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重力波源
超新星: < several kpc (Galactic, Gossan+2015)

コンパクト天体連星合体

ブラックホール - ブラックホール: 電磁波 X?

ブラックホール - 中性子星: 電磁波 O

中性子星 - 中性子星: 電磁波 O (short GRB?)

パルサー (重力波の間接的検証): 非常に弱い(h~10-26?)
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Tanaka & Hotokezaka movies

Hotokezaka+2013
Tanaka & Hotokezaka 2013

radiation

中性子星合体 ==> kilonova
material
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The Astrophysical Journal, 775:113 (16pp), 2013 October 1 Tanaka & Hotokezaka
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Figure 2. Bolometric light curve of the model NSM-all (black, multi-frequency
simulations). This light curve 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 the blue, purple, and red lines, respectively). The result of
multi-frequency transfer is most similar to that of gray transfer with
κ = 10 cm2 g−1.
(A color version of this figure is available in the online journal.)

compared with the light curves for the same model but with the
gray approximation of the UVOIR transfer. The blue, purple, and
red lines show the cases with gray mass absorption coefficients
of κ = 0.1, 1.0, and 10 cm2 g−1, respectively. The result of
multi-frequency transfer closely follows the light curve with
the gray opacity of κ = 10 cm2 g−1. This result indicates that
r-process element-rich NS merger ejecta are more opaque than
previously assumed (κ ≃ 0.1 cm2 g−1; e.g., Li & Paczyński
1998; Metzger et al. 2010), by a factor of about 100. As a result,
the bolometric light curve becomes fainter and the timescale

becomes longer.7 This result is consistent with the findings of
Kasen et al. (2013) and Barnes & Kasen (2013).

Figure 3 shows the mass absorption coefficient as a function
of wavelength at t = 3 days in the model NSM-all at v = 0.1c.
The mass absorption coefficient is as high as 1–100 cm2 g−1 at
optical wavelengths. The resulting Planck mean mass absorption
coefficient is about κ = 10 cm2 g−1 (Figure 15). As a result,
the bolometric light curve of multi-frequency transfer most
closely follows that of gray opacity of κ = 10 cm2 g−1 in
Figure 2.

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

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

Figure 5 shows the multi-color light curves of the 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. In particular, the optical light curves

7 We show the results of our multi-frequency transfer simulations at t ! 1
day. Because of the lack of bound–bound transition data for triply ionized ions
in our line list (Figure 1), the opacities at earlier epochs are not correctly
evaluated. We hereafter show the results when the temperature at the
characteristic velocity is below 10,000 K, when the dominant ionization states
are no longer triply ionized ions. A detailed discussion is presented in
Appendix B.
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Figure 3. Mass absorption coefficient κ at v = 0.1c in the models NSM-all and NSM-Fe as a function of wavelength (t = 3 days after the merger). In r-process
element-rich ejecta, the opacity is higher than in Fe-rich ejecta by a factor of about 100 around the center of optical wavelengths (∼5000 Å).
(A color version of this figure is available in the online journal.)
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high opacity in kilonova ==> optically faint

Tanaka & Hotokezaka 2013
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中性子星合体は…

赤い, 暗い, すぐに(1週間程度で)暗くなる

d = 80 Mpc d = 200 Mpc 

8m級望遠鏡での深さ

10倍

Tanaka & Hotokezaka 2013, ApJ, 775, 113

The Astrophysical Journal, 775:113 (16pp), 2013 October 1 Tanaka & Hotokezaka

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

u band
200 Mpc

NSM-all
APR4 (soft)
H4 (stiff)

4m
8m

1.2 + 1.5
1.3 + 1.4

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

g band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

r band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

i band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

z band
200 Mpc1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

J band
200 Mpc

4m

space

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

H band
200 Mpc

4m

space

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

O
bs

er
ve

d 
m

ag
ni

tu
de

Days after the merger

K band
200 Mpc

4m

space

Figure 8. Expected observed ugrizJHK-band light curves (in AB magnitudes) for the model NSM-all and four realistic models. The distance to the NS merger
event is set to be 200 Mpc. A K correction is taken into account with z = 0.05. The horizontal lines show typical limiting magnitudes for wide-field telescopes (5σ
with 10 minute exposures). For optical wavelengths (ugriz bands), the “1 m,” “4 m,” and “8 m” limits are taken or deduced from those of the PTF (Law et al. 2009),
CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For NIR wavelengths (JHK bands), the “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.
(A color version of this figure is available in the online journal.)

To cover all the possibilities, we need 8 m-class telescopes.
Among such large telescopes, only Subaru/Hyper Suprime
Cam (HSC; Miyazaki et al. 2006) and the Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008; LSST Science
Collaborations et al. 2009) have a wide field of view (1.77 deg2

and 9.6 deg2, respectively). We show the expected limit with
Subaru/HSC. At red optical wavelengths (i or z bands),
8 m-class telescopes can detect even the faintest cases.

In Figure 9, we show an r−i versus i−z color–color diagram
for the model NSM-all compared with that of Type Ia, IIP, and

9

d = 200 Mpc 

10 days
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kilonova emission@optical-NIR
short GRBs


GRB 130603B@z=0.356 (1400 Mpc, DM=41.4)

NIR (H-band, 1.6um) emission excess w/ HST


GRB 150101B@z=0.134 (560 Mpc, DM=39.0)

no detection w/ 8m-class telescopes

7

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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Figure 7. Constraints on kilonova emission for GRB 150101B and all previous short GRBs with observations at �trest & 0.1 days in the rest-frame optical r-band
(left) and near-IR J-band (right) emission. Triangles denote 3� limits, from this work and the short GRB afterglow catalog (Fong et al. 2015). Open triangles
denote limits for GRB 061201 at a tentative redshift of z = 0.111, and at the median short GRB redshift of z = 0.5. Also shown is the detection of the near-IR
kilonova following GRB 130603B (black asterisk; Berger et al. 2013a; Tanvir et al. 2013). Grey regions denote four sets of kilonova models in r- and J-bands
(same as in Figure 4). Dashed and solid lines represent shallow (rAB = 21 mag and JAB = 20 mag) and deep (rAB = 24 mag and JAB = 23 mag) searches following
an event at 200 Mpc. The optical and near-IR limits for GRB 150101B provide the deepest constraints to date on kilonova emission. A comparison of the existing
data to kilonova models demonstrates the difficulty of placing meaningful constraints on kilonova emission with the cosmological sample of short GRBs, based
on the current era of models. At a distance of 200 Mpc, shallow searches following gravitational wave events may only be marginally effective in detecting
kilonovae. However, deep searches to depths of ⇡ 2⇥1040 erg s-1 will probe a meaningful range of kilonova models.

GRB 150101B occurred on a faint region of its host rest-frame
optical light, and is thus weakly correlated with local stellar
mass. Furthermore, there is no evidence for ongoing star for-
mation at the position of GRB 150101B. These findings are
also commensurate with NS/BH kicks.

5.3. Constraints on Kilonova Emission
A predicted signal of NS-NS/NS-BH mergers is transient

emission from the radioactive decay of heavy elements pro-
duced in the merger ejecta, (r-process “kilonova”; Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010). The
signal is predicted to be dominant in the near-IR bands due
to the heavy element opacities (Barnes & Kasen 2013; Ross-
wog et al. 2013; Tanaka & Hotokezaka 2013), although mod-
els incorporating a long-lived NS remnant predict bluer col-
ors (Metzger & Fernández 2014; Kasen et al. 2015). A near-
IR excess detected with Hubble Space Telescope (HST) ob-
servations following the short GRB 130603B was interpreted
as kilonova emission and the first direct evidence that short
GRBs originate from NS-NS/NS-BH mergers (Berger et al.
2013a; Tanvir et al. 2013).

For GRB 150101B, we place limits of ⇡ (2 - 4) ⇥
1041 erg s-1 on kilonova emission (Figure 7). To compare
these limits to searches for late-time emission following pre-
vious short GRBs, we collect all available data from the short
GRB afterglow catalog (Fong et al. 2015), constraining the
sample to bursts with upper limits at �trest & 0.1 days to match
the timescale of kilonova light curves. We only include events
which have either rest-frame r- or J-band observations. For 15
bursts with no determined redshift, we assume the median of
the short GRB population, z = 0.5, to convert to luminosity.
In addition to GRB 150101B, 25 short GRBs have rest-frame
optical limits and seven events have rest-frame near-IR limits.
These limits, along with the GRB 130603B-kilonova detec-

tion (Berger et al. 2013a; Tanvir et al. 2013) and four sets of
kilonova models (described in Section 3.3), are displayed in
Figure 7. We note that since GRB 061201 has a relatively
uncertain association with a galaxy at z = 0.111, we also dis-
play the limit if this burst originated at the median redshift of
z = 0.5 (Figure 7).

In the rest-frame optical band, GRB 150101B has one of
the deepest limits on optical kilonova emission to date with
⇡ 2⇥ 1041 erg s-1, and the most stringent for a short GRB
with a secure redshift. For GRB 061201, if the true redshift is
z = 0.111, this event has the deepest limit of ⇡ 6⇥1040 erg s-1.
This limit can rule out the optically brightest models which
invoke an indefinitely stable NS remnant (Kasen et al. 2015),
while an assumption of a higher-redshift origin at z = 0.5 is
not stringent enough to place any meaningful constraints (Fig-
ure 7).

The sample of short GRBs with rest-frame near-IR follow-
up is significantly smaller, spanning a range of ⇡ 1042 -
1044 erg s-1 with most limits clustered at ⇡ (0.8 - 3) ⇥
1042 erg s-1. Thus, with constraints of ⇡ (2-4)⇥1041 erg s-1,
GRB 150101B has the deepest limit on the luminosity of a
near-IR kilonova (Figure 7). For comparison, the detection of
the near-IR kilonova following GRB 130603B had a luminos-
ity of ⇡ 1.5⇥ 1041 erg s-1, which mapped to an ejecta mass
and velocity of ⇡ 0.03 - 0.08M� and ⇡ 0.1 - 0.3c (Berger
et al. 2013a; Tanvir et al. 2013). In the case of GRB 150101B,
optical observations of comparable depth at earlier epochs of
�trest ⇡ 2 - 5 days or deeper near-IR observations at �trest .
10 days would have helped to confirm or rule out the bright-
est kilonova models (Figure 7). This demonstrates the dif-
ficulty of performing effective kilonova searches following
short GRBs based on the current era of kilonova models, and
the necessity of more sensitive instruments (e.g., space-based
facilities or ⇠30-m ground-based telescopes) in this effort.

Fong+2016

r=21
r=24
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free neutron decay? (Metgzer+2015)
a small fraction of ejected neutron (~10-4 Msun) 
expands rapidly. (Bauswein+2013) 
==> β-decay: n --> p + e- + ν  
==> hour-scale “precursor” emission to kilonova
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Neutron precursors 1119

Figure 3. Top Panel: kilonova light curves, including the free neutron pre-
cursor, calculated for an assumed mass cut mn = 10−4 M⊙ separating the
ejected dominated by free neutrons and r-process nuclei. AB magnitudes
at U, G, and I bands are shown as a function of time after the merger for
an assumed distance of 200 Mpc equal to the detection range of Advanced
LIGO/Virgo for NS–NS mergers. Solid lines show a model including the
radioactive heating from free neutrons, while dashed lines show a case with
neutron heating artificially set to zero. Approximate sensitivity of the ZTF
and BlackGEM telescope arrays are shown as a solid black line (see text).
Bottom Panel: bolometric luminosity Ltot and the mass mph, radius Rph, and
temperature Tph of the photosphere, for the solution shown above.

Figure 4. Same as top panel of Fig. 3, but calculated assuming a lower free
neutron mass cut mn = 3 × 10−5 M⊙.

Figure 5. Same as top panel of Fig. 3, but calculated assuming a higher
electron Ye = 0.2 and (assuming lanthanides are not synthesized) a lower
opacity κ r = 3 cm2 g−1.

lower mass cut reduces the U-band peak by ≈0.5 mag. The peak
brightness does not depend on mn as sensitively as would be naively
expected based on the factor of 3 fewer neutrons. This is because
the outermost mass shells contribute a disproportionately large frac-
tion of the early emission because they become transparent at an
earlier time td, m ∝ m1/2 (equation 11), resulting in a smaller fraction
of the available energy from neutron decay ∝ m being lost to PdV
work. Fig. 5 shows a case calculated for a lower opacity and higher
electron fraction Ye = 0.2, as would be appropriate if weak interac-
tions increase the ejecta Ye sufficiently to avoid the production of
lanthanide/actinide elements. The peak brightness is comparable to
the fiducial case because the lower free neutron mass ∝ 1 − 2Ye is
compensated by the lower opacity.

An early blue/visual bump thus appears to be a generic
consequence of the fastest expanding ejecta being dominated by
free neutrons. We caveat that the specific colour evolution will de-
pend more sensitively on our assumption of a grey opacity.

4 D ISCUSSION

Kulkarni (2005) first pointed out the potential importance that the
energy released by decaying neutrons could have on the optical sig-
natures of NS–NS mergers. However, the vast majority of the ejecta
remains sufficiently dense over the ensuing seconds that almost all
neutrons are captured into heavy nuclei as a part of the r-process.
A possible exception emphasized here is the fast-expanding matter
ejected during the earliest phases of the merger from the interface
between the surfaces of the merging NSs (Just et al. 2014). This
matter achieves low densities sufficiently rapidly to freeze-out a
large abundance of neutrons Xn ∼ 1 below a characteristic mass cut
of mn ∼ 10−4 M⊙ (Goriely et al. 2014).

Here, we have shown even a small layer of free neutrons in
the outermost ejecta can dramatically alter the early kilonova light
curves. This results primarily from the relatively long decay time-
scale of free neutrons as compared to the majority of the r-process
nuclei, and the large quantity of energy released per decay. The
signature of free neutron decay is a blue/visual bump that peaks at
a luminosity Ltot ∼ few 1041 erg s−1 on a time-scale of ! few hours
post-merger, corresponding to a peak U-band magnitude ∼22 at
200 Mpc. Our work strongly motivates ongoing efforts to reduce the
latency time of GW detectors (Cannon et al. 2012) and to develop
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Figure 2. Schematic illustration of the ejecta from a binary NS merger
leading to a neutron-powered precursor. Matter ejected from the shock-
heated interface between the merging NSs expands outwards with a range
of velocities v(m) ∝ m−β (equation 4; Fig. 1) where β ≈ 3. A small quantity
of mass ejected first (mass coordinate m < mn ∼ 10−4 M⊙; blue) expands
sufficiently rapidly that neutrons avoid capture into nuclei, while for the
bulk of the ejecta (m > mn; maroon) neutrons are captured into nuclei
during the r-process. Energy released by the decay of free neutrons escapes
the outer layers over a short time-scale t ! hours, powering the precursor
emission, which is relatively blue due to the high photosphere temperatures.
Radioactive energy released by r-process nuclei throughout the bulk of the
ejecta (including that ejected by tidal tails and disc winds) escapes over a
longer time-scale ∼ days, with redder colours.

in Newtonian SPH simulations might also be expected, because the
strength of outflows from the merger interface region results in part
from the deeper GR potential well. Assuming the hydrodynamics
is robust, the density profiles of fluid elements must be extrapolated
to later times than the simulation duration of tens of milliseconds
in order to follow the effects of neutron captures (Goriely et al.
2011), a procedure upon which the final neutron fraction could be
sensitive.

