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ν-driven winds from NS merger remnants 3145

Figure 12. Vertical slices of the 3D domain (corresponding to the y = 0 plane), recorded 20 ms after the beginning of the simulation. In the left-hand panel,
we represent the logarithm of the matter density (in g cm−3, left-hand side) and the projected fluid velocity (in units of c, on the right-hand side); the arrows
indicate the direction of the projected velocity in the plane. On the right-hand panel, we represent the electron fraction (left-hand side) and the matter entropy
(in unit of kB baryon−1, right-hand side).

Figure 13. Same as in Fig. 12, but at ≈40 ms after the beginning of the simulation.

The radial velocity in the wind increases from a few times 10−2 c,
just above the disc, to a typical asymptotic expansion velocity of
0.08–0.09 c. This acceleration is caused by the continuous pressure
gradient provided by newly expanding layers of matter.

To characterize the matter properties, we plot in Fig. 15 2D
mass histograms for couples of quantities, namely ρ–Ye (top row),
ρ–s (central row) and Ye–s (bottom row), at three different times
(t = 0, 40, 85 ms). Colour coded is a measure of the amount of matter

experiencing specific thermodynamical conditions inside the whole
system, at a certain time.5

We notice that most of the matter is extremely dense
(ρ > 1011 g cm−3), neutron rich (Ye < 0.1) and, despite the

5 A formal definition of the plotted quantity can be found in section of Bacca
et al. (2012). However, in this work we do not calculate the time average.
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FIG. 2. Profiles of the electron number per baryon, Ye, (left in each panel) and the specific entropy, s, (right in each panel)
in x-y (lower in each panel) and x-z (upper in each panel) planes. The top three panels show the results for SFHo-135-135h
(left), SFHo-130-140h (middle), and SFHo-125-145h (right) at ⇡ 13ms after the onset of the merger. The lower three panels
show the results for DD2-135-135h (left), DD2-130-140h (middle), and DD2-125-145h (right) at ⇡ 10ms after the onset of the
merger.

binaries, the typical ejecta mass would approach 10�2M�
irrespective of the EOS employed. We note that the total
ejecta mass depends only weakly on the grid resolution
as listed in Table I.

As shown in Fig. 1, the ejecta mass increases with time
for the first ⇠ 10ms after the onset of the merger. This is
in particular observed for the SFHo models with q & 0.9
and all the DD2 models. This indicates that we have to
follow the ejecta motion at least for ⇡ 10ms after the
onset of the merger. In a recent simulation of Ref. [13],

they estimated the properties of the ejecta at . 5ms after
the onset of the merger, perhaps because of their small
computational domain employed (L = 750 km). How-
ever, the ejecta mass would still increase with time in
such an early phase. This could be one of the reasons
that our results for the ejecta mass are much larger than
theirs. Figure 1 also shows that the average of Ye still
significantly varies with time for the first ⇠ 5ms after
the onset of the merger. This also shows that it would
be necessary to determine the properties of the ejecta at
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3 R A D I OAC T I V E H E AT I N G

3.1 Network calculations

In this section we present calculations of the radioactive heating of
the ejecta. We use a dynamical r-process network (Martı́nez-Pinedo
2008; Petermann et al. 2008) that includes neutron captures, pho-
todissociations, β-decays, α-decays and fission reactions. The latter
includes contributions from neutron-induced fission, β delayed fis-
sion and spontaneous fission. The neutron capture rates for nuclei
with Z ≤ 83 are obtained from the work of Rauscher & Thielemann
(2000) and are based on two different nuclear mass models: the
Finite Range Droplet Model (FRDM; Möller et al. 1995) and the
Quenched version of the Extended Thomas–Fermi with Strutinsky
Integral (ETFSI-Q) model (Pearson, Nayak & Goriely 1996). For
nuclei with Z > 83 the neutron capture rates and neutron-induced
fission rates are obtained from Panov et al. (2010). β-decay rates
including emission of up to three neutrons after β-decay are from
Möller, Pfeiffer & Kratz (2003). β-delayed fission and spontaneous
fission rates are determined as explained by Martı́nez-Pinedo et al.
(2007). Experimental rates for α and β decay have been obtained
from the NUDAT data base.1 Fission yields for all fission processes
are determined using the statistical code ABLA (Gaimard & Schmidt
1991; Benlliure et al. 1998). All heating is self-consistently added
to the entropy of the fluid following the procedure of Freiburghaus
et al. (1999). The change of temperature during the initial expan-
sion is determined using the Timmes equation of state (Timmes &
Arnett 1999), which is valid below the density ρ ∼ 3 × 1011 g cm−3

at which our calculation begins.
As in the r-process calculations performed by Freiburghaus et al.

(1999), we use a Lagrangian density ρ(t) taken from the NS–NS
merger simulations of Rosswog et al. (1999). In addition to ρ(t), the
initial temperature T , electron fraction Ye and seed nuclei properties
(Ā, Z̄) are specified for a given calculation. We assume an initial
temperature T = 6 × 109 K, although the subsequent r-process heat-
ing is not particularly sensitive to this choice because any initial ther-
mal energy is rapidly lost to P dV work during the initial expansion
before the r-process begins (Meyer 1989; Freiburghaus et al. 1999).
For our fiducial model we also assume Ye = 0.1, Z̄ ≃ 36, Ā ≃ 118
(e.g. Freiburghaus et al. 1999).

