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LSST	Science	Book	(a.er	Rau+09,	Kasliwal+,Kulkarni+)

4 S. R. KULKARNI CALTECH OPTICAL OBSERVATORIES PASADENA, CALIFORNIA 91125, USA

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
detection7 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

FronDer	of	transient	sky



The	first	signals	
from	supernova	explosion	
-	probe	of	the	very	last	stage	 
		of	massive	stars	-	

Subsequent	cooling	
(τ	~		a	few	days)

7.5 Shock Breakout
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Figure 7.6: (Left): Comparison between the GALEX and SNLS observations (points, SNLS-04D2dc,
Schawinski et al. 2008) and a SN IIP model with Mms = 20M⊙ and E = 1.2 × 1051 erg reddened for the host
galaxy extinction with a color excess E(B − V ) = 0.14 mag (lines, Tominaga et al. 2009) (black and red: near UV,
green: g-band, blue: r-band, magenta: i-band). The inset enlarges the phase when the SN emitted UV light. (Right):
Apparent g′-band light curve of a shock breakout in AB magnitude system for a SN IIP model with Mms = 40M⊙

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

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

Introduction

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

We adopted a multi-group radiation hydrodynamics code STELLA (Blinnikov et al. 2000) and
presented X-ray-to-infrared light curves (LCs), including the shock breakout, plateau, and tail, of
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Figure 3. Zoom in of the early UV/optical light curve of SN 2010aq in
comparison to the best-fitting analytical model from Nakar & Sari (2010,
NS10) with E51 = 1, M15 = 1, and R500 = 1 (thick solid line) and the
analytical model from Rabinak & Waxman (2010, RW10) with E51 = 1.44,
M15 = 0.59, and R500 = 1.73 (dash-dotted line). The models have been
K-corrected into the observed frame of SN 2010aq and applied with a reddening
of E(B − V ) = 0.03 mag. The NS10 model has been offset by −1.5 mag.

and cools until the peak energy of the emission is 3kT =
hνNUV(1 + z) or when T = 1.94 eV. Using T (φ) for an RSG
from NS10, this translates to φpeak = 2.2 days M−0.23

15 R0.68
500 E0.20

51 .
For a blue supergiant star (BSG) with R = 20–70R⊙, φpeak in
the NUV occurs much earlier (φpeak < 0.6 days), which is
incompatible with the observed light curve of SN 2010aq. If
we use our observed limits on tSBO = MJD 55,238.0 ± 0.5 and
conservatively estimate φpeak to be within 1 day of the second
GALEX detection on MJD 55,241.5, then in the SN rest frame
φpeak = 3±1 d and this results in M−0.23

15 R0.68
500 E0.20

51 = 1.4±0.5.
The first detection in the NUV (φ1) on MJD 55,239.30, as

well as on MJD 55,239.46 in the g and r bands, places a tight
constraint on T (φ1). In the first couple of days after shock break-
out, the spectrum of the emission is well approximated by a
diluted blackbody (Gezari et al. 2008; Tominaga et al. 2009).
Assuming that the g and r data points are ∼0.2 mag fainter
on MJD 55,239.30, the UV/optical photometry is fitted with
E(B − V ) = 0.11 ± 0.01 mag and Tbb = 2.7 ± 0.5 eV, in
excellent agreement with E(B − V ) derived from the Balmer
decrement. Note that the observed diluted blackbody tempera-
ture is hotter than the photospheric temperature by a factor of
≈1.2 as a result of electron scattering (RW10).

In Figure 3, we plot the NS10 model for an RSG with
M15 = R500 = E51 = 1, fitted for E(B − V ) = 0.03 mag and
tSBO =MJD 55,238.42 ±0.02, with an offset of −1.5 mag and a
K-correction to transform the NS10 models from the rest frame
to the observed frame of SN 2010aq. The NS10 model is in good
agreement with the data until φ = 3 days. The tight constraint
on tSBO is from the fit to the earliest detection in the z band on
φ = 0.03 ± 0.02 days and does not include the much larger
uncertainties at very early phases (φ ! 1.5 days for an RSG)
introduced by the simplistic approximations in the analytical
models (RW10). While the NS10 M15 = R500 = E51 = 1
model is fitted to the data with a small amount of reddening,
if we require that E(B − V ) = 0.12 ± 0.04 mag, then one
gets the same fit at φ1 to a model with a factor of 1.4+0.4

−0.2 times
higher temperature, and thus with M−0.13

15 R0.38
500 E0.11

51 = 1.4+0.4
−0.2.

