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94 7 金はどこでつくられたか

　 13C+4He → 16O+n （7.5）
22Ne+4He → 25Mg+n （7.6）

式（7.5）は約 8×107 K以上，（7.6）は約 2.5×108 K以上で起き

る．したがって，中性子捕獲反応プロセスは，恒星の進化にお

けるヘリウム燃焼過程で起きていると考えられる（第 1章参照）．

これらのヘリウム捕獲反応により得られる中性子密度は 107～

1011 cm 3 程度であり，このときの核種（鉄など）による中性子

捕獲の寿命は数年～数千年程度と非常に長い．その結果，中性

子捕獲反応はゆっくりと進行するので，slowの sをとって「sプ

ロセス」と呼ばれる．

第 1章で述べたように，ヘリウム燃焼過程には 2つの種類が

ある．1つは，恒星の中心で水素が燃え尽きた後に起きるヘリ

ウムコア燃焼である．10 M 以上の大質量星では，ヘリウムコ

ア燃焼の最終段階で中心温度が約 3×108 Kに達し，式（7.6）の
反応が起こりうる．もう 1つは，恒星の中心でヘリウムが燃え

尽きた後に形成される C+Oコアの周りで起きるヘリウム殻燃

焼である．1～8 M の低中質量星は進化の最後にこの段階に達

し，赤色巨星（AGB星）となる．このとき，ヘリウム燃焼殻の温

度は 1×108 K程度になり，式（7.5）の反応が起こりうる．

それでは，一体どちらのヘリウム燃焼過程で主に sプロセス
が起きているのであろうか．実は，sプロセスの理論が確立す

るはるか前に，観測によりその答えは得られていた．多くの赤

色巨星の表面に，テクネチウム（Tc）を含む，鉄より重い元素が

見つかったのである．テクネチウム（原子番号 43）は安定核種を

もたないため，太陽系には存在しない絶滅核種である．中性子

捕獲反応プロセスでつくられる 99Tcの半減期は約 20万年であ



Figure 1. Comparison of AGB model predictions, computed on the basis of a stellar stucture
with initial 1.3 M� and [Fe/H]=�1.3, to the composition of the post-AGB star J004441.04-
732136.4 [46]. The dotted black line represents the results obtained introducing a 13C pocket
resulting from the mixing an exponentially decreasing proton profile over a mass of 0.002 M�
and with a parametric TDU of 0.0096 M�. The TDU is fixed to match the observed [La/Fe]
ratio. The colored lines represent the results obtained by artificially ingesting in the third-last
TP a mass of protons between 2.9 and 5.8 (in units of 10�6 M�), and with a parametric TDU
between 5.1 and 27 (in units of 10�4 M�).

Due to hot bottom burning, massive AGB stars represent one of the most popular candidate
to explain the O, Na, Mg, and Al composition of the di↵erent populations in GC stars [44].
However, variations in these elements are not accompanied by any variations in s-process
elements, not even Rb. This s-process constraint can be matched only if massive AGB models
are evolved using a strong mass loss [9]. However, as discussed above, direct observations
of Rb appear to require a weaker mass loss [8]. This may indicate that massive AGB stars
evolved di↵erently in GCs than in the field, perhaps due to di↵erent binary properties of the
stellar population, a↵ecting the stellar lifetime [45]. This needs to be investigated via stellar
population synthesis models.
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Figure 11
(a) Comparisons of n -capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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Sneden+2008

Solar raBos

“Universality” of r-process abundances

=> (Probably) single origin



CondiBons for r-process (1)

High neutron density (& rapid change of the system) 
=> Explosive phenomena near the neutron star

nnh�vi �
1

⌧�
<latexit sha1_base64="fRdt0Xacy3R0xMzR2ALHSfMFKmk="></latexit><latexit sha1_base64="fRdt0Xacy3R0xMzR2ALHSfMFKmk="></latexit><latexit sha1_base64="fRdt0Xacy3R0xMzR2ALHSfMFKmk="></latexit><latexit sha1_base64="fRdt0Xacy3R0xMzR2ALHSfMFKmk="></latexit>

[s-1]

~10-20 cm3 s-1 ~ 1 s

nn >> 1020 cm-3 (nn ~ 105-7 cm-3 in s-process)

Neutron capture rate  >> Beta decay rate



Core-collapse supernova NS merger

M. Weiss NASA

Explosive phenomena near the neutron star

Very neutron richModerately neutron rich

Ye =
ne

np + nn
=

np

np + nn

Ye ~ 0.10  (nn ~ 9 np)Ye ~ 0.45  (nn ~ 1.2np)

nn = np  
for Ye = 0.50 



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.)

atomic number

m
as

s 
fr

ac
tio

n 
re

la
tiv

e 
to

 s
ol

ar

20 30 40
10-3

10-2

10-1

100

101

102

103

104

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo
1D 2D

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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11第 107巻　第 1号

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

11第 107巻　第 1号

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
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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．
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Figure 3

Top: Abundances of neutrons Yn, 4He (alpha-particles) Y↵, and so-called seed nuclei Yseed (in the
mass range 50A100), resulting after the charged particle freeze-out of explosive burning, as a
function of entropy in the explosively expanding plasma, based on results by (126). It can be
realized that the ratio of neutrons to seed nuclei (n/seed=Yn/Yseed) increases with entropy. The
number of neutrons per seed nucleus determines whether the heaviest elements (actinides) can be
produced in a strong r-process, requiring Aseed+n/seed �230. Bottom: n/seed ratios (shown as
contour lines) resulting in expanding hot plasmas from explosive burning as a function of the
electron abundance Ye and the entropy (measured in kb per baryon). A strong r-process,
producing the actinides with n/seed of 150, requires for moderate Ye’s, of about 0.45, entropies
beyond 250 (127).

10 Thielemann et al.
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(B) Breakdown of NSE (w/ high entropy) 
      = “alpha-rich” freeze-out
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飛び出した物質は，温度が100億度以下になると
中性子とα粒子で構成されるようになる．そして

α＋α＋n → 9Be （5）

9Be＋α  → 12C＋n （6）

を経由して種核の生成へとつながる．このとき，
式（5）は3体反応であり，その反応率は ρ2に比例
する．エントロピーが高いということは，式（4）
よりある与えられた温度における密度が小さい，
つまり式（5）の反応率が小さいことを意味するの
で，種核がつくられにくくなる．その結果，温度
が30億度程度に下がったときの一種核に対する
中性子数は相対的に高くなる．つまり，より重い
rプロセス元素がつくられやすいということにな
る．
高エントロピーの場合，式（3）に相当する rプ

ロセス第3ピーク元素がつくられる条件は

e

( /230) 1 ( 100)( /0.40)( /0.02 s)
S SY > >τ   （7）

と表されることが数値計算により確かめられてい
る 11）， 12）．ここで，τは温度が約1/3に下がるま
での時間である．物質の膨張が速い，つまりτが
小さくなると，種核が十分につくられる前に温度
が30億度程度まで下がるため，rプロセスが始ま
るときの一核子あたりの中性子数が多くなる．高
エントロピーで rプロセスが起こりやすくなるの
と似た理由である．シミュレーションによると，
ニュートリノ風ではYe＞0.413）‒16），τ＞0.02 s12）

となることが示されているので，式（7）より rプ
ロセスの成否はエントロピーが少なくとも230以
上になるかということになる．
ニュートリノ風のエントロピーがどれくらいま

で高くなるのかを見てみることにしよう．図6

に，原始中性子星の質量をパラメーターとした
ニュートリノ風の半解析的モデルにより計算され
たエントロピーの時間変化を示す 12）．時間とと
もにエントロピーが増大していくのがわかる．そ
れでも，典型的な1.4太陽質量の原始中性子星の
場合，10秒後にようやくS＝130に到達する程度
だ．S＞230に達するには原始中性子星の質量が
2.0太陽質量以上であることが必要だ*6．元素合
成の計算結果（図7）はまさにそのとおりになっ
ている（ここでは，Yeの最小値が0.40になるよ
うな時間変化を想定している 12））．典型的な1.4
太陽質量の原始中性子星の場合は弱い rプロセス
が起こるのみで，質量数110程度までの元素しか
つくられない．金のような第3ピーク元素をつく
るには，典型的なものより極めて重い原始中性子
星が必要なことがわかる．
最近，連星系の中性子星の観測からその質量が

2太陽質量程度のものが見つかっている 19）, 20）．
したがって，2太陽質量を超えるような大質量中
性子星が存在する可能性は否定できない*7．し
かしながら，連星系の場合は伴星からの質量降着

図6 超新星ニュートリノ風の半解析的モデルによ
り計算された一核子あたりのエントロピー
（ボルツマン定数で規格化）の時間変化 12）．原
始中性子星の質量が1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 
2.4太陽質量の場合の結果を示す．

*6 エントロピーは，原始中性子星の質量／半径に依存する17）， 18）．ここでは，原始中性子星の半径は30 kmから10 km
に漸近するような時間変化を想定している12）．原始中性子星の半径がこれより大きい場合は，要求される原始中性子
星の質量はさらに大きくなる．
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Nuclear physics and the r‐process  

•  Since in the r‐process  n << ,  an element with a given proton‐number (Z) 

should be able to capture many neutrons before a β‐decay. 

•  In the environments of high fluxes there is typically large temperatures 

and therefore large quan<<es of gamma photons producing nuclear 

disintegra<on. 

•  So the equilibrium abundances for a given isotopic chain will be 

determined by the neutron density and the temperature.  

•  This equilibrium implies that the maximum abundance of par<cipa<ng 

elements will be characterized by similar neutron energy separa<ons (Sn), 

which is the energy released by the capture of a neutron. 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Fig. 42. Schematic representation of the r-process in the (N, Z)-plane.

reached. In this picture, the accumulation of matter at neutron closed-shell nuclei due to the relatively slow !-decay
bottlenecks provides a natural explanation of the SoS r-process peaks (Fig. 2), as suggested in Fig. 42.

If the nuclear flow towards increasing Z values reaches the actinides or transactinide region, it is stopped by neutron-
induced or !-delayed fissions, which lead to a recycling of a portion of the material to lower Z values. At freezing
of the neutron captures or inverse photo-disintegrations, mainly !-decays but also spontaneous or !-delayed fissions
and single or multiple !-delayed neutron emissions drive the neutron-rich matter towards the valley of stability. These
post-freezing transformations are included in Fig. 42 in a schematic way.

The evolution of the abundances dictated by the pre- and post-freezing transformations is obtained by solving a set
of coupled nuclear kinetic equations of the form12

dN(Z, A)

dt
= N(Z, A − 1)"Z,A−1
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$ ]
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12 Neutrino interactions with nuclei have to be considered in some r-process scenarios (see Section 7.3). They are neglected here.

