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• Why do supernovae (SNe) emit huge luminosity? 

• Why does emission from SNe evolve with :me? 

• What can we learn from observa:ons of SNe? 

• Why do NS mergers emit electromagne:c emission?  

• What can we learn from observa:ons of NS merger?
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.
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Core-collapse supernova NS merger
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Core-collapse supernovae
The Astrophysical Journal Letters, 726:L15 (4pp), 2011 January 10 Wanajo, Janka, & Müller

Figure 1. Snapshot of the convective region of the 2D simulation of an ECSN
at 262 ms after core bounce with entropy per nucleon (s; left) and Ye (right).
Mushroom-shaped lumps of low-Ye matter are ejected during the early phase of
the explosion.
(A color version of this figure is available in the online journal.)

expands continuously, and a neutrino-powered explosion sets in
at t ∼ 100 ms p.b. in 1D and 2D essentially in the same way
and with a very similar energy (∼1050 erg; Janka et al. 2008).

In the multi-dimensional case, however, the negative entropy
profile created by neutrino heating around the PNS leads to a
short phase of convective overturn, in which accretion down-
flows deleptonize strongly, are neutrino heated near the neu-
trinosphere, and rise again quickly, accelerated by buoyancy
forces. Thus n-rich matter with modest entropies per nucleon
(s ∼ 13–15kB; kB is Boltzmann’s constant) gets ejected in
mushroom-shaped structures typical of Rayleigh–Taylor insta-
bility. Figure 1 displays the situation 262 ms after bounce when
the pattern is frozen in and self-similarly expanding.

As a consequence, the mass distribution of the ejecta in the
2D model extends down to Ye,min as low as ∼0.4, which is
significantly more n-rich than in the corresponding 1D case
(Y 1D

e,min ∼ 0.47).3 Figure 2 shows the Ye-histograms at the end of
the simulations. The total ejecta masses are 1.39×10−2 M⊙ for
the 1D model and 1.14 × 10−2 M⊙ in 2D, where the difference
is partly due to the different simulation times, being ∼800 ms
and ∼400 ms, respectively (core bounce occurs at ∼50 ms).
However, the ejecta after ∼250 ms p.b. are only proton-rich,
contributing merely to the Ye > 0.5 side in Figure 2.

3. NUCLEOSYNTHESIS FOR THE ECSN MODEL

The nucleosynthetic yields are obtained with the reaction
network code (including neutrino interactions) described in
Wanajo et al. (2009). Using thermodynamic trajectories directly
from the 2D ECSN model, the calculations are started when
the temperature decreases to 9 × 109 K, assuming initially
free protons and neutrons with mass fractions Ye and 1 − Ye,
respectively. The final abundances for all isotopes are obtained
by mass integration over all 2000 marker particles.

The resulting elemental mass fractions relative to solar values
(Lodders 2003), or the production factors, are shown in Figure 3

3 Note that the exact lower bound of the mass distribution versus Ye in the 1D
case is highly sensitive to details of the neutrino transport, e.g., the number and
interpolation of grid points in energy space. In a recent simulation with
improved spectral resolution, Hüdepohl et al. (2010) obtained Ye,min = 0.487.
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Figure 2. Ejecta masses vs. Ye for the 1D (blue) and 2D (red) explosion models.
The width of a Ye-bin is chosen to be ∆Ye = 0.005. The minimum values of Ye
are indicated for both cases.
(A color version of this figure is available in the online journal.)
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Figure 3. Elemental mass fractions in the ECSN ejecta relative to their solar
values (Lodders 2003), comparing the 2D results (red) with the 1D counterpart
(blue) from Wanajo et al. (2009). Even-Z and odd-Z elements are denoted by
circles and squares, respectively. The normalization band (see the text) is marked
in yellow.
(A color version of this figure is available in the online journal.)

(red) compared to the 1D case (blue) from Wanajo et al. (2009).
The “normalization band” between the maximum (367 for Sr)
and a tenth of that is indicated in yellow with the medium marked
by a dotted line. The total ejecta mass is taken to be the sum
of the ejected mass from the core and the outer H/He-envelope
(= 8.8 M⊙–1.38 M⊙ + 0.0114 M⊙ = 7.43 M⊙). Note that
the N = 50 species, 86Kr, 87Rb, 88Sr, and 90Zr, have the largest
production factors for isotopes with values of 610, 414, 442,
and 564, respectively.

As discussed by Wanajo et al. (2009), in the 1D case only
Zn and Zr are on the normalization band, although some light
p-nuclei (up to 92Mo) can be sizably produced. In contrast, we
find that all elements between Zn and Zr, except for Ga, fall
into this band in the 2D case (Ge is marginal), although all
others are almost equally produced in 1D and 2D. This suggests
ECSNe to be likely sources of Zn, Ge, As, Se, Br, Kr, Rb, Sr,
Y, and Zr in the Galaxy. Note that the origin of these elements
is not fully understood, although Sr, Y, and Zr in the solar
system are considered to be dominantly made by the s-process.
The ejected masses of 56Ni (→56Fe; 3.0 × 10−3 M⊙) and all Fe
(3.1×10−3 M⊙) are the same as in the 1D case (2.5×10−3 M⊙;
Wanajo et al. 2009).
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0.1‒1秒ほどかけて原始中性子星付近の0.01太陽
質量程度の物質が脱出速度に達するまで押し上げ
られる．この加熱は，主に中性子 （n） の電子
ニュートリノ （νe） 捕獲

νe＋n→p＋e－ （1）

および陽子 （p） の反電子ニュートリノ （ν̄e） 捕獲

ν̄e＋p→n＋e＋ （2）

によるものである．超新星爆発のシミュレーション
により，この二つの反応はほぼ同じ程度起きてい
ることが確かめられているので，最終的には中性
子と陽子の数はほぼ同じになってしまうと考えら
れる．
もう少し定量的に話を進めるために，電子比

Ye（一核子あたりの電子数．1グラムあたりの電
子のモル数に等しい）という値を用いることにす
る．星や超新星の内部では物質は電気的に中性に
保たれているので，これは一核子あたりの陽子数
ということもできる．つまり，物質が陽子だけで
できていればYe＝1，中性子だけでできていれば
Ye＝0，4He原子核（中性子と陽子それぞれ2個か
らなる．α粒子という）だけでできていればYe＝
2/4＝0.5，56Fe原子核（中性子30個と陽子26個
からなる）だけでできていればYe＝26/56＝0.464
である．上の例では，原始中性子星の表面付近で
はYe≪0.5であるが，ニュートリノを浴びるにつ
れ，中性子数と陽子数はほぼ同数に，つまりYe