Given the offset in luminosity required to fit the model and

L(φ) for an RSG from NS10, one gets an additional constraint
of M−0.87

15 R500E
0.96
51 ∼ 4.

When combining all of the constraints above, an extinction
of E(B −V ) < 0.12 mag is required for the allowed parameters
from φpeak to converge with those from T (φ1). If we assume
the best-fit value for the reddening from T (φ1) of E(B − V ) =
0.11 ± 0.01 mag, which is in agreement with this upper limit,
then for different values of E51, one then gets the following
solutions: (E51,M15, R500) = (0.5, 0.09–0.15, 1.0–1.5), (1.0,
0.23–0.38, 1.1–1.8), and (1.5, 0.37–0.62, 1.1–1.8), thus placing
the strongest constraint on the radius of the RSG progenitor,
R500 = 1.4 ± 0.4. For this value of R⋆, stellar evolutionary
models of core-collapse SN progenitor stars with solar to half-
solar metallicities have M15 ∼ 0.45–0.90 (Eldridge & Tout
2004), and hydrodynamical simulations of SNe IIP have even
larger model ejecta masses (M15 > 1; Utrobin & Chugai 2008),
thus favoring the solutions with E51 =1.5.

In Figure 3, we also show a K-corrected analytical model
with a reddening of E(B − V ) = 0.03 mag from RW10 with
parameters within the allowed solutions (E51 = 1.44,M15 =
0.59, and R500 = 1.73) that has a luminosity and UV/optical
colors that are in good agreement with the data at φ1, but
with a slower temperature evolution that is in slightly worse
agreement with the data at φ = 3 days. If we again assume
E(B − V ) = 0.11 mag, then the model luminosity increases by
a factor of 1.8, resulting in a similar increase in E51/M15 for
values of R500 < 1.8.

5. COMPARISON WITH TYPE IIP SNe 2005cs
AND 2006bp

We compare the late-time (φ > 3 d) UV/optical light curve
of SN 2010aq with two nearby Type IIP SNe well studied in
the UV and optical with the Swift satellite and ground-based
photometry and spectroscopy, SN 2005cs (DM = 29.7) and
SN 2006bp (DM = 31.2; see summary in Dessart et al. 2008).
In order to compare the light curves to SN 2010aq, we use
SN IIP template spectra to measure the K-correction required
to transform the observations into the GALEX and PS1 filters
in the observed frame of SN 2010aq and apply a net internal
reddening of E(B − V ) = 0.11 mag, where we use the Cardelli
et al. (1988) law and the internal reddening estimated for SN
2005cs (2006bp) from synthetic spectral fits to optical spectra
and UV photometry of E(B − V ) = 0.04 (0.40) mag, with an
accuracy of ±0.05 mag from Dessart et al. (2008). We set φ = 0
for SN 2005cs (2006bp) to the x-intercept of the expanding
photosphere from Dessart et al. (2008) of MJD 53,547.3 (MJD
53,832.9), and after subtracting the distance modulus, shift the
light curves by −1.9 mag (−0.3 mag). The optical light curves
are in good agreement between the SNe in Figure 2, and the
similar evolution of the photospheric velocity with time of SNe
2010aq and 2006bp (see comparison in Figure 1) suggests they
have a similar E/M , since vph ∝

√
E/M .