The other merger simulations presented in Bauswein et al. (2013)
show similar populations of rapidly expanding SPH particles,
based on the same expansion time-scale criterion τ exp ! 5 ms
found to result in free neutrons in the case described above.
Asymmetric binaries appear to produce a greater quantity of fast-
expanding material; a 1.2–1.5 M⊙ merger employing the DD2 EOS
contains ∼2.6 times as many particles satisfying τ exp < 5 ms as the
1.35–1.35 M⊙ case. The quantity of fast-expanding fluid could also
depend on the EOS, because a softer EOS with a correspondingly
smaller NS radius also produces stronger shock-heated outflows.
Simulations employing the very stiff NL3 EOS indeed produce
only ∼1/3 as many fast-expanding particles, while the softer SFHo
EOS produces approximately the same number. Post-processing
of the trajectories with a reaction network finds a free neutron
mass ranging from 0.6 to 5 per cent of the total ejecta mass for 13
different models. Given the small numbers of SPH particles involved
(∼100), these trends should be taken as only suggestive at this
stage.

2.1 Shock break-out from NS collisions

Even if free neutrons are not abundant in the ejecta from standard
binary NS mergers, other related physical scenarios could produce
a small quantity of rapidly expanding ejecta. Alternatively, such
matter could be present even in standard NS mergers even if it is not
well resolved by current simulations. One example is shock break-
out following the collision in a standard NS–NS merger (Sekiguchi
et al. 2011; Paschalidis, Etienne & Shapiro 2012; Kyutoku, Ioka
& Shibata 2014) or as would be produced by the head-on collision
of two NSs. The latter could be physically realized if the binary
eccentricity is stochastically raised due to Kozai oscillations by a
tertiary companion (e.g. Katz, Dong & Malhotra 2011).

Two NSs that collide head-on at their escape velocity will dis-
sipate an energy of Ecoll ≈ GM2

ns/2Rns ≈ 3 × 1053 ergs, where
Mns ∼ 1.4 M⊙ and Rns ≈ 10 km are the NS masses and radii,
respectively. The collision drives dual shocks outwards through each
NS (e.g. Rosswog et al. 2009) which as they approach the surface
are accelerated to relativistic velocities by the decreasing density
profile ρ(r) ∝ (Rns − r)n (Johnson & McKee 1971), where n = 3.
According to the formalism outlined by Nakar & Sari (2012; their
section 2.1 and equations 26), each shell of mass m = 10−4m−4 M⊙
will be accelerated to a four velocity

βγ = 0.93m−0.17
−4 E0.62

53 , (1)

where γ = (1 − β−2)−1/2 and E = Ecoll/2 = 1053E53 erg is the total
energy of each shock.

Shock break-out thus naturally accelerates a small layer of mass
m ! 10−4 M⊙ to mildly relativistic speeds, as pointed out by
Kyutoku et al. (2014). If the thickness of the accelerated layer
is comparable to the NS crust, %R ≈ km, then its initial expansion
time τ exp ≈ %R/7c ≈ 5 × 10−7 s is indeed quite short. Matter orig-
inating from the inner NS crust starts highly neutron rich (electron
fraction Ye ! 0.1), but weak interactions such as neutrino absorp-
tions and e± captures could in principle raise Ye substantially. If
the density of the shell following shock compression is seven times
higher than its initial value ρ ≈ m/4πR2

ns%R, then its post-shock
temperature is given by

(4π/7)R2
ns%RaT 4 = mc2 → kT ≈ 52m

1/4
−4 MeV. (2)

The characteristic time-scale for e± captures,

τ± ≃ 2.1(T /MeV)−5 s ≈ 10−8m
−5/4
−4 s (3)

is thus shorter than the expansion time-scale for m " 10−5 M⊙. If
matter enters equilibrium with e± captures, then from fig. 1 of
Beloborodov (2003) we estimate that Ye could be raised
to ∼0.3 given the temperatures and densities corresponding to
m ≈ 10−4 M⊙.

A more detailed calculation of shock break-out, including both
weak interactions and radiative losses, is necessarily to fully assess
the properties of fast-expanding, neutron-rich matter. Such a cal-
culation would also serve as a useful check on how the results of
numerical simulations such as those presented in Fig. 1 could be
impacted by resolution of the neglect of weak interactions in the
expanding matter.

3 LI G H T- C U RV E M O D E L

As matter expands, its optical depth decreases. The ejected mass
has a gradient of velocities. Following Piran, Nakar & Rosswog
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Figure 8. Expected observed ugrizJHK-band light curves (in AB magnitudes) for the model NSM-all and four realistic models. The distance to the NS merger
event is set to be 200 Mpc. A K correction is taken into account with z = 0.05. The horizontal lines show typical limiting magnitudes for wide-field telescopes (5σ
with 10 minute exposures). For optical wavelengths (ugriz bands), the “1 m,” “4 m,” and “8 m” limits are taken or deduced from those of the PTF (Law et al. 2009),
CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For NIR wavelengths (JHK bands), the “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.
(A color version of this figure is available in the online journal.)

To cover all the possibilities, we need 8 m-class telescopes.
Among such large telescopes, only Subaru/Hyper Suprime
Cam (HSC; Miyazaki et al. 2006) and the Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008; LSST Science
Collaborations et al. 2009) have a wide field of view (1.77 deg2

and 9.6 deg2, respectively). We show the expected limit with
Subaru/HSC. At red optical wavelengths (i or z bands),
8 m-class telescopes can detect even the faintest cases.

In Figure 9, we show an r−i versus i−z color–color diagram
for the model NSM-all compared with that of Type Ia, IIP, and

9
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Figure 3. Top Panel: kilonova light curves, including the free neutron pre-
cursor, calculated for an assumed mass cut mn = 10−4 M⊙ separating the
ejected dominated by free neutrons and r-process nuclei. AB magnitudes
at U, G, and I bands are shown as a function of time after the merger for
an assumed distance of 200 Mpc equal to the detection range of Advanced
LIGO/Virgo for NS–NS mergers. Solid lines show a model including the
radioactive heating from free neutrons, while dashed lines show a case with
neutron heating artificially set to zero. Approximate sensitivity of the ZTF
and BlackGEM telescope arrays are shown as a solid black line (see text).
Bottom Panel: bolometric luminosity Ltot and the mass mph, radius Rph, and
temperature Tph of the photosphere, for the solution shown above.

Figure 4. Same as top panel of Fig. 3, but calculated assuming a lower free
neutron mass cut mn = 3 × 10−5 M⊙.

Figure 5. Same as top panel of Fig. 3, but calculated assuming a higher
electron Ye = 0.2 and (assuming lanthanides are not synthesized) a lower
opacity κ r = 3 cm2 g−1.

lower mass cut reduces the U-band peak by ≈0.5 mag. The peak
brightness does not depend on mn as sensitively as would be naively
expected based on the factor of 3 fewer neutrons. This is because
the outermost mass shells contribute a disproportionately large frac-
tion of the early emission because they become transparent at an
earlier time td, m ∝ m1/2 (equation 11), resulting in a smaller fraction
of the available energy from neutron decay ∝ m being lost to PdV
work. Fig. 5 shows a case calculated for a lower opacity and higher
electron fraction Ye = 0.2, as would be appropriate if weak interac-
tions increase the ejecta Ye sufficiently to avoid the production of
lanthanide/actinide elements. The peak brightness is comparable to
the fiducial case because the lower free neutron mass ∝ 1 − 2Ye is
compensated by the lower opacity.

An early blue/visual bump thus appears to be a generic
consequence of the fastest expanding ejecta being dominated by
free neutrons. We caveat that the specific colour evolution will de-
pend more sensitively on our assumption of a grey opacity.

4 D ISCUSSION

Kulkarni (2005) first pointed out the potential importance that the
energy released by decaying neutrons could have on the optical sig-
natures of NS–NS mergers. However, the vast majority of the ejecta
remains sufficiently dense over the ensuing seconds that almost all
neutrons are captured into heavy nuclei as a part of the r-process.
A possible exception emphasized here is the fast-expanding matter
ejected during the earliest phases of the merger from the interface
between the surfaces of the merging NSs (Just et al. 2014). This
matter achieves low densities sufficiently rapidly to freeze-out a
large abundance of neutrons Xn ∼ 1 below a characteristic mass cut
of mn ∼ 10−4 M⊙ (Goriely et al. 2014).

Here, we have shown even a small layer of free neutrons in
the outermost ejecta can dramatically alter the early kilonova light
curves. This results primarily from the relatively long decay time-
scale of free neutrons as compared to the majority of the r-process
nuclei, and the large quantity of energy released per decay. The
signature of free neutron decay is a blue/visual bump that peaks at
a luminosity Ltot ∼ few 1041 erg s−1 on a time-scale of ! few hours
post-merger, corresponding to a peak U-band magnitude ∼22 at
200 Mpc. Our work strongly motivates ongoing efforts to reduce the
latency time of GW detectors (Cannon et al. 2012) and to develop

MNRAS 446, 1115–1120 (2015)
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Figure 8.1 Framework of Cosmic Explosions in the Year 2011. Note that until 2005 (Fig-

ure 1.1), we only knew about three classes (denoted by gray bands). Systematic surveys,

serendpitous discoveries and archival searches have yielded multiple, new classes of tran-

sients. Discoveries presented in thesis Chapters 3, 5, 6 and 7 are denoted by ⋆.

(Brown et al. 2011) that undergo such an explosion.

2. Luminous Red Novae: The defining characteristics of the emerging class of luminous

red novae (LRN) are: large amplitude (> 7mag), peak luminosity intermediate be-

tween novae and supernovae (−6 to −14mag), very red colors and long-lived infrared

emission. When the first LRN was discovered (Kulkarni et al. 2007), the similarities

to three Galactic explosions (including V838Mon) suggested a common origin. Since

then, 5 more extragalactic and 1 more Galactic LRN have been discovered. Recent

developments suggest there may be two progenitor channels.
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for cross-validating the meta-parameters. Thus we gave up the
exhaustive search ober the number of neural units in hidden lay-
ers and the step size of SGD. Instead, we hand-tuned the best
meta-parameters. The numbers of units in the lower, the mid-
dle, and the higher layers are (50,50,50). The step size γ is
chosen to be 0.01.
Reulting FPR scores at 90% TPR is 21.9%.

• 本物の数が少ないという欠点を補うため、人工天体を埋

め込んでそれを本物とすることにした。

• 人工天体を使用するメリットは以下の通りである。

We made a fabricated HSC imaeg in which artificial transient
objects were embeded as “real” objects. This mothod has
the following good points. (1) It is possible to increase the
sample of “real” objects. So machines can be well trained.
For example, performance of Deep Neural Net was improved
well. (2) Human works to make the training data are not
necessary. Then, ambiguity caused by human works were re-
moved. (3) The training data made by the human works tend
to contain brighter objects. On the other hand, by using arti-
ficial objects, we can increase sample for less bright objects,
which are scientifically more valuable. (4) Discrimination
performance of machines can be evaluated more accurately.

• 人工天体の作成方法を述べる。（田中さん）

• magnitudeの分布は、実際の bogusの分布とほぼ同じにな
るようにした (Figure 3)。８月の観測で使用した特徴量を
Table 2に示す。

• 各々の machineで学習データに対する性能評価の結果を
載せる。(森井、NTTさん)

• AUC boostingの場合の ROC curveは、Figure 4のように
なった。暗い天体に対しては性能がよくないことがわか

る。(同様の図を作成できますでしょうか？NTTさん）
• 観測の前にマシンを pipelineに組み込んだことを言う。早
く判別することが可能になった。

• 各解析 stepでの 天体数は、以下のようになった (田中さ
んの資料を元に表にする予定。森井)。
1. Source extractor : ##
2. machine learning : ##
3. double detection : ##
4. exclude objects near the bright star : ##

• 各 Machineでのスコアの分布は、Figure 5の様になった
（田中さん）。

• Machine 相互のスコア分布の比較を Figure 6に示す。あ
る特定のマシンで高いスコアになっても他のマシンでは

高スコアになるわけではない。ある特定のマシンが万能

というわけではないため、複数のマシンの結果のANDを
採用することが望ましいことがわかる。

(Machine Learningの判定の後、どのようなことが行われ
たかを書く。) Machine leaningによる判別の結果は、観測
が行われた当日に得られた。判別で得られた ∗∗個の天体を

visual inspectionして、最も supernovaらしい天体を 10天体

Fig. 3. Distribution of magnitude of bogus objects and artificial “real” objects

Fig. 4. ROC curve for auc Boosting for every magnitude slice.

Fig. 5. Distribution of scores of AUC boosting, Random forest, Deep Neural
Net, and Maltilayer perceptron.

Fig. 6. Comparision among scores of AUC boosting, Random forest, Deep
Neural Net, and Maltilayer perceptron.

false positive rate
(fraction to judge bogus as real)

better

miss 10% of real 

Machine Learning for Transient 
Mikio Morii, JST/CREST collaboration, et al. submitted to PASJ
(Kavli IPMU, Institute for Statistical Mathematics, NTT Communication 
Science, and Tsukuba Univ.)

©Masaomi Tanaka
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optically variable objects in x 4. In this section, we summarize
these observations and cross-identifications of optically variable
objects. A summary of the X-ray and mid-infrared imaging data
is given in Table 1.

3.1. Optical Spectroscopy

Since 2002, follow-up optical spectroscopic observations have
been conducted with many telescopes and instruments (Yasuda
et al. 2003, and in preparation; Yamada et al. 2005; Lidman et al.
2005;Watson et al. 2005; Ouchi et al. 2005a, 2005b). Instruments
and telescopes used are the TwoDegree Field (2dF) on theAnglo-
Australian Telescope (AAT), the Faint Object Camera and Spec-
trograph (FOCAS;Kashikawa et al. 2002) on the Subaru telescope,
the Visible Multiobject Spectrograph (VIMOS; Le Fevre et al.
2003) and the Focal Reducer /Low Dispersion Spectrograph 2
(FORS2) on the Very Large Telescope (VLT), the Gemini Multi-
Object Spectrograph (GMOS; Hook et al. 2004) on the Gemini-
North telescope, and the Echellette Spectrograph and Imager (ESI;
Sheinis et al. 2002) on the Keck-II telescope. All the observations
except for the Keck-II ESI, which is a high-dispersion echellete
spectrograph, have been carried out in relatively low spectral res-
olution mode (R ! 500). Most of the spectroscopic observations
were done in multiobject spectroscopy mode.