Our results for the total radioactive power Ė with time are shown
in Fig. 1. On time-scales of interest the radioactive power can be
divided into two contributions: fission and β-decays, which are
denoted by dashed and dotted lines, respectively. The large heating
rate at very early times is due to the r-process, which ends when
neutrons are exhausted at t ∼ 1 s ∼10−5 d. The heating on longer
time-scales results from the synthesized isotopes decaying back to
stability. On the time-scales of interest for powering EM emission
(tpeak ∼ hours–days; equations3), most of the fission results from
the spontaneous fission of nuclei with A ∼ 230–280. This releases
energy in the form of the kinetic energy of the daughter nuclei and
fast neutrons, with a modest contribution from γ -rays. The other
source of radioactive heating is β-decays of r-process product nuclei
and fission daughters (see Table 1 for examples corresponding to
our fiducial model). In Fig. 1 we also show for comparison the
radioactive power resulting from an identical mass of 56Ni and its
daughter 56Co. Note that (coincidentally) the radioactive power of
the r-process ejecta and 56Ni/56Co are comparable on time-scales
∼1 d.

1http://www.nndc.bnl.gov/nudat2/

Figure 1. Radioactive heating rate per unit mass Ė in NS merger ejecta
due to the decay of r-process material, calculated for the Ye = 0.1 ejecta
trajectory from Rosswog et al. (1999) and Freiburghaus et al. (1999). The
total heating rate is shown with a solid line and is divided into contributions
from β-decays (dotted line) and fission (dashed line). For comparison we
also show the heating rate per unit mass produced by the decay chain
56Ni → 56Co → 56Fe (dot–dashed line). Note that on the ∼day time-scales
of interest for merger transients (t ∼ tpeak; equation 3) fission and β-decays
make similar contributions to the total r-process heating, and that the r-
process and 56Ni heating rates are similar.

Table 1. Properties of the dominant β-decay nuclei at t ∼ 1 d.

Isotope t1/2 Qa ϵb
e ϵc

ν ϵd
γ Eavg e

γ

(h) (MeV) (MeV)

135I 6.57 2.65 0.18 0.18 0.64 1.17
129Sb 4.4 2.38 0.22 0.22 0.55 0.86
128Sb 9.0 4.39 0.14 0.14 0.73 0.66
129Te 1.16 1.47 0.48 0.48 0.04 0.22
132I 2.30 3.58 0.19 0.19 0.62 0.77
135Xe 9.14 1.15 0.38 0.40 0.22 0.26
127Sn 2.1 3.2 0.24 0.23 0.53 0.92
134I 0.88 4.2 0.20 0.19 0.61 0.86
56Nif 146 2.14 0.10 0.10 0.80 0.53

aTotal energy released in the decay.
b,c,dFraction of the decay energy released in electrons, neutrinos and γ -rays.
eAverage photon energy produced in the decay.
f Note: 56Ni is not produced by the r-process and is only shown for compar-
ison [although a small abundance of 56Ni may be produced in accretion disc
outflows from NS–NS/NS–BH mergers (Metzger et al. 2008b)].

In Fig. 2 we show the final abundance distribution from our
fiducial model, which shows the expected strong second and third
r-process peaks at A ∼ 130 and ∼195, respectively. For comparison,
we show the measured Solar system r-process abundances with
points. The computed abundances are rather different to the one
obtained by Freiburghaus et al. (1999) due to an improved treatment
of fission yields and freeze-out effects.

Although we assume Ye = 0.1 in our fiducial model, the ejecta
from NS mergers will possess a range of electron fractions (see
Section 2.1). To explore the sensitivity of our results to the ejecta
composition we have run identical calculations of the radioactive
heating, but varying the electron fraction in the range Ye = 0.05–
0.35. Although in reality portions of the ejecta with different compo-
sitions will undergo different expansion histories, in order to make
a direct comparison we use the same density trajectory ρ(t) as was
described earlier for the Ye = 0.1 case. Fig. 3 shows the heating rate

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2650–2662
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物質は多くの中性子を含んでいるため，放出物質
の中では速い中性子捕獲反応（r-process）が進
みます 12）‒14）．r-processは放射性不安定な原子核
を経由して重元素を合成するプロセスですので，
中性子星合体は不安定な原子核の放射性エネル
ギーを使って電磁波で等方的に光るはずです．こ
れは Ia型超新星がニッケル56の放射性崩壊で電
磁波で明るく輝くのと似ています．
このような電磁波放射のアイデア自体は1999

年に初めて提唱されていたのですが 15），詳細な
放射の様子は最近まで明らかになっていませんで
した．核分裂やベータ崩壊によって，放射性エネ
ルギーが放出物質に蓄えられるところまでは良い
のですが，中性子星合体からの放出物質は鉄より
重い元素「のみ」で構成される特殊な系で，放出
物質内部での光の進みにくさ（opacity）がわか
らなかったためです．そのため長い間，Ia型超新
星のような鉄族元素で構成される系のopacity
（約0.1 cm2 g－1）を仮定して電磁波放射の予想が
行われていました．
そこで筆者らは，r-process元素のみで構成さ
れる系での現実的な輻射輸送シミュレーションを
行いました 16）．その結果，r-process元素で構成
される系におけるopacityが，Ia型超新星に比べ
て約100倍も高い（10 cm2 g－1）ことがわかりま
した．同時期にアメリカのグループも異なるアプ
ローチで同様の結論に到達しています 17）, 18）．光
がより進みにくいということは，電磁波放射のタ
イムスケールが長くなり，放射がより暗くなるこ
とを意味します．シミュレーションの結果，中性
子星合体からの電磁波放射は（1）1週間程度の
タイムスケールで，（2）1040‒1041 erg s－1程度の
光度をもち（図2），（3）放射のピークは近赤外
線にくることがわかりました（図3）．
ちなみに，この電磁波放射現象は英語では“ki-