Figure 2 shows a large NUV excess of SN 2010aq compared
to SNe IIP 2005cs and 2006bp at φ = 11–13 days . Given that
the NUV excess is more prominent at φ = 11–13 days than at
φ = 3 days and that the φ = 10.7 day spectrum does not show
signs of circumstellar interaction, it is most likely that the NUV
excess is associated with the effects of line blanketing by metal
ions shortward of 3000 Å, which increases with time when the
photospheric temperature of the SN is cool enough for Fe ii to
be present (Dessart & Hillier 2005). Indeed, if the metallicity of
the solar-metallicity non-LTE atmosphere-code synthetic spec-
tra fitted to SNe 2005cs and 2006bp from Dessart et al. (2008)

1	day Gezari+10	
	(GALEX	+	PS1)

shock

SN	shock	breakout	
(τ	~	R/c	~	1hr)



What	else??
• BH-forming	SN	
• Disk	ouNlow	Mej	~0.01	Msun  

t	~	a	few	days	(Kashiyama+15)	

• AccreDon	induced	collapse	of	WDs	
• Disk	ouNlow	Mej	~	0.01	Msun		  

t	~	1	day	(Darbha+10)	

•Neutron	star	merger	
• Disk	ouNlow,	t	~	a	few	days	(Kasen+15)	

• Free	neutron,	t	~	1	day	(Metzger+15)	

•Unknown	unknown... DISCOVERY	SPACE!!

BH	or	NS

Mej	~	0.01	Msun

Need	real-Dme	spectroscopy	
=>	Synergy	with	Keck



MulD-messenger	astronomy

AbboV	et	al.	2016,	PRL,	061102 =>	10-100	deg2	aeer	Virgo	and	KAGRA

600	deg2

1400	deg2
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FIG. 2: Expected observed magnitudes of kilonova models at 200 Mpc distance [70, 71]. The red, blue, and green lines show
the models of NS-NS merger (APR4-1215), BH-NS merger (APR4Q3a75), and a wind model, respectively. The ejecta mass
is Mej = 0.01M⊙ for these models. For comparison, light curve models of Type Ia SN are shown in gray. The corresponding
absolute magnitudes are indicated in the right axis.

B. NS-NS mergers

When two NSs merge with each other, a small part
of the NSs is tidally disrupted and ejected to the inter-
stellar medium (e.g., [36, 42]). This ejecta component is
mainly distributed in the orbital plane of the NSs. In
addition to this, the collision drives a strong shock, and
shock-heated material is also ejected in a nearly spheri-
cal manner (e.g., [48, 84]). As a result, NS-NS mergers
have quasi-spherical ejecta. The mass of the ejecta de-
pends on the mass ratio and the eccentricity of the orbit
of the binary, as well as the radius of the NS or equation
of state (EOS, e.g., [48, 84–88]): a more uneven mass
ratio and more eccentric orbit leads to a larger amount
of tidally-disrupted ejecta and a smaller NS radius leads
to a larger amount of shock-driven ejecta.

The red line in Figure 1 shows the expected luminosity
of a NS-NS merger model (APR4-1215 from Hotokezaka

et al. 2013 [48]). This model adopts a “soft” EOS APR4
[89], which gives the radius of 11.1 km for a 1.35M⊙

NS. The gravitational masses of two NSs are 1.2M⊙ +
1.5M⊙ and the ejecta mass is 0.01 M⊙. The light curve
does not have a clear peak since the energy deposited in
the outer layer can escape earlier. Since photons kept
in the ejecta by the earlier stage effectively escape from
the ejecta at the characteristic timescale (Eq. 2), the
luminosity exceeds the energy deposition rate at ∼ 5− 8
days after the merger.

