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•連星中性子星合体からの光学赤外線放射
•光学赤外線突発天体サーベイ観測
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EM signature from 
NS-NS merger

• On-axis short GRB

• Off-axis radio/optical 
afterglow

• X-ray extended emission

• Radioactive emission 
r-process nuclei 
- kilonova
- macronova
- r-process nova
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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.
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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.
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Numerical relativity
3D, time-dependent, 

multi-frequency
radiative transfer
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1. Opacity of r-process-dominated ejecta?
2. Characteristic feature of NS merger?
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TABLE 1
Summary of Models

Model Mej EK vch Abundance1

(M⊙) (erg)

NSM-all 1.0 × 10−2 1.3 × 1050 0.12c 31 ≤ Z ≤ 92
NSM-tidal 1.0 × 10−2 1.3 × 1050 0.12c 55 ≤ Z ≤ 92
NSM-wind 1.0 × 10−2 1.3 × 1050 0.12c 31 ≤ Z ≤ 54
NSM-Fe 1.0 × 10−2 1.3 × 1050 0.12c Z = 26 (only Fe)

APR4-12152 8.6 × 10−3 4.3 × 1050 0.24c 31 ≤ Z ≤ 92
APR4-13142 8.1 × 10−3 3.6 × 1050 0.22c 31 ≤ Z ≤ 92

H4-12152 3.5 × 10−3 1.4 × 1050 0.21c 31 ≤ Z ≤ 92
H4-13142 7.0 × 10−4 1.9 × 1049 0.17c 31 ≤ Z ≤ 92

Note. — 1 Solar abundance ratios (Simmerer et al. 2004) are
assumed. 2 Models from Hotokezaka et al. 2013.
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Fig. 2.— Bolometric light curve of model NSM-all (black, multi-
frequency simulations). It is compared with the light curves for the
same model but with the gray approximation of UVOIR transfer
(κ =0.1, 1, and 10 cm2 g−1 for blue, purple, and red lines, respec-
tively). The result of multi-frequency transfer are most similar to
that of gray transfer with κ = 10 cm2 g−1.

Figure 3 shows the mass absorption coefficient as a
function of wavelength at t = 3 days in model NSM-all
at v = 0.1c. The mass absorption coefficient is as high as
1-100 cm2 g−1 in the optical wavelengths. The resulting
Planck mean mass absorption coefficient is about κ =
10 cm2 g−1 (Figure A4). This is the reason why the
bolometric light curve of multi-frequency transfer most
closely follows that with gray κ = 10 cm2 g−1 in Figure
2.

The high opacity in r-process element-rich ejecta is also
confirmed by the comparison with other simple models.
Figure 4 shows the comparison of the bolometric light
curve with that of models NSM-tidal, NSM-wind, and
NSM-Fe. Compared with NSM-Fe, the other models
show the fainter light curves. This indicates that the
elements heavier than Fe contributes to the high opacity.
The opacity in model NSM-Fe is also shown in Figure 3.
It is nicely shown that opacity in NSM-all is higher than
that in NSM-Fe by a factor of about 100 at the center of
optical wavelengths (∼ 5000 Å).

As inferred from Figure 4, NSM-tidal (55 ≤ Z ≤ 92)
has a higher opacity than that of NSM-wind (31 ≤ Z ≤
54). This is because lanthanoid elements (57 ≤ Z ≤
71) have the largest contribution to the bound-bound
opacity, as demonstrated by Kasen et al. (2013). Note
that, however, even with the elements at 31 ≤ Z ≤ 54,
the opacity is higher than Fe.

Figure 5 shows the multi-color light curves of model
NSM-all. In general, the emission from NS merger ejecta
is red because of (1) a lower temperature than SNe and
(2) a higher optical opacity than in SNe. Especially, the
optical light curves in the blue wavelengths drops dra-
matically in the first 5 days. The light curves in the
redder band evolves more slowly. This trend is also con-
sistent with the results by Kasen et al. (2013); Barnes &
Kasen (2013).

Since our simulations include all the r-process ele-
ments, spectral features are of interest. Since the sim-
ulations by Kasen et al. (2013); Barnes & Kasen (2013)
include only a few lanthanoid elements, they do not dis-
cuss the detailed spectral features. Figure 6 shows the
spectra of model NSM-all at t = 1.5, 5.0 and 10.0 days
after the merger. Our spectra are almost featureless at
all the epochs. This is because of the overlap of many
bound-bound transitions of different r-process elements.
As a result, compared with the results by Kasen et al.
(2013); Barnes & Kasen (2013), the spectral features are
more smeared out.

