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New astronomy with gravitational waves

NS-NS merger 
with 200 Mpc

~ 30 events/yr
(~0.3-300)

2017 - 
- Advanced LIGO (US)
- Advanced VIRGO (Europe)
- KAGRA (Japan)

Hotokezaka+13KAGRA
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Figure 1: Comparing the typical gravitational-wave strain for various binary systems to the sensitivity of
interferometric detectors. The current generation of ground-based detectors, which are sensitive above
10 Hz, (GEO600, Virgo and LIGO) is compared to the second generation of detectors, like Advanced
LIGO (AdLIGO). Third generation detectors (like the Einstein Telescope, ET) would improve the
sensitivity by another order of magnitude across a similar broad frequency range. The figure also
shows the space-based detector LISA, which will be a supreme instrument for detecting signals from
supermassive black holes. It is worth noting that the dimensionless strain sensitivity of the ground-
and space-based detectors is quite similar. To see this, simply multiply the shown curves (showing the
strain per root Hz) by the square root of the frequency.

our understanding of the development of large-scale structures in the Universe.
Another key problem for LISA concerns the capture of smaller bodies by large black holes [12].

The space-based detector should be able to detect many such events. Their detailed signature provides
information about the nature of the spacetime in the vicinity of the black hole, and could therefore be
used to map the geometry, test black-hole uniqueness theorems etcetera. To model these systems is,
however, far from trivial. In particular since the orbits may be highly eccentric. The main challenge
concerns the calculation of the e!ects of radiation reaction on the smaller body. In addition to accounting
for the gravitational self-force and the radiation reaction, one must develop a computationally e"cient
scheme for modelling actual orbits. This is not easy, but at least we know what the key issues are.

4.2 Supernovae

Our expectations are not always brought out by more detailed modelling. Sometimes the devil is in
the detail and our intuition falters. For example, one might expect apparently powerful events like
supernova explosions and the ensuing gravitational collapse to lead to very strong gravitational-wave
signals. However, the outcome depends entirely on the asymmetry of the collapse process. This is
clear from (11). The di!erence between the initial and the final state does not matter. It is the route
that the system takes, how it evolves, that determines the strength of the gravitational-wave signal.
Unfortunately, current numerical simulations suggest that the level of radiation from core collapse
events is rather low. Typical results suggest that an energy equivalent to ! 10!7M"c2 (or less!) will be
radiated [13].
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No electromagnetic counterpart,
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EM signature from 
NS-NS merger

•On-axis short GRB

•Off-axis radio/optical 
afterglow

•Radioactive emission 
(r-process nuclei)
- kilonova
- macronova
- mini SN
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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,
!obs. 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 !obs ! !j , 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 !obs ! 2!j (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



Expected emission

Timescale

Luminosity

tp � 1 day
�

M

0.01M�

�1/2 � v

0.2c

��1/2
�

�

0.1 cm2 g�1

�1/2

L � 1042 erg s�1

�
M

0.01M�

�1/2 � v

0.2c

�1/2
�

�

0.1 cm2 g�1

��1/2

Li & Paczynski 98
Metzger+10~ 20 mag at 200 Mpc 

energy
deposition

energy
deposition

Survey with 1m-class wide-field telescopes



Hotokezaka et al. 2013

Numerical relativity
simulation

3D radiative transfer
simulation

MT & Hotokezaka 13, ApJ, in press
(arXiv:1306.3742)

1. Opacity of r-process-dominated ejecta?
     (κ ~ 0.1 cm2 g-1  for SNe)

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
(! =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 ! = 10 cm2 g"1.