Figure 2 shows multi-color light curves of the same
NS-NS merger model (red line, see the right axis for the
absolute magnitudes). As a result of the high opacity and
the low temperature [77], the optical emission is greatly
suppressed, resulting in an extremely “red” color of the
emission. The red color is more clearly shown in Figure 3,
where the spectral evolution of the NS-NS merger model
is compared with the spectra of a Type Ia SN and a
broad-line Type Ic SN. In fact, the peak of the spectrum

NS-NS

Disk	wind	

BH-NS	

Type	Ia	SNi-band,	Mej	=	0.01	Msun

1m

4m

8m

MT	2016

OpDcal	emission	from	GW	sources:	“kilonova”

Subaru/HSC	is	the	unique	instrument	for	GW	follow-up	
(J-GEM=	Japanese	collabora^on	for	GW-EM	follow-up:	Yoshida	et	al.)	
Need	spectroscopy	for	the	smoking	gun	=>	Synergy	with	Keck



More	opportuniDes	for	mulD-messenger

LocalizaDon	~	1	deg	=>	Subaru/HSC

IceCube:	high-E	(TeV-PeV)	neutrino	
																	Real-Dme	alert	(2016-)

hVps://icecube.wisc.edu/

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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1.	Pilot	high-cadence	transient	survey
• 2014-2016	(PI:	Nozomu	Tominaga)	

• 1	hr	cadence	for	12	deg2	(7	field	of	views),	gr~25.5	mag	

• Follow-up	with	Subaru/FOCAS,	Gemini/GMOS,	Keck/LRIS

Transient	surveys	with	Subaru/HSC

2.	SSP	UltraDeep	layer	transient	survey

• 2016	Nov	-	2017	May	(HSC	transient	WG)	

• ~3	day	cadence	for	1.8	deg2	(COSMOS),	grizY	~	25-26	mag	

• Follow-up	with	Subaru/FOCAS,	Gemini/GMOS,	Keck/LRIS

3.	GW	follow-up	observaDons
• 2015-	(J-GEM	collabora^on,	PI:	Michitoshi	Yoshida)	

• ToO	for	~60	deg2,	iz	~	25-26	mag



Transients	showing	up	in	<	1	day

Day	1

Day	2

diff

Day	1 2

mag

Rapidly Rising Transients from Subaru/HSC Transient Survey 3

TABLE 2
Candidates for rapidly rising transients

Object R.A. Decl. Redshift |∆m/∆t|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+1.11

−0.70
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+0.39

−0.32
SHOOT14ef 21:31:08.77 +09:32:54.10 0.560 > 1.31

Note. — a. Measured in g-band data. For the objects that are not
detected in the difference images on Day 1 (Day 1 − Day 327), 3σ lower
limits for the rising rate are given.

Fig. 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 has 8′′ × 8′′ size. North is up and east is left. The color scale for the discovery and reference images are set to be the same.

age 11. SHOOT14gp and 14or are marginally detected
only in r-band while they are not detected in g-band.
The other objects are not detected both in g- and r-
bands. A typical limiting magnitudes are ≃ 25.0 − 25.5
mag (Table 3).

For spectroscopy, we use multi-object mode with 0.′′8-
width slit and long-slit mode with 1.′′0-width slit (only for
SHOOT14ef). With the 300B (300 lines mm−1) grism
and the SY47 order-sort filter, our configuration gives
a wavelength coverage of 4700 - 9000 Å and a spectral
resolution of R = λ/∆λ ∼ 600. The data are reduced
with the IRAF packages in a standard manner.

Figure 2 shows the spectra of the host galaxies for these
five objects. 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

11 http://www.astro.washington.edu/users/becker/v2.0/hotpants.html

Figure 3 shows light curves of SHOOT14gp, 14or, 14ha,
14jr, and 14ef on Day 1 and Day 2. The epochs of stacked
g-band data on Day 2 are taken to be t = 0 when not
otherwise mentioned. The photometry is performed in
the subtracted images using the final references (i.e., Day
1 − Day 327 and Day 2 − Day 327 in g-band). All of the
five objects show blue g − r color on Day 2. The g − r ≃
−0.60, -0.21, -0.15, and -0.15 mag for SHOOT14gp, 14or,
14ha, and 14jr, respectively. For SHOOT14ef, the color
is g − r < −0.39 mag.