は0.5に近づいていくということになる．
図4に，9太陽質量の超新星シミュレーション
で得られた最深部の放出物質（約0.01太陽質量）
のYe分布を示す 9）．ニュートリノの効果により，
放出物質はそれほど中性子過剰でないのがわか
る．Yeの最小値は0.40，つまり，中性子の占め
る割合はたかだか6割程度に過ぎない．面白いこ
とに，最大値はYe＝0.55に達している．つまり，
原始中性子星から放出される物質にもかかわらず
陽子過剰になっている成分があることになる．こ

れは，電子ニュートリノと反電子ニュートリノの
数やエネルギーが同じ程度であれば，中性子より
陽子の質量のほうがわずかに小さい（つまりエネ
ルギー的に安定）であるために，式（2）より
式（1）の反応のほうが起こりやすくなるからであ
る．
この程度の中性子過剰率では rプロセスは起こ
らない．Ye＝0.4程度の場合，放出された物質の
温度が100億度程度まで下がると，ほぼ同数の中
性子と陽子が結合してα粒子になるため，中性子
数は全体の半分くらいになってしまう．この段階
ではまだ光分解が優勢なために rプロセスは起き
ない．光分解が弱くなる30億度以下に冷えるま
で待たねばならない．しかし，その頃には中性子
とα粒子がさらに融合し，物質は質量数80‒90程
度の元素（種核という）で占められ，中性子は枯
渇してしまう．図5の実線は，この9太陽質量の
超新星モデルを用いたときの元素合成の計算結果
を表している．質量数56（鉄）と90（ジルコニ
ウム）のピークは温度が50億度くらいのときに
核反応の熱平衡状態において形成されたものであ
り，rプロセスは全く起こっていない．
それでは，rプロセスにはどのくらいのYeが必

図4 9太陽質量星の超新星爆発シミュレーションに
よる放出物質（最深部の約0.01太陽質量）の
電子比（Ye）分布 9）．横軸はYe，縦軸はそれ
ぞれのYe範囲（ΔYe＝0.005）に含まれる物質
の質量比．

rプロセス特集
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Condi:ons for r-process
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r-process nucleosynthesis in NS merger

(C) Nobuya Nishimura



Summary: Neutron star merger

Supernova NS merger

Power source 56Ni r-process elements

Ejecta mass 1-10 Msun 0.01 Msun

Ejecta velocity 5,000-10,000 km/s
30,000-60,000 km/s 

(0.1c-0.2c)

Kine:c energy 1051 erg 1-5 x 1050 erg

Composi:on H, He, C, O, Ca, 

Fe-group
r-process elements
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3 RADIOACTIVE HEATING

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

Metzger+10

NS merger  ~ t -1.3

Power source

1 day1 hr 10 days

supernova



r-process and kilonovae 9

Figure 4. Heating rates (black) from β-decay (top), α-decay (middle), and fission (bottom) for mFE-a (left) and mFE-b (right)
with the top 11 isotopes (in different colors) that have more than 10% contributions at the maxima.
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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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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, Hotokezaka+15, 18

Constraints from the total amount in our Galaxy

Supernova rate

NS merger yield
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

GW170817: 
The first detec:on of GWs 
from a NS merger 



The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04o :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended gamma-
ray emission from GRB170817A on the progenitor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational bias for joint GW–GRB detections,
what insight it provides regarding the geometry of the gamma-
ray emitting region, what we can learn about the population of
SGRBs, update our joint detection estimates, and set limits on
gamma-ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of GRB170817A

Using the “standard” spectral information from Goldstein
et al. (2017) and the distance to the host galaxy NGC 4993
42.9 3.2o( )Mpc, we calculate the energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (Rhoads 1999). Isotropic energetics are
upper bounds on the true total energetics assuming the GRB is
observed within the beaming angle of the brightest part of the jet.
We estimate that the isotropic energy release in gamma-rays
E 3.1 0.7 10iso

46= o ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= o ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso and L iso, shown as a function of redshift for all GBM-detected GRBs with measured redshifts.
Redshifts are taken from GRBOX (http://www.astro.caltech.edu/grbox/grbox.php) and Fong et al. (2015). Short- and long-duration GRBs are separated by the
standard T 2 s90 = threshold. For GRBs with spectra best modeled by a power law, we take this value as an upper limit, marking them with downward pointing
arrows. The power law spectra lack a constraint on the curvature, which must exist, and therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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LIGO-Livingston, and Virgo data respectively, making it
the loudest gravitational-wave signal so far detected. Two
matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M⊙ in the
detector frame were used to estimate the significance of this
event [9,12,30,32,73,81–83,86,87,91–97]. The searches
analyzed 5.9 days of LIGO data between August 13,
2017 02∶00 UTC and August 21, 2017 01∶05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background—the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.
GW170817 was identified as the most significant event

in the 5.9 days of data, with an estimated false alarm rate of
one in 1.1 × 106 years with one search [81,83], and a
consistent bound of less than one in8.0 × 104 years for the
other [73,86,87]. The second most significant signal in this
analysis of 5.9 days of data is GW170814, which has a
combined SNR of 18.3 [29]. Virgo data were not used in
these significance estimates, but were used in the sky
localization of the source and inference of the source
properties.

IV. SOURCE PROPERTIES

General relativity makes detailed predictions for the
inspiral and coalescence of two compact objects, which

may be neutron stars or black holes. At early times, for low
orbital and gravitational-wave frequencies, the chirplike
time evolution of the frequency is determined primarily by
a specific combination of the component masses m1 and
m2, the chirp mass M ¼ ðm1m2Þ3=5ðm1 þ m2Þ−1=5. As the
orbit shrinks and the gravitational-wave frequency grows
rapidly, the gravitational-wave phase is increasingly influ-
enced by relativistic effects related to the mass ratio
q ¼ m2=m1, where m1 ≥ m2, as well as spin-orbit and
spin-spin couplings [98].
The details of the objects’ internal structure become

important as the orbital separation approaches the size of
the bodies. For neutron stars, the tidal field of the
companion induces a mass-quadrupole moment [99,100]
and accelerates the coalescence [101]. The ratio of the
induced quadrupole moment to the external tidal field is
proportional to the tidal deformability (or polarizability)
Λ ¼ ð2=3Þk2½ðc2=GÞðR=mÞ&5, where k2 is the second Love
number and R is the stellar radius. Both R and k2 are fixed
for a given stellar massm by the equation of state (EOS) for
neutron-star matter, with k2 ≃ 0.05–0.15 for realistic neu-
tron stars [102–104]. Black holes are expected to have
k2 ¼ 0 [99,105–109], so this effect would be absent.

