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• Optical Observations of Supernovae 

• Current Status of Transient Survey

• KISS: Kiso Supernova Survey

• Synergy with Gravitational Astronomy





• End point of stellar life

• Origin of elements

• Stellar nucleosynthesis

• Explosive nucleosynthesis

• Huge kinetic energy 

• Injection to ISM

• Cosmic ray acceleration 

• Gravitational wave source

• Neutrino source

• SN 1987A (in LMC)

Supernova
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理科年表

>3m telescope
~ 40

>8m telescope
~ 14



理科年表

8m: 1
2m: 1

1-2m: 22



How to discover supernovae

Galaxy survey Blank field survey



SN rate: 1 /100 yr /galaxy

30,000 galaxies => 1 /1day

100 galaxies => 1 /1yr
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Follow-up observations

Imaging
(photometry)
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Fig. 1.5.— Optical(-infrared) quasi-bolometric light curves of Type Ic SNe 1998bw (Patat et al.
2001), 1994I (Richmond et al. 1996), Type Ia SN 1992A, and Type II SN 1999em (Elmhamdi
et al. 2003). The timescale around the peak is a few tens days in Type Ia and Ic SNe. In Type II
SNe, plateau phases lasts until ∼ 100 days after the explosion. After ∼ 100 days after explosion,
the behavior of all types of SNe is similar, which is determined by the decay timescale of 56Co,
and escaping efficiency of γ-ray.

SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)
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1 year
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iii

V ~ 5,000- 10,000 km s-1

Extragalactic SN @ 30 days

R ~ 2 x 1015 cm ~ 0.001pc

θ ~ 10-6 arcsec @ 30 Mpc

ρ ~ 10-15 g cm-3   ne ~ 108 cm-3 
@ photosphere

T ~ 5000 K

τ ~ ne σ R ~ 102 (t/10 days) -2

L ~ 1042 erg s-1

thin

thick
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SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)
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3D radiative transfer simulation

MT in prep.

at homologous expansion phase
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SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)
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Fig. 1.8.— Nebular phase spectra of Type Ic SN 2002ap (shiffted by 2.5, Mazzali et al. 2007) and
Type Ia SN 2003du (Stanishev et al. 2007). Epochs are given as estimated days after the explosion.
The spectrum of Type Ic SN is dominated by the [O I] and [Ca II] lines while that of Type Ia SN is
dominated by [Fe II] and [Fe III] lines. These facts reflect the abundances in the innermost layers
of SN ejecta.

SNe using the timescale of the LC (Eq. 1.5) and the velocity (Eq. 1.6). These two equations can
be written as following:

τLC/τLC,94I = (Mej/Mej,94I)3/4(EK/EK,94I)−1/4, (1.7)
v/v94I = (Mej/Mej,94I)−1/2(EK/EK,94I)1/2. (1.8)

Thus, Mej and EK can be expressed as:

Mej/M94I = (τLC/τLC,94I)2(v/v94I), (1.9)
EK/EK,94I = (τLC/τLC,94I)2(v/v94I)3. (1.10)

For example, the rise time of the LC of SN 1998bw, associated with gamma-ray burst (GRB)
980425 (Galama et al. 1998), is as twice as that of SN 1994I (Fig. 1.5). In addition, the velocity

Type Ic

Type Ia

Type Ib, Ic, II : Strong Oxygen
Type Ia : Strong Fe

thin

thick

thin



Type Ib, Ic, II : Massive star
Type Ia : Old star
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Spiral galaxy
(young and old)
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Figure 4
(a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded region) with the STARS
evolutionary tracks (Eldridge & Tout 2004) at Z = 0.02 overplotted from masses 6–30 M!. The 6- and
8-M! tracks have the second dredge-up phase indicated with the extended dotted track. The red points are
the Milky Way red supergiants from Levesque et al. (2005). (b) The progenitor of SN2008bk with the Large
Magellanic Cloud red supergiants of Levesque et al. (2006) and the STARS tracks at Z = 0.008.

bands and a very red object, with I = 21.2 ± 0.2 and (I−K ) = 2.86 ± 0.2. Mattila et al. (2008)
show the stellar SED can be fit by a late type M4I with AV = 1, and this corresponds to a RSG
of initial mass 8.5 ± 1.0 M!. The metallicity of the host galaxy at the position of the explosion
appears to be low, intermediate between the SMC and LMC; hence, the RSGs of the LMC and
Z = 0.08 tracks are shown in Figure 4.