(C) Neutron capture 
      (and beta decay)
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Fig. 52. The likelihood of a DYR r-process for given combinations of the electron fraction Ye and the entropy per baryon s (hereafter in units of k).
A SoS-like r-process is expected for a suitable superposition of conditions between the black lines. The results inferred from an initial NSE phase at
low s (see Fig. 18 of [234]) are smoothly connected to those of various nuclear network calculations [235–237] for high s values. In the latter cases,
the assumed expansion timescales imply that the freeze-out of the charged-particle induced reactions is reached for dynamical timescales !dyn (see
Eq. (35)) in excess of about 50–100 ms. The two lines with dots represent the contours of successful r-processing for !dyn = 50 ms (black dots) and
100 ms (open dots) (see [237] for details).

hot enough for allowing a nuclear statistical equilibrium (NSE) to be achieved expands and cools in a prescribed
way on some selected timescale. This evolution is in general highly parametrised, with a notable exception of the
hydrodynamical treatment in [157].

With the requirement of charge and mass conservation, and if the relevant nuclear binding energies are known, the
initial NSE composition is determined from the application of the nuclear Saha equation (e.g. Section 7.2 of [233]
for a general presentation) for an initial temperature and density (or, equivalently, entropy, following Eqs. (37)), and
electron fraction (or net electron number per baryon) Ye, that are free parameters in a site-free r-process approach. The
evolution of the abundances during expansion and cooling of the material from the NSE state is derived by solving an
appropriate nuclear reaction network. The freeze-out of the charged-particle induced reactions might be followed by
an r-process during which the abundances are calculated from the set of equations of the form of Eq. (22).

As temperature, density and Ye are free parameters in a site-free approach, many choices of initial NSE compositions
may clearly be made, involving a dominance of light or heavy nuclides, as illustrated in Fig. 52. However, in view of
its relevance to the supernova models reviewed in Sections 6.1 and 6.2, we limit ourselves here to the consideration of
an initial NSE at temperatures of the order of 1010 K which favours the recombination of essentially all the available
protons into "-particles (the region noted NSE [n,"] in Fig. 52). The evolution of this initial composition to the stage
of charged-particle induced reaction freeze-out has been analysed in detail in [238], and we just summarise here some
of its most important features that are of relevance to a possible subsequent r-process:

(1) at some point in the course of the expansion and cooling of the initially "-rich material, full NSE breaks down
as the result of the slowness of a fraction of the charged-particle reactions relative to the expansion timescale. The
formation of quasi-equilibrium (QSE) clusters results. In this state, the intra-QSE composition still follows the NSE
Saha equation, but the relative inter-cluster abundances do not, and depend on the kinetics of the nuclear flows into
and out of the QSE clusters. To be more specific, the QSE phase is dominated in its early stages by a light cluster
made of neutrons and "-particles and traces of protons, and by a heavy cluster made of 12C and heavier species. The
population of the latter is determined mainly by the " + " + n reaction, followed by 9Be(", n)12C(n, #)13C(", n)16O,
as first noticed in [231];

(2) as the temperature decreases further, the QSE clusters fragment more and more into smaller clusters until total
breakdown of the QSE approximation, at which point the abundances of all nuclides have to be calculated from a full
nuclear reaction network. In the relevant "-particle-rich environment, the reaction flows are dominated by (", #) and
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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

See Tsujimoto-san’s talk for more details

NS merger yield



まとめ (1/3): rプロセス元素合成
• 宇宙の元素組成 

• sプロセス、rプロセスの両方が必要 

• rプロセスの元素組成パターンは「ユニバーサル」 

• 必要な産出量 10-4 Msun/Gal/100 yr = 10-2 Msun/Gal/104 yr 

• rプロセス元素合成と起源天体の候補 

• 高い中性子密度 => 中性子星に関連した天体現象 

• 高いn/seed比 => 中性子過剰、高エントロピー 

• 中性子星合体：非常に中性子過剰 

• 超新星爆発 (ニュートリノ風)： 
それなりに中性子過剰＆高エントロピー (難しいか？)



チュートリアルの目標

• rプロセス元素合成 

• 天文観測からの要請：何がゴールか？ 

• 基礎物理過程と起源天体の候補 

• 中性子星合体 

• 中性子星合体におけるrプロセス元素合成 

• 「キロノバ」: rプロセスによる突発天体現象 

• 重力波天体の観測 

• rプロセスに関して何がどこまで分かったか？ 

• 何が分かっていないか



Merger
neutron-capture 

(r-process) 
nucleosynthesis

RadioacBve decay 
=> kilonova

< 1 sec ~> days~< 100 ms

Mass 
ejecBon

MT & Hotoke 13hXp://www.aei.mpg.de/comp-rel-astro



Mass ejecBon from NS merger
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Fig. 4.— Final nuclear abundances for selected trajectories (top;
Ye = 0.09, 0.14, 0.19, 0.24, 0.34, and 0.44) and that mass-averaged
(bottom; compared with the solar r-process abundances).

abundances by weighting the final yields for the repre-
sentative trajectories with their Ye mass fractions (Fig-
ure 3). We find a remarkable agreement of our result
with the solar r-process abundance distribution over the
full-A range of ∼ 90–240. This striking result, differ-
ing from the previous works exhibiting production of
A > 130 nuclei only, is a consequence of the wide Ye
distribution predicted from our full-GR merger simula-
tion with neutrino effects taken into account. Note also
that fission plays only a subdominant role for the fi-
nal nucleosynthetic abundances. The second (A ∼ 130)
and rare-earth-element (A ∼ 160) peak abundances are
dominated by direct production from the trajectories of
Ye ∼ 0.2. Our result reasonably reproduces the solar-like
abundance ratio between the second (A ∼ 130) and third
(A ∼ 195) peaks as well, which is difficult to explain by
fission recycling.
Given that the model is representative of NS-NS merg-

ers, our result gives an important implication; the dy-
namical component of NS-NS merger ejecta can be the
dominant origin of the Galactic r-process nuclei. Other
contributions from, e.g., the BH-torus wind after col-
lapse of HMNSs (Surman et al. 2008; Wanajo & Janka
2012; Fernández & Metzger 2013), as invoked in the pre-
vious studies to account for the (solar-like) r-process uni-
versality, may not be needed. The amount of the en-
tirely r-processed ejecta, Mej ≈ 0.01M⊙, with present
estimates of the Galactic event rate, a few 10−5 yr−1

(e.g., Dominik et al. 2012), is also compatible with

the mass of the Galactic r-process abundances (e.g.,
Wanajo & Janka 2012).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the onset
of merger. The subsequent abundance changes by β-
decay, fission, and α-decay are followed up to 100 days
after the merging; the resulting radioactive heating is rel-
evant for kilonova emission. Figure 5 displays the tempo-
ral evolutions of the heating rates for selected trajecto-
ries (top-left) and those mass-averaged (top-right). For
a comparison purpose, the heating rate for the nuclear
abundances with the solar r-process pattern (q̇solar-r), β-
decaying back from the initial composition at neutron-
separation energies of 2 MeV (A ≥ 90, the same as that
used in Hotokezaka et al. 2013a; Tanaka et al. 2014), is
also shown by a black-solid line in each panel. The short-
dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2× 1010 t−1.3 (in units of erg g−1 s−1; t is
time in day, see, e.g., Metzger et al. 2010). Lower panels
are the same as the upper panels, but for those relative
to q̇analytic.
Overall, each curve reasonably follows q̇analytic by ∼

1 day. After this time, the heating is dominated by
a few radioactivities and becomes highly dependent on
Ye. Contributions from the ejecta of Ye > 0.3 are gen-
erally unimportant after ∼ 1 day. We find that the
heating for Ye = 0.34 turns to be significant after a few
10 days because of the β-decays from 85Kr (half-life of
T1/2 = 10.8 yr; see Figure 4, bottom, for its large abun-
dance), 89Sr (T1/2 = 50.5 d), and 103Ru (T1/2 = 39.2 d).
Heating rates for Ye = 0.19 and 0.24, whose abun-
dances are dominated by the second peak nuclei, are
found to be in good agreement with q̇solar-r. This is due
to a predominance of β-decay heating from the second
peak abundances, e.g., 123Sn (T1/2 = 129 d) and 125Sn
(T1/2 = 9.64 d) around a few 10 days.
Our result shows that the heating rate for the lowest Ye

( = 0.09) is the greatest after 1 day (Figure 5, left panels).
The values are larger than the previous results (with Ye ∼

0.02–0.04 in Goriely et al. 2011; Rosswog et al. 2014) by
a factor of a few. In our case, the radioactive heating is
dominated by the spontaneous fissions of 254Cf, 259Fm
and 262Fm. It should be noted, however, the heating
from spontaneous fission is highly uncertain because of
the many unknown half-lives and decay modes of nuclides
reaching to this quasi-stable region (A ∼ 250–260 with
T1/2 of days to years). In fact, tests with another set
of theoretical estimates show a few times smaller rates
after ∼ 1 day (as a result of diminishing contributions
from 259Fm and 262Fm), being similar to the previous
works. It appears, therefore, difficult to obtain reliable
heating rates with currently available nuclear data when
fission plays a dominant role.
In our result the total heating rate is dominated by

β-decays all the times (Figure 5, right panels) because
of the small ejecta amount of Ye < 0.15 (in which fis-
sion becomes important). The radioactive heating after
∼ 1 day is mostly due to the β-decays from a small num-
ber of species with precisely measured half-lives. Uncer-
tainties in nuclear data are thus irrelevant. The mass-
averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar-r because of the overabundances near

higher T 
higher Ye
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Fig. 3.— Ejecta mass fractions vs. Ye (top) and S/kB (bottom)
at the end of simulation. The widths of Ye and S/kB are chosen
to be ∆Ye = 0.01 and ∆S/kB = 1, respectively.

phase, neutrinos coming from the HMNS surface play
a crucial role and the Ye’s become ∼ 0.2–0.4. Bipolar
structures as found in Hotokezaka et al. (2013b), with
Ye ∼ 0.4, can also be seen in Figure 1 (top and middle
panels).
To make clear the role of neutrinos, the Ye evolution is

re-computed by the reaction network (Ye,network) for a se-
lected Lagrangian mass-element particle (an open circle
in Figure 1, bottom) traced from our grid-based simula-
tion. The computation is initiated at t = 6.39 ms with
the simulation value of Ye = 0.134 when the temperature
is still high (∼ 50 GK). The Ye,network from this time to
t = 13.7 ms (the end of simulation; ∼ 6 GK) is followed
by the network with the thermodynamic quantities of the
tracer particle. The temporal neutrino luminosities and
mean energies are adopted as those angle averaged from
the simulation result. Figure 2 displays the resulting
Ye,network evolutions with (red) and without (blue) the
neutrino captures on free nucleons. We find that, with-
out the neutrino captures, the Ye,network still increases by
positron capture but only to 0.19 at t = 13.7 ms. With
the neutrino captures, in contrast, the Ye,network reaches
0.37 at t = 13.7 ms (which is in agreement with the sim-
ulation Ye).
The ejecta mass fractions of Ye’s (top) and entropies

(per nucleon; S/kB, kB is Boltzmann’s constant, bottom)
at the end of simulation evaluated on the orbital plane
are displayed in Figure 3 with the widths of ∆Ye = 0.01
and ∆S/kB = 1, respectively. We find that the Ye’s
widely distribute between 0.09 and 0.45 with greater

amounts for higher Ye, in which the initial β-equilibrium
values (≪ 0.1) have gone. Strong shock heating and also
(to lesser extent) neutrino heating result in S/kB = 8–26
(with generally higher values for higher Ye), being sizably
greater than those in the previous studies (S/kB ∼ 1–3,
Goriely et al. 2011).