As the gravitational-wave frequency increases, tidal
effects in binary neutron stars increasingly affect the phase
and become significant above fGW ≃ 600 Hz, so they are
potentially observable [103,110–116]. Tidal deformabil-
ities correlate with masses and spins, and our measurements
are sensitive to the accuracy with which we describe
the point-mass, spin, and tidal dynamics [113,117–119].
The point-mass dynamics has been calculated within the
post-Newtonian framework [34,36,37], effective-one-body
formalism [10,120–125], and with a phenomenological
approach [126–131]. Results presented here are obtained
using a frequency domain post-Newtonian waveform
model [30] that includes dynamical effects from tidal
interactions [132], point-mass spin-spin interactions
[34,37,133,134], and couplings between the orbital angular
momentum and the orbit-aligned dimensionless spin com-
ponents of the stars χz [92].
The properties of gravitational-wave sources are inferred

by matching the data with predicted waveforms. We
perform a Bayesian analysis in the frequency range
30–2048 Hz that includes the effects of the 1σ calibration
uncertainties on the received signal [135,136] (< 7% in
amplitude and 3° in phase for the LIGO detectors [137] and
10% and 10° for Virgo at the time of the event). Unless
otherwise specified, bounds on the properties of
GW170817 presented in the text and in Table I are 90%
posterior probability intervals that enclose systematic
differences from currently available waveform models.
To ensure that the applied glitch mitigation procedure

previously discussed in Sec. II (see Fig. 2) did not bias the
estimated parameters, we added simulated signals with
known parameters to data that contained glitches analogous
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FIG. 3. Sky location reconstructed for GW170817 by a rapid
localization algorithm from a Hanford-Livingston (190 deg2,
light blue contours) and Hanford-Livingston-Virgo (31 deg2,
dark blue contours) analysis. A higher latency Hanford-Living-
ston-Virgo analysis improved the localization (28deg2, green
contours). In the top-right inset panel, the reticle marks the
position of the apparent host galaxy NGC 4993. The bottom-right
panel shows the a posteriori luminosity distance distribution
from the three gravitational-wave localization analyses. The
distance of NGC 4993, assuming the redshift from the NASA/
IPAC Extragalactic Database [89] and standard cosmological
parameters [90], is shown with a vertical line.
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2017). The ejecta dominantly consist of r-process elements

(e.g., Lattimer & Schramm 1974; Eichler et al. 1989; Korobkin

et al. 2012; Wanajo et al. 2014), and thus the decay of radioac-

tive isotopes produced by the r-process nucleosynthesis heats

up and brightens the ejecta. The EM-bright object is called

“kilonova” or “macronova” (Li & Paczyński 1998; Kulkarni

2005; Metzger et al. 2010), and regarded as a promising EM

counterpart of a GW (Kasen et al. 2013; Barnes & Kasen

2013; Tanaka & Hotokezaka 2013; Metzger & Fernández 2014;

Tanaka et al. 2014; Kasen et al. 2015). Also, the central engine

of a short gamma-ray burst, which is believed to originate from

a binary neutron star coalescence, is a possible energy source

of EM counterparts through its jet and gamma/X-ray emission

(e.g., Kisaka et al. 2016).

On Aug 17, 2017, 12:41:04 GMT, Advanced LIGO and

Advanced Virgo detected a GW candidate from a binary NS

coalescence, being coincident with a gamma-ray detection with

Fermi/GBM (The LIGO Scientific Collaboration & the Virgo

Collaboration 2017a; The LIGO Scientific Collaboration & the

Virgo Collaboration 2017b). The sky localization with the

three detectors is as narrow as 28 deg2 for a 90% credible re-

gion centered at R.A.= 13h08m, decl.=−22◦30′ (J2000.0)

(Abbott et al. 2017c). And the localization is overlapped with

the error regions of gamma-ray detection with Fermi/GBM and

INTEGRAL (Connaughton et al. 2017; Savchenko et al. 2017a;

Savchenko et al. 2017b). The GW observation reveals the lu-

minosity distance to the GW source, named GW170817, as

40+8
−14 Mpc (90% probability) (Abbott et al. 2017c). Although

GW170817 appeared at the position close to the Sun, the first

significant alert of a binary NS coalescence and the narrow

sky localization area initiate many EM follow-up observations

(The LIGO Scientific Collaboration & the Virgo Collaboration

2017c).

Along with the EM follow-up observation campaign of

GW170817, the Japanese collaboration for Gravitational wave

ElectroMagnetic follow-up (J-GEM) performed a survey with

Hyper Suprime-Cam (HSC, Miyazaki et al. 2012), which is

a wide-field imager installed on the prime focus of the 8.2m

Subaru telescope. Its FoV of 1.77 deg2 is largest among the

currently existing 8-10 m telescopes, and thus it is the most

efficient instrument for the optical survey. In this paper, we

summarize the observation with Subaru/HSC and properties of

discovered candidates. Throughout the paper, we correct the

Galactic reddening (Schlafly & Finkbeiner 2011)1, and all the

magnitudes are given as AB magnitudes.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), cor-

responding to 0.7 days after the GW detection, and also per-

1 http://irsa.ipac.caltech.edu/applications/DUST/

Table 1. Subaru/HSC pointings.

Pointing R.A. decl.