Note that we could identify possible broad absorption
features around 1.4 µm (in the spectrum at t = 5 days)
and around 1.2 µm and 1.5 µm (t = 10 days). In our
line list, these bumps are mostly made by a cluster of
the transitions of Y I, Y II, and Lu I. However, we are
cautious about such identifications because the bound-
bound transitions in the VALD database are not likely to
be complete in the NIR wavelengths even for neutral and
singly ionized ions. In fact, Kasen et al. (2013) showed
that the opacity of Ce from the VALD database drops in
the NIR wavelengths, compared with the opacity based
on their atomic models. Although we cannot exclude a
possibility that a cluster of bound-bound transitions of
some ions can make a clear absorption line in NS merg-
ers, our current simulations do not provide prediction for
such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Full simulation

opacity
(cm2 g-1)
κ  = 0.1
κ = 1
κ = 10

- Higher opacity by factor of 100
- Fainter than previously expected by a factor of 10

(see also Kasen+13, Barnes & Kasen 13)



- Very red SED (peak at NIR)
- Extremely broad-line (feature-less) spectra
- Identification of r-process elements is difficult
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GRB 130603B

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Previous search for “kilonova”

Observations were already inconsistent with “bright” models

Radiative Transfer Simulations for NS Meger Ejecta 11
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Fig. 11.— Expected observed UBV RIJHK-band light curves (in Vega magnitude) of the NS merger at z = 0.2. Deep follow-up
observations of short GRB afterglows will be able to detect a radioactive “bump”. K correction is taken into account for the models. In
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Figure 2. Condensation efficiency and average radius of newly formed car-
bon grains as a function of the isotropic mass of carbon MC(4π/∆Ω) (MC
is the carbon mass available for dust formation). The radius of carbon grains
with 100 atoms is also shown (dotted). The vertical dashed line marks the
amount of carbon gas which is required to produce the dust emission spec-
trum (Md,C = 8× 10−6M⊙) in Figure 3 for∆Ω = 4π.

Figure 3. Thermal emission spectrum of carbon dust grains with 1800 K
(red) in the observer frame. The black square is the observed flux of the NIR
excess of GRB 130603B (Tanvir et al. 2013). For references, a spectrum of
the r-process model (blue; Tanaka & Hotokezaka 2013, TH13) and a black-
body spectrum with T = 2000 K (green) are shown. The spectral shape of the
dust emission is rather smooth than that of the r-process model. Note that the
parameters of TH13 are not optimized for GRB 130603B.

formed. We have also suggested that the NIR macronova
of GRB 130603B can be explained by the emission of light-
element dust such as carbon grains. Thus, the dust model may
be an alternative to the r-process model.
We inferred the temperature of ejecta from the observa-

tional result as T0 ∼ 2000 K. A heating source to realize
this temperature may be the radioactive decay products of
r-process elements. In r-process nucleosynthesis inefficient
ejecta one possibility is the radioactive decay of heavy, but
not r-process, elements (Barnes & Kasen 2013). Radioactive
nuclei with the lifetime less than ∼ 10 days release a signifi-
cant fraction of radioactive energies and achieve T ∼ 2000 K
at∼ 7 days under a reasonable choice of ejecta mass. Another
possibility is shock heating.
We should keep in mind that the discussions in this Let-

ter are based on the observational result of GRB 130603B
because this is the only existing sample. For instance, if
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Figure 4. Schematic light curves for the dust interpretation of GRB
130603B. The data points are from Tanvir et al. (2013).

ejecta temperature is lower and density is much higher in an-
other macronova, dust grains of r-process elements could be
formed.
Our results have shown that newly formed grains are rel-

atively small, consisting of ∼ 100 up to ∼ 105 atoms. We
adopted the theory of Mie scattering in calculating the ab-
sorption coefficients of dust. However, they might deviate
from the prediction of the theory for the dust only contain-
ing order-of-hundreds atoms.
We have considered homogeneous ejecta for simplicity.