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermo-
dynamic trajectories of the ejecta particles traced on the
orbital plane. A representative particle is chosen from
each Ye-bin (from Ye = 0.09 to 0.44 with the interval of
∆Ye = 0.01) shown in Figure 3 (top). For simplicity,
we do not analyze the non-orbital components because
of the dominance of the ejecta masses close to the or-
bital plane. Each nucleosynthesis calculation is initiated
when the temperature decreases to 10 GK, where the ini-
tial composition is given by Ye and 1 − Ye for the mass
fractions of free protons and neutrons, respectively.
The reaction network consists of 6300 species, all

the way from single neutrons and protons to the Z =
110 isotopes relevant for the r-process. Experimen-
tal rates, when available, are taken from the latest
versions of REACLIB5 (Cyburt et al. 2010) and Nu-
clear Wallet Cards 6. Otherwise, the theoretical es-
timates of fusion rates7 (TALYS, Goriely et al. 2008)
and β-decay half-lives (GT2, Tachibana et al. 1990) are
adopted, where both are based on the same nuclear
mass model (HFB-21, Goriely et al. 2010). Theoreti-
cal fission properties adopted are those estimated on
the basis of the HFB-14 mass model (Goriely et al.
2009). For fission fragments, a Gaussian-type distribu-
tion (Kodama & Takahashi 1975) is assumed with emis-
sion of four prompt neutrons per event (Goriely et al.
2013). Neutrino captures are not included, which make
only slight shifts of Ye (typically an increase of ∼ 0.01
from 10 GK to 5 GK; see Figure 2).
The hydrodynamical trajectories end with the temper-

atures of ∼ 5 GK. Further temporal evolutions are fol-
lowed by the density drop like t−3 and with the tem-
peratures computed with the EOS of Timmes & Swesty
(2000) by adding the entropies generated by β-decay, fis-
sion, and α-decay. This entropy generation slows the
temperature drop around 1 GK (see, e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those
found in the previous works because of the higher ejecta
entropies in our result.
Figure 4 (top) displays the final nuclear abundances for

selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in
nuclear quasi-equilibrium for Ye ! 0.4, light r-process
abundances for Ye ∼ 0.2–0.4, and heavy r-process abun-
dances for Ye " 0.2. Different from the previous works,
we find no fission recycling; the nuclear flow for the low-
est Ye (= 0.09) trajectory reaches A ∼ 280, the fissile
point by neutron-induced fission, only at the freezeout
of r-processing. Spontaneous fission plays an important
role for forming the A ∼ 130 abundance peak, but only
for Ye < 0.15.
Figure 4 (bottom) shows the mass-averaged nuclear

5 https://groups.nscl.msu.edu/jina/reaclib/db/index.php.
6 http://www.nndc.bnl.gov/wallet/
7 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib.

ν

νe + n -> p + e- 

n + e+ -> νe + p

Wanajo+14

r-process nucleosynthesis in the ejecta of NS mergers



Dynamical ejecta (~< 10 ms) Post-merger ejecta (~< 100 ms)

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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Mej ~ 10-3 - 10-2 Msun 
v ~ 0.1-0.2 c 
Low Ye (wide distribuBon)

Perego+14

Side view

Mej >~ 10-2 Msun 
v ~ 0.05 c 
RelaBvely high Ye

5

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

Top view

Side view
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3 R A D I OAC T I V E H E AT I N G

3.1 Network calculations

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

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

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

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

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

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

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

Isotope t1/2 Qa ϵb
e ϵc

ν ϵd
γ Eavg e

γ

(h) (MeV) (MeV)

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

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

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

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

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2650–2662

Metzger+10
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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.

Wanajo 18

RadioacBve decay luminosity

1 day

10 day

~ t-1.3



RadioacBve decays of r-process nuclei 
“heat up” the ejected material

β decay  
- γ-rays (~ 1 MeV) => Compton scat. & photo-absorpDon 
- β parDcles (~1 MeV) => ionizaDon/excitaDon 

α decay 
- α parDcles (~7 MeV) => ionizaDon/excitaDon 

Fission 
- fission fragments (~100 MeV) => ionizaDon/excitaDon



Luminosity

Time

RadioacBve decay luminosity

“Observable” luminosity

UV/opBcal/infrared photons  
interact with mawer  
mainly via bound-bound transiBons



“Kilonova/Macronova" 
IniBal works: Li & Paczynski 98, Kulkarni 05, Metzger+10, Goriely+11, … 
High opacity: Kasen+13, Barnes & Kasen 13, MT & Hotokezaka 13, …

Timescale

Luminosity
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� 1.3� 1040 erg s�1

�
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thermalizaBon

L
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Lpeak

Temperature ~ 5000 K  => OpBcal and infrared wavelengths



RadiaBon transfer simulaBons of kilonova 
(MT & Hotokezaka 13, MT+14, MT 16) 



L ~ 1040-1041 erg s-1 

t ~ weeks 
NIR > OpBcal 
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g = 2   (l = 0, s shell) 
g = 6   (l = 1, p shell) 
g = 10 (l = 2, d shell) 
g = 14 (l = 3, f shell)

g = 2(2l + 1)
<latexit sha1_base64="NxPVxQh4uh42rsBKqvxfZ0YJAUc="></latexit><latexit sha1_base64="NxPVxQh4uh42rsBKqvxfZ0YJAUc="></latexit><latexit sha1_base64="NxPVxQh4uh42rsBKqvxfZ0YJAUc="></latexit><latexit sha1_base64="NxPVxQh4uh42rsBKqvxfZ0YJAUc="></latexit>

mz (spin) ml (orbital)

Number of state for a given l (1 electron) 
(different combinaBons of ml and mz)

Number of state per configuraBon (n electrons)

gCn =
g!

n!(g � n)!
<latexit sha1_base64="lCYjyllMdPx/NoXsJeMn7UZjoBY="></latexit><latexit sha1_base64="lCYjyllMdPx/NoXsJeMn7UZjoBY="></latexit><latexit sha1_base64="lCYjyllMdPx/NoXsJeMn7UZjoBY="></latexit><latexit sha1_base64="lCYjyllMdPx/NoXsJeMn7UZjoBY="></latexit>

(ex) 
Si I: 1s2 2s2 2p6 3s2 3p2 
Fe I: 1s2 2s2 2p6 3s2 3p6 4s2 3d6 
Nd I: 1s2 2s2 2p6 3s2 3p6 4s2 3d10 4p6 4d10 5s2 4f4 14C4 = 1001

10C6 = 219
6C2 = 15
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Table 1
Summary of atomic calculations

Ion Configurations Number of levels Number of lines Subset1a Subset2b

HULLAC
Se i 4s24p4, 4s24p3(4d, 4f, 5− 8l), 4s4p5, 4s4p4(4d, 4f), 3076 973,168 2,395 654

4s24p2(4d2, 4d4f, 4f2), 4s4p3(4d2, 4d4f, 4f2)
Se ii 4s24p3, 4s24p2(4d, 4f, 5− 8l), 4s4p4, 4s4p3(4d, 4f), 2181 511,911 1,978 584

4s24p(4d2, 4d4f, 4f2), 4s4p2(4d2, 4d4f, 4f2)
Se iii 4s24p2, 4s24p(4d, 4f, 5− 8l), 4s4p3, 4s4p2(4d, 4f), 922 92,132 2,286 882

4s2(4d2, 4d4f, 4f2), 4s4p(4d2, 4d4f, 4f2)
Ru i 4d75s, 4d65s6, 4d8, 4d7(5p, 5d, 6s, 6p), 1,545 250,476 49,181 20,350

4d65s(5p, 5d, 6s)
Ru ii 4d7, 4d6(5s− 5d, 6s, 6p) 818 76,592 27,976 14,073
Ru iii 4d6, 4d5(5s− 5d, 6s) 728 49,066 30,628 17,451
Te i 5s25p4, 5s25p3(4f ,5d,5f ,6s− 6f ,7s− 7d,8s), 329 14,482 410 348

5s5p5

Te ii 5s25p3, 5s25p2(4f ,5d,5f ,6s− 6f ,7s− 7d,8s), 253 9,167 705 569
5s5p4

Te iii 5s25p2, 5s25p(5d,6s− 6d,7s), 5s5p3 57 419 249 227
Nd i 4f46s2, 4f46s(5d,6p,7s), 4f45d2, 4f45d6p, 31,358 70,366,259 12,365,070 2,804,079

4f35d6s2, 4f35d2(6s, 6p), 4f35d6s6p
Nd ii 4f46s, 4f45d, 4f46p, 4f36s(5d, 6p), 6,888 3,951,882 3,682,300 1,287,145

4f35d2, 4f35d6p
Nd iii 4f4, 4f3(5d, 6s, 6p), 4f25d2, 4f25d(6s, 6p), 2252 458,161 303,021 136,248

4f26s6p
Er i 4f126s2, 4f126s(5d,6p,6d,7s,8s), 10,535 9,247,777 443,566 129,713

4f116s2(5d, 6p), 4f115d26s, 4f115d6s(6p, 7s)
Er ii 4f126s, 4f12(5d, 6p), 4f116s2, 4f116s(5d, 6p), 5,333 2,432,665 1,713,258 489,383