Out of 1040 variable objects, 119 objects were targeted for
spectroscopy. Of these 119 objects, 99 objects were identified and
the redshifts were determined. The spectroscopic sample includes
3 stars, 14 host galaxies of SNe, 6 of which are spectroscopically
identified as SNe Ia (Lidman et al. 2005; Yasuda et al. 2008, in
preparation), 53 broad-lineAGNs, 4 [Ne v] emitting galaxies, and
25 galaxies. Strong [Ne v] emission lines are only observed among
AGNs, which emit strong ionizing photons above 97.2 eV, and
[Ne v] emitting galaxies are considered to host AGNs. Other gal-
axies which appear to be normal galaxies also can host not only
SNe but also AGNs, because many AGNs in our sample are faint
compared to the host galaxies, so that the spectra may not show

significant features of AGN origin. The redshifts of 96 extraga-
lactic variable objects are 0:240 < z < 4:467.We show 11 exam-
ples of the spectra obtained with FOCAS on Subaru and FORS2
on VLT in Figures 3, 4, and 5. The top two rows of Figure 3 are
those for M dwarf stars showing bursts in 2002 with red optical
colors of B" V ¼ 1:34 and 1.36. The bottom row of Figure 3 is
an early-type star with B" V ¼ 0:44. We also show spectra of
four broad-line AGNs at z ¼ 0:867, 1.066, 2.150, and 3.553 in
Figure 4, and spectra of SN host galaxies at z ¼ 1:239, 0.505,
0.517, 0.606 in Figure 5. The light curves are also shown in the
figures. The photometric points in these light curves are measured
as differential flux in the subtracted images.
Since spectroscopic observations of variable objectsweremainly

targeted for X-ray sources and high-z SN candidates, the spectro-
scopic sample of variable objects are biased for those classes of
variable objects. Therefore, we cannot say much about the frac-
tion of variable objects from the spectroscopic sample alone.

3.2. X-Ray Imaging

X-ray imaging observations in the SXDF were carried out with
the European Photon Imaging Camera (EPIC) on board XMM-
Newton. They consist of one deep (!100ks) pointing on the center
of the SXDF and six shallower (!50 ks) pointings at the surround-
ing regions. In total, X-ray imaging covers most of the Suprime-
Cam imagingfields (see Fig. 1). Details of theXMM-NewtonEPIC
observations, data analyses, and optical identifications are described
in Ueda et al. (2008) and M. Akiyama et al. (2008, in prepara-
tion). The limiting fluxes are down to 1 ; 10"15 erg"1 cm"2 s"1

in the soft band (0.5Y2.0 keV) and 3 ; 10"15 erg"1 cm"2 s"1 in
the hard band (2.0Y10.0 keV).
In this paper, we use a sample that was detected with likeli-

hood >9 in either the soft or hard band and also within our vari-
ability survey fields. After excluding objects in the regions not used
for variability detection (Table 1), we have 481 X-ray sources over

Fig. 3.—Spectra in arbitrary units and light curves of three variable stars. All the spectra were obtained with FOCAS on Subaru telescope. The observational con-
figurations were the 300B grism and SY47 order-sort filter for the top two stars, and the 150 grism and SY47 order-sort filter for the bottom star. The top two rows are
M dwarf stars with B" V ¼ 1:34 and 1.36. The bottom row is an early-type star with B" V ¼ 0:44. The light curves of differential flux were plotted in filled circles in
linear scale ( in ADU), because we cannot plot magnitudes in their faintest phases. The zero point is 34.02mag. Unreliable photometric points are plotted with open circles.

MOROKUMA ET AL.168 Vol. 676

0.808 deg2. Among 936 variable objects within the X-ray field,
172 objects were detected in X-rays (165 and 91 objects detected
in the soft and hard bands, respectively; see Table 1).

3.3. Mid-Infrared Imaging

Mid-infrared imaging data in 3.6 !m, 4.5 !m, 5.8 !m, and
8.0 !m bands with the Infrared Array Camera ( IRAC; Fazio
et al. 2004) on Spitzerwere obtained in the SXDF as a part of the
Spitzer Wide-area Infrared Extragalactic (SWIRE; Lonsdale
et al. 2003, 2004) survey. The IRAC data cover almost the entire
Suprime-Camfield except for a part of SXDF-W.The covered field
is 0.889 deg2 (97% of the Suprime-Cam field), shown as gray
regions in Figure 1. The reduced IRAC imageswere obtained from
the SWIREArchive, and the catalogs were made byM. Akiyama
et al. (2008, in preparation). They use the IRAC imaging data for
optical identifications of X-ray sources. In this paper, we use only
the 3.6 !m band data for object classification in x 4. The limiting
magnitude is!22.0mag (total flux, 5" for point sources). Among
1040 variable objects, 1028 objects are within the IRAC field, and
995 objects are detected in the 3.6 !m band (Table 1). Spatial
resolution of the IRAC 3.6 !m band is not high,!100, but we can
assign IRAC identifications to almost all the optically variable
objects with good accuracy.

4. OBJECT CLASSIFICATION

The variable object sample includes several classes of variable
objects. In this section, we classify these variable objects into var-
iable stars, SNe, and AGNs using optical and mid-infrared imag-

ing parameters. The procedures described in xx 4.1 and x 4.2 are
summarized in a flow chart of Figure 6.

We note again that the object photometric information is aver-
aged over the observational time spans, but its effect on our statistical
classifications and discussions is small even if objects are variable.

4.1. Star Selection

Weextracted variable stars from the variable object sample using
the Suprime-Cam optical imaging and the IRAC mid-infrared
imaging data. Since the IRAC data cover 97% of the variability
survey field in the SXDF, we concentrate on the 1028 variable
objects in the overlapped region of 0.889 deg2 for the following
discussions, such as object classifications and number densities.
Star selection is based on the optical morphologies, optical mag-
nitudes, optical colors, and optical andmid-infrared colors of the
variable objects.We used totalmagnitudes in both optical andmid-
infrared wavelengths to make this selection.

4.1.1. Criteria for Optical Morphology, Magnitude, and Color

First, we assigned to all the variable objectsmorphological scores
(mscore ¼ 0Y10) and color scores (cscore ¼ 0:00Y1:00) using a
method described in Richmond (2005). Themorphological scores
mscore were calculated based onmagnitude differences ##m2$m3

between 2.000 aperture magnitudes (m2) and 3.0
00 aperture magni-

tudes (m3), and the CLASS_STAR values in all the five broad-
bands from the SExtractor (Bertin & Arnouts 1996) outputs in
the SXDF catalogs. If an object has 0:10 < # < 0:20, we add 1 to
mscore. If a CLASS_STAR value of an object is larger than some

Fig. 4.—Spectra in arbitrary units and light curves of four extragalactic variable objects that are classified as AGNs based on their light curves and variable locations
(central variability). All the spectra were obtained with FOCAS on Subaru telescope. The observational configurations were the 300B grism without any order-sort filters
for the top and third AGNs, and the 150 grism and SY47 order-sort filter for the second and bottom AGNs. The redshifts are 0.867, 1.066, 2.150, and 3.553, from top to
bottom. Dashed lines indicate detected emission and absorption lines. The zero point the light curves is 34.02 mag.
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value (typically 0.90, small variations from field to field) we also
add 1 tomscore. The color scores cscore were assigned based on the
distances from the stellar loci in two color-color planes, B! V
versus V ! R and V ! R versus R! i 0, using the SExtractor out-
put IsophotMag. The stellar loci were defined using colors of a
small set of bright stars. The color score represents the probability
that each object is inside the stellar locus in color-color space
using aMonte Carlo approach. Ameasure of the degree to which
the colors of an object (including their uncertainties) fall within
the stellar locus at the point of closest approach. Values range
from 0.0 (color is completely outside the stellar locus) to 1.0
(color is completely within the locus). Objects with larger values
for both scores are more likely to be stars, and the most likely
stars should havemscore " 9 and cscore " 0:90. However, faint, red
or blue stars are likely to have lower values for both the scores
because of the low signal-to-noise ratio of photometry in some
bands. In this classification, stars redder than G stars were not
used for determining the stellar loci. The reddest stellar locus is at
R! i 0 # 1:7. Therefore, red stars with R! i 0 > 1:7 cannot have
high values of cscore, and we do not use cscore values for red stars
with R! i0 > 1:7. Galaxies with similar colors can contaminate
the sample. However, they can be excluded by an opticalYmid-
infrared color selection described below. Another problem is
color differences of stars due to differences in their metallicity.
Bright stars used for determining the stellar loci are mainly disk
stars, while fainter stars are likely to belong to the halo popula-
tion. Color differences in R! i0 caused by the population differ-

ence appear at R! i0 > 1:0, so faint red stars with R! i0 > 1:0
tend to have low cscore values; we decided to classify pointlike ob-
jects with R! i0 > 1:0 as stars. Hence, we first assigned stellar
likelihood to all the variable objects through five criteria using
only optical photometric information:

(a) Stars with mscore " 9 and cscore " 0:90 (pointlike objects
with stellar colors).
(b1) Probable stars with 9 > mscore " 6 and 0:90 > cscore "

0:60 (less pointlike objects with less stellar colors).
(b2) Probable stars with mscore " 9 and R! i0 > 1:0 (point-

like objects with red colors).
(c) Possible starswithR! i0 >1:7 (objectswith very red colors).
(d) Nonstellar objects, which do not satisfy any criteria above.

Objects satisfying one of the criteria a, b1, b2, or c, are con-
sidered as stars.
In order to check the validity of our star selections based on

only optical imaging parameters, we used a population synthesis
model (Besançon model; Robin et al. 2003). We investigated the
expected distributions of stars, including nonvariable stars in the
SXDF which were selected with the same criteria in a B! V
versusV color-magnitude diagram.The distributions contain three
sequences, and two of them, sequences for younger disk popu-
lation and older halo population, are reasonably duplicated by the
model. Another sequence of faint blue pointlike objects has almost
the same distribution as more extended galaxies in this diagram.
Then, we concluded that these faint blue pointlike objects are

Fig. 5.—Spectra in arbitrary units and light curves of four extragalactic variable objects. The top three objects are classified as SNe based on their light curves and
variable locations (offset variability). The bottom object was spectroscopically identified as a SN Ia, SN 2002km (Lidman et al. 2005), but we cannot determine whether
they are SNe or AGNs because baselines of their light curves are not long enough (see x 4.2.2). The top three objects were observed with FOCAS on Subaru telescope. The
observational configurations were the 150 grism without any order-sort filters for the top and third objects, and the 300B grism and SY47 order-sort filter for the second
object. The bottom object were observed with FORS2 on VLT using the 300I grism and the OG590 order-sort filter (see Fig. A.32 in Lidman et al. 2005 for the SN com-
ponent). The redshifts are 1.239, 0.505, 0.517, and 0.606, from top to bottom. Dashed lines indicate detected emission and absorption lines. The zero point is 34.02 mag.

MOROKUMA ET AL.170 Vol. 676
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can include not only objects showing transient phenomena such
as flare-ups of faint dwarf stars, but alsoKuiper belt objects mov-
ing less slowly than ! ! 100 hr"1 (a typical value of seeing size
per exposure time for each stacked image), corresponding to a
semimajor axis of >100 AU. These estimates of numbers of var-
iable objects provide the expected number of variable objects con-
taminating interested samples using nonsimultaneous observational
data. For example, Iye et al. (2006) and Ota et al. (2007) inves-
tigated the possibility of variable object contaminations of their
LAE sample at z ! 7:0 in the SubaruDeepField (SDF;Kashikawa
et al. 2004), which were obtained by comparing broadband im-
aging data taken before 2004 with narrowband NB973 imaging
data in 2005. From the bottom row of Figure 13, a few or<1 object
in the SDF (!0.3 deg2) can be just transient objects and misclassi-
fied as narrowband excess objects in their sample. Their plausible
candidateswith narrowband excess are 2.One of thesewas spectro-
scopically identified and turned out to be a real LAE at z ¼ 6:94.
Spectroscopic identification of another candidate should also be
done. Whether this candidate is a real LAE or not, the number of
narrowband excess objects they found is consistentwith the number
expected from statistics of number densities of transient objects.

The fraction of variable objects of the overall objects in the
SXDF are shown in Figure 14.Magnitudes used in this figure are
the total magnitudes of host objects. About 5% of the objects at

i0 ! 21 mag show optical variability, and the fraction rapidly de-
creases toward fainter magnitudes. These declines are caused by
the detection limit for variability. Large variability relative to the
host object is necessary for faint objects to be detected. Almost all
of objects in the SXDF are galaxies, not stars (the fraction of stars
is !4%). Then, the fraction of variable AGNs is !3% around
i0 ! 21 mag, where the detection completeness is!1. Sarajedini
et al. (2006) found that 2.6% of galaxies have variable nuclei
down toVnuc < 27:0magwithout completeness corrections using
two-epoch observations separated by 7 years. Their fraction is
consistent with ours. Cohen et al. (2006) also used four-epochACS
imaging data on time baselines of 3months down toVtotal< 28mag
and detected variability of !1% of galaxies. This small percen-
tage in Cohen et al. (2006) is consistent with ours if we consider
their short time baselines, since most AGNs vary in brightness
on longer timescales of years, as shown in Figure 12.

7. VARIABLE STARS

The sample of variable stars used in this section includes
153 objects which were classified as reliable stars, probable stars,
and possible stars in x 4.1. The top panels of Figure 15 show
color-magnitude diagrams of i0 versus R" i0 (left) and V versus
B" V (right) for variable stars (black circles) and nonvariable
stars in the SXDF (gray dots).

Fig. 13.—Number densities of variable objects as a function of variable component magnitude i0vari, plotted for (rows, top to bottom) all the variable objects (top row),
variable stars, SNe, AGNs, and possible transient objects (bottom), and for (columns, left to right) all the observational data (left), and timescales !t < 10 days,
10 < ! t < 50 days, 50 < !t < 200 days, and ! t > 200 days (right).
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どのように中性子星合体を選び出すか
たくさんのコンタミ


変光星、超新星、AGN、移動天体・・・

O(100)-O(1000)のコンタミから1つの中性子星合体を選びたい


光度変動、スペクトル情報から高効率な選択方法

2バンドでの撮像: i-zで赤い

数日で暗くなる(速いタイムスケール)


重力波天体は系外銀河に付随

定常的に光っている銀河・星が邪魔

画像の引き算

系外変動天体

数日のタイムスケール

~O(1) deg-2 w/ すばる望遠鏡 
(TM+2008, Yoshida+2016)

18Figure 2: The i band limiting magnitude of the HSC ob-
servation of GW151226 and kilonova light curves. A filled
triangle represents median limiting magnitudes of the HSC
observation. The theoretical i band light curves of NS–NS
merger (pink lines) and BH–NS merger (blue lines) are taken
from Tanaka+ (2014). Solid, dashed and dotted lines corre-
spond to the event distances of 50 Mpc, 100 Mpc, and 200
Mpc, respectively.
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Figure 3: The color evolution of kilonova (Tanaka+
2014). The interval of the dots on the lines is 5 days.
The color range of minor planets is shown as thick ar-
row at the ottom-left of the plot. 5σ detection limit
with HSC 1 minute exposure is shown by dashed lines,
and the gray colored area is unobservable region with
this project.

instrument in the world which can cover most of the 90% credible area of GW in O2B with 8m telescope detection
capability (see Fig.2). We therefore propose a deep wide-field search of EM counterparts of GW sources with HSC.