Figure 3 shows the mass absorption coe!cient as a
function of wavelength at t = 3 days in model NSM-all
at v = 0.1c. The mass absorption coe!cient is as high as
1-100 cm2 g!1 in the optical wavelengths. The resulting
Planck mean mass absorption coe!cient is about ! =
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 ! = 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 di"erent 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)
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Fig. 6.— UVOIR spectra of model NSM-all at t = 1.5, 5.0, and 10.0 days after the merger. The spectra are almost featureless. At NIR
wavelengths, there are possible absorption troughs, which result from Y i, Y ii, and Lu i in our simulations. However, the features could
be result from the incompleteness of the line list in the NIR wavelengths.
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Fig. 7.— Bolometric light curves for realistic models (Table 1).
The expected emission of models with a soft EOS APR4 (red) is
brighter than that with a sti! EOS H4 (blue). For the soft EOS
APR4, the light curve does not depend on the mass ratio, while for
a sti! EOS H4, a higher mass ratio (1.2M! + 1.5M!, solid line)
results in a large ejecta mass, and thus, brighter emission than a
lower mass ratio (1.3M! + 1.4M!, dashed line).

heating is e!cient. By contrast, for the sti" EOS H4, the
mass ejection occurs primarily by tidal e"ects (the e"ect
of shock heating is weak, Hotokezaka et al. 2013). Thus,
the mass ejection is more e!cient for a higher mass ra-
tio. As a result, model H4-1215 (mass ratio of 1.25) is
brighter than model H4-1314 (mass ratio of 1.08).

These results open a new window to study the nature
of the NS merger and EOSs. By adding the information
of EM radiation to the analysis of GW signals, we may be
able to pin down the masses of two NSs and/or sti"ness
of the EOSs more accurately. Note that, in the current
simulations, the heating rate per mass is fixed. To fully
understand the connection between the initial condition
of the NS merger and expected emission, detailed nucle-
osynthesis calculations are necessary.

6. IMPLICATIONS FOR OBSERVATIONS

6.1. Follow-up Observations of EM Counterparts

In this section, we discuss the detectability of UVOIR
emission from NS merger ejecta. Figure 8 shows expected
observed light curves for a NS merger event at 200 Mpc.
Model NSM-all (black) and 4 realistic models (red and
blue) are shown. Note that all the magnitudes in Figure
8 are given in AB magnitude for the ease of comparison
with di"erent survey projects. Horizontal lines show 5!
limiting magnitudes for di"erent sizes of telescopes with
10 min exposure time.

After the detection of GW signal, EM follow up ob-
servations should discover a new transient object from
a ! 10-100 deg2 area. Thus, the use of wide-field tele-
scope/camera is a natural choice (e.g., Nissanke et al.
2013). For optical wavelengths, there are several projects
using 1 m-class telescopes that can cover !

> 4 deg2 area,
such as Palomar transient factory (PTF, Law et al. 2009;
Rau et al. 2009), La Silla-QUEST Variability Survey
(Hadjiyska et al. 2012), and Catalina Real-Time Tran-
sient Survey (Drake et al. 2009). In Figure 8, we show the
limiting magnitudes deduced from Law et al. (2009). Be-
cause of the red color, the detection in blue wavelengths
(ug bands) seems di!cult. Even for the bright cases,
deep observations with > 10 min exposure in red wave-
lengths (i or z bands) are needed. The faint models are
far below the limit of 1m-class telescopes.

For larger optical telescopes, the field of view tends to
be smaller. Among 4m-class telescopes, Canada-France-
Hawaii Telescope (CFHT)/Megacam and the Blanco
4m telescope/DECAM for the Dark Energy Survey 8

have 3.6 deg2 and 4.0 deg2 field of view, respectively.
In Figure 8, we show the limiting magnitudes from
CFHT/Megacam 9. The bright models (red and black
lines) are above the limits at the first 5-10 days. Simi-
lar to 1m-class telescopes, observations in redder wave-
lengths are more e!cient. The faintest model (model
H4-1314, blue dashed line) is still below the limit of 4m-
class telescopes with 10 min exposure.

8 https://www.darkenergysurvey.org
9 http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/generalinformation.h

- Very red SED (peak at NIR)
- Extremely broad-line (feature-less) spectra

(Identification of r-process elements seems difficult)

RV I J HBU



Radioactive emission in short GRB

Berger+13 arXiv: 1306.3960
Tanvir+13 

(Nature, arXiv:1306.4971)

A search for kilonova emission associated with GRB 130603B 3

Figure 1. HST imaging of the location of GRB 130603B. The host is well resolved and displays a disturbed, late-type morphology. The location at which the
GRB occurred (determined from ground-based imaging) is marked as a red circle. The left-hand panel shows the higher resolution optical (F606W) image,
in which there is little sign of any emission which could be associated with the GRB. The right-hand panel is the nIR (F160W) image, and although poorer
resolution, shows evidence of a compact source coincident with the GRB location.