4f115d2, 4f115d6p
Er iii 4f12, 4f11(5d, 6s, 6p) 723 42,671 41,843 16,787
GRASP
Ba iii 913 103,446 90 (Laima, DF)
Nd ii 6,888 3,958,977 3,685,872 Layer 0

3,789,439 Layer 1
Nd iii 1,488 170,137 167,086 Layer 0

169,753 Layer 1
170,137 Layer 2
169,549 Layer 1 (Pavel)
169,996 Layer 2 (Pavel)

Er ii 5,333 2,432,666 1,850,487 Layer 0
Er iii 723 42,761 42,101 Layer 1

Note. — a Number of transitions whose lower level energy is E1 < 5, 10, 15 eV for neutral atom and singly and doubly ionized ions,
respectively.
b loggf ≥ -3

expressed by the density of the Slater-type orbital as,

ρ(r) = −4πr2qA
[
rl+1 exp (−αr/2)

]2
, (2)

where A is a normalization factor and α values represent
average radii of the Slater-type orbital. The central-
field potential for this electron charge distribution and
the nuclear charge distribution Zδ(r) seen by an exter-
nal electron is obtained from the Poisson equation with
the boundary condition, U(r)|r→∞ = (Z − q) /r. Oc-
cupancy 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 dif-
ferent 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] 4d55s2 gives deeper
and quasi-degenerate 4d and 5s orbital energies result-
ing in a better agreement with the energy levels of the
ASD. Similarly, alternative occupancies [Xe] 4f36s and
[Cd] 5p54f12 are used for Nd II and Er III, respectively,

in the present calculations.
The α values which minimize first-order configuration

average energies of the ground state and low-lying ex-
cited states are chosen. Such α values depend on excited
state configurations added in the first-order energies to
be minimized. We choose the excited state configura-
tions by single and double substitutions of valence and
sub-valence orbitals from the ground state configuration.
The excited state configurations as well as the ground
state for each ion are indecated by bold letters in Table 1.
Getting correct energy levels by this semi-emperical op-
timization takes a less computational time with limitted
computational resources, although systematic improve-
ment of the results without a benchmark is not always
possible. Results of the energies for Nd II-III and Er II-
III are shown in Figure 2 and disscussed in the following
section.

2.2. GRASP2K

The GRASP2K package (Jönsson et al. 2013) is based
on the multiconfiguration Dirac-Hartree-Fock (MCDHF)
and relativistic configuration interaction (RCI) methods
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expressed by the density of the Slater-type orbital as,

ρ(r) = −4πr2qA
[
rl+1 exp (−αr/2)

]2
, (2)

where A is a normalization factor and α values represent
average radii of the Slater-type orbital. The central-
field potential for this electron charge distribution and
the nuclear charge distribution Zδ(r) seen by an exter-
nal electron is obtained from the Poisson equation with
the boundary condition, U(r)|r→∞ = (Z − q) /r. Oc-
cupancy 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 dif-
ferent 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] 4d55s2 gives deeper
and quasi-degenerate 4d and 5s orbital energies result-
ing in a better agreement with the energy levels of the
ASD. Similarly, alternative occupancies [Xe] 4f36s and
[Cd] 5p54f12 are used for Nd II and Er III, respectively,

in the present calculations.
The α values which minimize first-order configuration

average energies of the ground state and low-lying ex-
cited states are chosen. Such α values depend on excited
state configurations added in the first-order energies to
be minimized. We choose the excited state configura-
tions by single and double substitutions of valence and
sub-valence orbitals from the ground state configuration.
The excited state configurations as well as the ground
state for each ion are indecated by bold letters in Table 1.
Getting correct energy levels by this semi-emperical op-
timization takes a less computational time with limitted
computational resources, although systematic improve-
ment of the results without a benchmark is not always
possible. Results of the energies for Nd II-III and Er II-
III are shown in Figure 2 and disscussed in the following
section.

2.2. GRASP2K

The GRASP2K package (Jönsson et al. 2013) is based
on the multiconfiguration Dirac-Hartree-Fock (MCDHF)
and relativistic configuration interaction (RCI) methods
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Figure 3. Energy levels for configurations of Nd III are com-
pared with data of NIST. Black color is representing NIST
data, next column of levels in red is our computed energy
levels in Strategy C (5p,5s) AS3L, blue color data are
based on Startegy B AS2L. Number on top of red and
blue column is averaged disagreement in % for levels of each
configuration comparing with NIST database.

4.3. Nd IV

Results of the energy levels of Strategies A and B

are presented and compared with the NIST database in
Table 6. The best agreement with the NIST database is
obtained for Strategy B with 5s. The energy levels are
shown and compared with a few levels of configuration
4f3 available in the NIST. in Figure 4. The averaged
difference is 11 % for Strategy B with 5s while it
is 17 % for Strategy A in active space AS1L, which
were used to compute opacity in the previous paper by
Tanaka et al. (2018).
For Nd IV ion, several experiments and analysis by

semi-emperical methods have been performed. The
emission spectrum produced by vacuum spark sources
was observed in the vacuum ultraviolet on two normal-
incidence spectrographs. 550 lines have been identified
as transitions from 85 (out of 107 possible) levels of
4f25d to 37 (out of 41 possible) levels of 4f3. The
method and codes of Cowan were used to predict the
spectral ranges of the strong transitions in the spectra
Nd IV in the beginning of paper series (Wyart et al.
2006).
Later Wyart et al. (2007) used the same experiment

to observe and classify 1426 lines. In total, 41 levels
of 4f3 configuration were reported. For deriving their
energy levels with the diagonalization code RCG, the
input Hartree-Fock radial integrals including relativistic
corrections, treated as parameters (HFR parameters),
were scaled according to earlier results on the neigh-
bouring ions spectra. Altogether 111 odd parity and 121
even parity of configurations 4f3, 4f26p, 5p54f4, 4f25d,

4f26s, and 5p54f35d levels were established. Their op-
timized values were calculated with the ELCALC code
(Radziemski et al. 1970).
Then Wyart et al. (2008) performed a paramet-

ric fit of levels energies for 4f3 configuration, previ-
ously obtained in the experiment (Wyart et al. 2007).
Dzuba et al. (2003) did computation in the same way
as for Nd III (see subsection 4.2). This included only
72 levels of configurations 4f3 and 4f25d. In Table
7, the energy levels obtained applying Strategy B

with 5s are compared with the experimental values
by (Wyart et al. 2007) and semi-empirical values by
Dzuba et al. (2003).
In addition to the energy levels, transition data can

also be compared with experimental data and semi-
emperical calculations (Table 8). Our results on the
transition wavelengths show good agreement with the
experimental data by Wyart et al. (2007). As shown in
Figure 5, the agreement in the wavelength is within 20
% for the most transitions.
We also confirmed a nice agreement in the transi-

tion probabilities. Table 8 and Figure 6 show tran-
sition probabilities for strongest transitions computed
by Wyart et al. (2007). Our and their results agree
within a factor of 2. Note that semi-emperical calcu-
lations have uncertainties. Using the the same HFR
method combined with parametric least-squares fits to
the same experimental data with Wyart et al. (2007),
Yoca & Quinet (2014) have computed and presented
transition probabilities (only with log gf ≥ −1.0), os-
cillator strengths and radiative lifetimes in bigger mul-
ticonfiguration expansions than Wyart et al. (2007).
Their results are systematically different, and those by
Yoca & Quinet (2014) in fact show a slightly better
agreement with ours as shown in the bottom panel of
Figure 6

5. IMPACT TO THE OPACITIES

We calculate bound-bound opacities using our re-
sults to study the impact of the accuracy in the
atomic calculations. By following previous works on
NS mergers (Kasen et al. 2013; Barnes & Kasen 2013;
Tanaka & Hotokezaka 2013; Tanaka et al. 2014, 2018),
we use the formalism of expansion opacity (Karp et al.
1977; Eastman & Pinto 1993; Kasen et al. 2006):

κbb
exp(λ) =

1

ρct

∑

l

λl

∆λ
(1− e−τl). (6)

Here, ρ and t represent density and time after the
merger. The summation is taken over all the transitions
in a wavelength bin (∆λ), and λl and τl are the transi-
tion wavelength and the Sobolev optical depth for each
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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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まとめ (2/3): 中性子星合体とキロノバ

• 中性子星合体 

• Dynamical ejecta: Ye低い (赤道面)  Ye高い (上空方向) 

• Post-merger ejecta: Ye高い (ニュートリノの効果) 

• キロノバ 

• rプロセス元素の放射性崩壊による電磁波放射 

• L ~ 1040-41 erg/s、T ~ 5000 K、Dmescale ~ week 

• Low Ye 赤外線 > 可視光 (ランタノイド元素の性質) 

• High Ye 可視光線 > 赤外線 

• 重力波 => event rate、電磁波 => 放出量 (+ Ye)



チュートリアルの目標

• rプロセス元素合成 

• 天文観測からの要請：何がゴールか？ 

• 基礎物理過程と起源天体の候補 

• 中性子星合体 

• 中性子星合体におけるrプロセス元素合成 

• 「キロノバ」: rプロセスによる突発天体現象 

• 重力波天体の観測 

• rプロセスに関して何がどこまで分かったか？ 

• 何が分かっていないか



2017 Aug 17

LIGO ScienDfic CollaboraDon  
and Virgo CollaboraDon, 2017, PRL

2

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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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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GW170817: opBcal/infrared light curves
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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 

1 10
T – T0  (d)

16

17

18

19

20

21

22

23

24

25

A
B

 m
ag

ni
tu

de

z
I
i
R
r
V
g
B

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).

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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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].
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• GW170817のマルチメッセンジャー観測から分かったこと 

• キロノバ  (L ~ t-1.3) => rプロセス元素合成 

• 「赤い」キロノバ => ランタノイド元素の合成 

• 「青い」キロノバ => ランタノイドより軽い元素の合成 

• 放出量 x rate => 今のところOK (不定性が大きい) 

• 分かっていないこと 

• どの元素がどれぐらいできたか？ 
太陽組成比に似ている？（「ユニバーサル」） 

• 超新星は不要？

まとめ (3/3): 重力波天体の観測



Which elements are produced? 
(similar to solar abundances??)



GW170817: Spectra

- Smooth spectra 
  (high velocity) 
- Not similar to  
  known transients
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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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and the expected spectral peak at optical wavelengths for
material dominated by iron-peak opacities was regarded as a
“smoking gun” of r-process nucleosynthesis. The models of
Tanaka & Hotokezaka (2013) have some roughly similar
features, although their spectra are much broader and smoother
than in our data and show a much larger drop in flux from 1.0
to 1.6 μm than the data, which may reflect limitations of the
NIR line list used in that work.