4.1.4. SN2004dj and SN2004am. The vast majority of CCSNe in the local Universe occur in
star-forming regions of their host galaxies but, perhaps somewhat surprisingly, are rarely coincident
with bright star clusters (Van Dyk, Li & Filippenko 2003a; Maund & Smartt 2005). Quantitatively,
it is probably 10% or less. Smartt et al. (2009) show that in their volume-limited sample of 20
II-P SNe, only 2 SNe fall on compact coeval star clusters. If these clusters are indeed coeval, then
a measurement of their age gives a reasonable estimate for the evolutionary turn-off mass and,
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surprisingly, not reliably determined, with estimates ranging from 7.5 to 10.2 Mpc (reviewed by
Hendry et al. 2005). It would be desirable to establish the distance more reliably, as the mass and
luminosity estimate of the progenitor is critically reliant on this estimate. Comparison with the
stellar evolutionary models show the progenitor is likely to have had an initial mass in the range
of 8+4

−2 M". The progenitor’s estimated location on an HRD is similar to RSGs in Milky Way
clusters, with the Galactic stars shown for comparison in Figure 4. The metallicity at the site of
the explosion was probably around solar.
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Smartt et al. 2009, ARA&A, 47, 63

Pre-explosion image
with Hubble Space Telescope

SN 2003gd

SN 2005cs
@ solar metallicity

SN 2008bk
@ LMC metallicity



What we know

Core-collapse Thermonuclear

Progenitor Massive star WD(s) in binary

Elements
H, He, O, Mg 
(progenitor)

Fe, Si
(explosive)

Fe production ~0.1 Msun ~0.6 Msun

Kinetic E 1049 - 1052 erg 1051 erg

binary??

mechanism??

companion??

rare elements??

why??

/don’t know

Type II/Ib/Ic Type Ia



• Optical Observations of Supernovae 

• Current Status of Transient Survey

• KISS: Kiso Supernova Survey

• Synergy with Gravitational Astronomy



Transient Survey

Survey Diameter
(m)

FOV
(deg2)

Depth
(R mag)

Area/
day(deg2)

LOSS 0.76 0.01 19 1000 galaxy
ROTSE-III 0.45 3.42 18.5 450

PTF 1.26 7.8 21 1000
Pan-STARRS 1.8 7 21.5 6000

SDSS-II 2.5 1.5 22.6 150
SNLS 3.6 1 24.3 2

GOODS 2.5 (HST) 0.003 26 0.04
SkyMapper 1.3 5.7 22 --
Subaru/HSC 8.2 1.75 26.5 3.5

Kiso 1.05 4

(partly taken from Rau et al. 2009, PASP, 121, 1334)
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PTF
 Palomar Transient Factory

• Palomar 1.2m Schmidt telescope (P48)
@ Palomar/California

• FOV: 9 deg2  

• Depth: 20-21 mag

• Rapid follow-up 
with 1.5m (P60) 
and 5m (P200) 

P48 P60P200



P48 (1.2m)



P200 (1948!)

C: Bettmann/CORBIS

(5m)



Observing strategy 

a large fraction of Palomar 60 inch (optical; Cenko et al. 2006),
LCOGT16 (optical) Super-LOTIS (optical; Park et al. 1999),
KAIT (optical; Filippenko et al. 2001), and PAIRITEL (near-IR;
Bloom et al. 2006) time has been set aside. Additional spectro-
scopy is planned at the Palomar Hale 5 m, MDM Observatory,
William Herschel 4.2 m, and Lick 3 m telescopes.

A detailed discussion of all aspects mentioned in this section
as well as the data reduction, analysis, and archiving can be
found in Law et al. 2009.

3. PTF SCIENCE GOALS

The PTF design is optimized for repeated coverage of a large
sky area in a short amount of time. This is crucial for pursuing
the primary science goal, namely to investigate the various
populations of transients and variables. In addition, it allows
the usage of deeper, coadded images to study persistent sources,
ranging from Galactic foreground stars to distant galaxies.
While it is not possible to predict all of the science that PTF
will enable, a few key areas of interest have been defined
and will be summarized in this section. Here, we first address
transient and variable sources from our neighborhood to high
redshift, followed by regularly variable classes and science with
the coadded data products. An overview of the sections is given

in Table 3, while Table 4 summarizes the properties, universal
rates, and PTF predictions for transients and variables.