lonova”や“macronova”などと呼ばれています．
日本語では正式な名前はまだ存在しません．直訳
すると「千新星」，「巨新星」となり，どうもイマ

イチです．そこで筆者は，膨張速度が「速い」こ
と，「速い」中性子捕獲反応で明るく輝くことか
ら，「超速新星」と呼ぶことにしました 19）．この
名前が定着するかは極めて不明ですが，本稿では
こう呼ばせていただきます．
さて，中性子星合体からこのような放射が起き
るとすると，ショートガンマ線バーストの残光の
中にこのような放射が足されて観測される可能性
があります．幸運なことに，筆者らがシミュレー
ションを行ったのと同じ年の2013年，非常に近
傍でショートガンマ線バーストGRB 130603Bが
発見されました．このガンマ線バーストの赤外線

図2 数値シミュレーションで得られた連星中性子
星合体の光度曲線．破線は0.01太陽質量の r-
process元素による放射性崩壊エネルギー．

図3 連星中性子星合体のスペクトルと，Ia型超新
星，継続時間の長いガンマ線バーストに付随し
た超新星（SN 1998 bw）のスペクトルの比較．
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Spectra
The Astrophysical Journal, 774:25 (13pp), 2013 September 1 Kasen, Badnell, & Barnes

Figure 11. Synthetic spectra (2.5 days after mass ejection) of the r-process SN
model described in the text, calculated using either Kurucz iron group opacities
(black line) or our Autostructure-derived r-process opacities (red line). For
comparison, we overplot blackbody curves of temperature T = 6000 K (black
dashed) and T = 2500 K (red dashed). The inset shows the corresponding
bolometric light curves assuming iron (black) or r-process (red) opacities.
For comparison, we also plot a light curve calculated with a gray opacity of
κ = 10 cm2 g−1 (blue dashed line).
(A color version of this figure is available in the online journal.)

The spectrum at 2.5 days after the merger is much redder, with
most of the flux emitted in the near infrared (∼1 µm). Due to the
extreme line blanketing at bluer wavelengths, the photons are
eventually redistributed (through lines) to the infrared, where
the opacities are lower and radiation can escape more readily.
As shown in Figure 11, the bolometric light curve from the full
multi-wavelength calculation resembles one calculated with an
effective gray opacity of κ = 10 cm2 g−1, which is two orders
of magnitude greater than values used in previous gray transport
models.

Other than the unusually red color, the r-process spectra
generally resemble those of ordinary SNe, and in particular
those with high expansion velocities (e.g., the hyper-energetic
Type Ic event, SN 1998bw; Galama et al. 1998). The continuum
flux, which is produced by emission in the Doppler-broadened
forest of lines, resembles a blackbody with a few broad (∼200 Å)
spectral features. It is not easy to associate these features with
either absorption or emission from a single line; instead they
arise from blends of many lines. Because our atomic structure
models do not accurately predict line wavelengths (and we only
include lines of Nd and Fe), the location of the features in our
synthetic spectra are not to be trusted. Nevertheless, the model
spectra are likely qualitatively correct. One can anticipate where
features are most likely to appear by examining the energy
spacing of the low lying levels of the lanthanides.

Figure 12 shows the time evolution of the synthetic spectra.
At the earliest times (!0.25 days after ejection) some flux
emerges at optical wavelengths, but this phase is short lived.
By day 0.5, the optical emission has faded, and the spectra
evolve relatively slowly thereafter, with effective blackbody
temperatures steady in the range T ≈ 2000–3000 K. The
temporal evolution can be understood by considering the mean
opacity curves (e.g., Figure 6). At early times, the ejecta is
relatively hot ("4000 K) throughout, and the opacity is roughly
constant with radius. By day ∼0.3, however, the outermost
layers have cooled below !3000 K, and the r-process opacities

Figure 12. Synthetic spectra time series of the r-process SN model described
in the text. The times since mass ejection are marked on the figure.

drop sharply due to lanthanide recombination. The ejecta
photosphere forms near the recombination front (as overlying
neutral layers are essentially transparent) which regulates the
effective temperature to be near the recombination temperature.
This behavior is similar to the plateau phase of the (hydrogen-
rich) Type IIP SNe, although in this case the opacity is due to
line blanketing, not electron-scattering. More importantly, the
temperature at the recombination front (TI ∼ 2500 K) is a factor
of ∼2 lower for r-process ejecta, as the ionization potentials
of the lanthanides (∼6 eV) are lower than that of hydrogen
(∼13.6 eV).

Our calculated SEDs are somewhat sensitive to the atomic
structure model used to generate the line data. Figure 13
compares calculations using line data from the different
Autostructure optimization runs (opt1, opt2, and opt3). The
observed differences can be taken as some measure of the un-
certainty resulting from inaccuracies in our atomic structure
calculations. Notably, the spectrum calculated using the opt2
linelist has significantly higher flux in the optical (∼6000 Å).
This is presumably due to the lower overall opacity of the opt 2
model (Figure 8). Given the superior match of the opt3 model to
the experimental level data, we consider the spectral predictions
using this line data to be the most realistic; however, it is clear
that some significant uncertainties remain.