However, in reality, ejecta may be inhomogeneous, and dust
may be formed in dense clumps, as discussed in supernovae
(e.g., Kotak et al. 2009; Indebetouw et al. 2014). Larger dust
grains may be formed in higher density clumps, and then
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We should keep in mind that the discussions in this Let-
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Best with i band (0.8 um, red edge of optical)
1m-class telescopes for 100 Mpc events
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
NIR wavelengths (JHK bands), “4 m” and “space” limits are taken or deduced from those of Vista/VIRCAM and the planned limits of
WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.
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Short summary
• kilonova/macronova/r-process nova
• Accurate localization of GW sources

• “Smoking gun” for r-process nucleosynthesis

• “Full” radiative transfer simulations
• Higher opacity by a factor of 100

• Fainter luminosity by a factor of 10

•Observing strategy
• 22-25 mag (i band) @ 200 Mpc 

=> 4-8m class telescopes

• 1m class for 100 Mpc events

• Extremely broad-line spectrum



Optical/Infrared Counterparts
of Gravitational Wave Sources

- 重力波源の光学赤外線対応天体 -

•連星中性子星合体からの光学赤外線放射
•光学赤外線突発天体サーベイ観測



The most famous optical transient



1 deg

Before

After

Before

After

Transient survey in optical



ROTSE

PS (wide)

PS (deep)

SNLS

GOODS

PTF

 0.01

 0.1

 1

 10

 100

 1000

 10000

 18  19  20  21  22  23  24  25  26  27

Su
rv

ey
 a

re
a 

(d
eg

2 )

Limiting magnitude

SDSSPTF

LOSS
(@6000A)

SkyMapper

CHASE

La Silla
CRTS

KISS

HSC



High 
cadence

ROTSE

HST

HSC

SNLS
Pan-STARRS

SDSS

PTFPTF

 16

 18

 20

 22

 24

 26

 28
 0.01  0.1  1  10  100

M
ag

ni
tu

de

Cadence (days)

Deep

PTF 1m

KISS 1m



Depth

Area

Cadence
(time resolution)

Transient
Search



KISS: KIso Supernova Survey

• Extremely high cadence

• 1-hr cadence <= 2-3 days

• 4 deg2 FOV 

• ~ 21 mag in g-band (3 min)

• ~50-100 deg2 /day

• High SFR field (< 200 Mpc, 30-100 Msun/yr)

• ~100 nights/yr (around new moon)

2012 Apr: Dry run -
2012 Sep: Main survey -

Kiso 1.05m Schmidt telescope

Goal: Detection of SN shock breakout
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Kiso observatory

Standard pipeline

Transient pipeline

< 10 min
~ 50GB/day

KISS databaseSubNewRef
cut-out images (~1,000-10,000 /day)

source
info

KISS interface

~ 20 amateur 
astronomers

SubNewRef

Anywhere
cut-out images

1,000 - 10,000 /day

KISS database

source
info



~60 SN candidates (as of 2014 Feb)
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GW alert error box
e.g. 6 deg x 6 deg

Typical 8-10m 
telescope

0.3 deg

8m Subaru
Hyper Suprime-Cam

1.5 deg

8m LSST
(2020-)
3.5 deg

2 deg

179 186 193 201 208 215 223 230 237 244 251



Subaru/ Hyper Suprime-Cam
2013 - 

1.75 deg2

116 CCDs

3m
3t !



Survey with HSC
2014 - (THIS WEEK !)

•Ultra-Deep
• 3.5 deg2  - 26 mag  - 3 days 

•Deep
• 30 deg2  -  25 mag  - 6 days

• c.f. KISS
• 100 deg2 - 21 mag  - 1 hr

KISS

HSC-D

HSC-UD

Excellent prior of deep transient survey 
for GW astronomy 



Future opportunity with TMT
Thirty Meter Telescope

Spectroscopy down to 
- 28 mag (optical)
- 26 mag (NIR)

Instrument exchange
within ~10 min

2014
   Start construction
2022
   First light

Caltech-UC-Japan-Canada-India-China

International Science Definition Team for 
Time-domain science (led by G.C. Anupama and MT)



Summary

• kilonova/macronova/r-process nova
• Accurate localization of GW sources

• “Smoking gun” for r-process nucleosynthesis

• Status of theoretical prediction
• Numerical relativity + full radiative transfer 

• Status/future of optical/IR observations
• Real-time transient survey with 1m telescopes

• Coming transient survey with Subaru/HSC 
(2014-)

• Spectroscopy with TMT (2022-) 