Figure 2. [Upper panel:] the observed Swift/XRT light curve of GRB 130603B, showing a steep decline beyond about 10 hr. [Lower panel:] a combined optical
and nIR light curve. The optical data (green) have been interpolated to the F606W band and the nIR data (red) to the F160W band using an average early
time spectral energy distribution. Again the afterglow decays steeply after the first 10 hr at ⇠ t�2.15. The key conclusions from this plot are that the late time
HST limit on the optical F606W magnitude is consistent with a continuing steep decline, whereas the source seen in the nIR F160W flux requires an addition
component. While this might still indicate an underlying, non-varying feature of the host, the magnitude is in good agreement with the kilonova predictions of
Tanaka & Hotokezaka (2013), as illustrated by the plotted model lines.

c� 2013 RAS, MNRAS 000, 1–5

2 Berger, Fong, & Chornock

FIG. 1.— Images of the afterglow and host galaxy of GRB130603B. Left: Magellan/IMACS r-band image at 8.1 hr, with the bright afterglow marked. Middle:
HST/ACS/F606W image at 9.4 days. Right: HST/WFC3/F160W image at 9.4 days. In all three panels the circle marks the position of GRB 130603B, with a
radius of 10 times the rms of the astrometric match between the Magellan and HST images (1! ! 34 mas). A source coincident with the GRB position is clearly
visible in the WFC3/F160W image, with no corresponding counterpart in the ACS/F606W image.

Golenetskii et al. 2013). The spectral lags are 0.6 ± 0.7
ms (15 − 25 to 50 − 100 keV) and −2.5± 0.7 ms (25 − 50
to 100 − 350 keV), and there is no evidence for extended
emission (Norris et al. 2013). The combination of these
properties indicates that GRB 130603B is a short-hard burst.
Swift/X-ray Telescope (XRT) observations commenced
about 59 s after the burst and led to the identification
of a fading source, with a UVOT-enhanced position of
RA=11h28m48.15s, Dec=+17!04"16.9"" (1.4"" radius, 90%
containment; Evans et al. 2013).
Ground-based observations starting at about 2.7 hr re-

vealed a point source slightly offset from a galaxy
visible in Sloan Digital Sky Survey (SDSS) images
(Levan et al. 2013; de Ugarte Postigo et al. 2013; Foley et al.
2013; Sánchez-Ramírez et al. 2013; Cucchiara et al. 2013a).
The point source subsequently faded away indicating that it
is the afterglow of GRB130603B (Cucchiara et al. 2013b).
Spectroscopy of the host galaxy and afterglow revealed a
common redshift of z = 0.356 (Thöne et al. 2013; Foley et al.
2013; Sánchez-Ramírez et al. 2013; Cucchiara et al. 2013a;
Xu et al. 2013). We obtained two sets of r-band observations
of GRB 130603B with the Inamori Magellan Areal Camera
and Spectrograph (IMACS) mounted on the Magellan/Baade
6.5-m telescope on June 3.996 and 4.992 UT, and detected
the fading afterglow using digital image subtraction with the
ISIS software package (Alard 2000). The afterglow posi-
tion, determined relative to SDSS, is RA=11h28m48.166s and
Dec=+17!04"18.03"", with an uncertainty of 85 mas. The cen-
troid uncertainty in the afterglow position is about 10 mas
(Figure 1).
Hubble Space Telescope Director’s Discretionary Time