Another concern for the spectrum predictions is the potential
breakdown of the Sobolev approximation. At bluer wavelengths,
the mean spacing of strong lines can become less than the
intrinsic (presumed thermal) width of the lines, which violates
the assumptions used to derive an expansion opacity. It is not

11
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If	post-dynamical	ejecta	is	Lanthanide-free	(Ye	>~	0.25)	
=>	low	opacity	=>	“blue	kilonova”
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Kilonova light curves from disc winds 1781

Figure 4. Synthetic light curves of models t000, t030, t100 and tInf. Blue lines denote blue optical emission (averaged over 3500–5000 Å), red lines denote
red optical emission (5000–7000 Å) and black lines infrared emission (1–3 µm). Lines are overplotted for 20 different viewing angles, equally spaced in cos θ .
A small amount of Monte Carlo noise is apparent in the calculations.

Figure 5. Left-hand panel: angle-averaged synthetic light curves of various wind models at optical blue wavelengths (3500–5000 Å). The closed circles show
r-band observations of the possible kilonova following GRB 080503 (Perley et al. 2009). The triangle symbol denotes an upper limit. As the redshift of 080503
is unknown, we adopt a value z = 0.25 and neglect k-correction effects. Right-hand panel: model light curves of the same models at infrared wavelengths
(1−3 µm). The square shows the Hubble Space Telescope observations of the possible kilonova associated with GRB130603B (Berger, Fong & Chornock
2013; Tanvir et al. 2013).
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Table 1 Timeline of major developments in kilonova research

1974 Lattimer & Schramm: r-process from BH-NS mergers
1975 Hulse & Taylor: discovery of binary pulsar system PSR 1913+16
1982 Symbalisty & Schramm: r-process from NS-NS mergers
1989 Eichler et al.: GRBs from NS-NS mergers
1994 Davies et al.: first numerical simulation of mass ejection from NS-NS mergers
1998 Li & Paczynski: first kilonova model, with parametrized heating
1999 Freiburghaus et al.: NS-NS dynamical ejecta ) r-process abundances
2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine
2009 Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)
2010 Metzger et al., Roberts et al., Goriely et al.: kilonova powered by r-process heating
2013 Barnes & Kasen, Tanaka & Hotokezaka: La/Ac opacities ) NIR spectral peak
2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B
2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)
2014 Metzger & Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds

Fig. 1 Timeline of the development kilonova models in the space of peak luminosity and
peak timescale. The wavelength of the predicted spectral peak are indicated by color as
marked in the figure.

2 Historical Background

2.1 NS mergers as sources of the r-process

Burbidge et al (1957) and Cameron (1957) realized that approximately half of
the elements heavier than iron are synthesized via the capture of neutrons onto

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

B. NS-NS mergers

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

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

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

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

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

NS-NS

Disk	wind	

BH-NS	

Type	Ia	SNi-band,	Mej	=	0.01	Msun

1m

4m

8m

MT	2016

Op-cal	light	curves	in	observed	magnitudes



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.
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Figure 4. Optical r-band and near-IR JHK-band observations of GRB 150101B between �t ⇡ 2.6- 30 days, where triangles denote 3� upper limits. Also shown
are four sets of kilonova models in grey regions: spherically symmetric ejecta from NS-NS mergers (solid; Barnes & Kasen (2013)), ejecta from NS-NS mergers
(crossed) and NS-BH mergers (speckled; Hotokezaka et al. 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2014), and outflows from disc winds surrounding
a long-lived remnant (single stripes; Kasen et al. 2015). The grey regions represent the full range of light curves considered in each set, assuming pole-on
orientation and r-process element opacities.

0

0.2

0.4

0.6

0.8

1
Hβ Mgb NaD Hα TiO

GRB 150101B host
galaxy template
host photometry
z = 0.1343 ± 0.0030

4500 5000 5500 6000 6500 7000 7500 8000 8500
Observed Wavelength (Angstroms)

4000 4500 5000 5500 6000 6500 7000 7500
−0.2

0
0.2
0.4 HαResiduals

Rest Wavelength (Angstroms)

F λ
 (1

0−
15

 e
rg

 c
m
−2

 s
−1

 A
ng

−1
)

Figure 5. Top: Magellan/Baade IMACS spectrum of the early-type host
galaxy of GRB 150101B, binned with a 3-pixel boxcar (black: data; blue:
error spectrum), and normalized to the flux of the host galaxy in the gri-
bands and HST/F606W as determined from aperture photometry (light blue
squares). Also shown is an SSP template (red; Bruzual & Charlot 2003) with
a stellar population age of 2.5 Gyr at a redshift of z = 0.1343± 0.0030. Fits
are performed on the unbinned data, and the chip gap (�rest ⇡ 4293 - 4355Å)
is excluded from the fit. The locations of the Balmer absorption lines,
Mgb�5175, NaD�5892, and TiO�7050 are labelled. Bottom: Subtraction of
the galaxy template from the GRB 150101B host spectrum, revealing emis-
sion at the location of H↵�6563 which indicates the presence of an underly-
ing AGN.

tative lanthanide elements while models (ii)-(iii) incorporate
all of the r-process element opacities. For models (ii)-(iv), we
select the pole-on orientation light curves. For each observ-
ing band, we use models in the corresponding rest-frame band
(e.g., �rest = �obs(1+ z)-1), convert the provided light curves to
apparent magnitude, and shift the light curves to the observer
frame. The models, along with the late-time optical and near-
IR limits are shown in Figure 4. Although these observations
place among the deepest limits on kilonova emission follow-
ing a short GRB to date (see Section 5.3), they do not con-
strain the brightest models. This demonstrates the difficulty of
placing constraints on kilonovae associated with short GRBs
at cosmological redshifts based on the current era of kilonova
models.