Throughout of the paper, we do not take into account
full K-correction for absolute magnitudes since we have
only limited information about spectral energy distribu-
tion of our samples. Instead, we only correct the effect of
redshifts i.e., M = m − µ + 2.5 log(1 + z), where M and
m are absolute and observed AB magnitudes (measured
as fν), µ is the distance modulus. The last term comes
from the difference in the frequency bin in the restframe
and observer frame, i.e., Lν(νe) = [(4πd2)/(1+z)]fν(νo),
where νe and νo are restframe and observer frame fre-
quency, and d is the luminosity distance (Hogg et al.
2002).

SHOOT14or and 14jr are detected in the images of

Rest-frame	near-UV	survey

z	=				0.635											0.821											0.548												0.384												0.560	
								2920A									2620A										3080A											3450A										3060A

1.	pilot	survey

MT,	Tominaga,	Morokuma,	Yasuda+2016
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Fig. 3.— Light curves of the five rapidly rising transients on Days 1 and 2. The g- and r−band photometry is shown in blue and red
points. Triangles show 3σ upper limit. For the g−band data, photometry for 1 visit (5 × 2 min exposures) is shown in pale blue color
while photometry in the 1-night stacked data is shown in blue color.
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Fig. 4.— Left:Comparison of g-band light curves with Swift uvw1-band light curves of nearby normal SNe: Type Ia SN 2011fe (Brown
et al. 2012), Type IIP SN 2006bp, Type IIb SN 2011dh, Type IIn SN 2011ht, and Type Ib SN 2007Y (Pritchard et al. 2014). Right:
Comparison of r-band light curves with Swift u-band light curves. For Swift SN data, the estimated epoch of the explosion is taken to be
t = 0 day.

not consistent with those of Type Ia SNe at any phase,
and those of core-collapse SNe at ∼> a few days after the
explosion. The absolute magnitudes of our samples are
as bright as the peak magnitude of Type Ia SN 2011fe
(Brown et al. 2012) and Type IIP SN 2006bp (Pritchard
et al. 2014). However, the rising rates for our samples
are faster than the very early phase of SN 2011fe, one of
the best observed Type Ia SNe. We also compare with
Type IIb SN 2008ax, Type IIn SN 2011ht, and Type
Ib SN 2007Y (Pritchard et al. 2014). Their rising rates
are slower than those of our samples at any epochs with
available data, i.e., ∼> a few days after the explosion.
We show comparison with the very early phase of core-
collapse SNe in Section 3.3.

For nearby SNe after a few days from the explosion, the
uvw1 magnitude is generally fainter than the u magni-
tude as shown in Figure 4, i.e., the color is uvw1−u > 0.
Although the effecitve wavelengths do not exactly match
with our samples, The blue colors of our samples (g−r ≤
−0.2 mag) are also not consistent with normal SNe after

a few days from the explosion.
Our samples might correspond to the rising phase of

much brighter SNe, such as superluminous SNe (SLSNe,
Quimby et al. 2011; Gal-Yam 2012). The right panel of
Figure 5 shows comparison of our samples with SLSN SN
2010gx, PS1-10awh, and PS1-10ky with a good temporal
coverage (Pastorello et al. 2010; Chomiuk et al. 2011).
Our samples could be interpreted as the very early phase
of SLSNe, which have never been caught. However, our
data on Days 35 and 36 are inconsistent with the slow
declining rate of SLSNe.

3.3. Comparison with very early phase of SNe

In this section, we compare our samples with earlier
phases of SNe (∼< 2 days after the explosion). First, we
show comparison with Type IIP SN 2010aq (Gezari et al.
2010) and PS1-13arp (Gezari et al. 2015), with UV de-
tection at the very early phase with GALEX . The early
emission of SN 2010aq is consistent with cooling envelope
emission after SN shock breakout (Gezari et al. 2010).

Light	curves

As	bright	as	SN	peak,	but	very	fast	rise

FOCAS	follow-up		
(too	faint)

1.	pilot	survey
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Figure 9. Summary of absolute magnitudes and rising timescale (τrise ≡ 1/ |∆m/∆t|) 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), Type Ia SN 2011fe (Brown et al. 2012), core-collapse SNe (Type Ib SN 2007Y, Type IIb
SN 2008ax, and Type IIn SN 2011ht, Pritchard et al. 2014), and rapid transients from PS1 (Drout et al. 2014). For rapid transients from
PS1, the rising timescale (rising rate) 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.

conservative lower limit for the event rate (see below for
possible impact of this assumption).