We note that independent sets of kilonova models (Tanaka
et al. 2017; Wollaeger et al. 2017), based on new atomic
structure calculations, also reproduce the shift of the observed
flux to the NIR when there are high concentrations of
lanthanides. The agreement between various codes about this
general trend gives us confidence that this signature of the
opacities of r-process elements is robust. However, inspection
of the figures in those works reveals no clear matches to the
spectral sequence as close as the ones we present here. The
detailed results of those calculations depend on the assumptions
about the masses and compositions of different merger ejecta
components. It is unclear at this point whether these detailed
spectral differences from different codes represent alternative
assumptions about the parameters of the neutron star merger
ejecta, or differences in the treatment of opacities across the
lanthanide series.

3.2. Sensitivity to Parameters

We take the excellent agreement between model and data
shown in Figure 2 as a sign that the parameters and the models
are at least roughly correct, so now we examine the sensitivity
of the model output to the parameter values that we have
selected. In the three panels of Figure 3, we vary each of the
three main parameters in sequence, while holding the other two
fixed. Each of the model spectra also includes a small amount
of flux from the same assumed blue kilonova component (not

shown, but parameters are discussed below) that contributes a
small amount of flux below 1 μm.
In the top panel, we start by varying the ejecta mass. As we

lower the mass, the overall flux goes down, as expected.
However, the spectra are not simply related by a flux
normalization factor. The total mass in the ejecta also affects
the diffusion timescale, and hence the location of the photo-
sphere within the ejecta. This, in turn, results in variations in
the amount of line blending that shift the wavelengths of the
spectral peaks. Most notably, the 1.07 μm peak shifts redward
at lower ejecta mass.
The ejecta velocity also affects the degree of line blending

and smoothness of the spectra. In the middle panel of Figure 3,
it is clear that raising the ejecta velocity rounds the tops of the
spectral peaks; at v=0.2c, the features between 1.1 and
1.3 μm are unacceptably washed out relative to the data. We
note that some simulations of the tidal dynamical ejecta find
even higher ejecta velocities than this (e.g., Bauswein
et al. 2013). At the other extreme, lowering the ejection
velocity results in the major peaks breaking up into a forest of
smaller peaks. The v=0.03c spectrum presented in this panel
shows several of these features starting to develop. Although it
is not plotted, by 7.5 days these narrower peaks are predicted to
become even more dominant, in contradiction to the smooth
broad peaks that we see at that time (Figure 1). This is relevant
because models invoking strong accretion disk winds (e.g.,
Kasen et al. 2015; Siegel & Metzger 2017) predict a range of
ejection velocities from 0.03 to 0.1c. We do not see narrow
features expected from material moving as slowly as v=0.03c
at any epoch. If the red kilonova ejecta result from a disk wind,
they must be accelerated above this value by, for example,
stronger magnetic fields than those previously considered.
Finally, the most important question for the purposes of

r-process nucleosynthesis involves constraining the chemical
abundances of the dominant emission component. In the
bottom panel of Figure 3, we have adjusted the fractional

Figure 2. The fiducial red kilonova model provides an excellent fit by itself to the day +4.5 NIR spectrum, with no adjustments to the flux scale. The data are in black
and the model is in red, with the values of the three main parameters listed in the figure.
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imately (Kasen & Barnes 2018)

f(t) ⇡ p�(1� e�t2�/t2) + pe(1 + t/te)
�n, (1)

where p� ⇡ 0.4, pe ⇡ 0.2 are the fraction of beta-decay
energy emitted as gamma-rays and electrons, respectively.
For ejecta masses and velocities in the range M ⇡ 0.01 �
0.05 M�, v ⇡ 0.1c�0.2c the timescale for gamma-rays to be-
come ine�cient to thermalization is t� ⇡ 0.5� 2 days while
that for electrons is te ⇡ 10� 40 days. The exponent n ⇡ 1
for typical conditions, though n can be larger depending on
the details of the thermalization and decay physics (Kasen
& Barnes 2018).

Figure A1 shows calculations of the radioactive power
✏̇(t) derived from detailed r-process nuclear reaction net-
works for outflows with a range of physical conditions (ini-
tial electron fractions Ye = 0.05 � 0.5, expansion velocity
of 0.2c, ejecta mass of 0.05 M� Rosswog et al. 2018). At
+43 d, the radioactive power ranges from ✏̇ ⇡ 0.5 � 2.5 ⇥
108 erg s�1 g�1. Adopting the ⌫L⌫ luminosity at epoch 1
of L43 = 7.8 ⇥ 1038 erg s�1 and using an e�ciency factor
f = 0.1 (appropriate for te ⇡ 30 days) implies an ejecta
mass of Mej ⇡ 1.6�7.8⇥10�2 M�. Within large uncertain-
ties, the mass range is consistent with that inferred from
analysis of early time observations of GW170817 (Coulter
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal
et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Arcavi et al. 2017), and provides
additional evidence that the neutron star merger produced
a large quantity of radioactive ejecta.

Between the two epochs of Spitzer observations, the lu-
minosity dropped by a factor L1/L2 ⇡ 6.2 corresponding to
a power-law L/ t�3.4±0.2. This is steeper than the L / t�7/3

dependence of statistical distribution of isotopes with power
✏̇ / t�4/3 with ine�cient thermalization f(t) / t�1. Alter-
nately, the observed decline can be explained if the e�ciency
drops even more rapidly, f(t) / t�2, as suggested by Wax-
man et al. (2017) (although such a steep dependence of f(t)
is not consistent with the numerical thermalization calcu-
lations of (Barnes et al. 2016)). Based on late-time optical
data, Waxman et al. 2017 and Arcavi 2018 also suggested a
similarly steep late-time power-law slope of t�3.

It is possible that the decline in luminosity between the
two Spitzer epochs is a result of the spectral energy progres-
sively moving out of 4.5µm band, such that the bolometric
correction increases with time. If such a color evolution oc-
curred, the spectrum must have moved redward of 5 µm, as
the upper limits in the 3.6µm band rule out a substantial
increase of the flux at bluer wavelengths.

If we assume, on the other hand, that the bolomet-
ric correction remained largely unchanged between the two
epochs, the two Spitzer epochs suggest that the underlying
radioactivity has deviated from the ✏̇ / t�4/3 power-law be-
havior. This is expected to occur when the decay becomes
dominated by one or a few isotopes rather than a statistical
distribution (Kasen & Barnes 2018; Wu et al. 2018). For a
single dominant isotope the energy generation rate follows
✏̇(t) / e�t/ti where ti is the decay timescale. Taking into
account the e↵ects of ine�cient thermalization, the heating
from a single isotope at times t & te is (Kasen & Barnes

Figure 2. Comparing early-time bolometric data (circles, Kasli-
wal et al. 2017) and late-time Spitzer detections (stars, this paper)
with the predicted radioactive luminosity as a function of time
(lines). The dashed colored lines show a luminosity L = Mej ✏̇(t)
f(t), where the ejecta mass Mej = 0.05 M�, the thermalization
e�ciency f(t) is from Kasen & Barnes 2018, and the radioactive
power ✏̇(t) is from the detailed nuclear reaction network calcu-
lations of Rosswog et al. 2018. ✏̇(t) explores a range of electron
fraction Ye and expansion velocity from 0.1c to 0.4c. Outflows
with Ye<0.25 synthesize the heaviest r-process elements in the
second-peak and third-peak and show a steeper late time decline,
whereas those with Ye&0.25 produce relatively lighter elements
and have a shallower decline due to the presence of longer lived
radioactive isotopes. Also shown is the power law inferred from
early-time data (gray solid line) and an analytic estimate of beta
decay rates assuming a statistical distribution (magenta solid line;
Hotokezaka et al. 2017).

2018)

L /
exp

h
� 3
p

3t/2te(te/ti)
i

(t/te)7/3
. (2)

From Equation 2 and using te = 30 days the observed ratio
L1/L2 ⇡ 6.2 implies heating dominated by an isotope with
decay time ti ⇡ 14 days.

If the late time radioactivity is indeed dominated by a
single isotope, this provides constraints on the ejecta compo-
sition. For merger outflows with electron fractions Ye . 0.25
the nucleosynthesis proceeds to the 3rd r-process peak (Fig-
ure A1) and the radioactive power ✏̇(t) steepens at times
t & 40 days to a decline rate consistent with the two Spitzer
epochs (Figure 2). For electron fractions Ye & 0.25, in con-
trast, the r-process stalls at the first or second r-process
peak and the heating rate is flatter at late times due to the
presence of long-lived radioisotopes. Thus, the Spitzer data
provides conditional evidence that GW170817 produced 3rd
peak r-process elements.

Another simple check to this inference is to compare
the bolometric light curve to the electron heating rates cal-
culated based on the solar abundance pattern (Figure 3).
The Spitzer detections cannot be explained only by radioac-
tive decay of elements in the first abundance peak as none
of them have half-life between between 10–100 days. Abun-
dant elements with relevant half-life include 89Sr, 125Sn, 131I,
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Figure 1. Panel 1: Combined Spitzer 3.6µm and 4.5µm image, depicting that the faint transient GW170817 is buried in the bright
host galaxy NGC4993. Panel 2: Subtracting the galaxy light by fitting a GALFIT model clearly shows the red transient in the first
epoch image, +43d after merger. Panel 3a: Proper image subtraction of Epoch 3 reference data from Epoch 1 using the ZOGY algorithm
boosts the S/N of our detection of GW170817. Panel 3b: ZOGY subtraction of Epoch 3 reference data from Epoch 2 yields a marginal
detection of GW170817. The orientation of all four panels is such that North is up and East is left. The dimensions of the panels are
2.750 ⇥ 2.750, 1.380 ⇥ 1.380, 0.690 ⇥ 1.380 and 0.690 ⇥ 1.380.

magnitude compared to that reported in Villar et al. 2018.
We undertake the following consistency checks.

• We get consistent magnitudes for aperture photometry
and PSF photometry. For a 2.5 pix aperture, the aperture
magnitudes are 21.99 ± 0.04 for Epoch 1 and 24.14 ± 0.30
AB mag for Epoch 2, consistent with the results from PSF-
fit photometry in Table 1.

• The sum of PSF-fit fluxes of the (Epoch 1 - Epoch 2)
and (Epoch 2 - Epoch 3) di↵erence images equal the the flux
in the (Epoch 1 - Epoch 3) di↵erence image. Specifically, the
sum of the measured flux in the first two di↵erence images is
(5.47 ± 0.14 µJy) + (1.04 ± 0.21 µJy), which is consistent
with the measured flux in the (Epoch 1 - Epoch 3) di↵erence
image of (6.39 ± 0.21 µJy).