4. HOST GALAXY PROPERTIES

4.1. Redshift

To determine the host galaxy’s redshift, we fit the IMACS
spectrum over the wavelength range of 4400 - 8500 Å with
simple stellar population (SSP) spectral evolution models
at fixed ages (⌧ = 0.64 - 11 Gyr) provided as part of the
GALAXEV library (Bruzual & Charlot 2003); at wavelengths
outside this range, the signal-to-noise is too low to contribute
significantly to the fit. We use �2-minimization with redshift
as the single free parameter, and perform the fit on the un-
binned data. The resulting best-fit model is characterized by a
redshift of z = 0.1343±0030, determined primarily by the lo-
cation of the main absorption features of H�, Mgb�5175 and
NaD�5892 (Figure 5), and a stellar population age of 2.5 Gyr
(�2

⌫ ⇡ 5.0 for 1471 degrees of freedom) assuming solar metal-
licity. If we allow models to deviate from solar metallicity, ad-
equate fits are also found for stellar population ages of 1.4 and
5 Gyr, while poorer fits are found for SSPs with younger or
older ages. Due to the deep absorption features, lack of emis-
sion lines, and old inferred stellar population age, we classify
this host as an early-type galaxy. The shape of the spectrum
does not require any intrinsic extinction which is consistent
with the results from the afterglow observations. We note that
this redshift is fully consistent with the reported redshift from
the VLT (Levan et al. 2015).

4.2. Stellar Population Properties
While the SSP templates provide adequate matches to sev-

eral of the main absorption features, a strong H↵ absorp-
tion feature is notably absent (Figure 5). Two possible ex-
planations are emission from the underlying AGN (c.f., Sec-
tion 2.2.5 and Xie et al. 2016) or star formation from a
younger stellar population, both of which would cause the H↵
absorption to be “filled in”.

To assess these contributions, we subtract the 2.5 Gyr tem-
plate from the host spectrum (Figure 5). We find a clear emis-
sion feature at the location of H↵ with an integrated flux of
FH↵ ⇡ 1.3⇥ 10-15 erg s-1 cm-2, or LH↵ ⇡ 5.5⇥ 1040 erg s-1

at z = 0.1343. To help distinguish between an AGN and star
formation, we use archival 1.4 GHz observations as part of the
NRAO VLA Sky Survey (Condon et al. 1998), where the host
galaxy is detected with F⌫,1.4GHz ⇡ 10.2 mJy. Using standard
relations between radio luminosity, H↵ emission, and star for-
mation (Kennicutt et al. 1994; Yun & Carilli 2002; Murphy
et al. 2011), we find that if the radio emission is due to star for-
mation, the expected H↵ luminosity is ⇡ 500 times above the
observed value. A large SFR is also in contradiction with the
early-type galaxy spectrum and lack of emission lines; thus,
star formation is not playing a large role. Instead, the H↵
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⌦m = 0.31 (Planck Collaboration 2015). Magnitudes
are reported in the AB system.

2. OBSERVATIONS AND DATA REDUCTION

GW151226 was detected on 2015 December 26 at
03:38:53 UT by a Compact Binary Coalescence (CBC)
search pipeline (Abbott et al. 2016c). The CBC pipeline
operates by matching the strain data against waveform
templates and is sensitive to mergers containing NS
and/or BH. The initial sky map was generated by the
BAYESTAR algorithm and released 37 hours after the GW
detection. BAYESTAR is a Bayesian algorithm that gen-
erates a localization sky map based on the parameter
estimation from the CBC pipeline (Singer et al. 2014;
Singer & Price 2016). The sky area contained within
the initial 50% and 90% contours was 430 deg2 and
1340 deg2, respectively. A sky map generated by the
LALInference algorithm, which computes the localiza-
tion using Bayesian forward-modeling of the signal mor-
phology (Veitch et al. 2015), was released on 2016 Jan-
uary 15 UT, after our DECam observations had been
concluded. The LALInference sky map is slightly nar-
rower than the sky map from BAYESTAR with 50% and
90% contours of 362 deg2 and 1238 deg2, respectively.
We initiated follow-up observations with DECam on