observations (Tanvir et al. 2013) were undertaken on 2013
June 13.032 UT (ACS/F606W; 2216 s) and 13.146 UT
(WFC3/F160W; 2612 s). We retrieved the pre-processed im-
ages from the HST archive, and distortion-corrected and com-
bined the individual exposures using the astrodrizzle
package in PyRAF (Gonzaga et al. 2012). For the ACS im-
age we used pixfrac= 1.0 and pixscale = 0.05 arcsec pixel−1,
while for the WFC3 image we used pixfrac= 1.0 and pixs-
cale = 0.0642 arcsec pixel−1, half of the native pixel scale.
The final drizzled images are shown in Figure 1. To locate
the afterglow position on the HST images, we perform rel-
ative astrometry between the IMACS and HST observations
using 12 and 9 common sources for the WFC3/F160W and
ACS/F606W images, respectively. The resulting rms uncer-

tainty is 34 mas (1!). The WFC3/F160W observations reveal
a point source coincident with the afterglow position, with no
corresponding source in the ACS/F606W observation (Fig-
ure 1).
To measure the brightness of the source we use point-

spread-function (PSF) photometry with the standard PSF-
fitting routines in the IRAF daophot package. We model
the PSF in each image using 4 bright stars to a radius of 0.85"",
and apply the WFC3/F160W PSF to the point source using a
0.15"" radius aperture and a background annulus immediately
surrounding the position of the point source to account for
the raised background level from the host galaxy. Using the
tabulated zeropoint, we obtain mF160W = 25.8± 0.2 AB mag.
To determine the limit at the corresponding position in the
ACS/F606W observation, we use the PSF to add fake sources
of varyingmagnitudes at the afterglow position with the IRAF
addstar routine, leading to a 3! limit of mF606W ! 27.5 AB
mag (see also Tanvir et al. 2013).

3. A COINCIDENT RED COUNTERPART: AFTERGLOW OR
KILONOVA?

Given the precise alignment of the point source in the
WFC3/F160W image with the optical afterglow position we
consider it to be related2 to GRB130603B. The simplest
explanation is that the source is the fading afterglow it-
self. From gri-band photometry of the afterglow at 8.4 hr
(Cucchiara et al. 2013b), the interpolated F606W magnitude
is about 21.9. Compared with the upper limit of ! 27.5 mag
at 9.4 days, the required decline rate must be steeper than
F!,F606W ! t−1.6 (Figure 2). This rapid fading is consistent
with the decline rate observed in the X-ray band at 1 hr to
1 day after the burst, F!,X ! t−1.6. In addition, the red color
of the point source, mF606W −mF160W ! 1.7 mag, corresponds
to a power law spectral index of " " −1.4 (F! ! #"), similar
to the power law index inferred from the early afterglow gri-
band emission, F! ! #−1.6 (Cucchiara et al. 2013b); we cau-
tion that at present there are no published early H-band mag-
nitudes for the afterglow that can directly confirm the V −H
color at 8.4 hr. Thus, optical/near-IR afterglow emission with
F! ! t−1.6#−1.6 can in principle account for the detected HST
2 Such a red source could conceivably be a foreground M dwarf (located at

d " 15 kpc for an M5 dwarf given the observed F160W magnitude), but the
expected number density within the 3! ! 0.1!! radius localization of the af-
terglow is" 10−5 based on number counts for M dwarfs to similar brightness
levels (Zheng et al. 2001).

our model
Mej = 0.01 Msun



Best with i band (0.8 um)
NIR ?? (~21 AB mag in NIR)
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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 (5! 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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2 deg

GW alert error box
e.g. 10 deg x 10 deg

Typical 8-10m 
telescope

0.3 deg
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~ 5000 galaxies 
(< 200 Mpc)
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Before After

1 deg

Before After

Big challenge

KISS: Kiso Supernova Survey

(SDSS) (KISS)

• Need all-sky reference image!
 (with i ~ 25 mag)  
=> ~350 nights with Subaru/HSC... (half sky)

• Or detection of declining object? 
=> Spectroscopy of <26 mag objects (=> TMT!)



Toward the Dawn of GW Astronomy

•GW detectors in 2017 -

• NS merger at < 200 Mpc

• Localization ~ 100 deg2

• EM counterpart is crucial

• Short GRBs are not always expected

• Radioactive emission

•Observing strategy

• Wide field search with 22-25 mag (i band)

• Detection of declining object?
(or all sky reference image with i=25 mag)

• Extremely broad line spectrum

• Subaru/HSC => TMT