Then, the free parameter in this analysis is only τi.
For simplicity, we assume this parameter is the same (τ)
for all the objects by neglecting different redshifts. Here,
τ means the duration for which transients show a rapid
rise with sufficient brightness so that they are recognized
as rapidly rising transients in our survey. For the two
objects detected both on Days 1 and 2 (SHOOT14or and
14jr), the duration of the emission is about 1.2 days in
the observed frame (0.67 and 0.86 days in the restframe,
respectively), and thus, τ is not much shorter than 1 day.
A smaller τ is not excluded for the other three objects
but they do not show clear intranight variability for 1.6-
3.1 hr in the observed frame (1.0-2.0 hr in the restframe).
Comparison with previously known transients (Section 3)
and also with models (see Section 5.2) suggest that it is
unlikely that the rising rate as high as |∆m/∆t| > 1 mag
day−1 continues for > 2 days in restframe with sufficient
brightness. Thus, we adopt τ = 1 day as a fiducial value
for all objects.

A typical 3σ limiting magnitude for the images used for
candidate selection is ≃ 26.0 mag. We use this value for
the calculation of the maximum volume Vmax. In fact, for
objects to be recognized as rapidly rising transients, they
should be sufficiently brighter than the limiting magni-
tude on Day 2. Thus, the effective limiting magnitude for
the rapidly rising transients tends to be shallower than
26.0 mag. Since analysis with a shallower limiting mag-
nitude gives a smaller maximum volume and a higher

event rate, our choice of deep limiting magnitude gives
conservative estimates for the event rate. It is noted
that the extinction in the host galaxy is not corrected
and the true absolute magnitude of our samples should
be brighter. However, if the extinction for the current
samples represents an average degree of extinction, the
estimate of Vmax is not significantly affected (i.e., our
estimate crudely includes the effect of extinction).

We estimate pseudo event rate for each object (Ri).
For example, the maximum redshift, in which our sur-
vey would have detected SHOOT14gp, is zmax = 1.87
with the limiting magnitude of 26.0 mag using absolute
magnitude of M = −18.67 mag and crude K-correction
(the term of 2.5 log(1 + z)) as in Section 3. The co-
moving volume within this redshift in 12 deg2 survey
area is Vmax,i = 0.16 Gpc3. For this object to be de-
tected with our survey, the required event rate should be
Ri ≃ 1/τiVmax,i ≃ 0.23 × 10−5(τ/1day)−1 yr−1 Mpc−3.
Similar analysis for SHOOT14or, 14ha, 14jr and 14ef give
zmax = 1.28, 0.70, 0.82, and 0.62, and the event rates are
Ri ≃ 0.47, 1.9, 1.3, 2.5 ×10−5(τ/1day)−1 yr−1 Mpc−3,
respectively.

By summing up the pseudo rates, the lower limit of
the total event rate is R ≃ 6.4 × 10−5 (τ/1day)−1 yr−1

Mpc−3. It corresponds to about 9 % of core-collapse SN
rate at z ∼ 1 (the core-collapse SN rate is (3− 7)× 10−4

yr−1 Mpc−3 at z = 0 − 1, Dahlen et al. 2004; Botticella
et al. 2008; Li et al. 2011; Dahlen et al. 2012). Note
that the event rate is dominated by the less luminous
object with smaller maximum volumes. The event rate

1.	pilot	survey

see	also	Ofek	et	al.;	Gezari	et	al.

The	first	day	of	SN

??	
large	mass	loss??