(ID) (J2000) (J2000)

04 13h07m25s −26◦36′51′′

05 13h10m14s −27◦17′02′′

06 13h13m03s −27◦57′27′′

07 13h15m51s −28◦38′07′′

08 13h18m40s −29◦19′02′′

09 13h21m29s −30◦00′15′′

10 13h04m36s −24◦37′42′′

11 13h07m25s −25◦17′12′′

12 13h10m14s −25◦56′55′′

13 13h13m03s −26◦36′51′′

14 13h01m48s −22◦40′26′′

15 13h15m51s −27◦17′02′′

16 13h18m40s −27◦57′27′′

17 13h04m36s −23◦19′20′′

18 13h07m25s −23◦58′25′′

19 12h58m59s −20◦44′47′′

20 13h10m14s −24◦37′43′′

22 13h13m03s −25◦17′12′′

23 13h15m51s −25◦56′55′′

24 12h56m10s −18◦50′37′′

25 13h04m36s −22◦01′43′′

26 13h07m25s −22◦40′26′′

28 13h10m14s −23◦19′20′′

29 13h01m48s −20◦06′35′′

30o 30o

300o 300o

Fig. 1. Pointing map for GW170817 overlaid on the probability map

(LALInference v2.fits.gz; Abbott et al. 2017c). The white contour represents

the 90% credible region. Circles represent the field-of-view of HSC, chang-

ing their face color with an order of observation. Observations have been

carried out from darker color to lighter color. The dashed curves represent

the Galactic graticules.
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Figure 2: The evolution of EM170817 derived from the observed spectral energy distribution.
(A) Bolometric luminosity. (B) Blackbody temperature. (C) Photospheric radius. (D) Inferred
expansion velocity. Individual points represent blackbody fits performed at discrete epochs to
which the observed photometry has been interpolated using low-order polynomial fits. Dashed
lines represent an independent Markov-Chain Monte Carlo fit without directly interpolating
between data points (see (10) for methodology and best-fit parameter values). The solid red
lines (in A and B) represent the results of a hydrodynamical simulation of the cocoon model
where the UVOIR emission is composed of (in A) cocoon cooling (yellow dashed line labeled
1), fast macronova (>0.4c; green dashed line labeled 2), and slow macronova (<0.4c; blue
dashed line labeled 3).
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first named ‘SSS17a’ and ‘DLT17ck’, but here we use the official IAU 
designation, AT 2017gfo.

We carried out targeted and wide-field optical/near-infrared imag-
ing observations of several bright galaxies within the reconstructed 
sky localization of the gravitational-wave signal with the Rapid Eye 
Mount (REM) telescope and with the European Southern Observatory 
(ESO) Very Large Telescope (VLT) Survey Telescope (ESO-VST). This 
led to the detection of AT 2017gfo in the REM images of the field of 
NGC 4993, which were obtained 12.8 h after the gravitational-wave/
GRB event. Following the detection of this source, we started an 
imaging and spectroscopic follow-up campaign at optical and near- 
infrared wavelengths. Imaging was carried out with the REM telescope, 
the ESO-VST and the ESO-VLT. A series of spectra was obtained with 
the VLT/X-shooter in the wavelength range 3,200–24,800 Å, with VLT/
FORS2 (Focal Reducer/low-dispersion Spectrograph) in 3,500–9,000 Å 
and with Gemini-S/GMOS in 5,500–9,000 Å (see ref. 20 for GMOS 
reduction and analysis details). Overall, we observed the source with an 
almost daily cadence during the period 17 August 2017 to 3 September 
2017 (about 0.5–17.5 days after the gravitational-wave/GRB trigger; 
details are provided in Methods). We present here the results of the 
observations carried out in August 2017.

As described in the following, the analysis and modelling of the 
spectral characteristics of our dataset, together with their evolution 
with time, result in a good match with the expectations for kilonovae, 
providing the first compelling observational evidence for the existence 
of such elusive transient sources. Details of the observations are pro-
vided in Methods.

We adopted a foreground Milky Way extinction of E(B − V) = 0.1 mag 
and the extinction curve of ref. 21 and used them to correct both 
 magnitudes and spectra (see Methods). The extinction within the host 
galaxy is negligible according to the absence of substantial detection of 
characteristic narrow absorption features associated with its interstellar 
medium. The optical light curve resulting from our data is shown in 
Fig. 1 and the sequence of X-shooter, FORS2 and GMOS spectra is 
shown in Fig. 2. Apart from Milky Way foreground lines, the spectrum 

is otherwise devoid of narrow features that could indicate association 
with NGC 4993. In the slit, which was displaced from the position of 
the transient by 3″–10″ (0.6–2.0 kpc in projection), we detected narrow 
emission lines exhibiting noticeable structure, both spatially and in 
velocity space (receding at 100–250 km s−1 with respect to the systemic 
velocity), which were probably caused by the slit crossing a spiral struc-
ture of the galaxy (see Methods).

The first X-shooter spectrum of the transient shows a bright, blue 
continuum across the entire wavelength coverage—with a maximum 
at about 6,000 Å and total luminosity of 3.2 ×  1041 erg s−1—that can be 
fitted with the spectrum of a blackbody of temperature 5,000 ± 200 K 
and a spherical equivalent radius of approximately 8 ×  1014 cm. At a 
phase of 1.5 days after the gravitational-wave/GRB trigger, this indi-
cates an expansion velocity of the ejected material of about 0.2c. The 
temperature is considerably lower than that inferred from photometric 
observations about 20 h earlier (about 8,000 K)22, suggesting rapid cool-
ing. On top of this overall blackbody spectral shape are undulations that 
may represent very broad absorption features similar to those predicted 
by merger ejecta simulations16. We refrain from connecting these to the 
expansion velocity because they may be combinations of many lines 
with poorly known properties.

At the second epoch, one day later, when the spectrum covered only 
the optical range, the maximum moved to longer wavelengths, indicat-
ing rapid cooling. At the third epoch, when near-infrared wavelength 
information was again available, the peak shifted further to 11,000 Å 
and the overall spectral shape changed. This indicated that the photo-
sphere was receding, the ejecta was becoming increasingly transparent 
and more absorption lines became visible. The near-infrared part of the 
spectrum evolved in flux and shape much less rapidly than the optical 
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Figure 1 | Multiband optical light curve of AT 2017gfo.  The data shown 
for each filter (see legend) are listed in Extended Data Table 1. Details of 
data acquisition and analysis are reported in Methods. The x axis indicates 
the difference in days between the time at which the observation was 
carried out T and the time of the gravitation-wave event T0. The error 
bars show the 1σ confidence level. The data have not been corrected for 
Galactic reddening.
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Figure 2 | Time evolution of the AT 2017gfo spectra. VLT/X-shooter, 
VLT/FORS2 and Gemini/GMOS spectra of AT 2017gfo. Details of data 
acquisition and analysis are reported in Methods. For each spectrum, 
the observation epoch is reported on the left (phases with respect to the 
gravitation-wave trigger time are reported in Extended Data Table 2; 
the flux normalization is arbitrary). Spikes and spurious features were 
removed and a filter median of 21 pixels was applied. The shaded areas 
mark the wavelength ranges with very low atmospheric transmission. The 
data have not been corrected for Galactic reddening.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).
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species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
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the first spectrum (Fig. 3).
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suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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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�2
M�

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

Sekiguchi+16
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0.1‒1秒ほどかけて原始中性子星付近の0.01太陽
質量程度の物質が脱出速度に達するまで押し上げ
られる．この加熱は，主に中性子 （n） の電子
ニュートリノ （νe） 捕獲

νe＋n→p＋e－ （1）

および陽子 （p） の反電子ニュートリノ （ν̄e） 捕獲

ν̄e＋p→n＋e＋ （2）

によるものである．超新星爆発のシミュレーション
により，この二つの反応はほぼ同じ程度起きてい
ることが確かめられているので，最終的には中性
子と陽子の数はほぼ同じになってしまうと考えら
れる．
もう少し定量的に話を進めるために，電子比

Ye（一核子あたりの電子数．1グラムあたりの電
子のモル数に等しい）という値を用いることにす
る．星や超新星の内部では物質は電気的に中性に
保たれているので，これは一核子あたりの陽子数
ということもできる．つまり，物質が陽子だけで
できていればYe＝1，中性子だけでできていれば
Ye＝0，4He原子核（中性子と陽子それぞれ2個か
らなる．α粒子という）だけでできていればYe＝
2/4＝0.5，56Fe原子核（中性子30個と陽子26個
からなる）だけでできていればYe＝26/56＝0.464
である．上の例では，原始中性子星の表面付近で
はYe≪0.5であるが，ニュートリノを浴びるにつ
れ，中性子数と陽子数はほぼ同数に，つまりYe

は0.5に近づいていくということになる．
図4に，9太陽質量の超新星シミュレーション
で得られた最深部の放出物質（約0.01太陽質量）
のYe分布を示す 9）．ニュートリノの効果により，
放出物質はそれほど中性子過剰でないのがわか
る．Yeの最小値は0.40，つまり，中性子の占め
る割合はたかだか6割程度に過ぎない．面白いこ
とに，最大値はYe＝0.55に達している．つまり，
原始中性子星から放出される物質にもかかわらず
陽子過剰になっている成分があることになる．こ

れは，電子ニュートリノと反電子ニュートリノの
数やエネルギーが同じ程度であれば，中性子より
陽子の質量のほうがわずかに小さい（つまりエネ
ルギー的に安定）であるために，式（2）より
式（1）の反応のほうが起こりやすくなるからであ
る．
この程度の中性子過剰率では rプロセスは起こ
らない．Ye＝0.4程度の場合，放出された物質の
温度が100億度程度まで下がると，ほぼ同数の中
性子と陽子が結合してα粒子になるため，中性子
数は全体の半分くらいになってしまう．この段階
ではまだ光分解が優勢なために rプロセスは起き
ない．光分解が弱くなる30億度以下に冷えるま
で待たねばならない．しかし，その頃には中性子
とα粒子がさらに融合し，物質は質量数80‒90程
度の元素（種核という）で占められ，中性子は枯
渇してしまう．図5の実線は，この9太陽質量の
超新星モデルを用いたときの元素合成の計算結果
を表している．質量数56（鉄）と90（ジルコニ
ウム）のピークは温度が50億度くらいのときに
核反応の熱平衡状態において形成されたものであ
り，rプロセスは全く起こっていない．
それでは，rプロセスにはどのくらいのYeが必

図4 9太陽質量星の超新星爆発シミュレーションに
よる放出物質（最深部の約0.01太陽質量）の
電子比（Ye）分布 9）．横軸はYe，縦軸はそれ
ぞれのYe範囲（ΔYe＝0.005）に含まれる物質
の質量比．

rプロセス特集



In Table 1, the configuration set used in the diagonalization
as well as the number of energy levels and transitions of each
ion are summarized. The ground state configuration is indicated
at the top. It is noted that the configuration set in the present
calculations should be read as minimal. Extended sets of
configurations are used for Se to get improved energy levels.
For the calculations of Nd, we use configurations similar to
those included in the calculations by Kasen et al. (2013) and
Fontes et al. (2017). We additionally include the configurations
of f d s4 5 63 2 and f d p4 5 63 2 for Nd I, and f d p4 5 62 and f s p4 6 62

for Nd III. Note that we do not include f d s4 5 62 , which has
higher energy levels than f d p4 5 62 and f s p4 6 62 .

The optimal central-field potential is obtained such that
energy levels of the ground state and a few excited states agree
with those in the ASD. The electron charge distribution
function of q electrons in an nl shell is expressed by the density
of the Slater-type orbital as

r p a= - -+( ) [ ( )] ( )r r qA r r4 exp 2 , 3l2 1 2

where A is a normalization factor and α values represent the
average radii of the Slater-type orbital. The central-field potential
for this electron charge distribution and the nuclear charge
distribution d ( )Z r seen by an external electron are obtained
from the Poisson equation with the boundary condition

= -l¥( )∣ ( )U r Z q rr . Occupancy of each Slater-type orbital
is naively chosen as the ground state configuration of the next
higher charge state. The ground state configuration for each ion
is as given in the ASD. Alternative occupancies will give
different electron charge density distributions, which result in
different central-field potentials. In some cases, such alternative
occupancies are used to improve results. For Ru I, an alternative
occupancy [Kr] d s4 55 2 gives deeper and quasi-degenerate d4
and s5 orbital energies, resulting in a better agreement with the
energy levels of the ASD. Similarly, the alternative occupancies
[Xe] f s4 63 and [Cd] p f5 45 12 are used for Nd II and Er III,
respectively, in the present calculations.

The α values that minimize the first-order configuration
average energies of the ground state and low-lying excited
states are chosen. Such α values depend on excited state
configurations added in the first-order energies to be mini-
mized. We choose the excited state configurations by single
and double substitutions of valence and sub-valence orbitals
from the ground state configuration. The ground state for each
ion as well as the excited state configurations taken into
account for the energy minimization are indicated by bold
letters in Table 1. Getting correct energy levels by this semi-
empirical optimization takes less computational time with
limited computational resources, although systematic improve-
ment of the results without a benchmark is not always possible.
The results of a few lowest excited energy levels deviate from
those of the ASD by about 10% at most for Se and Te.
However, we cannot obtain such close agreements for Ru,
reflecting the complexity of the atomic structures with open d
shells. Results of the energies for Nd II–III and Er II–III are
shown in Figure 2 and discussed in Section 2.3.