• If we increase the Gaussian FWHM of the PSF-fit to
3.5 pix and apply the appropriate correction factor, we mea-
sure a magnitude of 21.93 ± 0.06, consistent with the 2.8 pix
FWHM measurement at Epoch 1.

• We get consistent fluxes for Epoch 1 using either the
shallow archival reference or the deeper Epoch 3 reference.
The PSF-magnitude of Epoch 1 in the archival di↵erence is
21.79 ± 0.09 AB mag, consistent with the late-time di↵er-
ence albeit with larger error bars.

• We get consistent fluxes for Epoch 1 if we directly ap-
ply ZOGY to subtract Epoch 3 without first applying the
GALFIT-model. We derive 21.94 ± 0.25mag. The subtrac-
tion is noisier by direct subtraction, hence, we prefer the
two-step method described above.

• We re-do aperture corrections with a di↵erent sky an-
nulus (5–7 pix) and scaling the ZOGY PSF to the standard
PRF after re-normalizing the sky. We also take into account
color corrections for this red source by multiplying the mea-
sured 4.5µm flux by 1.024 (and 3.6µm flux by 1.0614) . This
gives 21.92 ± 0.09mag at Epoch 1 and 23.94 ± 0.4mag at
Epoch 2, consistent with Table 1.

Converting to flux density, we get F⌫ = 6.43 ⇥ 10�29

erg s�1 cm�2 Hz�1 at Epoch 1 and F⌫ = 1.04⇥ 10�29 erg
s�1 cm�2 Hz�1 at Epoch 2. Now, �⌫-L⌫ would be a strict
lower limit on the total bolometric luminosity. If we assume
a power-law ⌫-L⌫ approximation to bolometric, the assumed
correction factor is the ratio between the central frequency

and bandwidth i.e. a multiplicative factor of 4.3 (since Chan-
nel 2 of Spitzer/IRAC spans 3.955µm to 5.015µm).

At this late phase, we expect optically thin, nebular con-
ditions and a blackbody approximation with a photosphere
is unlikely to be applicable. Nevertheless, we proceed with
blackbody calculations as another way to estimate the bolo-
metric correction. The observed Spitzer/IRAC color ([4.5] -
[3.6]) of 1.3mag suggests a blackbody temperature of 420K
at Epoch 1 (the Epoch 2 color is not constraining). This sug-
gests a multiplicative bolometric correction factor of ⇡16. In
the rest of the paper, we assume a ⌫-L⌫ approximation to
the bolometric luminosity of 7.8⇥1038 erg s�1 at Epoch 1
and 1.3⇥1038 erg s�1 at Epoch 2.

We check whether synchrotron emission could con-
tribute to the observed flux. Assuming the spectral index
presented in Mooley et al. (2018), and a flux density of 44µJy
at 3GHz measured at the same phase, we estimate that the
synchrotron contribution at 4.5µm would be 1.1⇥10�30 erg
s�1 cm�2 Hz�1 at Epoch 1. This is ⇡60 times smaller than
the observed flux density and hence, we conclude that the
synchrotron contribution is negligible.

3 IMPLICATIONS ON ABUNDANCES OF

R-PROCESS ELEMENTS

At the epochs of the Spitzer observations (t & 40 days)
the ejecta of kilonovae are expected to be optically thin to
optical/infrared photons. The bolometric luminosity should
then be independent of viewing angle and follow the instan-
taneous radioactive heating rate, L(t) ⇡ Mej✏̇(t)f(t) where
Mej is the ejecta mass, ✏̇(t) the radioactive power per gram,
and f(t) the e�ciency with which radioactive energy is ther-
malized. The late-time Spitzer data can thus be used to de-
rive constraints on the ejecta mass and composition that are
independent of the complex ejecta opacity and geometry.
The main limitation is the uncertain bolometric corrections.

The radioactive power of r-process matter is often de-
scribed by a power-law, ✏̇(t) / t�4/3, which is the behavior
of a statistical distribution of isotopes with beta-decay half-
lives roughly equally distributed in log time. The thermal-
ization e�ciency for such an isotopic distribution is approx-
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reference abundance distribution. The r-process residuals (by
subtracting the s-process component) to the solar system
abundances (Goriely 1999) was employed as the reference, in

light of the robust (solar r-process like) abundance patterns in
r-process-enhanced stars (at least in the range 50<Z<80,
e.g., Sneden et al. 2008).

Figure 5. Comparison of the heating rate (in units of erg s−1) with the ejecta mass, Mej, and velocity, vej (denoted in the legend), with the bolometric luminosity of the
kilonova (AT 2017gfo or SSS17a) associated with the NS merger GW170817 adopted from Waxman et al. (2018, red circles with error bars) and Villar et al. (2018,
green squares without error bars). The total and β-decay heating rates are displayed by black and blue lines, respectively. The latter can be regarded as the lower bound
when considering uncertainties in the fission contribution. The gray area indicates the range inferred from a variation of Th/Eu in r-process-enhanced stars.
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Abstract

Radioactive energies from unstable nuclei made in the ejecta of neutron star mergers play principal roles in powering
kilonovae. In previous studies, power-law-type heating rates (e.g., µ -t 1.3) have frequently been used, which may be
inadequate if the ejecta are dominated by nuclei other than the A∼130 region. We consider, therefore, two reference
abundance distributions that match the r-process residuals to the solar abundances for A�69 (light trans-iron plus
r-process elements) and A�90 (r-process elements). Nucleosynthetic abundances are obtained by using free-expansion
models with three parameters: expansion velocity, entropy, and electron fraction. Radioactive energies are calculated as
an ensemble of weighted free-expansion models that reproduce the reference abundance patterns. The results are
compared with the bolometric luminosity (> a few days since merger) of the kilonova associated with GW170817. We
find that the former case (fitted for A�69) with an ejecta mass 0.06Me reproduces the light curve remarkably well,
including its steepening at 7 days, in which the mass of r-process elements is ≈0.01Me. Two β-decay chains are
identified: 66Ni l 66Cu l 66Zn and 72Zn l 72Ga l 72Ge with similar halflives of parent isotopes (≈2 days), which
leads to an exponential-like evolution of heating rates during 1–15days. The light curve at late times (>40 days) is
consistent with additional contributions from the spontaneous fission of 254Cf and a few Fm isotopes. If this is the case,
the GW170817 event is best explained by the production of both light trans-iron and r-process elements that originate
from dynamical ejecta and subsequent disk outflows from the neutron star merger.

Key words: gravitational waves – nuclear reactions, nucleosynthesis, abundances

1. Introduction

The discovery of a binary neutron star (NS) merger as the
source of gravitational wave signals confirmed by advanced
LIGO/Virgo (on 2017 August 17; GW170817, Abbott et al.
2017), followed by the detection of an electromagnetic counter-
part across the entire wavelength range, has opened a window of
the “multi-messenger astronomy” (see, e.g., Metzger 2017).
Among the latter, the observations of electromagnetic emission
in optical and near-infrared ranges (kilonova, Li & Paczyński
1998; Metzger et al. 2010) provided us with numerous clues to
understanding the origin of heavy elements, such as gold and
uranium made by the rapid neutron-capture process (r-process;
see Thielemann et al. 2017 for a recent review).

The history of the r-process study goes back to the seminal
works by Burbidge et al. (1957) and Cameron (1957).
Burbidge et al. (1957) supposed a sort of stellar explosions
including core-collapse supernovae and TypeIa supernovae be
the astrophysical site of the r-process. Prior to these works, in
Burbidge et al. (1956), a concept of the r-process already has
been presented by associating the light curves of TypeIa
supernovae decaying in an exponential manner with the
spontaneous fission of a transuranic species 254Cf (with a
halflife of 60.5 days). It was before the identification of the
decay chain 56Ni l 56Co l 56Fe (Colgate & McKee 1969;
Arnett 1979) that actually powers TypeIa supernovae.

Since then, a main focus of the study of r-process sites has been
placed on core-collapse supernovae, including prompt explosions
(Schramm 1973; Sato 1974; Hillebrandt et al. 1976; Sumiyoshi
et al. 2001; Wanajo et al. 2003) and more recently neutrino-driven
explosions (Meyer et al. 1992; Witti et al. 1994; Woosley et al.
1994; Qian & Woosley 1996; Cardall & Fuller 1997; Otsuki
et al. 2000; Thompson et al. 2001; Wanajo et al. 2001). However,
recent studies exclude the former explosion mechanism (e.g.,

Kitaura et al. 2006; Janka et al. 2012) and suggest the latter be
sources of only light trans-iron elements (e.g., Wanajo et al. 2011,
2013). Currently, only a magneto-rotationally induced explosion
mechanism remains a viable possibility among the scenarios of
core-collapse supernovae (Winteler et al. 2012; Nishimura et al.
2015, 2017; Mösta et al. 2018; Halevi & Mösta 2018).
An alternative scenario, the decomposition of neutron-rich

material from merging binary neutron stars (NSs, or a NS and a
black hole), also was proposed as the sources of r-process
elements (Lattimer & Schramm 1974; Symbalisty & Schramm
1982; Eichler et al. 1989; Meyer 1989). Early studies of the
dynamical ejecta (resulting from tidal torque and shock heating)
of NS mergers pointed the robust production of heavy r-process
nuclei (A>120) by a fission recycling in extremely neutron-
rich environments (Freiburghaus et al. 1999; Goriely et al. 2011;
Korobkin et al. 2012; Bauswein et al. 2013). More recent studies
indicate, however, the production of all the r-process species
(A�90) in the ejecta with a wide range of neutron-richness
owing to weak interactions (electron/positron and neutrino
captures on free nucleons, Wanajo et al. 2014; Goriely et al.
2015; Sekiguchi et al. 2015, 2016; Radice et al. 2016; Papenfort
et al. 2018). The post-merger outflows from the accretion disk
orbiting around a remnant (a massive NS or a black hole) also
were suggested as a site of the r-process (Ruffert & Janka 1999;
Metzger et al. 2008; Surman et al. 2008; Wanajo & Janka 2012).
Recent studies indicate various possibilities such that the disk
outflows are modestly (e.g., Just et al. 2015; Fujibayashi
et al. 2018) or very (e.g., Wu et al. 2016; Siegel & Metzger
2017; Fernández et al. 2018) neutron-rich.
The latest studies of galactic chemical evolution imply that

r-process-enhanced halo stars reflect the nucleosynthetic yields
from single NS merger events (Ishimaru et al. 2015; Beniamini
et al. 2016; Safarzadeh & Scannapieco 2017; Ojima et al. 2018).
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1. Introduction

The discovery of a binary neutron star (NS) merger as the
source of gravitational wave signals confirmed by advanced
LIGO/Virgo (on 2017 August 17; GW170817, Abbott et al.
2017), followed by the detection of an electromagnetic counter-
part across the entire wavelength range, has opened a window of
the “multi-messenger astronomy” (see, e.g., Metzger 2017).
Among the latter, the observations of electromagnetic emission
in optical and near-infrared ranges (kilonova, Li & Paczyński
1998; Metzger et al. 2010) provided us with numerous clues to
understanding the origin of heavy elements, such as gold and
uranium made by the rapid neutron-capture process (r-process;
see Thielemann et al. 2017 for a recent review).