2015 December 28 UT, two days after the GW detec-
tion and 10 hours after distribution of the BAYESTAR sky
map. DECam is a wide-field optical imager with a 3 deg2

field of view (Flaugher et al. 2015). We imaged a 28.8
deg2 region corresponding to 3% of the sky localization
probability when convolved with the initial BAYESTAR

map and 2% of the localization probability in the fi-
nal LALInference sky map. The pointings and ordering
of the DECam observations were determined using the
automated algorithm described in Soares-Santos et al.
(2016). The choice of observing fields was constrained by
weather, instrument availability, and the available time
to observe this sky region given its high airmass. We
obtained four epochs of data with each epoch consisting
of one 90 s exposure in i-band and two 90 s exposures in
z-band for each of the 12 pointings. The first epoch was
obtained 2–3 days after the initial LIGO trigger (2015
December 28–29 UT), the second epoch was at 6 days
(2016 January 1 UT), the third epoch was at 13–14 days
(2016 January 8–9), and the fourth epoch was at 23–24
days (2016 January 18–19). A summary of the observa-
tions is provided in Table 1 and a visual representation
of the sky region is shown in Figure 1.
We processed the data using an implementation of

the photpipe pipeline modified for DECam images.
Photpipe is a pipeline used in several time-domain sur-
veys (e.g., SuperMACHO, ESSENCE, Pan-STARRS1;
see Rest et al. 2005; Garg et al. 2007; Miknaitis et al.
2007; Rest et al. 2014), designed to perform single-epoch
image processing including image calibration (e.g., bias
subtraction, cross-talk corrections, flat-fielding), astro-
metric calibration, image coaddition, and photometric
calibration. Additionally, photpipe performs di↵erence
imaging using hotpants (Alard 2000; Becker 2015) to
compute a spatially varying convolution kernel, followed
by photometry on the di↵erence images using an imple-
mentation of DoPhot optimized for point spread function
(PSF) photometry on di↵erence images (Schechter et al.
1993). Lastly, we use photpipe to perform initial candi-

Fig. 1.— Sky region covered by our DECam observations (red
hexagons) relative to the 50% and 90% probability regions from
the BAYESTAR (cyan contours) and LALInference (white contours)
localization of GW151226. The background color indicates the es-
timated 5� point-source limiting magnitude for a 90 s i-band expo-
sure as a function of sky position for the first night of our DECam
observations. The variation in the limiting magnitude is largely
driven by the dust extinction and airmass at that position. The
dark grey regions indicate sky positions that were unobservable due
to the telescope pointing limits. The yellow contour indicates the
region of sky covered by the Dark Energy Survey (DES). The total
e↵ective area for the 12 DECam pointings is 28.8 deg2, correspond-
ing to 3% (2%) of the probability in the BAYESTAR (LALInference)
sky map.

date searches by specifying a required number of spatially
coincident detections over a range of time. Once can-
didates are identified, photpipe performs “forced” PSF
photometry on the subtracted images at the fixed coordi-
nates of an identified candidate in each available epoch.
In the case of the GW151226 observations, we began

with raw images acquired from the NOAO archive58 and
the most recent calibration files59. Astrometric calibra-
tion was performed relative to the Pan-STARRS1 (PS1)
3⇡ survey and 2MASS J-band catalogs. The two z-band
exposures were then coadded. Photometric calibration
was performed using the PS1 3⇡ survey with appropriate
calibrations between PS1 and DECam magnitudes (Scol-
nic et al. 2015). Image subtraction was performed using
observations from the final epoch as templates. The ap-
proach to candidate selection is described in Section 3.
Our observations achieved average 5� point-source lim-

iting magnitudes of i ⇡ 22.2 and z ⇡ 21.9 in the coadded
single-epoch search images, and i ⇡ 21.7 and z ⇡ 21.5 in
the di↵erence images, with an epoch-to-epoch scatter of
0.4 mag. The variability in depth is driven by the high
airmass and changes in observing conditions, particularly
during the second epoch.

3. SEARCH FOR AN OPTICAL COUNTERPART

58 http://archive.noao.edu/
59 http://www.ctio.noao.edu/noao/content/decam-calibration-

files

DECam	observa-ons	of	GW151226	
Cowperthwaite+16
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ing optical-infrared-radio telescopes of Japan.
The first direct detection of GW was achieved by aLIGO

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

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

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

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

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

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

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

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

2.1 Wide Field Survey

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

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

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

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

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

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

987	deg2		
		Subaru/HSC:	64	deg2	
		Kiso:	778	deg2	
		MOA:	145	deg2

=>	see	Nozomu’s	talk	
(next	week)
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Table 3. Numbers of survived candidates with different criteria.
Cuts on decline

Condition nocut ∆i > 0.0 ∆i > 0.5 ∆i > 1.0 ∆i > 1.5

All 1744(80) 829(48) 236(13) 154(11) 118(8)
fadeout only 430(25) 218(15) 92(6) 45(5) 24(2)
+ (i− z)1st > 0.0 294(14) 135(8) 55(4) 29(3) 17(0)
+ (i− z)1st > 0.5 185(10) 72(5) 29(1) 16(1) 9(0)
+ (i− z)1st > 1.0 75(5) 22(2) 8(1) 4(1) 2(0)

The table corresponds to the result of the procedure 4ab. The parenthesis are the numbers of candidates
without presence of a stellar-like counterpart (Procedure 4c).

Table 4. Numbers of survived candidates associated with GLADE galaxies.
Cuts on decline

Condition nocut ∆i > 0.0 ∆i > 0.5 ∆i > 1.0 ∆i > 1.5

All 1729(79) 814(47) 221(12) 139(10) 109(8)
fadeout only 415(24) 203(14) 77(5) 30(4) 15(2)
+ (i− z)1st > 0.0 279(13) 120(7) 40(3) 14(2) 8(0)
+ (i− z)1st > 0.5 170(9) 57(4) 14(0) 1(0) 0(0)
+ (i− z)1st > 1.0 71(4) 18(1) 4(0) 0(0) 0(0)

The table is the same as Table 3 but associated with GLADE galaxies. This table corresponds to the result of
the procedure 5.