We trigger ToO observations to Subaru HSC immediately after (within 6 days) GW alerts, if HSC is
attached to the telescope (this corresponds to ToO (A) mentioned above). We choose ToO targets using the
EM bright ranking and the event distance provided with the alerts (see section 2). We perform i and z bands survey
observations within the localization error area. This two color observation is very efficient to identify the EM counterpart
of GW source (Fig.3). With 50 sec exposure, HSC i and z bands can reach ∼24.4 mag and ∼23.6 mag, respectively
(5σ; this was confirmed by our previous ToO observations: Fig.2). We repeat the observation twice with the interval
of ∼1 hour per one field in each band to reject moving objects and cosmic ray events. We can survey ∼60 deg2 within
5 hours with HSC (including 15% field overlap to fill the gap between CCDs, readout time, and filter exchange time).
Thus we request 0.5 nights for this initial observation. To identify the EM counterpart, we also need to follow the
time variability by making the same observations a few days after the initial observation. In addition, we need another
observation at an epoch well separated (∼1 month) from the initial observation to get the reference images. To make
these two observations, we request additional 2×0.5 nights.

As explained in section 1, the event rate of NS–NS merger is expected to be an order of 1 in O2. The event rate
of BH–NS merger has not been quantitatively estimated so far, since no such system has been observed, but BH–NS
is theoretically possible to exist. Assuming that ∼10% of short γ-ray bursts (SGRB) arise from BH–NS merger, we
estimated the merger rate of BH–NS detectable in O2 based on the event rate of SGRB and found that it would be the
same order of magnitude as that of NS–NS (Nakamura+ 2016). Thus we expect a few sources which contain a NS and
produce kilonova emission. We therefore request 3 sets of the above ToO observation set. In summary, we request
3×3×0.5 nights (4.5 nights in total) for this project.

If good candidates of optical-infrared counterpart are detected with HSC or other facilities in the
world, we trigger ToO observation of ToO (B) using FOCAS, MOIRCS, IRCS or HDS, or NIR imaging
with MOIRCS or IRCS. The spectral resolution R we need is ∼500–1000 for FOCAS, MOIRCS and IRCS to obtain
the SED and line spectrum of the counterpart, or the spectrum of the host galaxy when the candidate has already
faded out. We make high-resolution spectroscopy with R ∼ 50, 000 using HDS to obtain the detailed spectrum of the
absorption lines. If MOIRCS or IRCS is available, we will try to perform NIR (J, H, or K bands) imaging. Instrument
selection and observing mode depend on both the brightness of the target and the availability of instrument.

5. Source detection method
A deep, wide-field survey using HSC must find many transient signals in the surveyed area. In fact, we detected

∼1,000 transient candidates in the follow-up observations of GW151226 with HSC with a limiting magnitude of 24.4
mag even after removing various artifacts and cosmic rays. Most of these sources were false signals. We will exclude
the false signals by (1) two visits for one FOV and (2) using positional coincidence analysis between two color (i and
z) bands data in the initial observation. Then we will measure the color-magnitude variability of the candidate sources
using the second and third epoch observation data, and pick up the final candidates. Tracing the color-mag evolutions
of the candidate sources is very powerful to distinguish GW EM sources from SNe or minor planets (Fig.3). Fig.3 shows
that the color-mag evolution loci of NS–NS or BH–NS mergers are quite different from those of SNe and minor planets.
Using this plot, we can pick up candidates of EM counterparts.

References: Abadie+ 2010, CQG, 27, 173001.; Abbott+ 2016a, PRL, 116, 061102.; Abbott+ 2016b, PRL, 116,
241103.; Morokuma+ 2016, PASJ, 68, L9.; Nakamura+ 2016, in prep.; Singer+ 2014, ApJ, 795, 105.; Tanaka+ 2014,
ApJ, 780, 31.; Yoshida+ 2016, in prep.
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Preparation for GW-EM Follow-Up Observation
MoU w/ LIGO Scientific Collaboration (LSC) Virgo 
Collaboration (LVC)

~180 groups@2016 August


3 Japanese groups

J-GEM: optical, NIR, radio

MAXI: X-ray 
(Serino+2015, GCN)

CALET: gamma-ray  
(Sakamoto+2016)
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J-GEM = 
LIGO, Virgo, KAGRAからの重力波アラートを受けて突発天体の可視・
近赤外、電波でのサーベイを行う

LSC-Virgo Collaboration (LVC)とのMoU (2014年4月)

PI: 吉田道利氏 (広島大学)

16望遠鏡: 多経度, 北天 + 南天

広視野観測 + 近傍銀河ターゲット観測 (GWGC, White+2011) 
==> GLADE (http://aquarius.elte.hu/glade/)

観測体制強化: HiNOTORI@チベット，岡山0.91m WFC, 京都3.8m/KOOLS-

IFU, 木曽/Tomo-e Gozen

20

チベットロボット三色撮像カメラ HinOTORI プロジェクト 
Hiroshima University Operated Tibet Optical Robotic Imager

チベット自治区阿里~日本との時差3時間

• 日中共同のプロジェクト 
• 50cm RC 望遠鏡 u, Rc, Ic 同時撮像光学系 
• 視野角 23’x23’  
• シーイング ~ 0.6” 
• 標高5100m — 紫外線透過率が良い 
• 2013年6月以来3年3ヶ月ぶりに入藏，仮設

祝 2016/9/8 First light 

2016/9/9 土星像の取得

2. OAOWFC Status 
(1 deg2 NIR camera)

• Optical alignment was completed
– FWHM=2pix entire frame

• LIGO O1 follow-ups were carried out
– Reached J=17~18 with 15min

exposure
– Almost identical to the 2MASS limit

Ks-band image of the Galactic Plane 2MASS OAOWFC Difference

2016/02/20 G.W. 4th Symposium @ IPMU 5

Japanese collaboration for Gravitational wave 
ElectroMagnetic follow-up

Development of the Kiso Extremely Wide-Field CMOS Camera: Tomo-e Gozen― Investigation of Space Debris with Wide-Field Movie Observations

This research is supported in part by JSPS Grants-in-Aid for Scientific Research (KAKENHI) Grant Number JP25103502, JP26247074, 
24103001, and JP16H02158. This research is also supported in part by PRESTO, Japan Science and Technology Agency (JST). This work 

was achieved using the grant of Joint Development Research by the Research Coordination Committee, National Astronomical 
Observatory of Japan (NAOJ). The fabrication of Tomo-e PM was conducted in collaboration with the Advanced Technology Center of 

NAOJ. This research was conducted using the full-HD CMOS sensors developed in collaboration with Canon.

木曽超広視野高速 CMOS カメラ Tomo-e Gozen の開発
      ― 広視野動画観測によるスペースデブリの観測的研究への貢献

大澤亮, 酒向重行, 高橋英則, 一木真, 本原顕太郎, 宮田隆志, 諸隈智貴, 青木勉, 征矢野隆夫, 樽沢賢一,
猿楽祐樹, 森由貴, 三戸洋之, 中田好一, 小久保充, 満田和真, 谷口由貴, 土居守, 小林尚人 (東京大学),
渡部潤一 (国立天文台), 浦川聖太郎, 奥村真一郎 (美星スペースガードセンター), 吉川真 (ISAS/JAXA),

Tomo-e Gozen 開発チーム

the Tomo-e Gozen camera

the 7th Space Debris Workshop at JAXA, 2016.10.18�2016.10.20

Schedule of the Tomo-e Gozen Project

Detection of Faint Meteors

Kiso 105cm Schmidt

20 deg2 in Φ9 deg circle

2160×1200 CMOS sensor

84 chips

1.2 arcsec/pix

380 MB/exposure

2 Hz (max)

27 TB/night (max)

Telescope

Effective FOV

Detectors

# of Detectors

Pixel Scale

Data Size
Frame Rate

Data Rate

†

†Operated at a room temperature and under a normal pressure

Higher time resolution available
by reducing the size  of the field of view

Development of Prototype

Test Observation

Assembly

Camera Body

Readout Circuit

Sensor Evaluation

Sensor Development

Development of Tomo-e Gozen

Commissioning of Tomo-e Gozen  is scheduled in 2017. We have developed a 
prototype of Tomo-e Gozen (Tomo-e PM, Sako+, Proc. SPIE, 2016). Development of 
Tomo-e PM is successfully completed in 2015.

Now

Detection of a faint meteor (V~12mag.)

truncated due to rolling shutter

A background-subtracted image taken at 2Hz.
Stellar sources are masked.
The blue lines indicates the location of a faint meteor.

Meteors are detected by the "skew and collapse" method
By comparing the lineal brightness of the meteor

with the brightness of the field stars the limiting magnitude
 for meteors is estimated  as faint as ~ 13mag. at the V-band

The Tomo-e Gozen is the first astronomical CMOS camera, which will be mounted on the 105-
cm Schmidt Telescope in Kiso Observatory of the University of Tokyo. The Tomo-e Gozen can 
monitor a sky of about 20 sq-degree at 2 Hz, providing a great oppotunity to detect small and fast-
moving objects. We present an overview of the Tomo-e Gozen project and describe the 
performance of the Tomo-e Gozen camera in the context of observing space debris, along with 
the observations with a prototype of the Tomo-e Gozen camera developed in 2015.

We have developed an algorithm to efficiently detect faint meteors (Ohsawa
+, Proc. SPIE, 2016). Results of the test observations suggest that the 
Tomo-e Gozen can detect meteorsas faint as or fainter than V ~ 13mag.

A 3D model of the Tomo-e Gozen camera
mounted on the 105-cm Schmidt Telescope
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A composite image of JCSAT-2

Video Photometry of Satellites (JCSAT-2)
The Tomo-e Gozen will provide a suitable data for photometry with a high 
time-resolution. JCSAT-2, a non-operating Japanese satellite, was observed 
with the prototype of the Tomo-e Gozen. The 10 Hz movie data provided a 
precise measurement of its rotational period and the existence of flashes.

Follow-upobservationofHITOMI (astro-H)
Kiso Observatory made observations of the X-ray Astronomy satellite "Hitomi" (astro-H) 
with the prototype of the Tomo-e Gozen in a cooperation with JAXA. The folowing 
pictures ware created from a 2 Hz movie obtianed on 2016-03-31. The upper panel shows 
the trajectory of "Hitomi". "Hitomi" moved with rapidly changing its brightness. The 
bottom panel shows the light curve of "Hitomi", indicating that the brightness of "Hitomi" 
was periodically changing with the period of about 5.2s.

Trajectory of HITOMI

Detector 8 Detector 7

Observations of Debris with the Tomo-e Gozen

Geostationary Equatorial Orbit

Earth

Sunlight

image provided by NASA

42,000km

Low Earth Orbit
160−2,000km

Rotating Debris

The Tomo-e Gozen will provide a great oppotunity to detect small debris around the Earth. The 
wide field-of-view of the Tomo-e Gozen will be beneficial in observations of debris in the low 
earth orbit. The sub-second time resolution is important to investigate the rotation of debris. 

The figure below shows a rough estimate of the limiting magnitude of debris in the 
geostationary equatiorial orbit (GEO). It indicates that the Tomo-e Gozen can detect 1m-
size debris in the GEO if a debris has a rough surface. If a debris has a mirror surface, the 
Tomo-e Gozen can detect the debris 
which is smaller than 10mm as a 
flash-like object. In the experimental 
observations with the prototype of 
the Tomo-e Gozen, several flash-like 
objects were detected. Large fraction 
of them are assumed to be small 
rotating debris in the GEO. The size 
distribution of the debris in the GEO 
can be revealed by observations with 
the Tomo-e Gozen.
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d) Rough Surface (albedo=1.0)

Rough Surface (albedo=0.1)

Mirror Surface (albedo=1.0)

Mirror Surface (albedo=0.1)

Detection Limit in 50s integration
Detection Limit in 2Hz Observation
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Galaxy List for the Advanced Detector Era (GLADE)
higher completeness required than GWGC (White+2011)

2MASS XSC + 2 MPZ + HyperLEDA

B mag + redshift + IR magnitudes

21

aquarius.elte.hu/glade

Density of galaxies

Gergely Dálya (ELTE) dalyag@caesar.elte.hu September 01, 2015 6 / 11
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Summary and comparison with other catalogs

[1] White, D. J., Daw, E. J. & Dhillon, V. S., 2011, Class. Quantum Grav., 28 085016

[2] Gehrels, N., Cannizzo, J. K., Kanner, J. et al., 2015, submitted to ApJ
http://arxiv.org/abs/1508.03608

Gergely Dálya (ELTE) dalyag@caesar.elte.hu September 01, 2015 10 / 11

Other advantages:

! Value-added with B mag and z data

! We are working on associating stellar masses to each galaxy

! We have a working pipeline to associate any other parameters
relevant for the Collaboration

GWGC [1] CLU [2] GLADE

No. of galaxies 53,255 ? 2,068,841
Completeness % at 60 Mpc 60 100 104 ± 7

Completeness % at 120 Mpc 80 71 ± 5
Completeness % at 180 Mpc 40 65 ± 5

http://aquarius.elte.hu/glade
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4 deg2 ==> 20 deg2

2 deg2

1.8 deg2
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サーベイ能力 (可視近赤外望遠鏡)

Subaru/HSC

[LSST]

Kiso/KWFC

[Kiso/Tomo-e]

ASAS-SN

HST/ACS

[WFIRST] VISTA

[]は将来の計画
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すばる望遠鏡 Hyper Suprime-Cam (HSC)

24

The Astrophysical Journal, 767:124 (21pp), 2013 April 20 Nissanke, Kasliwal, & Georgieva

(a) GW Net3a

(b) GW Net5b

Figure 8. Relative fraction of detectable isotropic optical counterparts to NS–NS
mergers for GW Net3a and Net5b. Note that even the small aperture wide field
telescopes are sensitive to a significant fraction, and DES and HSC are almost
as sensitive as LSST.
(A color version of this figure is available in the online journal.)

Currently, the two widest field infrared facilities are the
0.594 deg2 VIRCAM on the 4.1 m VISTA telescope and the
0.19 deg2 WFCAM on the 3.8 m UKIRT telescope. Fortunately,
efforts are underway to build a 6.5 m SASIR telescope with a
0.2–1 deg2 camera (SASIR 2012). Moreover, unlike VIRCAM
and WFCAM, SASIR is expected to have a contiguous focal
plane and simultaneously image in YJHK bands.

Efforts are also underway to build two wide-field infrared
satellites—WFIRST (Green et al. 2012) and Euclid (Amendola
et al. 2012). A set of three WFIRST fields is expected to cover
2 deg2 and 18 minutes per field will give a 5σ depth of H ∼
25.9 mag for imaging and H ∼ 23.5 mag for low-resolution
prism spectroscopy. Euclid would need four fields to cover
2 deg2 and achieve depths of H ∼ 25.6 mag and H ∼ 21.4 mag in
the grism mode in the same time. Both missions are constrained
to observe ∼90◦ away from the Sun (Hirata et al. 2012).