MT,	Tominaga,	Morokuma,	Yasuda+2016
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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
detection7 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

FronDer	of	transient	sky 1.	pilot	survey



Collabora^on	with	Shri	Kulkarni	(Caltech)	
High-cadence	survey:	synergy	with	Keck

led	by	Nozomu	Tominaga

1.	pilot	survey



SSP	Transient	survey	(2016	Nov-)
led	by	the	HSC	transient	working	group:	
Naoki	Yasuda,	Nozomu	Tominaga,	Tomoki	Morokuma,	Nao	Suzuki,	Ichiro	
Takahashi,	Takashi	Moriya,	Keiichi	Maeda,	Masaki	Yamaguchi,	et	al.

The	deepest/widest	transient	survey	as	ever

2.	HSC/SSP

with	Jeff	Cooke	(Swinburne)
led	by	Takashi	Moriya

with	Peter	Nugent	(LBL),	Thomas	de	Jaeger	(Berkley)
led	by	Keiichi	Maeda

CollaboraDon	with	Keck



J−GEM	observaDons	for	GW151226	
Yoshida,	Utsumi,	Tominaga	et	al.	(J-GEM)	2016,	PASJ,	in	press,	arXiv:1611.01588Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 3

ing optical-infrared-radio telescopes of Japan.
The first direct detection of GW was achieved by aLIGO

on Sep. 14 2015 (Abbott et al. 2016a). aLIGO performed
the first science run (O1) from Sep. 2015 to Jan. 2016. Just
before the regular operation of O1, aLIGO detected the GW
at Sep. 14 2015 09:50:45 UT (Abbott et al. 2016a). The
GW from this event, which was named as GW150914, was
emitted by a 36 M⊙–29 M⊙ binary BH coalescence. While
many electromagnetic (EM) follow-up observations were per-
formed for GW150914 (Abbott et al. 2016d; Abbott et al.
2016e; Ackermann et al. 2016; Evans et al. 2016a; Kasliwal et
al. 2016; Lipunov et al. 2016; Morokuma et al. 2016; Serino et
al. 2016; Smartt et al. 2016a; Soares-Santos et al. 2016; Troja et
al. 2016), no clear EM counterpart was identified with those ob-
servations except for a possible detection of γ-ray emission by
FermiGammra-ray Burst Monitor (GBM) (Connaughton et al.
2016). However, the Fermi GBM detection was not confirmed
by INTEGRAL observations (Savchenko et al. 2016).
aLIGO detected another GW signal during O1. This event

was detected at 03:38:53 UT on Dec. 26 2015 and was named
as GW151226. The false alarm probability of the event was
estimated as <10−7 (>5σ) and 3.5×10−6 (4.5σ) (Abbott et al.
2016c). The GWwas also attributed to a BH–BH binary merger
whose masses are 14.2+8.3

−3.7 M⊙ and 7.5+2.3
−2.3 M⊙. The final BH

mass was 20.8+6.1
−1.7 M⊙ and a gravitational energy of ∼1 M⊙

was emitted as GW. The distance to the event was 440+180
−190 Mpc

(Abbott et al. 2016c).
Here, we report the EM counterpart search for GW151226

performed in the framework of J-GEM. We assume that cosmo-
logical parameters h0, Ωm, and Ωλ are 0.705, 0.27, and 0.73,
respectively (Komatsu et al. 2011) in this paper. All the photo-
metric magnitudes presented in this paper are AB magnitudes.

2 Observations
We performed wide-field survey and galaxy targeted follow-
up observations in and around the probability skymap of
GW151226. The 90% credible area of the initial skymap cre-
ated by BAYESTAR algorithm (Singer et al. 2014) was ∼1400
deg2 (LSC and Virgo 2015). The final skymap was refined by
LALInference algorithm (Veitch et al. 2015) and the 90% area is
finally 850 deg2 (Abbott et al. 2016c). We also made an integral
field spectroscopy for an optical transient (OT) candidate re-
ported by MASTER. The specifications of the instruments and
telescopes we used for the follow-up observations are summa-
rized in Morokuma et al. (2016).