Fig. 5. Transient candidates on the plane of ∆i vs i− z with kilonovae and
supernovae. Candidates survived with Procedure 3 are shown in this Figure.
For the model, 6 days is adopted for Delta t, which is the similar duration to
the HSC observation at this time. The dashed line indicates a relatively loose
cut ((i− z)1st = 0.5 and ∆i = 1.0) as an example (Procedure 3,4ab). The
star symbols are the survived candidates with the cut and the star symbols
with red color are the candidates located outside of galactic plane |b| > 5◦.

fj >−∆fj . This selection criterion is called as “fadeout only”,
and three fourths candidates are rejected, resulting 430 candi-
dates survived candidates.

Next, we apply a cut on the color in the first epoch, (i−z)1st

(Procedure 4a). An expected color of a kilonova depends on the
date since the explosion. Here we show three cases with color
cut of (i− z)1st = 0.0,0.5,1.0, which are likely valid for most
cases except for early few days when the coalescence of NS-BH
fails to meet this red color condition. According to the color
cuts of (i−z)1st =0.0,0.5,1.0, numbers of survived candidates

are reduced to 294, 185 and 75, respectively.

Number of candidates are then reduced significantly but a
certain number of candidates still remain in any case. As de-
scribed in Figure 4, supernovae can have colors red as the above
condition. To reduce possible contamination by supernovae, we
investigate the number of candidates survives if we cut can-
didates by the magnitudes between two epochs, ∆i = i2 − i1

(decline cut) (Procedure 4b). Imposing the decline cut works
well to suppress the number of supernova contaminations be-
cause they do not exhibit such rapid variability, and the num-
ber of survived candidates becomes feasible to be inspected in-
dividually. For example, the number of candidates satisfying
(i− z)1st > 0.5 and ∆i > 1.0 mag is 16.

We also inspect if a candidate has a stellar-like counterpart
in the reference frame (Procedure 4c). The stellar-likeness is
judged by a measurement “extendedness” provided by hscPipe.
Although “extendedness” is useful for the star and galaxy sep-
aration for a source with a high signal-to-noise ratio, the mea-
surement for a lower signal-to-noise ratio is not stable. If, at
least, one extendedness measurement in any frame is zero, a
candidate is probably a star. Only one candidate survives if we
consider this condition, and looks a star.

We list numbers of survived candidates according to the sev-
eral conditions in Table 3. Tighter cut than (i− z)1st > 0.0

and ∆i > 1.5 mag with no stellar-like counterpart gives no can-
didates. In addition, we also add another constraint of being
associated with galaxies listed in the GLADE catalog, and the
results are shown in Table 4 (Procedure 5). This further reduces
the number of candidates. The parameter space with no can-
didate becomes bigger to (i− z)1st > 0.5 and ∆i > 0.5 mag.
Even without any color cut, the number of candidates becomes

Candidate	selec-on	for	Subaru/HSC	survey	(~	23-24	mag)

Utsumi,	Tominaga,	MT+	in	prep.

-	Associa-on	with	  
			nearby	galaxies	
-	Faintness		
-	Rapid	evolu-on	
-	Red	color

0	remaining	candidate
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Supernova	vs	NS	merger

Supernova NS	merger

M	(r-process) 10-2	Msun	(?) 10-2	Msun

M	(total) ~10	Msun 10-2	Msun

Hea*ng	source 56Ni r-process

Spectra H,	He,	α	elements,	
Iron	group

r-process	
(w/	heavy	blend)

We	can	“measure”	r-process	mass	with	kilonova

Lpeak = Ldep(tpeak)

� 1.3� 1040 erg s�1

�
Mej

0.01M�

�0.35 � v

0.1c

�0.65
�

�

10 cm2 g�1

��0.65



NS	merger	as	a	possible	origin	of		r-process	elements

Event	rate

RNSM	~	102-103	Gpc-3	yr-1	
									~	3-30	GW	events	yr-1	  
		(w/	Adv.	detectors,	<	200	Mpc)

Mej(r-process)	~	10-2	Msun

Enough	to	explain	the	r-process	abundance	in	our	Galaxy

Ejec-on	per	event

GW
LIGO	O1	
RNSM	<	104	Gpc-3	yr-1 EM

M(Galaxy,	r-process)	~	Mej(r)	x		(RNSM	x	tG)	
																																				~	10-2	x	10-4	x	1010	~	104	Msun
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simulations for dynamic NSNS ejecta, for other cases we use a parametrized treatment with 
numerical values based on existing hydrodynamic studies.

2.1. NSNS merger simulations

The NSNS simulations of this paper make use of the Smooth Particle Hydrodynamics (SPH) 
method, see [72–75] for recent reviews. Our code is an updated version of the one that was 
used in earlier studies [11, 76–78]. We solve the Newtonian, ideal hydrodynamics equa-
tions for each particle a:
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower 
right indicate the typical ejecta mass required to explain all r-process/all r-process with 
A  >  80/all r-process with A  >  130 for a given event rate (lower panel per year and 
Milky Way-type galaxy, upper panel per year and Gpc3). Also marked is the compiled 
rate range from Abadie et al (2010) for both double neutron stars and neutron star black 
hole systems and (expected) LIGO upper limits for O1 to O3 (Abbott et al 2016b). 
The dynamic ejecta results from some hydrodynamic simulations are also indicated: 
the double arrow denoted ‘nsns Bauswein  +  13’ indicates the ejecta mass range found 
in [23], ‘nsns Rosswog 13’ refers to [24], ‘nsns Hotokezaka  +  13’ to [25], ‘nsbh 
Foucart  +  14’ to [26] and ‘nsbh Kyutoku  +  13’ to [27].