We remind the reader that the median–maximum localization
of Net 3b is 55–180 deg2 and Net 5a is 7–120 deg2 (Table 2).
Hence, the infrared follow-up will require an extremely large
number of pointings to tile the area and will be limited to the
best localized binaries.

6. IDENTIFYING EM COUNTERPARTS

Detection of candidate EM counterparts is only the first
step. The most pressing question for EM telescopes looking

at vast sky areas will be whether the transient objects are
true GW emitters or false-positive signals mimicking an EM
counterpart. For instance, the optical sky is so dynamic that
there will be hundreds of foreground and background false
positives associated with any detection. Foreground signals are,
for example, M-dwarf flares, CVs, and other stellar variables in
the Milky Way. The foreground rates, therefore, depend strongly
on the Galactic latitude and have a wide range of amplitudes and
timescales. Background signals are supernovae (SNe) and active
galactic nuclei (AGNs) at higher redshift than the GW detectable
distance horizon for NS binary mergers of ∼200 Mpc–1 Gpc.
Thanks to systematic optical synoptic surveys, rate estimates of
different classes of SNe occurring in a range of galaxy hosts
now exist; for instance, core-collapse SNe rate is 7.1 (± 0.1)×
10−5 Mpc−3 yr−1 (see, e.g., Leaman et al. 2011; Li et al. 2011a,
2011b).

Hence, panchromatic follow-up (especially optical spec-
troscopy) is critical to unambiguously associate the counterpart
with the GW signal. Given predicted optical light curve evolu-
tions, the timescale for spectroscopic follow-up should be within
hours to a day. There are a large number of telescopes in the
3–5 m class range that can easily take low-resolution spectra of
transients brighter than 21 apparent mag. However, optical coun-
terparts will likely be in the regime where the transient is fainter
than 22 apparent mag and a >6 m class telescope will be needed
for spectroscopy. The list of such telescopes is rather small: the
twin Magellan 6.5 telescopes, the MMT 6.5 m telescope, the
twin Gemini 8 m telescopes, the four VLT 8 m telescopes, the
HET 9.2 m telescope, the SALT 9.2 m telescope, and the twin
Keck 10 m telescopes. Efforts are underway to build even larger
20–30 m class telescopes: GMT, TMT, and ELT. Spatial coin-
cidence with a nearby Galaxy will distill the large number of
counterpart candidates to a small number that can be promptly
followed up spectroscopically (Kulkarni & Kasliwal 2009).

To illustrate the diversity of follow-up scenarios, we consider
below five case studies of NS–NS mergers. In each case, we
discuss optimal strategies for identifying the EM counterpart
of the NS binary merger. Finally, we discuss how we can
leverage volume information to aid EM follow-up strategies
for a population of NS binary mergers.

6.1. Individual Binaries

We first examine sky localization and volume errors for one
beamed NS–NS binary merger at 391 Mpc, and four NS–NS
mergers that have distances less than 200 Mpc and lie within the
CLU catalog used in this work. We choose the five NS–NS
mergers described below because their geometric properties
or sky locations represent useful bounds that illustrate the
challenges for any EM follow-up. The five case studies comprise
NS–NS mergers with (1) an orbital angular momentum vector
face-on toward the Earth, (2) a close-by event, (3) a source
position at low Galactic latitude, (4) a source position at high
Galactic latitude, and (5) a source position in a dense galaxy
cluster environment.

6.1.1. Case Study I: Beamed Binary Merger at 391 Mpc

We consider the case of a binary merger beamed toward us.
Given the Malmquist bias (Section 4.3), these binaries are at
threshold and are thus, on average, located farther away. Out of
200 randomly sampled mergers detected with a GW Net3a, the
distances of beamed NS–NS mergers are 391 Mpc, 506 Mpc,
560 Mpc, and 564 Mpc. Illustrated by Figure 9, using GW
networks 3 and 5, the localization for the closest of these binaries
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GW150914 GW151226
GW detection (UT) Sep. 14, 2015, 09:50:45 Dec. 26, 2015, 03:38:53

alert date (UT) Sep. 16, 2015, 03:12:12
 Dec. 27, 2015, 16:28:13
alert GCN Notices, e-mail (Burst) GCN Notices (CBC)

frequency 35-250 Hz 35-450 Hz
strain 1.0 x 10-21 3.4 x 10-21

S/N ratio 24 13
nature BH+BH merger BH+BH merger

luminosity distance [Mpc] 410+160-180 440+180-190
redshift 0.09+0.03-0.04 0.09+0.03-0.04

m1 [Msun] 36+5-4 14.2+8.3-3.7
m2 [Msun] 29+4-4 7.5+2.3-2.3
BH [Msun] 62+4-4 20.8+6.1-1.7

GW energy [Msun c2] 3.0+0.5-0.5 1.0+0.1-0.2
GW observation paper Abbott+2016, PRL, 116, 061102 Abbott+2016, PRL, 116, 240113

2(+1) GW Detections @ LIGO O1

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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from 35 Hz to a peak amplitude at 450 Hz. The signal-to-
noise ratio (SNR) accumulates equally in the early inspiral
(∼45 cycles from 35 to 100 Hz) and late inspiral to merger
(∼10 cycles from 100 to 450 Hz). This is different from the
more massive GW150914 binary for which only the last 10
cycles, comprising inspiral and merger, dominated the
SNR. As a consequence, the parameters characterizing
GW151226 have different precision than those of
GW150914. The chirp mass [26,45], which controls the
binary’s evolution during the early inspiral, is determined
very precisely. The individual masses, which rely on
information from the late inspiral and merger, are measured
far less precisely.
Figure 1 illustrates that the amplitude of the signal is less

than the level of the detector noise,where themaximum strain
of the signal is 3.4þ0.7

−0.9 × 10−22 and 3.4þ0.8
−0.9 × 10−22 in LIGO

Hanford and Livingston, respectively. The time-frequency
representation of the detector data shows that the signal is not
easily visible. The signal is more apparent in LIGO Hanford
where the SNR is larger. The SNR difference is predomi-
nantly due to the different sensitivities of the detectors at the
time. Only with the accumulated SNR frommatched filtering
does the signal become apparent in both detectors.

III. DETECTORS

The LIGO detectors measure gravitational-wave strain
using two modified Michelson interferometers located in
Hanford, WA and Livingston, LA [2,3,46]. The two
orthogonal arms of each interferometer are 4 km in length,
each with an optical cavity formed by two mirrors acting as
test masses. A passing gravitational wave alters the

FIG. 1. GW151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30–600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNRp) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNRp

corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.
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alert until early October.

2.1 Kiso KWFC Observations

KWFC is a wide-field optical imaging camera on the 1.05-m
Kiso Schmidt telescope. The camera consists of eight 2k×4k
CCDs and the total field-of-view is 2.2 deg × 2.2 deg.

The KWFC observations were carried out on 2015
September 18, 4.4 days after the GW detection. We took 180-
second exposures for five continuous field-of-views, approxi-
mately 24 deg2 in total (Morokuma et al. 2016). The observed
area is shown in Figure 1 and details of the observations are
summarized in Table 2. High probability region in the skymap
visible from the site during the night are almost towards the Sun
and the target fields are observable only at very low elevation
(high airmass: sec(z)> 3, where z is the zenith distance) right
before sunrise and during the astronomical twilight. Therefore,
we chose the i-band filter to avoid high sky background due to
the Sun as much as possible.

The total probability of the regions observed with KWFC
to include the GW source was initially 1.2% but turned out to
be 0.1% in the final skymap. The observed regions are partly
overlapped with regions covered by Pan-STARRS (PS1; Smartt
et al. 2016) and MASTER-NET (Lipunov et al. 2016)1.

The data reduction procedure basically follows that of the
supernova (SN) survey with KWFC (KISS; Morokuma et al.
2014). The 5σ limiting magnitudes are approximately 19 mag
for the first four images and as shallow as 16.2 mag for the
last image due to the twilight. For each of the fully reduced
images, we applied an image subtraction method (hotpants2)
with deeper archival Sloan Digital Sky Survey (SDSS) images
taken several years ago as references. Then, we extract transient
objects with positive fluxes (2.5 σ, 5 pixel connection) in the
subtracted images with SExtractor (Bertin & Arnouts 1996).

2.2 B&C 61-cm Tripole5 Observations

Tripole5 is an optical camera on the B&C 61cm telescope capa-
ble of taking images in 6.2 arcmin × 4.2 arcmin field-of-view
in g-, r-, and i-bands, simultaneously.

The observations are started on 2015 September 20, 6.3 days
after the GW detection. We observed 18 nearby galaxies in the
high probability region of the southern hemisphere as shown
in Figure 1 and Table 3. Two to six 120-sec frames were
taken per galaxy in g-, r-, and i-bands on 2015 September
20, 21, 24, and 26. The observed galaxies are selected from
the Gravitational Wave Galaxy Catalogue (GWGC; White et
al. 2011) based on the initial skymap and are closer than
100 Mpc so that an EM counterpart of an NS-NS merger could

1 http://master.sai.msu.ru/static/G184098/G184098 4.png
2 http://www.astro.washington.edu/users/becker/v2.0/hotpants.html

be detected. All the galaxies observed are located within the
∼ 200 deg2 of the overlapped localization region (90% con-
fidence) of GW150914 and GW150914-GBM, detected with
Gamma-ray Burst Monitor (GBM) onboard the Fermi Gamma-
ray Space Telescope (Connaughton et al. 2016).

The total probabilities in the initial and final skymaps are
0.003% although the distance d = 410+160

−180 Mpc is farther than
the maximum distances to the galaxies by a factor of ∼ 4. The
number of the observed galaxies is about 4% of the galaxies in
the GWGC catalog within the 90% probability region.

The data are reduced in a standard manner using IRAF.
Zeropoint magnitudes in the g, r, and i-bands are determined
relative to the B, R, and I-band magnitudes of objects in the
USNO-B1.0 catalog (Monet et al. 2003) using the conversion
equations in Fukugita et al. (1996). Medians of the 5σ limit-
ing magnitudes are g = 18.9 mag, r = 18.7 mag, and i = 18.3

mag. Object catalogs for the Tripole5 images are created using
SExtractor.

Fig. 1. Final skymap (LALInference) for the GW150914 localization and the
observed regions with KWFC (left) and Tripole5 (right). The color map is
shown in unit of probability per HEALPix (Górski et al. 2005) pixel of Nside =

29 = 512, corresponding to about 47 arcmin2. The KWFC field-of-views are
shown in box and the area observed with Tripole5 are shown in dots.

3 Results & Discussion
For the KWFC data, radial profiles and SDSS classifications
(star/galaxy separation based on probPSF information avail-
able in the SDSS database) of all of the transient objects are
used to extract extragalactic transients. Known asteroids are
also checked with MPChecker and removed from the transient
catalog. For the Tripole5 data, the object catalog in the entire
observed field of each target galaxy is first compared with the
USNO-B1.0 catalog. There remain some objects without any
counterparts in the USNO-B1.0 catalog and they are visually
inspected by comparing the Tripole5 images with the Digitized
Sky Survey images.

In these procedures described above, we find no extragalac-
tic transient object with a spatial offset from its host galaxy al-
though we detect variability at centers of several external galax-
ies (including PS15cek described below). Given the survey ar-
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(24 deg2)
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Just before the regular operation of O1, aLIGO detected the
GW at September 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 December 26 2015 and was
named as GW151226 (Abbott et al. 2016c). The final False
Alarm Rate (FAR) is less than 3.17×10−10 which corresponds
to 1 false alarm per 120,000 yrs. The GW was also attributed
to a BH–BH binary merger whose masses are 14.2 M⊙ and
7.5M⊙. The final BH mass was 20.8M⊙ and an energy of ∼1
M⊙ was emitted as GW. The distance to the event was 440 Mpc
(Abbott et al. 2016c).
Here, we report the EM counterpart search for GW151226

performed in the framework of J-GEM. We assume that cos-
mological parameters h0, Ωm, Ωλ are 0.705, 0.27, and 0.73,
respectively (Komatsu et al. 2011) in this paper.

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
created by BAYESTAR algorithm (Singer et al. 2014) was
∼1400 deg2 (Singer 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 OT candidate reported by MASTER.
The specifications of the instruments and telescopes we used for
the follow-up observations are summarized 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
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

December 28 and 29 and January 1, 2, 3, 4, 5, and 6. The total

Fig. 1. The observed area of the wide-field survey 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.

area observed with KWFC was 778 deg2, as shown in Figure
1, far off the Galactic plane. To perform an image subtraction
with the archival SDSS 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 January 7, 13, and February 6, 2016
(UT). We imaged an approximately 61deg2 region centered at
(α, δ) = 03:33:45.00 +34:57:13.9 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 corre-
sponding grid size is 0.84deg2). To identify artifacts, we visited
each fiducial pointing twice with a 2 arcmin offset. We imaged
the field in the HSC i-band (for January 7, 13) or i2-band (for
February 6) and z-band with an exposure time ranging from
45 sec to 60 sec for each pointing. In February 6, first we sur-
veyed the all fields by single exposure, then observed the whole
area again. The HSC-i2 filter was introduced instead of the
HSC-i filter from February 2016 in order to increase an unifor-
mity on band pass characteristics. However, the HSC i-band
and the HSC-i2 band filters are essentially identical. Hereafter
we thus denote HSC-i2 and HSC-i as just i. The seeing ranged
from 0.5 to 1.5 arcsec.
We also performed survey observations with MOA-cam3 for

a part of the skymap in the southern hemisphere from UTMarch
8 to 11 2016. The total area covered by the MOA-cam3 obser-
vations was 145 deg2. The “MOA-Red” filter, which is a special
filter dedicated to micro-lens survey with a wide range of trans-
mission from 6000Å to 8000Å was used. The exposure time
per field was 120 seconds.
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Fig. 2. The enlarged view of the survey area by HSC.

Since the sky areas observed by the three instruments were
not overlapped, the total area covered by the wide-field surveys
was 985 deg2. The integrated detection probabilities of the ob-
served regions for the final skymap (LALInference) were 0.07,
0.09, and 0.13 for HSC, KWFC, and MOA-cam3, respectively.
We thus covered a total of ∼29% of the probability skymap of
GW151226.
The wide-field survey observations are summarized in Table

1. The survey areas and the probability skymap of GW151226
are shown in Figure 3. An enlarged map of the sky areas ob-
served with HSC is shown in Figure 2.