The history of the r-process study goes back to the seminal
works by Burbidge et al. (1957) and Cameron (1957).
Burbidge et al. (1957) supposed a sort of stellar explosions
including core-collapse supernovae and TypeIa supernovae be
the astrophysical site of the r-process. Prior to these works, in
Burbidge et al. (1956), a concept of the r-process already has
been presented by associating the light curves of TypeIa
supernovae decaying in an exponential manner with the
spontaneous fission of a transuranic species 254Cf (with a
halflife of 60.5 days). It was before the identification of the
decay chain 56Ni l 56Co l 56Fe (Colgate & McKee 1969;
Arnett 1979) that actually powers TypeIa supernovae.

Since then, a main focus of the study of r-process sites has been
placed on core-collapse supernovae, including prompt explosions
(Schramm 1973; Sato 1974; Hillebrandt et al. 1976; Sumiyoshi
et al. 2001; Wanajo et al. 2003) and more recently neutrino-driven
explosions (Meyer et al. 1992; Witti et al. 1994; Woosley et al.
1994; Qian & Woosley 1996; Cardall & Fuller 1997; Otsuki
et al. 2000; Thompson et al. 2001; Wanajo et al. 2001). However,
recent studies exclude the former explosion mechanism (e.g.,

Kitaura et al. 2006; Janka et al. 2012) and suggest the latter be
sources of only light trans-iron elements (e.g., Wanajo et al. 2011,
2013). Currently, only a magneto-rotationally induced explosion
mechanism remains a viable possibility among the scenarios of
core-collapse supernovae (Winteler et al. 2012; Nishimura et al.
2015, 2017; Mösta et al. 2018; Halevi & Mösta 2018).
An alternative scenario, the decomposition of neutron-rich

material from merging binary neutron stars (NSs, or a NS and a
black hole), also was proposed as the sources of r-process
elements (Lattimer & Schramm 1974; Symbalisty & Schramm
1982; Eichler et al. 1989; Meyer 1989). Early studies of the
dynamical ejecta (resulting from tidal torque and shock heating)
of NS mergers pointed the robust production of heavy r-process
nuclei (A>120) by a fission recycling in extremely neutron-
rich environments (Freiburghaus et al. 1999; Goriely et al. 2011;
Korobkin et al. 2012; Bauswein et al. 2013). More recent studies
indicate, however, the production of all the r-process species
(A�90) in the ejecta with a wide range of neutron-richness
owing to weak interactions (electron/positron and neutrino
captures on free nucleons, Wanajo et al. 2014; Goriely et al.
2015; Sekiguchi et al. 2015, 2016; Radice et al. 2016; Papenfort
et al. 2018). The post-merger outflows from the accretion disk
orbiting around a remnant (a massive NS or a black hole) also
were suggested as a site of the r-process (Ruffert & Janka 1999;
Metzger et al. 2008; Surman et al. 2008; Wanajo & Janka 2012).
Recent studies indicate various possibilities such that the disk
outflows are modestly (e.g., Just et al. 2015; Fujibayashi
et al. 2018) or very (e.g., Wu et al. 2016; Siegel & Metzger
2017; Fernández et al. 2018) neutron-rich.
The latest studies of galactic chemical evolution imply that

r-process-enhanced halo stars reflect the nucleosynthetic yields
from single NS merger events (Ishimaru et al. 2015; Beniamini
et al. 2016; Safarzadeh & Scannapieco 2017; Ojima et al. 2018).
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plasma. As shown in Figure 3, adding efficiently thermalizable
spontaneous fission produces a remarkable difference, amount-
ing to one order of magnitude higher heating at around
20days, and almost a factor of 100 at 100–300 days. Perhaps
even more remarkable is the fact that the difference is almost
entirely due to the 254Cf.

4. Light Curve Models

We use two semi-analytic light curve models to investigate
whether it is possible to discern the effects of fissioning
254Cfwith observations, and compare our models to the near-
IR observational data from the NSM GW170817.

NSMs can produce a variety of outflows with distinct
masses, velocities, and compositions(Metzger 2017). First,
material torn from inspiraling neutron stars by tidal forces
forms a high-velocity, low-Ye outflow. An additional fast,
higher-Ye component can be produced by dynamical “squeez-
ing” at the crash contact interface. Second, post-merger
accretion disks may produce “winds” with relatively low
(0.05c–0.1c) velocities and a range of Ye-values, depending on
weak interactions and whether the central object collapses to a
black hole. In addition, a neutrino-driven wind will occur and
can have relatively high Ye(Surman et al. 2006) or, if neutrino
flavor transformation is taken into account, relatively low
Ye(Zhu et al. 2016).

Low-Yeoutflows produce lanthanides and actinides with very
high opacities(Kasen et al. 2013), resulting in emission at red
and near-IR wavelengths (“red” components). Higher-Ye out-
flows ( 2Y 0.25e ) fail to synthesize these elements, and their
emission is bluer (“blue” components). In general, the kilonova
emission will reflect contributions from both components.

An r-process that fails to produce actinides also fails to
synthesize 254Cf, so heating from the fission of 254Cfis
important only for low-Ye outflows. Because thermalization is
very sensitive to mass and velocity, the effect of fission will
only be prominent if the red component is slow and/or massive
compared to any blue component in the model.

For example, Kasen et al. (2017) posited that the total
kilonova signal is due to a fast blue outflow ejected by
“squeezing,” along with a slower, redder, lanthanide-rich disk
outflow. At late times, radiation from the blue component of

this model fades due to inefficient thermalization induced by
rapid expansion, and the net emission is dominated by the red
component. Thus, any additional effect from fission would
potentially be observable in this scenario. Other models also
achieved good agreement with observed broadband light
curves without including a slow red component (Tanvir
et al. 2017; Troja et al. 2017; Kawaguchi et al. 2018); thus,
in this scenario the effect on the light curve from 254Cffission
would be minimal.
We therefore explore the effects of 254Cffission using a

single-component model with similar parameters to the red
component of Kasen et al. (2017). At the times of interest, the
spectrum peaks in the near-IR and mid-infrared (mid-IR). For
near-IR emission, we use semi-analytic, spherically symmetric
radiative transfer solution described in detail in Rosswog et al.
(2017b, their Appendix A). The transfer equation is solved in a
diffusion approximation, where it admits separation of
variables and the solution for internal energy profiles in terms
of summed radial eigenmodes with time-dependent coeffi-
cients. This method was invented by Pinto & Eastman (2000)
for supernova envelopes, and recently applied to kilonovae and
cross-validated with the full multigroup Monte Carlo code
SuperNu (Wollaeger et al. 2018). The model employs gray
opacity k = -10 cm g2 1, which is a reasonable approximation
for a lanthanide-rich ejecta (Tanaka et al. 2018).
Figure 4 compares the resulting synthetic light curves to

observational data in the near-IR JHK-bands (solid lines). We
employ an ejecta mass = :m M0.05ej and a median velocity
v=0.1 c. Dashed lines in the same plot show the case without
spontaneous fission, resulting in light curves that are dimmer
by almost two magnitudes at 25 days after the explosion. Here
we used a Ye of approximately 0.2, but as the neutron richness
of the ejecta is increased, the difference in the light curve due to
the inclusion of 254Cfis increased by another magnitude.
Figure 3 shows that the highest impact of the heating rate

from 254Cf is expected at late epochs, at t∼100–300 days. At
this time, the ejecta is optically thin, having an optical depth

Figure 3. Effective heating rates, including energy partitioning between decay
products and their thermalization, with and without contribution from
spontaneous fission of actinides, in particular 254Cf. The dark purple solid
line shows the (thermalized) contribution from fissioning 254Cfnuclide alone.

Figure 4. Observations in the near-IR J-, H-, and K-bands (points), and the
best-fit theoretical model with spontaneous fission contribution (solid lines).
Dashed lines show theoretical light curves for the same ejecta mass and
velocity, but without spontaneous fission contribution. At the epoch of 25days,
inclusion of fissioning isotope 254Cfincreases the brightness by almost two
magnitudes. Observational data points are labeled by the instrument and the
telescope that received the data. Data sources: (a) Kasliwal et al. (2017),
(b) Tanvir et al. (2017). Upturned triangles are upper limits.
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r-process in magneto-rotaBonal supernovae

3.2. Explosion Models

Explosion models of the MR-SN are simulated employing
the grid-based Eulerian code described in Section 2.2. On the
other hand, the particle-based Lagrangian hydrodynamic
evolution based on the post-process scheme is utilized (see,
Section 2.3) to follow the abundance evolution of the models.
Several key physical quantities of the explosion models are
summarized in Table 4, of which names correspond to the pre-
collapse models described in Section 2.1. The physical
properties of dynamics are basically based on the original
hydrodynamics models, although we adopted the TPM for
estimating ejecta.

The duration of collapse, tbnc, is a time interval in ms from
the beginning of collapse to the core-bounce. The other three
timescales are measured from tbnc: tdel is the launch of the MHD
jet (delay time), texp is the jet reaching the distance of 1000 km
from the PNS, and tfin is the end of simulation. Focusing on the
outward jet, the velocity is vexp and the corresponding
explosion energy is Eexp at the time t texp= . The total amount
of ejected matter, estimated by the post-process TPM, is
denoted by Mej. There is an alternative mass, denoted by M rej, ,
which is the total mass of neutron-rich ejecta (producing heavy
r-process elements) for Y 0.3e - . Finally, the average electron
fraction only for these very neutron-rich ejecta, Yeá ñ, is defined

by

Y
M

m Y Y
1

for 0.3 , 9r
r i

i ie,
ej, 1

all

e, e( ) ( )-åá ñ =
=

where mi and Ye,i are the mass and electron fraction (at the end
of NSE) of individual tracer particles, respectively. This is an
index expressing the strength of the r-process that lower values
produce heavier nuclei, mainly because Y 0.3e - contributes to
the production of heavy r-process elements in low entropy
conditions of MR-SNe (see, e.g., Nishimura et al. 2006;
Fujimoto et al. 2008; Nishimura et al. 2012a; Winteler
et al. 2012).
As described in the previous section, prompt-magnetic-jets,

in principle, have a shorter dynamical timescale, expressed by
tdel and texp , with larger vjet and Eexp than delayed-jets (for
details, see, Takiwaki et al. 2009). Additionally, some physical
quantities in Table 4 provide a clue to understanding not only
the dynamics of the explosion, but also resulting r-process
nucleosynthesis. Focusing on tdel, the delayed-jet model has a
larger value than prompt-jet models until the launch of the
shock. Here, we can predict a stronger progress for the r-
process for prompt-magnetic models than the delayed-jet
model by comparing with Y re, , although we need precise
network calculations to determine the nucleosynthesis yields.