3.1. Cataclysmic Variables

Cataclysmic variables (CVs) form a broad family of highly
variable and dynamical stellar binaries in which matter from a
low-mass donor (M ≲ 1 M⊙) is accreted onto a white dwarf
(M ≈ 1 M⊙; e.g., Warner 1995). Variability, from milliseconds
to hundreds of years, arises from different physical processes,
and conclusions derived from CVs have been extrapolated, up-
ward or downward in scale, to other phenomena such as active
galactic nuclei (AGNs) and X-ray binaries. Despite being
studied for several decades, many details concerning the viscous
turbulence in the accretion disk, interaction of the accreted
matter with the atmosphere of the white dwarf, irregularities

TABLE 1

COMPARISON OF PTF WITH OTHER UNTARGETED TRANSIENT AND VARIABLE SURVEYS

Survey
Da

(m)
Scale

(arcsec pixel!1)
FOV
(deg2) Cadence

mR;lim
b

(mag)
Coverage

(deg2 night!1) Lifetime Reference

Palomar Transient Factory . . . . . . 1.26 1.0 7.78 1 minute–5 days 21.0 1000 Ongoing Law et al. 2009
ROTSE-IIIc . . . . . . . . . . . . . . . . . . . . . . 0.45 3.25 3.42 1 day 18.5d 450 Ongoing Quimby 2006
CIDA-QUESTe . . . . . . . . . . . . . . . . . . 1.0 1.0 5.4 2 days–1 yr 19.5 276 Ongoing Baltay et al. 2002
Palomar-Quest . . . . . . . . . . . . . . . . . . 1.26 0.88 9.4 30 minutes–days 21.0f 500 2003–2008 Djorgovski et al.

2008
SDSS-II Supernova Search . . . . . 2.5 0.4 1.5 2 days 22.6 150 2005–2008 Frieman et al. 2008a
Catalina Real-Time Transient
Survey . . . . . . . . . . . . . . . . . . . . . . . .

0.7 2.5 8 10 minutes–yr 19.5g 1200 Ongoing Drake et al. 2008

Supernovae Legacy Survey . . . . . 3.6 0.08 1 3 days–5 yr 24.3 2 2003–2008 Astier et al. 2006
SkyMapper . . . . . . . . . . . . . . . . . . . . . . 1.33 0.5 5.7 0.2 days–1 yr 19.0 1000 Start 2009 Schmidt, B., 2009,

private
communication

Pan-STARRS1 3πh . . . . . . . . . . . . . . 1.8 0.3 7 7 days 21.5 6000 Start 2009 Young et al. 2008
Large Synoptic Survey Telescope 8.4 0.19 9.62 3 days 24.5 3300 Start 2014 Ivezic et al. 2008

a Telescope diameter.
b Typical limiting magnitude for single pointing.
c Texas Supernovae Search (until 2007) and ROTSE Supernovae Verification Project (since 2007).
d Unfiltered.
e Equatorial variability survey.
f RG610 filter.
g V band filter.
h Pan-STARRS1 3π imaging survey.

TABLE 2

SUMMARY OF MAIN PTF EXPERIMENTS

Experiment
Exposure
% of total Cadences Filter

5DC . . . . . . . . . . . 41 5 days R
DyC . . . . . . . . . . . 40 1 minute–3 days g;R
Orion . . . . . . . . . . 11 1 minute R
Full Moon . . . . . 8 … Hα16 See http://lcogt.net/.