2.2 Galaxy Targeted Follow-ups
We performed targeted follow-up imaging observations from
UT December 27 2015. We used six instruments on five tele-
scopes; HOWPol (Kawabata et al. 2008), HONIR (Akitaya et
al. 2014) on 1.5 m Kanata telescope, MINT on 2 m Nayuta
telescope, MITSuME (Kotani et al. 2005) on 0.5 m telescope,
OAO-WFC (Yanagisawa, et al. 2014) on 0.91 m telescope,
MOA-cam3 and SIRIUS (Nagayama et al. 2003) on IRSF, for
these observations. We performed R band observations with
HOWPol and MITSuME, I band observations with HOWPol,
HONIR, and MINT, MOA-Red observations with MOA-cam3,
and J band observations with OAO-WFC and SIRIUS.
We selected 309 nearby galaxies fromGWGC (Gravitational

Wave Galaxy Catalog) (White, Daw & Dhillon 2011) in the
skymap regions whose detection probabilities are more than
0.0008. We divided the target galaxies into 4 target groups. The
group 1 to 3 contain northern galaxies accessible from Japan.
The number of galaxies of the group 1, 2, and 3 are 77, 76, and
77, respectively. The group 4 contains 79 southern galaxies. We
allocated these groups to the above telescopes as target lists.
The summary of the targeted observations is shown in Table

2. The spatial and distance distributions of the observed galax-

Fig. 3. The positions of the galaxies observed in the J-GEM follow-up obser-
vation of GW151226 (red points).

Fig. 4. The distance distribution of the observed galaxies.

ies are shown in Figure 3 and Figure 4, respectively. We ob-
served 238 galaxies in total.

2.3 Spectroscopic Follow-up

We carried out a spectroscopic observation of MASTER OT
J020906.21+013800.1 (Lipunov et al. 2015) with a fiber-fed
integral field spectrograph KOOLS-IFU attached to the 188
cm telescope at Okayama Astrophysical Observatory on UT
December 28 2015. The field of view of KOOLS-IFU is 1.8′′

per fiber and 30′′ in total. The wavelength range and spectral
resolving power were 5020–8830 Å and 600–850, respectively.
The total exposure time was 3600 seconds.

239 galaxies

986.5 deg2

TM+2016
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alert until early October.

2.1 Kiso KWFC Observations

KWFC is a wide-field optical imaging camera on the 1.05-m
Kiso Schmidt telescope. The camera consists of eight 2k×4k
CCDs and the total field-of-view is 2.2 deg × 2.2 deg.

The KWFC observations were carried out on 2015
September 18, 4.4 days after the GW detection. We took 180-
second exposures for five continuous field-of-views, approxi-
mately 24 deg2 in total (Morokuma et al. 2016). The observed
area is shown in Figure 1 and details of the observations are
summarized in Table 2. High probability region in the skymap
visible from the site during the night are almost towards the Sun
and the target fields are observable only at very low elevation
(high airmass: sec(z)> 3, where z is the zenith distance) right
before sunrise and during the astronomical twilight. Therefore,
we chose the i-band filter to avoid high sky background due to
the Sun as much as possible.

The total probability of the regions observed with KWFC
to include the GW source was initially 1.2% but turned out to
be 0.1% in the final skymap. The observed regions are partly
overlapped with regions covered by Pan-STARRS (PS1; Smartt
et al. 2016) and MASTER-NET (Lipunov et al. 2016)1.

The data reduction procedure basically follows that of the
supernova (SN) survey with KWFC (KISS; Morokuma et al.
2014). The 5σ limiting magnitudes are approximately 19 mag
for the first four images and as shallow as 16.2 mag for the
last image due to the twilight. For each of the fully reduced
images, we applied an image subtraction method (hotpants2)
with deeper archival Sloan Digital Sky Survey (SDSS) images
taken several years ago as references. Then, we extract transient
objects with positive fluxes (2.5 σ, 5 pixel connection) in the
subtracted images with SExtractor (Bertin & Arnouts 1996).

2.2 B&C 61-cm Tripole5 Observations

Tripole5 is an optical camera on the B&C 61cm telescope capa-
ble of taking images in 6.2 arcmin × 4.2 arcmin field-of-view
in g-, r-, and i-bands, simultaneously.

The observations are started on 2015 September 20, 6.3 days
after the GW detection. We observed 18 nearby galaxies in the
high probability region of the southern hemisphere as shown
in Figure 1 and Table 3. Two to six 120-sec frames were
taken per galaxy in g-, r-, and i-bands on 2015 September
20, 21, 24, and 26. The observed galaxies are selected from
the Gravitational Wave Galaxy Catalogue (GWGC; White et
al. 2011) based on the initial skymap and are closer than
100 Mpc so that an EM counterpart of an NS-NS merger could

1 http://master.sai.msu.ru/static/G184098/G184098 4.png
2 http://www.astro.washington.edu/users/becker/v2.0/hotpants.html

be detected. All the galaxies observed are located within the
∼ 200 deg2 of the overlapped localization region (90% con-
fidence) of GW150914 and GW150914-GBM, detected with
Gamma-ray Burst Monitor (GBM) onboard the Fermi Gamma-
ray Space Telescope (Connaughton et al. 2016).

The total probabilities in the initial and final skymaps are
0.003% although the distance d = 410+160

−180 Mpc is farther than
the maximum distances to the galaxies by a factor of ∼ 4. The
number of the observed galaxies is about 4% of the galaxies in
the GWGC catalog within the 90% probability region.

The data are reduced in a standard manner using IRAF.
Zeropoint magnitudes in the g, r, and i-bands are determined
relative to the B, R, and I-band magnitudes of objects in the
USNO-B1.0 catalog (Monet et al. 2003) using the conversion
equations in Fukugita et al. (1996). Medians of the 5σ limit-
ing magnitudes are g = 18.9 mag, r = 18.7 mag, and i = 18.3

mag. Object catalogs for the Tripole5 images are created using
SExtractor.

Fig. 1. Final skymap (LALInference) for the GW150914 localization and the
observed regions with KWFC (left) and Tripole5 (right). The color map is
shown in unit of probability per HEALPix (Górski et al. 2005) pixel of Nside =

29 = 512, corresponding to about 47 arcmin2. The KWFC field-of-views are
shown in box and the area observed with Tripole5 are shown in dots.

3 Results & Discussion
For the KWFC data, radial profiles and SDSS classifications
(star/galaxy separation based on probPSF information avail-
able in the SDSS database) of all of the transient objects are
used to extract extragalactic transients. Known asteroids are
also checked with MPChecker and removed from the transient
catalog. For the Tripole5 data, the object catalog in the entire
observed field of each target galaxy is first compared with the
USNO-B1.0 catalog. There remain some objects without any
counterparts in the USNO-B1.0 catalog and they are visually
inspected by comparing the Tripole5 images with the Digitized
Sky Survey images.

In these procedures described above, we find no extragalac-
tic transient object with a spatial offset from its host galaxy al-
though we detect variability at centers of several external galax-
ies (including PS15cek described below). Given the survey ar-

Kiso/KWFC

(24 deg2)

B&C Tripole5

(18 galaxies)
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Just before the regular operation of O1, aLIGO detected the
GW at September 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 December 26 2015 and was
named as GW151226 (Abbott et al. 2016c). The final False
Alarm Rate (FAR) is less than 3.17×10−10 which corresponds
to 1 false alarm per 120,000 yrs. The GW was also attributed
to a BH–BH binary merger whose masses are 14.2 M⊙ and
7.5M⊙. The final BH mass was 20.8M⊙ and an energy of ∼1
M⊙ was emitted as GW. The distance to the event was 440 Mpc
(Abbott et al. 2016c).
Here, we report the EM counterpart search for GW151226

performed in the framework of J-GEM. We assume that cos-
mological parameters h0, Ωm, Ωλ are 0.705, 0.27, and 0.73,
respectively (Komatsu et al. 2011) in this paper.

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
created by BAYESTAR algorithm (Singer et al. 2014) was
∼1400 deg2 (Singer 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 OT candidate reported by MASTER.
The specifications of the instruments and telescopes we used for
the follow-up observations are summarized 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
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

December 28 and 29 and January 1, 2, 3, 4, 5, and 6. The total

Fig. 1. The observed area of the wide-field survey 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.

area observed with KWFC was 778 deg2, as shown in Figure
1, far off the Galactic plane. To perform an image subtraction
with the archival SDSS 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 January 7, 13, and February 6, 2016
(UT). We imaged an approximately 61deg2 region centered at
(α, δ) = 03:33:45.00 +34:57:13.9 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 corre-
sponding grid size is 0.84deg2). To identify artifacts, we visited
each fiducial pointing twice with a 2 arcmin offset. We imaged
the field in the HSC i-band (for January 7, 13) or i2-band (for
February 6) and z-band with an exposure time ranging from
45 sec to 60 sec for each pointing. In February 6, first we sur-
veyed the all fields by single exposure, then observed the whole
area again. The HSC-i2 filter was introduced instead of the
HSC-i filter from February 2016 in order to increase an unifor-
mity on band pass characteristics. However, the HSC i-band
and the HSC-i2 band filters are essentially identical. Hereafter
we thus denote HSC-i2 and HSC-i as just i. The seeing ranged
from 0.5 to 1.5 arcsec.
We also performed survey observations with MOA-cam3 for

a part of the skymap in the southern hemisphere from UTMarch
8 to 11 2016. The total area covered by the MOA-cam3 obser-
vations was 145 deg2. The “MOA-Red” filter, which is a special
filter dedicated to micro-lens survey with a wide range of trans-
mission from 6000Å to 8000Å was used. The exposure time
per field was 120 seconds.
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Fig. 2. The enlarged view of the survey area by HSC.

Since the sky areas observed by the three instruments were
not overlapped, the total area covered by the wide-field surveys
was 985 deg2. The integrated detection probabilities of the ob-
served regions for the final skymap (LALInference) were 0.07,
0.09, and 0.13 for HSC, KWFC, and MOA-cam3, respectively.
We thus covered a total of ∼29% of the probability skymap of
GW151226.
The wide-field survey observations are summarized in Table

1. The survey areas and the probability skymap of GW151226
are shown in Figure 3. An enlarged map of the sky areas ob-
served with HSC is shown in Figure 2.

2.2 Galaxy Targeted Follow-ups
We performed targeted follow-up imaging observations from
UT December 27 2015. We used six instruments on five tele-
scopes; HOWPol (Kawabata et al. 2008), HONIR (Akitaya et
al. 2014) on 1.5 m Kanata telescope, MINT on 2 m Nayuta
telescope, MITSuME (Kotani et al. 2005) on 0.5 m telescope,
OAO-WFC (Yanagisawa, et al. 2014) on 0.91 m telescope,
MOA-cam3 and SIRIUS (Nagayama et al. 2003) on IRSF, for
these observations. We performed R band observations with
HOWPol and MITSuME, I band observations with HOWPol,
HONIR, and MINT, MOA-Red observations with MOA-cam3,
and J band observations with OAO-WFC and SIRIUS.
We selected 309 nearby galaxies fromGWGC (Gravitational

Wave Galaxy Catalog) (White, Daw & Dhillon 2011) in the
skymap regions whose detection probabilities are more than
0.0008. We divided the target galaxies into 4 target groups. The
group 1 to 3 contain northern galaxies accessible from Japan.
The number of galaxies of the group 1, 2, and 3 are 77, 76, and
77, respectively. The group 4 contains 79 southern galaxies. We
allocated these groups to the above telescopes as target lists.
The summary of the targeted observations is shown in Table

2. The spatial and distance distributions of the observed galax-

Fig. 3. The positions of the galaxies observed in the J-GEM follow-up obser-
vation of GW151226 (red points).

Fig. 4. The distance distribution of the observed galaxies.

ies are shown in Figure 3 and Figure 4, respectively. We ob-
served 238 galaxies in total.

2.3 Spectroscopic Follow-up

We carried out a spectroscopic observation of MASTER OT
J020906.21+013800.1 (Lipunov et al. 2015) with a fiber-fed
integral field spectrograph KOOLS-IFU attached to the 188
cm telescope at Okayama Astrophysical Observatory on UT
December 28 2015. The field of view of KOOLS-IFU is 1.8′′

per fiber and 30′′ in total. The wavelength range and spectral
resolving power were 5020–8830 Å and 600–850, respectively.
The total exposure time was 3600 seconds.

239 galaxies
TM+2016
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Fig. 2. The enlarged view of the survey area by HSC.

Since the sky areas observed by the three instruments were
not overlapped, the total area covered by the wide-field surveys
was 985 deg2. The integrated detection probabilities of the ob-
served regions for the final skymap (LALInference) were 0.07,
0.09, and 0.13 for HSC, KWFC, and MOA-cam3, respectively.
We thus covered a total of ∼29% of the probability skymap of
GW151226.
The wide-field survey observations are summarized in Table

1. The survey areas and the probability skymap of GW151226
are shown in Figure 3. An enlarged map of the sky areas ob-
served with HSC is shown in Figure 2.

2.2 Galaxy Targeted Follow-ups
We performed targeted follow-up imaging observations from
UT December 27 2015. We used six instruments on five tele-
scopes; HOWPol (Kawabata et al. 2008), HONIR (Akitaya et
al. 2014) on 1.5 m Kanata telescope, MINT on 2 m Nayuta
telescope, MITSuME (Kotani et al. 2005) on 0.5 m telescope,
OAO-WFC (Yanagisawa, et al. 2014) on 0.91 m telescope,
MOA-cam3 and SIRIUS (Nagayama et al. 2003) on IRSF, for
these observations. We performed R band observations with
HOWPol and MITSuME, I band observations with HOWPol,
HONIR, and MINT, MOA-Red observations with MOA-cam3,
and J band observations with OAO-WFC and SIRIUS.
We selected 309 nearby galaxies fromGWGC (Gravitational

Wave Galaxy Catalog) (White, Daw & Dhillon 2011) in the
skymap regions whose detection probabilities are more than
0.0008. We divided the target galaxies into 4 target groups. The
group 1 to 3 contain northern galaxies accessible from Japan.
The number of galaxies of the group 1, 2, and 3 are 77, 76, and
77, respectively. The group 4 contains 79 southern galaxies. We
allocated these groups to the above telescopes as target lists.
The summary of the targeted observations is shown in Table

2. The spatial and distance distributions of the observed galax-

Fig. 3. The positions of the galaxies observed in the J-GEM follow-up obser-
vation of GW151226 (red points).

Fig. 4. The distance distribution of the observed galaxies.

ies are shown in Figure 3 and Figure 4, respectively. We ob-
served 238 galaxies in total.