Figure 3. Structure of MR-SNe with a bipolar-jet explosion around the PNS. The entropy per baryon (3–15 k baryonB
1- ) and magnetic field lines (white lines) are

drawn in the spatial range of 700 km. The left and right panels correspond to B12b1.00 (prompt-jet model) and B11b0.25 (delayed-jet model), respectively.

Table 4
Physical Properties of Explosion Models

Name Category tbnc tdel texp tfin vjet Eexp M rej, Y re,á ñ
(ms) (ms) (ms) (ms) (c) (10 erg50 ) ( M10 3-

:)

B11β0.25 delayed 244 48 72 103 0.12 0.05 2.68 0.281
B11β1.00 prompt 235 10 27 58 0.27 0.23 1.62 0.192
B12β0.25 prompt 244 0 32 57 0.20 1.3 3.69 0.186
B12β1.00 prompt 235 0 20 77 0.27 1.4 4.05 0.221
B12β4.00 prompt 292 0 25 33 0.20 1.0 5.32 0.181

Note. tbnc is the duration of the collapse, which is from the onset of core-collapse until the core-bounce. The other three timescales are measured from the core-bounce
(tbnc): tdel is the raunch of outward shock, texp is the shock reaching the distance of 1000 km from the PNS, and tfin is the end of simulation. The velocity of the shock at
texp (1000 km from the PNS) is vjet, with a corresponding explosion energy of Eexp . M rej, and Y re,á ñ are the mass and the average Ye of very neutron-rich ejecta
(Y 0.3e < ), respectively.
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driven jet,17 which is summarized in Table 6. Synthesis of these
isotopes takes place in a distant region from the PNS, where the
effect of neutrino absorption is negligible. In fact, the final
abundances of the iron-group elements change only a few
percent, based on the uncertainty of Ye discussed in
Section 4.1.2.

The mass of MNi, Ni56 56( ), is in the range of
0.714 M10 2´ -

: and M4.27 10 2´ -
:, which appears to be

correlated with the total ejected mass in Table 5. Our models
have lower values compared with a typical SN IIp, SN 1987A,
M MNi 7.1 1056 2( ) = ´ -

: and M MNi 4.1 1057 3( ) = ´ -
:

(see, e.g., Seitenzahl et al. 2014). The jet-like explosion of
MR-SNe sometimes has been considered to be the central
engine of luminous SNe Ib/c or hypernovae associated with
long GRBs. However, this amount of Ni56 can hardly explain
these luminous events, which require M MNi 0.156( ) > :. M

MNi 0.0156( ) ~ : corresponds to the lower bound of ordinary
SNe, which is in the faint SN branch (see, Figure 1 of Nomoto
et al. 2006; Smartt 2009; Tanaka et al. 2009). This indicates
that the delayed-jet model associated with a less energetic
explosion, for which the Ni56 mass is M0.01~ :, may be
classified in the faint SN.

Based on the amounts of Ni isotopes, we can quantitatively
discuss the connection between MR-SNe and several high-
energy astronomical phenomena. An X-ray flash event,
XRF 060218, that is associated with SN 2006aj (Type Ic)
requires MNi 0.256 ~ : and MNi 0.0558 ~ : by optical
observations (Mazzali et al. 2006, 2007; Maeda et al. 2007a).
Although our explosion models show lower Ni-isotope ejecta,
they are still suitable for another peculiar type Ib SN, SN
2005bf, which has intermediate explosion energy between
normal type Ib/c SNe and X-ray flashes. Our results have the
amount of Ni isotopes in the range of M MNi 0.0856( ) - : with

1014~ –1015 G, which are values for a magnetar formation
scenario (Maeda et al. 2007b). Additionally, the lower ejected
mass of M MNi 0.00356( ) = : is suggested for jet-like explo-
sion of SN 2010jp (Smith et al. 2012), which may correspond
to less energetic MR-SN models.18

However, luminous SNe Ib/c and relevant explosive
phenomena including GRBs and XRFs generally require larger
amounts of MNi 0.256 > : (see, e.g., Cano 2013), which the
calculated value of Ni56 for our explosion models hardly
explain. Here, it should be emphasized that we have only
focused on the production of Ni isotopes in the primary jets.
Thus, we have ignored additional ejecta due to neutrino-heating
after jet propagation, which is discussed by Sawai & Yamada
(2014). We can expect significant amounts of Ni and other
iron-group isotopes in this neutrino-driven ejecta, unless the
central PNS immediately collapses to BH. The current study
might give a clue for further investigation using more
sophisticated models.

Figure 16. Final abundances of different energy deposition location of the magnetic reconnection at 300, 500, and 800 km from the center: (a) the trajectory ofYe,nse =
0.180 with the energy injection E E0.5in mag= . (b) Same as (a), but the lower injection energy E E0.25in mag= . (c) The trajectory of Ye,nse = 0.326 with the injection
energy of E E0.5in mag= .

Figure 17. Final abundances as a function of atomic number Z with the
abundances of r-process-rich metal-poor stars of CS22892-052 and HD122563.
The solid line (red), thick dashed line (green), and thin dashed line (green) are a
prompt-jet model (B11b1.00), delayed-jet model (B11b0.25), and delayed
model with small-Rn , respectively.

Table 6
Masses of Nickel Isotopes

Model M Ni56( ) M Ni57( ) M Ni58( )
( M10 2-

:) ( M10 4-
:) (10−3)

B11β0.25 1.08 2.51 0.774
B12β0.25 0.714 2.48 3.31
B12β1.00 1.06 2.91 2.57
B12β4.00 4.27 7.81 6.02

Note. The amounts of 56Ni, 57Ni, and 58Ni in the jet-like ejecta, as measured in
the solar mass (M:). The model of B12β0.25 is excluded because the
duration of the simulation is insufficient for determining these isotopes.

17 We excluded B12b0.25, which does not yet feature the full explosive
nucleosynthesis. The current explosion models have been geared mainly to
investigate the r-process, as determined by the Ye at the early phase of
explosions.

18 The collapse model also may be suitable for such low 56 Ni ejecta (the lower
bound of Ni56 is M3.7 10 4´ -

:; Fujimoto et al. 2008). However, it is not
clear if BH-driven jets are possible without pollution of yields by magnetar-
driven (MR-SN) jets before BH formation (Harikae et al. 2009).
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Successful r-process if explosion occurs early enough 
(depends on magneBc field/rotaBon)



r-process in “collapsar” (torus around BH => disk wind)
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Figure 1: Overview of the various stages of a collapsar accretion process and corresponding

nucleosynthetic yields. a, Typical collapsar fall-back accretion history (accretion rate vs. cumula-

tive accreted mass; see SI), with arrows indicating the accretion stages Ṁ1, Ṁ2, Ṁ3 simulated here.

Vertical dotted lines indicate the regime during which the initial black hole is formed and the part

of the accretion process responsible for powering the gamma-ray burst. Horizontal bands indicate

the different nucleosynthetic regimes of the disk outflows as identified from the simulations. b,

Simulation snapshots of the disk’s equatorial plane for the three different accretion stages simu-

lated here, showing that above a critical threshold of Ṁign ⇡ 10�3
M�s�1 mild electron degeneracy

(⌘ = µe/kT ⇠ 1) is established, which drives the disk midplane neutron-rich (electron fraction

Ye ⌧ 0.5). c, Abundance distributions of nuclei synthesized in the disk outflows at the three dif-

ferent accretion stages. Above Ṁign, a heavy r-process up to A ⇠ 195 is obtained (Ṁ1, Ṁ2), while

below Ṁign a rapid transition to 56Ni-rich outflows is observed (Ṁ3).

8

Extended Data Figure 6: Schematic diagram comparing r-process enrichment through accre-
tion disk winds in neutron star mergers and collapsars. Although collapsars are somewhat
less frequent than mergers over cosmic time, their higher r-process yields (by a factor of ⇠ 40, if
calibrated using the energetics of long versus short GRB jets) make them an important and likely
dominant r-process site (Eq. (25)).
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Similar to disk wind in NS merger

The neutron star merger GW170817 points to collapsars
as the main r -process source

Daniel M. Siegel1,2, Jennifer Barnes1,2, Brian D. Metzger1

1Department of Physics and Columbia Astrophysics Laboratory, Columbia University, New York,

NY 10027, USA

2NASA Einstein Fellow

The binary neutron star merger GW170817 detected by Advanced LIGO/Virgo1 was fol-

lowed by a short gamma-ray burst2 (GRB) and thermal radiation3, 4 (‘kilonova’) powered

by the radioactive decay of heavy nuclei synthesized in the merger ejecta by the rapid neu-

tron capture process5 (‘r-process’). The large inferred quantity of ejecta is best understood

as originating in an outflow from the accretion disk surrounding the newly-formed black

hole6–9, the same engine that was likely responsible for the GRB jet. Similar accretion flows

accompany the collapse of rotating massive stars10 (‘collapsars’), powering the class of long

GRBs and their associated supernovae. Here we show that collapsar accretion disks also pro-

duce neutron-rich outflows that synthesize heavy r-process nuclei, despite the comparatively

proton-rich composition of the infalling star. Though occurring less frequently than merg-

ers, the much greater accreted mass in collapsars—and their correspondingly larger disk

wind ejecta—implicate them as dominant contributors to the Galactic r-process. Collapsars

provide the rare r-process source needed to promptly enrich a small fraction of ultra-faint

dwarf galaxies early in the Universe11 which is also compatible with the Galactic chemical
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チュートリアルの目標

• rプロセス元素合成 

• 天文観測からの要請：何がゴールか？ 

• 基礎物理過程と起源天体の候補 

• 中性子星合体 

• 中性子星合体におけるrプロセス元素合成 

• 「キロノバ」: rプロセスによる突発天体現象 

• 重力波天体の観測 

• rプロセスに関して何がどこまで分かったか？ 

• 何が分かっていないか