S Rosswog et alClass. Quantum Grav. 34 (2017) 104001

Rosswog+17,	see	also	Hotokezaka+15
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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

arXiv:1607.07456

O1:	2015-2016

O2:	2016-2017

O3:	2018

Expected	event	rates

BH-BH

Constraints	on	the	NS-NS	merger	rate



How	good	we	can	es-mate	ejected	mass?

Mej	=	0.01	Msun
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.
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Figure 5. Line expansion opacities in the ejecta of compact bi-
nary mergers with mixture of elements (see also Figure 1). The
orange line represents the opacity in the dynamical ejecta, which
is calculated with the abundance pattern of Ye = 0.1 − 0.4. The
blue and green lines represent the opacities in the high-Ye post-
dynamical ejecta, which are calculated with the abundance pat-
terns of Ye = 0.25 and 0.30, respectively. All the calculations
assume ρ = 1 × 10−13 g cm−3, T = 5, 000 K, and t = 1 day after
the merger.
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Figure 8. Multi-color (ugrizJHK-band) light curves for dynamical ejecta model APR4-1215 with Y e = 0.10 − 0.40 (orange) and post-
merger ejecta models with Ye = 0.30 (blue) and 0.25 (green). The vertical axis on the left shows absolute magnitudes while the axis on the
right shows observed magnitude at 200 Mpc. All the magnitudes are given in AB magnitudes.
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the observed value of J0453  +  1559 is q  =  0.75 [124] and the recently discovered PSR 
J1913  +  1102 could have an even lower mass ratio [125]. The left panel of figure 9 shows the 
results for the macronova model 1, the middle panel shows MNmodel2 with the FRDM mass 
formula and the right panel refers to MNmodel2 with DZ31. The general trends with a fainter 
and faster lightcurve in the bluer bands is apparent, while the near-infrared (NIR) lightcurves 
can stay bright for several weeks. We typically have  −11.5 at peak in the g band versus  −13.8 
in the K band. The MNmodel2 results are about 0.7 magnitudes brighter at peak, but decay 
faster at later times. Both effects are mainly due to the time variation of the thermalization effi-
ciency, see figure 8. As expected from the enhanced net heating rate at late times (see figure 7) 
the DZ31 mass model yields peak magnitudes that are another 0.8 magnitudes brighter than 
for the FRDM case. At the same time, both runs using MNmodel2 are significantly redder in 
the optical, being about one magnitude fainter at peak in the g band. Additionally, their g-band 
lightcurves peak much earlier—only half a day after the merger versus about three days for 
MNmodel1.

Figure 10 shows the predictions for run B3 (1.2 ⊙M  NS and a 7.0 ⊙M  BH with a dimen-
sionless spin parameter χ = 0.9). The BH mass of 7 ⊙M  is close to the expected peak of the 
BH mass distribution [126], but the spin is admittedly high. However, if we are interested in 
NSBH systems that are able to launch a short GRB, we need a large BH spin (χ≈ 0.9 ) in the 

Figure 7. Left: Comparison of the total nuclear energy generation rates between the 
network of Winteler et  al (2012) and Mendoza-Temis et  al (2015), both using the 
FRDM mass model. The overall agreement between both networks is good over many 
orders of magnitude. Right: Net nuclear heating rates for the FRDM and DZ31 nuclear 
mass model (all runs N1–N5 and B1–B3; Mendoza-Temis et al network). The DZ31 
models yields consistently larger heating rates at late times (t  >  1 d).

Figure 8. Thermalization efficiencies for the different nuclear mass models.
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We	need	(1)	mul--color	observa-ons,	and	 
																	(2)	good	theore-cal	models	for	spectra	  
																							-	mergers	and	nucleosynthesis	(long-term	simula*ons)	
																							-	hea*ng	rate	(nuclear	physics)	
																							-	radia*ve	transfer	(atomic	data,	opacity)

FRDM:		
Finite	range	droplet	model	

DZ31:	
31-parameter	mass	model	
(Duflo	and	Zuker	95)



• Kilonova	

• Dynamical	ejecta	(Lanthanide-rich)  
=>	L	~	1040-41	erg	s-1	for	a	week,	red	spectrum	

• Post-dynamical	ejecta	(IF	Lanthanide-free) 
=>	L	~	1041	erg	s-1	for	a	few	days,	blue	spectrum	

• For	EM	follow-up	observa-ons	

• At	>~	1	day:	Likely	to	be	fainter	than	22	mag	@	200	Mpc	 
=>	>4m-class	telescopes	

• At	~<	1	day:	Can	be	brighter	than	21	mag	@	200	Mpc 
=>	1-2m-class	telescopes	

• Measurements	of	r-process	mass	

• Need	mul*-color	observa*ons		

• Need	good	theore*cal	models	to	predict	spectra/color

Summary