2.3 Spectroscopic Follow-up

We carried out a spectroscopic observation of MASTER OT
J020906.21+013800.1 (Lipunov et al. 2015) with a fiber-fed
integral field spectrograph KOOLS-IFU attached to the 188
cm telescope at Okayama Astrophysical Observatory on UT
December 28 2015. The field of view of KOOLS-IFU is 1.8′′

per fiber and 30′′ in total. The wavelength range and spectral
resolving power were 5020–8830 Å and 600–850, respectively.
The total exposure time was 3600 seconds.
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GW GW150914 GW151226
localization  

(90%)
~600 deg2 ~1400 deg2

area & prob.  
by LV-EM

~900 deg2, ~50% > 1000 deg2, ~90%??

survey  
by J-GEM

24 deg2, 0.1% 986.5 deg2, 29%

nearby galaxies  
by J-GEM

18 galaxies 238 galaxies

#(telescope) 2 10

Subaru/HSC not available i~24.6, z~23.8@63.5 deg2

note - 1 transient observed with KOOLS-IFU

reference Morokuma+2016,  
PASJ, 68, L9

Yoshida+2016 in press (summary)  
Utsumi+ in prep. (HSC)
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Others’ EM observations (GW150914)

from detection/merger

- KWFC: 4.4 days

- Tripole5: 6.3-12 days


~900 deg2

>~50% of initial LIB skymap


slightly less: final LALInference skymap

iPTF (Kasliwal+2016)


5 SNe + 3 nuclear transients (w/ spec ID)

Pan-STARRS1 (Smartt+2016)


49 extragalactic transients (20 spec-ID SNe)
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LIGO and Virgo detectors and several EM astronomy facilities
in 2009 and 2010 (Abadie et al. 2012a, 2012b; Evans et al.
2012; Aasi et al. 2014). In preparing for Advanced detector
operations, the LIGO and Virgo collaborations worked with the
broader astronomy community to set up an evolved and greatly
expanded EM follow-up program.381 Seventy-four groups with
access to ground- and space-based facilities joined, of which 63
were operational during Advanced LIGOʼs first observing run
(O1). Details of the 2009 to 2010 EM follow campaign and
changes for O1 are given in Section 1 of the Supplement
(Abbott et al. 2016b).

After years of construction and commissioning, the Advanced
LIGO detectors at Livingston, Louisiana, and Hanford,
Washington, began observing in 2015 September with about
3.5 times the distance reach (<40 times the sensitive volume) of
the earlier detectors. A strong GW event was identified shortly
after the pre-run calibration process was completed. Deep
analysis of this event, initially called G184098 and later given
the name GW150914, is presented in Abbott et al. (2016e) and
companion papers referenced therein. In this paper we describe
the initial low-latency analysis and event candidate selection
(Section 2), the rapid determination of likely sky localization
(Section 3), and the follow-up EM observations carried out by
partner facilities (Sections 4 and 5). For analyses of those
observations, we refer the reader to the now-public Gamma-ray
Coordinates Network (GCN) circulars382 and to a number of
recent papers. We end with a brief discussion of EM counterpart
detection prospects for future events.

2. DATA ANALYSIS AND DISCOVERY

As configured for O1, four low-latency pipelines continually
search for transient signals that are coincident in the two
detectors within the 10 ms light travel time separating them.
Coherent WaveBurst (cWB; Klimenko et al. 2016) and
Omicron+LALInference Burst (oLIB; Lynch et al. 2015) both
search for unmodeled GW bursts (Abbott et al. 2016f).
GSTLAL (Cannon et al. 2012; Messick et al. 2016) and

Multi-Band Template Analysis (MBTA; Adams et al. 2015)
search specifically for NS binary mergers using matched
filtering. Because CBC waveforms can be precisely computed
from general relativity, GSTLAL and MBTA are more
sensitive to CBC signals than the burst search pipelines are.
All four detection pipelines report candidates within a few
minutes of data acquisition.
LIGO conducted a series of engineering runs throughout

Advanced LIGOʼs construction and commissioning to prepare
to collect and analyze data in a stable configuration. The eighth
engineering run (ER8) began on 2015 August 17 at 15:00 and
critical software was frozen by August 30.383 The rest of ER8
was to be used to calibrate the detectors, to carry out diagnostic
studies, to practice maintaining a high coincident duty cycle,
and to train and tune the data analysis pipelines. Calibration
was complete by September 12 and O1 was scheduled to begin
on September 18. On 2015 September 14, cWB reported a
burst candidate to have occurred at 09:50:45 with a network
signal-to-noise ratio (S/N) of 23.45 and an estimated false
alarm rate (FAR) < 0.371 yr−1 based on the available (limited
at that time) data statistics. Also, oLIB reported a candidate
with consistent timing and S/N. No candidates were reported at
this time by the low-latency GSTLAL and MBTA pipelines,
ruling out a BNS or NSBH merger.
Although the candidate occurred before O1 officially

began, the LIGO and Virgo collaborations decided to send
an alert to partner facilites because the preliminary FAR
estimate satisfied our planned alert threshold of 1 month−1.
Although we had not planned to disseminate real-time GCN
notices before the formal start of O1, most of the computing
infrastructure was in place. Basic data quality checks were
done within hours of GW150914; both interferometers were
stable and the data stream was free of artifacts (Abbott et al.
2016c). A cWB sky map was available 17 minutes after the
data were recorded and a LALInference Burst (LIB) sky map
was available after 14 hr. After extra data integrity checks and
an update to the GCN server software, these two sky maps
were communicated to observing partners in a GCN circular
nearly two days after the event occurred (GCN 18330). Mass
estimates were not released in this initial circular,

Figure 1. Timeline of observations of GW150914, separated by band and relative to the time of the GW trigger. The top row shows GW information releases. The
bottom four rows show high-energy, optical, near-infrared, and radio observations, respectively. Optical spectroscopy and narrow-field radio observations are
indicated with darker tick marks and boldface text. Table 1 reports more detailed information on the times of observations made with each instrument.

381 See program description and participation information at http://www.ligo.
org/scientists/GWEMalerts.php.
382 All circulars related to GW150914 are collected at http://gcn.gsfc.nasa.
gov/other/GW150914.gcn3. 383 All dates and times are in UT.
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search. LALInference performs full forward modeling of the
data using a parameterized CBC waveform which allows for
BH spins and detector calibration uncertainties (Veitch
et al. 2015). It is the most accurate method for CBC signals
but takes the most time due to the high dimensionality. We
present the same LALInference map as Abbott et al. (2016g),
with a spline interpolation procedure to include the potential
effects of calibration uncertainties. The BAYESTAR and
LALInference maps were shared with observers on 2016
January 13 (GCN 18858), at the conclusion of the O1 run.
Since GW150914 is a CBC event, we consider the LALInfer-
ence map to be the most accurate, authoritative, and final
localization for this event. This map has a 90% credible region
with area 630 deg2.

All of the sky maps agree qualitatively, favoring a broad,
long section of arc in the southern hemisphere and to a lesser
extent a shorter section of nearly the same arc near the equator.
While the majority of LIBʼs probability is concentrated in the

Southern hemisphere, a non-trivial fraction of the 90%
confidence region extends into the northern hemisphere. The
LALInference sky map shows much less support in the
northern hemisphere which is likely associated with the
stronger constraints available with full CBC waveforms. The
cWB localization also supports an isolated hot spot near α ∼
9h, δ ∼ 5°, where the detector responses make it possible to
independently measure two polarization components. In this
region, cWB considers signals not constrained to have the
elliptical polarization expected from a compact binary merger.
Quantitative comparisons of the four sky maps can be found

in Section 2 of the Supplement (Abbott et al. 2016b). The main
feature in all of the maps is an annulus with polar angle θHL
determined by the arrival time differenceΔtHL between the two
detectors. However, refinements are possible due to phase as
well as amplitude consistency and the mildly directional
antenna patterns of the LIGO detectors (Kasliwal & Nissanke
2014; Singer et al. 2014). In particular, the detectors’ antenna

Figure 3. Footprints of observations in comparison with the 50% and 90% credible levels of the initially distributed GW localization maps. Radio fields are shaded in
red, optical/infrared fields are in green, and the XRT fields are indicated by the blue circles. The all-sky Fermi GBM, LAT, INTEGRAL SPI-ACS, and MAXI
observations are not shown. Where fields overlap, the shading is darker. The initial cWB localization is shown as thin black contour lines and the LIB localization as
thick black lines. The inset highlights the Swift observations consisting of a hexagonal grid and a selection of the a posteriori most highly ranked galaxies. The
Schlegel et al. (1998) reddening map is shown in the background to represent the Galactic plane. The projection is the same as in Figure 2.
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patterns dominate the modulation around the ring for
unmodeled reconstructions through a correlation with the
inferred distance of the source (Essick et al. 2015). As shown in
Figure 2, the algorithms all infer polar angles that are consistent
at the 1σ level.

4. FOLLOW-UP OBSERVATIONS

Twenty-five participating teams of observers responded to
the GW alert to mobilize satellites and ground-based telescopes
spanning 19 orders of magnitude in EM wavelength. Observa-
tions and archival analysis started shortly after the candidate
was announced, two days after the event was recorded. Most
facilities followed tiling strategies based on the cWB and LIB

sky maps. Some groups, considering the possibility of a NS
merger or core-collapse SN, selected fields based on the areal
density of nearby galaxies or targeted the Large Magellanic
Cloud (LMC) (e.g., Annis et al. 2016). Had the BBH nature of
the signal been promptly available, most groups would not
have favored local galaxies because LIGOʼs range for BBH
mergers is many times larger than that for BNSs. Figure 3
displays the footprints of all reported observations. The
campaign is summarized in Table 1 in terms of instruments,
depth, time, and sky coverage. Some optical candidate
counterparts were followed up spectroscopically and in the
radio band as summarized in Table 2. The overall EM follow-
up of GW150914 consisting of broadband tiled observations

Table 1
Summary of Tiled Observations

Facility/ Area Contained Probability (%)

Instrument Banda Depthb Timec (deg2) cWB LIB BSTRd LALInf GCN

Gamma-ray

Fermi LAT 20 MeV–
300 GeV

1.7 × 10−9 (every
3 hr)

L 100 100 100 100 18709

Fermi GBM 8 keV–40 MeV 0.7–5 × 10−7

(0.1–1 MeV)
(archival) L 100 100 100 100 18339

INTEGRAL 75 keV–1 MeV 1.3 × 10−7 (archival) L 100 100 100 100 18354
IPN 15 keV–10 MeV 1 × 10−7 (archival) L 100 100 100 100 L

X-ray

MAXI/GSC 2–20 keV 1 × 10−9 (archival) 17900 95 89 92 84 19013
Swift XRT 0.3–10 keV 5 × 10−13 (gal.) 2.3, 1, 1 0.6 0.03 0.18 0.04 0.05 18331

2–4 × 10−12 (LMC) 3.4, 1, 1 4.1 1.2 1.9 0.16 0.26 18346

Opticale

DECam i, z i < 22.5, z < 21.5 3.9, 5, 22 100 38 14 14 11 18344, 18350
iPTF R R < 20.4 3.1, 3, 1 130 2.8 2.5 0.0 0.2 18337
KWFC i i < 18.8 3.4, 1, 1 24 0.0 1.2 0.0 0.1 18361
MASTER C < 19.9 −1.1, 7, 7 710 50 36 55 50 18333, 18390, 18903, 19021
Pan-STARRS1 i i < 19.2 − 20.8 3.2, 21, 42 430 28 29 2.0 4.2 18335, 18343, 18362, 18394
La Silla–

QUEST
g, r r < 21 3.8, 5, 0.1 80 23 16 6.2 5.7 18347

SkyMapper i, v i < 19.1, v < 17.1 2.4, 2, 3 30 9.1 7.9 1.5 1.9 18349
Swift UVOT u u < 19.8 (gal.) 2.3, 1, 1 3 0.7 1.0 0.1 0.1 18331

u u < 18.8 (LMC) 3.4, 1, 1 18346
TAROT C R < 18 2.8, 5, 14 30 15 3.5 1.6 1.9 18332, 18348
TOROS C r < 21 2.5, 7, 90 0.6 0.03 0.0 0.0 0.0 18338
VST@ESO r r < 22.4 2.9, 6, 50 90 29 10 14 10 18336, 18397

Near Infrared

VISTA@ESO Y, J, KS J < 20.7 4.8, 1, 7 70 15 6.4 10 8.0 18353

Radio

ASKAP 863.5 MHz 5–15 mJy 7.5, 2, 6 270 82 28 44 27 18363, 18655
LOFAR 145 MHz 12.5 mJy 6.8, 3, 90 100 27 1.3 0.0 0.1 18364, 18424, 18690
MWA 118 MHz 200 mJy 3.5, 2, 8 2800 97 72 86 86 18345

Notes.
a Band: photon energy, optical or near-infrared filter (or C for clear unfiltered light), wavelength range, or central frequency.
b Depth: gamma/X-ray limiting flux in erg cm−2 s−1; 5σ optical/IR limiting magnitude (AB); and 5σ radio limiting spectral flux density in mJy. The reported values
correspond to the faintest flux/magnitude of detectable sources in the images.
c Elapsed time in days between start of observations and the time of GW150914 (2015 September 14 09:50:45), number of repeated observations of the same area, and
total observation period in days.
d BAYESTAR.
e Searches for bright optical transients were also done by BOOTES-3 and Pi of the Sky. Details are given in the Supplement (Abbott et al. 2016b).
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Table 3. The supernovae identified by the KWFC survey
ID RA DEC Tobs(UT)a mr mlim

b host galaxyc spec-zd photo-z Mr
e

[deg] [deg] [AB] [AB] [AB]
KISS15ag 141.812070 51.480666 2015-12-28 13:40:48 17.5 19.30 SDSS J092715.01+512853.2 0.053 - −19.4
KISS15ah 140.142947 50.696334 2015-12-29 12:57:36 18.0 19.17 SDSS J092034.44+504148.7 - 0.050 or 0.063 −19.1
KISS15ai 19.249817 -4.942760 2015-12-29 09:50:24 16.6 20.00 SDSS J011659.36-045629.0 - 0.03 −19.1
KISS15aj 137.536390 50.061012 2015-12-29 12:14:24 17.4 19.37 UGC 04812 0.0343 - −18.6
KISS16a 126.579910 53.770297 2016-01-02 18:28:48 18.7 20.40 SDSS J082619.18+534610.5 0.042 - −17.8
KISS16b 140.725655 46.534659 2016-01-02 20:52:48 19.6 20.26 KUG0919+467 0.009964 - −13.7
KISS16c 134.969736 53.265282 2016-01-02 19:55:12 19.3 20.46 SDSS J085952.59+531547.7 0.093 - −18.9
KISS16d 136.815119 52.762845 2016-01-02 19:55:12 19.5 20.46 SDSS J090715.76+524544.6 NA 0.1 −18.9
KISS16e 131.618647 53.758743 2016-01-02 18:57:36 19.8 20.18 SDSS J084628.73+534531.2 - 0.10 or 0.08 −18.4
KISS16f 140.055455 54.108287 2016-01-03 20:38:24 18.5 20.16 SDSS J092012.28+540628.1 0.012 −15.2
KISS16gf 186.709112 16.263777 2016-01-03 20:09:36 19.7 20.41 SDSS J122649.70+161546.7 - 0.55 or 0.26 −22.1
KISS16h 126.292102 56.706847 2016-01-06 19:12:00 19.0 20.52 SDSS J082510.12+564222.5 0.043 - −17.5
KISS16i 185.281171 16.935903 2016-01-06 20:09:36 19.7 20.41 SDSS J122107.48+165607.1 - 0.1 −18.7

a. Observation time (UT) of the events.
b. 5 σ limiting magnitude.
c. Closest galaxy in SDSS.
d. All the spectral redshifts except for KISS15aj and KISS16b were taken from SDSS DR12 (Shadab et al. 2015). The redshifts for KISS15aj and KISS16b were obtained
from Fisher et al. (1995) and Falco et al. (1999), respectively.
e. When two values are given for photo-z, an average redshift is assumed.
f. Identification of the host galaxy is uncertain. The host galaxy may be SDSS J122650.23+161618.2 (z =0.046) located at about 29 arcsec north, and then the absolute
magnitude of the transient is−16.1 mag.

i band limiting magnitude and the number density of the ex-
tragalactic transients in our work are ∼24 mag (see Table 4)
and ∼1 deg−2, respectively. Scaling the number density of
Morokuma et al. (2008) using Figure 13 of (Morokuma et al.
2008), we estimate that it would be 3–4 deg−2 for the limit-
ing magnitude i′vari ∼ 24 mag. This is a few times higher than
the value of our observation. Part of this discrepancy would
come from our detection strategy. We detected the transients
based on z-band observation, thus we could systematically un-
dercount blue transients. In addition, since the Galactic lati-
tude b of the HSC observation field is less than ∼30 deg. (see
Figure 1), large fraction of the field suffered from Galactic ex-
tinction (typical color excess E(B−V ) is ∼0.3–0.7; see Table
4). Considering these factors, we judge that our observation is
roughly consistent with Morokuma et al. (2008).