2.1 Wide Field Survey

We used three instruments for the wide-field survey; KWFC
(Sako et al. 2012) on the 1.05 m Schmidt telescope at Kiso

Fig. 1. The observed area of the wide-field surveys of the J-GEM follow-
up observation of GW151226 overlaid on the probability skymap (dark blue
scale). Green, red, and yellow colored regions represent the areas observed
with KWFC, HSC, and MOA-cam3, respectively.

Observatory, HSC (Miyazaki et a. 2012) on the 8.2 m Subaru
Telescope, and MOA-cam3 (Sako et al. 2008) on the 1.8 m
MOA-II telescope at Mt. John Observatory in New Zealand.
The KWFC survey observations were done in r-band on

Dec. 28 and 29 and Jan. 1–6 (UT). The total area observed
with KWFCwas 778 deg2 far off the Galactic plane. To perform
an image subtraction with the archival SDSS (Sloan Digital Sky
Survey; Shadab et al. 2015) images, the high probability regions
had to be avoided. Each field was observed typically twice or
three times. The exposure time is 180 sec each and the seeing
was 2.5–3.0 arcsec FWHM.
We carried out an imaging follow-up observations with HSC

in the first half nights of Jan. 7, 13, and Feb. 6, 2016 (UT). We
observed an area of 63.5 deg2 centered at (α, δ) = (03:33:45,
+34:57:14) spanning over the highest probability region in the
initial skymap (BAYESTAR) with 50 HSC fiducial pointings.
The fiducial pointings were aligned on a Healpix (Gorski, et al.
2005) grid with NSIDE=64 (a corresponding grid size is 0.84
deg2). To remove artifacts efficiently, we visited each fiducial
pointing twice with a 2 arcmin offset. We observed the field in
i-band and z-band with an exposure time ranging from 45 sec
to 60 sec for each pointing. On Feb. 6, first we surveyed all the
fields by single exposure, then observed the whole area again.
The seeing ranged from 0.5 arcsec to 1.5 arcsec FWHM.
We also performed survey observations with MOA-cam3 for

a part of the skymap in the southern hemisphere from UT Mar.
8 to 11 2016. The total area covered by the MOA-cam3 ob-
servations was 145 deg2. The “MOA-Red” filter (Sako et al.
2008), which is a special filter dedicated to micro-lens survey
with a wide range of transmission from 6200Å to 8100Å was
used. The exposure time per field was 120 sec. The seeing was

987	deg2		
		Subaru/HSC:	64	deg2	(7%)	
		Kiso/KWFC:	778	deg2	(9%)	
		MOA:	145	deg2	(13%)	

3.	GW	follow-up

HSC:	1256	candidates	and	~60	likely	extragalacDc	transients		
=>	Need	spectroscopy	for	firm	idenDficaDon



• FronDer	of	the	transient	survey	

• Transient	survey	with	Subaru/HSC	and	 
on-going	collaboraDon	with	Keck	

• SynergeDc	projects	with	Keck

Exploring	the	Transient	Sky	with	Subaru	and	Keck



Exploring	short-Dmescale	transient	sky	  
with	Subaru/Keck
• New	survey	with	HSC	(10	nights	x	2)	
• Depth:		25	mag	(1	min	exposure)	
• Cadence:	~	1hr 

“1	hr	+	1	day	+	1	month	cadence”	

• Area:	~75	deg2	(~	50	poin^ng)

+	Spectroscopy	with		
			Keck/LRIS	(~10	nights)
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Summary

• FronDer	of	transient	science	
• Short-timescale	of	<	1	day		

• Mul^-messenger	astronomy	(GW	and	neutrino)	

•What	we	did/are	doing	
• Pilot	high-cadence	survey		

• SSP	transient	survey	=>	Follow-up	with	Keck	(and	Gemini)	

• Follow-up	of	GW	sources	

• Possible	synergeDc	projects	
• NEW	HSC	survey	dedicated	to	explore	short-^mescale	transient	sky	

• Size:	~20	nights	Subaru/HSC	+	~10	nights	Keck/LRIS	

• Timeline:	can	start	NOW	(unique	before	LSST)	

• Collabora^on	on	GW	(and	neutrino)	follow-up?