1336 RAU ET AL.

2009 PASP, 121:1334–1351

5-day cadence (5DC)
Active: 2700 deg2

Total: 8000 deg2

(Rau+09, Law+09) 

Dynamic cadence 
(DyC)

~300 deg2 in 2 hr 
(Kasliwal+07)Rau+09

PTF + GALEX
Shock breakout

PTF + JVLA
Tidal disruption

50 deg2
1 hr cadence, 21 mag



Catalina Real-Time Transient Survey

• 0.7m @ Arizona (Catalina)
0.5m @ Australia (Siding Spring)
1.5m @ Arizona (Mt. Lemmon)

• FOV: 8 deg2  (but 2.5 arcsec/pix)

• Area: 2000 deg2/day
(30,000 deg2 total) 

• Cadence: 30min - 

• Depth: 19-20 mag

Drake et al. 2009, ApJ, 696, 870http://crts.caltech.edu

http://crts.caltech.edu
http://crts.caltech.edu


Pan STARRS

http://pan-starrs.ifa.hawaii.edu/public/
2010-

• 1.8m @ Hawaii 

• FOV: 7 deg2  

• Area/Cadence

• 3pi: 4 visits/yr

• Medium deep (80 deg2): 3 days

• Depth: 20 mag (3 pi) 
             -  23 mag (medium deep)

http://pan-starrs.ifa.hawaii.edu/public/
http://pan-starrs.ifa.hawaii.edu/public/


La Silla/QUEST Survey

• ESO 1m Schmidt telescope @ Chile

• FOV: 10 deg2  (QUEST camera)

• Area: 1500 deg2/day
(20,000 deg2 total) 

• Cadence: 2-3 days 

• Depth: 20-21 mag

http://www.pessto.org/pessto/feeder_surveys.html

1m Schmidt

2009 - (2014)

http://www.pessto.org/pessto/feeder_surveys.html
http://www.pessto.org/pessto/feeder_surveys.html


PESSTO

• Spectroscopic survey 

• ESO 3.6m NTT @ Chile/La Silla

• 90 nights/9 months

• 5 years from 2012 Apr

• Targets fed by

• La Silla/QUEST, Pan STARRS, and CHASE

https://psweb.mp.qub.ac.uk/pesstowiki/index.php/Main_Page
http://www.pessto.org

Public ESO Spectroscopic Survey of Transient Objects

https://psweb.mp.qub.ac.uk/pesstowiki/index.php/Main_Page
https://psweb.mp.qub.ac.uk/pesstowiki/index.php/Main_Page
https://psweb.mp.qub.ac.uk/pesstowiki/index.php/Main_Page
https://psweb.mp.qub.ac.uk/pesstowiki/index.php/Main_Page
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• Optical Observations of Supernovae 

• Current Status of Transient Survey

• KISS: Kiso Supernova Survey

• Synergy with Gravitational Astronomy



Kiso observatory
(1974~)

Altitude: 1130m 

TokyoKiso

Mt. Fuji
Kyoto



1.05m Schmidt
Telescope



Pan$STARRS : 9+deg2

KWFC : 4&deg2

HSC++++++++++++++ : 1.8+deg2

SC : 0.3+deg2

���
�	����
	�

PTF : 7.8+deg2

Skymapper : 5.7+deg2

D=8.2m

D=8.2m

D=1.0m

D=1.35m

D=1.8m
D=1.2m

KWFC������
�	����
6

Slide from Shigeyuki Sako

KWFC = Kiso Wide Field Camera

2012 April -
(4k x 2k chip) x 8

1 arcsec/pix
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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

LSST Science Book 
(after Rau+09, Kasliwal+,Kulkarni+)
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SN shock breakout7.5 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

13

1 day !

Figure from N. Tominaga

progenitor star

> a few days

Breakout

Figure from T. Morokuma



KISS: KIso Supernova Survey

• Extremely high cadence

• 1-hr cadence

• 3 min exposure

• ~ 21 mag in g-band

• ~50-100 deg2 /day

• High SFR field (within z=0.05, 30-100 Msun/yr)

2012/04: Dry run -
2012/09: Main survey -

PI: Tomoki Morokuma (Univ. Tokyo)
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Astronomy within 200 Mpc 
(z < 0.05)

Figure from KAGRA webpage

21 mag ~ 10-28 erg s-1 cm-2 Hz-1

=> ~ 1026 erg s-1 Hz-1 (@ 200 Mpc)
=> ~ 5 x 1040 erg s-1 (@ 5 x 1014 Hz)

(d < 6 x 1026 cm)



179 186 193 201 208 215 223 230 237 244 251

2 deg



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
Realtime check

SubNewRef

Tokyo

cut-out images

KISS database

source
info



Realtime check 
by amateur astronomers in Japan 
and KISS members



18 SNe (and SN candidates) so far



Initial Results (half a year)

• 18 SN candidates
 (consistent with expectation)