2.2. GRASP2K

GRASP2K (Jönsson et al. 2013) is used to provide atomic
data for Ba II–III, Nd II–III, and Er II–III. GRASP2K is based on
the MCDHF and RCI methods taking into account Breit and
QED corrections (Grant 2007; Froese Fischer et al. 2016).
Based on the Dirac–Coulomb Hamiltonian (Equation (2)), the
atomic state functions (ASFs) are obtained as linear combina-
tions of symmetry adapted CSFs. The CSFs are built from
products of one-electron Dirac orbitals. Based on a weighted
energy average of several states, the so-called extended optimal
level (EOL) scheme (Dyall et al. 1989), both the radial parts of
the Dirac orbitals and the expansion coefficients are optimized
self-consistently in the relativistic self-consistent field proce-
dure. In the present calculations, ASFs are obtained as
expansions over jj-coupled CSFs. To provide the LSJ labeling
system, the ASFs are transformed from a jj-coupled CSF basis
into an LSJ-coupled CSF basis using the method provided by
Gaigalas et al. (2017).
The MCDHF calculations are followed by RCI calculations,

including the Breit interaction and leading QED effects. Note
that, for Nd II and Er II, only MCDHF calculations are
performed. Radiative transition data (transition probabilities,
oscillator strengths) between two states built on different and
independently optimized orbital sets are calculated by means of
the biorthonormal transformation method (Olsen et al. 1995).
For electric-dipole and quadrupole (E1 and E2) transitions, we
use the Babushkin gauge as in the HULLAC calculations.
In Table 2, we give a summary of the MCDHF and RCI

calculations for each ion. As a starting point, MCDHF
calculations are performed in the EOL scheme for the states
of the ground configuration. The wave functions from these
calculations are taken as the initial one to calculate the even and
odd states of multireference configurations. The set of orbitals
belonging to these multireference configurations are referred to
as Layer 0. After that, the even and odd states are calculated
separately. Unless stated otherwise, in the present calculations
the inactive core for each of ions is mentioned in Table 2. The
CSF expansions for states of each parity are obtained by
allowing single and double substitutions from the multi-
reference configurations up to active orbital sets (see
Table 2). The configuration space was increased step by step
with increasing layer number. The orbitals of previous layers

Figure 1. Element abundances in the ejecta of NS mergers t=1 day after the
merger. The orange line shows the abundances for dynamical ejecta (Wanajo
et al. 2014), which are derived by averaging the nucleosynthesis results of

= –Y 0.10 0.40e assuming a flat Ye distribution. The green and blue lines show
the nucleosynthesis results from trajectories of =Y 0.25e and 0.30, respec-
tively, which represent the abundance patterns of high-Ye post-merger ejecta.
Black points connecting the lines show the solar abundance ratios of r-process
elements (arbitrary scale; Simmerer et al. 2004).
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Figure 9. Spectra of dynamical and post-merger ejecta models at

t = 2, 4, 6, 8, and 10 days after the merger. The orange line shows

the NS merger model APR4-1215 (Hotokezaka et al. 2013a) with

Mej = 0.01M⊙ and the element abundances of Ye = 0.10− 0.40 in

Figure 1. Blue and green lines show the post-merger ejecta models

(power-law density profile with Mej = 0.01M⊙ and vch = 0.05c)
with the element abundances of Ye = 0.30 and 0.25, respectively.

which peaks in near infrared at t = 1− 20 days. On the
other hand, the post-merger ejecta model with Ye = 0.3
has a peak in optical at t ∼< 5 days. As a result, the
post-merger ejecta model with Ye = 0.3 is much brighter
than the dynamical ejecta model in optical, especially in
u, g, and r bands.
The properties of the light curves of the post-merger

ejecta model with Ye = 0.25 are in between the other
two models, as expected from the intermediate opacities.
Therefore, this model has hybrid properties; the optical
brightness is higher than that of dynamical ejecta model
and the near-infrared brightness is not as faint as that of
the post-merger ejecta with Ye = 0.3 (Figure 9).
Our results confirm the presence of “blue kilo-

nova” that was previously suggested based on the
use of iron opacity for the light r-process elements
(Metzger & Fernández 2014; Kasen et al. 2015). For
0.01 M⊙ of Lanthanide-free (Ye = 0.3) ejecta, the optical
brightness reaches the absolute magnitude of M = −14
mag in g and r bands within a few days after the merger.
This corresponds to 21.0 mag and 22.5 mag at 100 Mpc
and 200 Mpc, respectively. Thanks to the relatively blue
color, this emission is detectable with 1m-class and 2m-
class telescopes, respectively.
It should be noted that the observability of blue kilo-

nova from Lanthanide-free post-merger ejecta depends
on the properties of preceding dynamical ejecta as dis-
cussed in Kasen et al. (2015). If Lanthanide-rich dy-
namical ejecta are present in all the direction, the blue
kilonova emission is likely to be absorbed. However,

recent relativistic simulations with neutrino interaction
show that dynamical ejecta can have relatively high Ye

near the polar regions (see, e.g., Sekiguchi et al. 2015;
Radice et al. 2016; Foucart et al. 2016). In such case,
the blue emission from the post-merger ejecta can be
observable from the polar direction without being ab-
sorbed. To test this hypothesis, it is necessary to con-
sistently model the dynamical and post-merger ejecta.
It is also noted that our simulations cannot predict the
emission within ∼ 1 day after the merger due to lack of
the atomic data of more ionized elements. Emission at
such early times can peak at optical or even ultraviolet
wavelengths (Metzger et al. 2015; Gottlieb et al. 2017),
and therefore, it will also be a good target for follow-up
observations especially with small telescopes.

