけない/依存しない、迅速な分光観測の実現