3.1.3 MOA-II survey

The data of MOA-II were reduced in standard manner of CCD
data reduction using IRAF. Astrometry of the data was done
using Astrometry.net (Lang 2009). Then point source candi-
dates were extracted with SExtractor (Bertin & Arnouts 1996).
After excluding known stars using the USNO-B1.0 catalog, we
omitted the candidates whose brightness profiles were not con-
sistent with PSF by profile fitting using IRAF task ALLSTAR.
We visually inspected the remaining 2953 candidates and se-
lected 39 sources as transient object candidates. Then we
checked 2MASS (Skrutskie et al. 2006) and WISE (Wright et
al. 2010) images and found that 33 among the 39 candidates
were 2MASS sources and one was aWISE source. Using Minor

Fig. 5. Color-magnitude variation of variable component of a transient can-
didate of the HSC follow-up survey of GW151226. Filled blue circles are the
data of HSC160107-T035 taken from Jan. 7 and 13 image after subtract-
ing Feb. 6 image (Galactic extinction was corrected). Pink and light blue
lines represent kilonova models of NS–NS merger and BH–NS merger of
Tanaka et al. (2014) (see text). Green, black, and orange lines are the color-
magnitude evolutions of variable components of SNe Type Ia, Type IIP, and
Type Ibc, respectively. To derive the variable components of SNe, we sub-
tracted the data 30 days after the explosions from the model light curves of
SNe.
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2016; Savchenko et al. 2016; Xiong 2016). Thus there is still
no observational evidence with concrete theoretical background
for EM emission from BH–BH merger. In other words, the key
ingredient for detection of EM counterpart associated with GW
is whether it contains a neutron star. Hence the information of
the chirp mass of GW event is crucial for EM follow-up obser-
vations. When the chirp mass and distance estimation of a GW
event is distributed, EM follow-up teams will be able to make
effective observation plans with their available facilities (Singer
et al. 2016).

For considering future observation strategies, we summa-
rized the observation epochs and the limiting magnitudes of the
J-GEM follow-up of GW151226 in Figure 6. The limiting mag-
nitudes of R, r, I , i, and MOA-red bands taken with HOWPol,
HONIR, MINT, MITSuME, MOA-cam3, KWFC, and HSC are
plotted with theoretical i band light curves of kilonovae (Tanaka
et al. 2014; Tanaka 2016). Our early observations with the
small- and mid-sized- telescopes reached the depth of∼20 mag
in optical red bands. The KWFC data around 6–8 days after the
GW event were as deep as ∼20.5 mag. The deepest data taken
with HSC reached down to ∼24 mag in i band at 12 days after
GW151226. According to the theoretical light curves in Figure
6, the depth of our early galaxy targeted observations reached
the detection threshold of kilonova emission from a BH–NS
merger within a distance of ∼50–100 Mpc. The late KWFC
observations at around 7 days after the GW could follow the
candidate. The deep HSC observations could follow the light
curve of the candidate at most one month after the event.

However, if the event were NS–NS merger, the story would
be completely changed. The kilonova emission for NS–NS
merger is too faint to detect with our observations. Even if the
event distance is 50 Mpc, the maximum magnitude of the opti-
cal emission would be much fainter than∼19 mag at 1 day after
the event. Only HSC could detect the optical emission from a
kilonova at a distance of 50–100 Mpc if the follow-up observa-
tion with HSC was performed within ∼5 days after the event.

HSC has a capability to survey over ∼60 deg2 with two col-
ors, i and z bands, with the limiting magnitude of ∼24 mag
within a half night. Figure 6 shows that quick (<3 days) follow-
up observations with HSC can detect the optical emission of
kilonova induced by an NS–NS merger at a distance of ∼200
Mpc. For BH–NS mergers, relatively slow start of the obser-
vation is acceptable. The kilonova EM emission from BH–NS
merger at a distance of 400 Mpc would be detectable by HSC
even after 10 days from the GW event. When aVirgo goes in
regular operation and a joint observation of aLIGO and aVirgo
starts, the 90% credible area of GW detection would become
smaller than ∼50 deg2 depending on the signal-to-noise ratio
of the event (Singer et al. 2014). This size of area matches very
well to the area covered by half night observation of HSC, and
thus detection of EM emission from kilonova is greatly antici-

Fig. 6. The limiting magnitudes of the J-GEM observations of GW151226
and kilonova light curves. Filled triangles represent median 5σ limiting mag-
nitudes and the y-axis error bars show the range of the variation of the limit-
ing magnitudes in the observed data sets. Black, red, and blue colors repre-
sent R (r for KWFC) band, I (i for HSC) band, and MOA-red band, respec-
tively. The theoretical i band light curves of NS–NS merger (APR4-1215 of
Tanaka et al. 2014) and BH–NS merger (H4Q3a75 of Tanaka et al. 2014)
are shown as red and blue lines, respectively. The green line shows the i

band light curve of a model of the emission from shocked wind from NS–NS
merger with ejecta mass of 0.03M⊙ (Tanaka 2016). Solid, dashed and dot-
ted lines correspond to the event distance of 50 Mpc, 100 Mpc and 200 Mpc,
respectively.

pated.
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NS mass BH mass Spin hV T i (Gpc3 yr) Range (Mpc) R90% (Gpc�3 yr�1)
(M

�

) (M
�

) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.

Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short
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Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M

�

and the
light blue region assumes a NSBH population with masses
10–1.4 M

�

. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M

�

NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M

�

–1.4M
�

NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated

Expected # in O2
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Table 2. Counts and sensitive time-volumes to BBH
mergers estimated under various assumptions. See Sec-
tions 2.1 and 2.2.

⇤ hV T i /Gpc

3

yr

pycbc gstlal pycbc gstlal

GW150914 2.1+4.1
�1.7 3.6+6.9

�2.9 0.130+0.084
�0.051 0.21+0.14

�0.08

LVT151012 2.0+4.0
�1.7 3.0+6.8

�2.7 0.032+0.020
�0.012 0.048+0.031

�0.019

Both 4.5+5.5
�3.1 7.4+9.2

�5.1 · · · · · ·

Astrophysical

Flat

3.2+4.9
�2.4 4.8+7.9

�3.8
0.093+0.060

�0.036 0.150+0.096
�0.059

Power Law 0.031+0.020
�0.012 0.0479+0.031

�0.019

100 101 102

hV T i0
/hV T i0

10�1

100

101

102

103

⇤
0

O2 O3O1

Figure 6. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV T i0). The
expected range of values of hV T i for the observations in O2 and O3 are shown as vertical bands. Right panel: The
probability of observing N > 0 (blue), N > 5 (green), N > 10 (red), and N > 35 (purple) highly significant events,
as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitive
time-volume for each of the O1 (dashed line), O2, and O3 observations.

compute the probability of having more than n high-
significance events in a subsequent observation:

p (N > n|⇤0) = exp [�⇤0]
1X

k=n+1

⇤0k

k!
. (21)

Applying Eq. (20), and integrating over our posterior on
⇤ from the analysis in Section 2.1, we obtain the posterior
probability of more than n high-significance events in a
subsequent observation with sensitivity hV T i 0 given our

current observations:

p (N > n| {xj} , hV T i 0) =
Z

d⇤0 d⇤1 p (N > n|⇤0 (⇤1)) p (⇤0, ⇤1| {xj}) . (22)

The right panel of Figure 6 shows this probability for
various values of n and hV T i 0.

The rates presented here are consistent with the theo-
retical expectations detailed in Abadie et al. (2010). See
Abbott et al. (2016b) for a detailed discussion of the im-
plications of our rate estimates for models of the binary
BH population.

GW150914 is unusually significant; only ⇠ 8% of
the astrophysical distribution of sources with a FAR

Abbott+2016 (arxiv:1602.03842)
Abbott+2016 (arxiv:1607.07456)
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NS mass BH mass Spin hV T i (Gpc3 yr) Range (Mpc) R90% (Gpc�3 yr�1)
(M

�

) (M
�

) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.

100 101 102 103 104

BNS Rate (Gpc�3yr�1)

aLIGO 2010 rate compendium

Kim et al. pulsar

Fong et al. GRB

Siellez et al. GRB

Coward et al. GRB

Petrillo et al. GRB

Jin et al. kilonova

Vangioni et al. r-process

de Mink & Belczynski pop syn

Dominik et al. pop syn
O1O2O3

Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short

Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M

�

and the
light blue region assumes a NSBH population with masses
10–1.4 M

�

. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M

�

NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M

�

–1.4M
�

NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated

BH-BH

NS-NS

NS-BH
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2016; Savchenko et al. 2016; Xiong 2016). Thus there is still
no observational evidence with concrete theoretical background
for EM emission from BH–BH merger. In other words, the key
ingredient for detection of EM counterpart associated with GW
is whether it contains a neutron star. Hence the information of
the chirp mass of GW event is crucial for EM follow-up obser-
vations. When the chirp mass and distance estimation of a GW
event is distributed, EM follow-up teams will be able to make
effective observation plans with their available facilities (Singer
et al. 2016).

For considering future observation strategies, we summa-
rized the observation epochs and the limiting magnitudes of the
J-GEM follow-up of GW151226 in Figure 6. The limiting mag-
nitudes of R, r, I , i, and MOA-red bands taken with HOWPol,
HONIR, MINT, MITSuME, MOA-cam3, KWFC, and HSC are
plotted with theoretical i band light curves of kilonovae (Tanaka
et al. 2014; Tanaka 2016). Our early observations with the
small- and mid-sized- telescopes reached the depth of∼20 mag
in optical red bands. The KWFC data around 6–8 days after the
GW event were as deep as ∼20.5 mag. The deepest data taken
with HSC reached down to ∼24 mag in i band at 12 days after
GW151226. According to the theoretical light curves in Figure
6, the depth of our early galaxy targeted observations reached
the detection threshold of kilonova emission from a BH–NS
merger within a distance of ∼50–100 Mpc. The late KWFC
observations at around 7 days after the GW could follow the
candidate. The deep HSC observations could follow the light
curve of the candidate at most one month after the event.

However, if the event were NS–NS merger, the story would
be completely changed. The kilonova emission for NS–NS
merger is too faint to detect with our observations. Even if the
event distance is 50 Mpc, the maximum magnitude of the opti-
cal emission would be much fainter than∼19 mag at 1 day after
the event. Only HSC could detect the optical emission from a
kilonova at a distance of 50–100 Mpc if the follow-up observa-
tion with HSC was performed within ∼5 days after the event.

HSC has a capability to survey over ∼60 deg2 with two col-
ors, i and z bands, with the limiting magnitude of ∼24 mag
within a half night. Figure 6 shows that quick (<3 days) follow-
up observations with HSC can detect the optical emission of
kilonova induced by an NS–NS merger at a distance of ∼200
Mpc. For BH–NS mergers, relatively slow start of the obser-
vation is acceptable. The kilonova EM emission from BH–NS
merger at a distance of 400 Mpc would be detectable by HSC
even after 10 days from the GW event. When aVirgo goes in
regular operation and a joint observation of aLIGO and aVirgo
starts, the 90% credible area of GW detection would become
smaller than ∼50 deg2 depending on the signal-to-noise ratio
of the event (Singer et al. 2014). This size of area matches very
well to the area covered by half night observation of HSC, and
thus detection of EM emission from kilonova is greatly antici-

Fig. 6. The limiting magnitudes of the J-GEM observations of GW151226
and kilonova light curves. Filled triangles represent median 5σ limiting mag-
nitudes and the y-axis error bars show the range of the variation of the limit-
ing magnitudes in the observed data sets. Black, red, and blue colors repre-
sent R (r for KWFC) band, I (i for HSC) band, and MOA-red band, respec-
tively. The theoretical i band light curves of NS–NS merger (APR4-1215 of
Tanaka et al. 2014) and BH–NS merger (H4Q3a75 of Tanaka et al. 2014)
are shown as red and blue lines, respectively. The green line shows the i

band light curve of a model of the emission from shocked wind from NS–NS
merger with ejecta mass of 0.03M⊙ (Tanaka 2016). Solid, dashed and dot-
ted lines correspond to the event distance of 50 Mpc, 100 Mpc and 200 Mpc,
respectively.

pated.
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O2でのJ-GEMの観測戦略
O2開始: 2016年11月末 (計6ヶ月間)

O2とO1の違い

得られる情報: 距離, 中性子星を含んでいそうかどうか

観測ランの後半はAdvanced Virgoが参加予定(O2b)

感度: 検出数の向上 <==> 共同利用時間(ToO)は限られている

Virgo参加後はlocalizationも改善. 依然としてO(100)deg2. 


「電磁波が出そうな天体」 
= NS+NS or NS+BHを優先的に


NSを含むかどうかの情報

サーベイ観測: すばる/HSC,  
木曽シュミット望遠鏡, MOA-II


3回: 直後、数日後、1,2ヶ月後

近傍銀河観測: それ以外で分担
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まとめ
中性子星連星，中性子星ブラックホール連星からの電磁波を捉えたい．


r-process元素生成の場

暗く，赤く，早く減光する．

20等級くらいの深さまで観測したい．

可視では大量のコンタミ(別の種類の光度変動天体)を取り除く必要．


電磁波対応天体同定の試みは世界中のあらゆる波長の望遠鏡で

J-GEM = 日本@光赤外(+電波)

世界中に望遠鏡，すばる/HSCは特にユニーク．

HiNOTORI, OAO/WFC, KOOLS-IFU, Tomo-e Gozen開発

系統的な解析環境(引き算処理含む)の準備


LIGO O1で検出された重力波はどちらもブラックホール連星．

強い電磁波放射は期待できなかった．

J-GEM: GW150914 (TM+2016), GW151226 (Yoshida+2017, Utsumi+2017)


LIGO O2が始まった．

中性子星を含む合体現象からの重力波が受かるかもしれない．

38