5. SUMMARY

We have newly performed atomic structure calcula-
tions for Se (Z = 34), Ru (Z = 44), Te (Z = 52), Ba
(Z = 56), Nd (Z = 60), and Er (Z = 68) to construct
the atomic data for a wide range of r-process elements.
By using two different atomic codes, we confirmed that
the atomic structure calculations gave uncertainties in
opacities by only a factor of up to about 2. We found
that the opacities from the bound-bound transitions of
open f-shell elements were the highest from ultraviolet to
near-infrared wavelengths, while those of open s-shell, d-
shell, and p-shell elements were lower and concentrated
in ultraviolet and optical wavelengths.
Using our new atomic data, we performed multi-

wavelength radiative transfer simulations to predict a
possible variety of kilonova emission. We found that,
even for the same ejecta mass, the optical brightness
varied by > 2 mag depending on the distribution of
elemental abundances. If the blue emission from the
post-merger, Lanthanide-free ejecta with 0.01 M⊙ is ob-
servable without being absorbed by preceding dynamical
ejecta, the brightness will reach the absolute magnitude
of M = −14 mag in g and r bands within a few days
after the merger. This corresponds to 21.0 mag and 22.5
mag at 100 Mpc and 200 Mpc, which is detectable with
1m-class and 2m-class telescopes, respectively.
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Figure 9. Spectra of dynamical and post-merger ejecta models at

t = 2, 4, 6, 8, and 10 days after the merger. The orange line shows

the NS merger model APR4-1215 (Hotokezaka et al. 2013a) with

Mej = 0.01M⊙ and the element abundances of Ye = 0.10− 0.40 in

Figure 1. Blue and green lines show the post-merger ejecta models

(power-law density profile with Mej = 0.01M⊙ and vch = 0.05c)
with the element abundances of Ye = 0.30 and 0.25, respectively.

which peaks in near infrared at t = 1− 20 days. On the
other hand, the post-merger ejecta model with Ye = 0.3
has a peak in optical at t ∼< 5 days. As a result, the
post-merger ejecta model with Ye = 0.3 is much brighter
than the dynamical ejecta model in optical, especially in
u, g, and r bands.
The properties of the light curves of the post-merger

ejecta model with Ye = 0.25 are in between the other
two models, as expected from the intermediate opacities.
Therefore, this model has hybrid properties; the optical
brightness is higher than that of dynamical ejecta model
and the near-infrared brightness is not as faint as that of
the post-merger ejecta with Ye = 0.3 (Figure 9).
Our results confirm the presence of “blue kilo-

nova” that was previously suggested based on the
use of iron opacity for the light r-process elements
(Metzger & Fernández 2014; Kasen et al. 2015). For
0.01 M⊙ of Lanthanide-free (Ye = 0.3) ejecta, the optical
brightness reaches the absolute magnitude of M = −14
mag in g and r bands within a few days after the merger.
This corresponds to 21.0 mag and 22.5 mag at 100 Mpc
and 200 Mpc, respectively. Thanks to the relatively blue
color, this emission is detectable with 1m-class and 2m-
class telescopes, respectively.
It should be noted that the observability of blue kilo-

nova from Lanthanide-free post-merger ejecta depends
on the properties of preceding dynamical ejecta as dis-
cussed in Kasen et al. (2015). If Lanthanide-rich dy-
namical ejecta are present in all the direction, the blue
kilonova emission is likely to be absorbed. However,

recent relativistic simulations with neutrino interaction
show that dynamical ejecta can have relatively high Ye

near the polar regions (see, e.g., Sekiguchi et al. 2015;
Radice et al. 2016; Foucart et al. 2016). In such case,
the blue emission from the post-merger ejecta can be
observable from the polar direction without being ab-
sorbed. To test this hypothesis, it is necessary to con-
sistently model the dynamical and post-merger ejecta.
It is also noted that our simulations cannot predict the
emission within ∼ 1 day after the merger due to lack of
the atomic data of more ionized elements. Emission at
such early times can peak at optical or even ultraviolet
wavelengths (Metzger et al. 2015; Gottlieb et al. 2017),
and therefore, it will also be a good target for follow-up
observations especially with small telescopes.

5. SUMMARY

We have newly performed atomic structure calcula-
tions for Se (Z = 34), Ru (Z = 44), Te (Z = 52), Ba
(Z = 56), Nd (Z = 60), and Er (Z = 68) to construct
the atomic data for a wide range of r-process elements.
By using two different atomic codes, we confirmed that
the atomic structure calculations gave uncertainties in
opacities by only a factor of up to about 2. We found
that the opacities from the bound-bound transitions of
open f-shell elements were the highest from ultraviolet to
near-infrared wavelengths, while those of open s-shell, d-
shell, and p-shell elements were lower and concentrated
in ultraviolet and optical wavelengths.
Using our new atomic data, we performed multi-

wavelength radiative transfer simulations to predict a
possible variety of kilonova emission. We found that,
even for the same ejecta mass, the optical brightness
varied by > 2 mag depending on the distribution of
elemental abundances. If the blue emission from the
post-merger, Lanthanide-free ejecta with 0.01 M⊙ is ob-
servable without being absorbed by preceding dynamical
ejecta, the brightness will reach the absolute magnitude
of M = −14 mag in g and r bands within a few days
after the merger. This corresponds to 21.0 mag and 22.5
mag at 100 Mpc and 200 Mpc, which is detectable with
1m-class and 2m-class telescopes, respectively.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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part and spectrally broad absorption features (∆λ/λ ≈ 0.1–0.2) were 
observed. These rapid changes are not consistent with supernova time 
evolution and are attributed to a kilonova (see Methods and Extended 
Data Fig. 2).

Unlike supernova absorption lines, the identification of kilonova 
atomic species is not secure. The neutron-rich environment of the 
progenitors suggests that r-process nucleosynthesis is the mechanism 
responsible for the elemental composition of the ejecta. Lacking 
line identification, we included various plausible nuclear reaction  
networks in radiation-transfer models of kilonova spectrum forma-
tion. A fraction of the synthesized atoms are radioactive; while decay-
ing they heat the ejecta, which then radiates thermally. All the atomic 
species present in the ejecta have various degrees of excitation and 
ionization and thus absorb from the continuum and cause the forma-
tion of lines. The models that aim at reproducing these lines assume a 
total explosion energy, a density profile and an abundance distribution 
of the ejecta. In kilonovae, it is often envisaged that nucleosynthesis 
takes place in different regions with different neutron excesses and 
ejecta velocities; typically, a post-merger dynamical ejecta region and 
a disk-wind region.

Various models predict different emission components and different 
synthesized masses. Three models with different electron (or proton) 
fractions Ye (see Methods) are presented in ref. 16. We compare our 
spectra with a scenario in which the following three components con-
tribute to the observed spectra (Fig. 3): a lanthanide-rich dynamical 
ejecta region with a proton fraction in the range Ye = 0.1–0.4 and a 
velocity of 0.2c (orange in Fig. 3), and two slow (0.05c) wind regions, 
one with Ye = 0.25 and mixed (lanthanide-free and lanthanide-rich) 
composition (green) and one with Ye = 0.30 that is lanthanide-free 
(blue). Each of these spectra falls short of the observed luminosity by 
a factor of about 2, while other predictions5,15 have a discrepancy of 
an order of magnitude. To investigate the applicability of the model 
to the present, more luminous spectra than predicted previously, we 
have assumed that the ejecta mass involved is larger. By decreasing 
the high-Ye (0.3) wind component to 30% of the value used in the 
original model and increasing both the intermediate-Ye (0.25) wind  

component and the contribution of the dynamical ejecta nucleo-
synthesis by a factor of 2, we obtain a satisfactory representation of 
the first spectrum (Fig. 3).