• 3 IAU SNe

• 3 overlap with PTF, 
2 with La-Silla QUEST, 2 with CRTS

• No shock breakout candidates

• Other variable sources

• Rapid flare (with ~1 hr duration)

• AGNs, variable stars



Rapid flare

SDSS
2012/4/28 

27:10 27:40

Flare 
by factor of 10 

Faded 
in 30 min

Synergy
 with MAXI

Figure from T. Yamamoto



KISS: KIso Supernova Survey

• Extremely high-cadence survey

• 1-hr cadence

• 3 min exposure

• ~ 21 mag in g-band

• ~50-100 deg2 /day

• 100 nights / year

• Initial results

• 18 SN candidates, 
but no SN shock breakout



• Optical Observations of Supernovae 

• Current Status of Transient Survey

• KISS: Kiso Supernova Survey

• Synergy with Gravitational Astronomy



EM signature from 
NS-NS merger

• On-axis short GRB

• very rare

• Off-axis radio emission

• delayed (~1 yr)

• no guarantee of association

• “kilonova” (macronova)

• could be common if r-process occurs

The Astrophysical Journal, 746:48 (15pp), 2012 February 10 Metzger & Berger

with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.

BH

obs

j
Tidal Tail & Disk Wind

Ejecta ISM Shock

Merger Ejecta 

v ~ 0.1 0.3 c

Optical (hours days)

Kilonova
Optical (t ~ 1 day)

Jet ISM Shock (Afterglow)

GRB
(t ~ 0.1 1 s)

Radio (weeks years)

Radio (years)

Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.

2

Metzger & Berger 2012,
 ApJ, 746, 48

What about BH-NS merger?
(=> this workshop)



kilonova within 200 Mpc
is detectable if occurs in FOV
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Strategy

Rapid follow-up
after GW alert

Blind EM transient 
survey

GW-triggered search EM-triggered search



GW-triggered search

• Quick communication

• Localization with ~10-100 deg2

• Rapid follow up with 
wide field (survey) telescope 

• Many non-associated detections
=> check only around known galaxies??

Pan$STARRS : 9+deg2

KWFC : 4&deg2

HSC++++++++++++++ : 1.8+deg2

SC : 0.3+deg2

���
�	����
	�

PTF : 7.8+deg2

Skymapper : 5.7+deg2

D=8.2m

D=8.2m

D=1.0m

D=1.35m

D=1.8m
D=1.2m

KWFC������
�	����
6

~500 galaxies/10 deg2 
(<200 Mpc)



179 186 193 201 208 215 223 230 237 244 251
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2 deg

GW alert error box
10 deg x 10 deg
(for example)

0.3 deg

25 pointing
 => 2-3 hr

179 186 193 201 208 215 223 230 237 244 251

6 deg 



EM-triggered search

• High cadence: ~ 1hr

• Wide field: > a few deg2

• Extremely low probability

• 10-100 events/yr/all sky

• ~0.03 events/yr/100 deg2

• Bad timing determination (~1 hr)

We are already doing this :-)
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Future plan for GW+EM astronomy

• Before KAGRA

• Blind high-cadence survey
(small detection rate, ~0.03 /yr) 

• System update for rapid response

• Remote/automatic observations

• After KAGRA

• Rapid follow up triggered by GW alert
Only possible with > a few deg2 FOV telescope
(Kiso observatory is unique facility in Japan)



GW-EM astronomy: strategy

Extremely low rate

Already started

Localization 10-100 deg2

Rapid response of 
wide field (survey) telescope

GW triggered search EM triggered search

What is the best approach?
(now and 5 yrs later)



Optical Observations of 
Supernovae and Transients

超新星爆発•突発天体の光学観測

• Optical Observations of Supernovae 

• Current Status of Transient Survey

• KISS: Kiso Supernova Survey

• Synergy with Gravitational Astronomy



まとめにかえて
• What is critical feature of NS-NS merger?
重力波のエラーボックス内に何かが検出されても、
それがNS-NS mergerであると断定できるか？
(参考：tidal disruption / orphan GRB)

• Spectroscopic feature

• Typing? (e.g., NS-NS, NS-BH) 

• EM radiation transfer for NS-NS merger

• Opacity list for r-process elements? (青木さん？)

• Luminosity and duration => observing strategy

• What about NS-BH?