Although direct rescaling of these models is not in principle correct 
(for larger masses, we expect that the spectrum of each ejecta could 
change), we can estimate that the ejected mass was about 0.03M⊙–
0.05M⊙ and that the high-Ye-wind ejecta (blue line) is considerably 
suppressed, possibly because of the viewing angle pointing away 
from the GRB, a narrow jet angle or both. This also suggests that the 
ejecta has a wide range of Ye values, which may vary as a function of  
latitude.

At each successive epoch, the same components represent the 
observed spectral features in a less satisfactory way. This indicates that 
the set of adopted opacities is not completely adequate, as the cooling 
of the gas is not accompanied by lines of different ionization states, and 
that the radioactive input may also not be accurately known.

Because a short GRB was detected in association with a gravitational- 
wave trigger, we evaluated the expected contribution of the GRB  
afterglow at the epochs of our observations. Nine days after the 
GW170817 trigger, an X-ray source was discovered by the Chandra 
X-ray observatory at a position consistent with the kilonova and 
with a flux of about 4.5 × 10−15 erg cm−2 s−1 in the energy range 
0.3–8 keV. This source could be delayed X-ray afterglow emission 
from GRB170817A produced by an off-beam jet23, which may account 
for the otherwise small probability of having an aligned short-GRB 
jet within such a small volume24. This X-ray emission is consistent 
with different scenarios: a structured jet with an energy per solid 
angle decreasing with the angular distance from the axis, viewed at 
large angles (see, for example, ref. 25), a cocoon accelerated quasi- 
isotropically at mildly relativistic velocities by the jet26,27 or a simple 
uniform jet observed at large angles. All these situations produce an 
optical afterglow much fainter than that of the kilonova (see Methods). 
On the other hand, if we assume that the early (0.45 days after the 
gravitational-wave event) optical flux that we measured is afterglow 
emission, we estimate an X-ray flux of more than 10−12 erg cm−2 s−1 
and a 6-GHz radio flux density of approximately 10 mJy at the same 
epoch. These estimates are not consistent with the absence of X-ray and 
radio detections at the corresponding epochs28,29 .

Our long and intensive monitoring and wide range of wavelength 
coverage allowed the unambiguous detection of time-dependent kilo-
nova emission and full sampling of its time evolution. Our obser-
vations not only confirmed the association of the transient with the 
gravitational wave, but, combined with the short-GRB detection, 
also proved beyond doubt that at least some short-duration GRBs 
are indeed associated with compact star mergers. Furthermore, this 
first detection provides important insights into the environment of 
merging neutron stars. The location of the gravitational-wave coun-
terpart is only about 2 kpc (projected distance) away from the centre 
of an early-type galaxy. This offset is typical for short GRBs (see, for 
example, ref. 30) and is consistent with predictions from theoretical 
models of merging neutron stars (see, for example, ref. 31). Moreover, 
the location of the counterpart does not appear to coincide with any 
globular cluster, which suggests a field origin for this neutron-star 
binary or a relatively low-velocity ejection from a globular cluster. The 
nearest possible globular clusters are more than 2.5″ (corresponding 
to 500 pc) away from the source position32. The formation channel 
of this event could be explored with future modelling and simula-
tions. Finally, since this GRB was rather under-energetic (isotropic 
γ-ray output of about 1046 erg) and probably off-axis with respect to 
the line of sight, we conclude that there may be a large number of 
simi lar nearby off-axis short bursts at frequencies lower than those 
of γ-rays that are also gravitational-wave emitter candidates but were 
not followed up. The present event has demonstrated how the search 
of the randomly oriented parent population of short GRBs can be 
made effective by coordinated gravitational interferometry and multi- 
wavelength observations.
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Figure 3  | Kilonova models compared with the AT 2017gfo spectra. 
X-shooter spectra (black line) at the first four epochs and kilonova models: 
dynamical ejecta (Ye = 0.1–0.4, orange), wind region with proton fraction 
Ye = 0.3 (blue) and Ye = 0.25 (green). The red curve represents the sum of 
the three model components.
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Signature of lighter r-process elements 
M ~ 0.02 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, Hotokezaka+15, 18

Constraints from the total amount in our Galaxy

Supernova rate

GW

Kilonova



• Red kilonova => produc+on of lanthanide elements 

• Blue kilonova => produc+on of lighter r-process elements 

• Produc+on rate (rate x yield) explains the total abundance

What we have learned from GW170817

Open issues

• Event rate? 

• Which elements are produced? 
Similar to solar abundance ra+os?  



heps://www.ligo.org/scien+sts/GWEMalerts.php

100 Mpc 

130 Mpc 

50 Mpc

Sensi:vity (NS-NS)

We are here



Expected event rate

R (NS-NS) ~ 100 - 4000 Gpc-3 yr-1

V ~ (4π/3)(100 Mpc)3 ~ 4 x 10-3 Gpc3

N ~ R x V ~ 0.4 - 16 yr-1 
                 ~ a few events/ yr 
                  (0.4 event / yr  -  1 event / 3 weeks)

Three events of interest so far
- S190425z: NS-NS (~150 Mpc, 7500 deg2) 

- S190426c: NS-NS or BH-NS or noise (~380 Mpc,  1100 deg2 

- S190510g: noise or NS-NS (~280 Mpc, 1200 deg2)

=> No convincing counterpart was iden:fied



• NS merger 

• Possible origin of r-process elements 

• Radioac+vely powered transient: kilonova 

• Observa:ons of neutron star mergers 

• GW170817 and GRB 170817A 

• Both red and blue components 
=> Produc+on of lanthanide and lighter elements 

• Produc+on rate fulfills the necessary condi+on 

• (Near) future 

• Accurate event rate + produc+on rate 

• Iden+fica+on of elements

Summary: Neutron star merger



• Why do supernovae (SNe) emit huge luminosity? 

• Why does emission from SNe evolve with :me? 

• What can we learn from observa:ons of SNe? 

• Why do NS mergers emit electromagne:c emission?  

• What can we learn from observa:ons of NS merger?

Goals of this lecture


