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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,	MNRAS,	406,	2650
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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.

We thank Kenta Hotokezaka, Masaru Shibata, Nobuya
Nishimura, Kenta Kiuchi, and Koutarou Kyutoku for
providing results of simulations and fruitful discussion.
MT thanks the Institute for Nuclear Theory (INT) at
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the completion of this work. MT also thanks Rodrigo
Fernández, Brian Metzger, Daniel Kasen, and Gabriel
Martinez-Pinedo for organizing the workshop and pro-
viding the nice research environment at INT. Numeri-
cal simulations presented in this paper were carried out
with Cray XC30 at Center for Computational Astro-
physics, National Astronomical Observatory of Japan.
Computations by GG were performed on resources at the
High Performance Computing Center “HPC Sauletekis”
of the Faculty of Physics at Vilnius University. This
research was supported by the NINS program for cross-
disciplinary science study, Inoue Science Research Award
from Inoue Foundation for Science, the RIKEN iTHES
project, a post-K computer project (Priority issue No. 9)
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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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5

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

νe＋n→p＋e－ （1）

および陽子 （p） の反電子ニュートリノ （ν̄e） 捕獲

ν̄e＋p→n＋e＋ （2）

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

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

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

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

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

rプロセス特集



• Kilonova	and	the	origin	of	heavy	elements	

• Lessons	learned	from	GW170817	

Neutron	Star	Mergers	and	Kilonovae
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GW170817:	light	curves
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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 SN	rate

GW

Kilonova

CAVEATS:	abundance	raEos	are	not	well	constrained



Presence	of	“blue”	kilonova

Mej	(blue)	~	0.02	Msun 
			too	much	for	dynamical	ejecta?	=>	wind?

Ye	=	0.1

Ye	=	0.25

MT+2017

Cowperthwaite	et	al.	2017;		
Drout	et	al.	2017;	Nicholl	et	al.	2017;		
Villar	et	al.	2017	

But	v	~	0.2c	(difficult	with	wind	ejecta)



• Origin	of	ejecta?	(Shibata-san’s	talk)	

• Origin	of	“blue”	and	“red”	component?	

• Blue	component	with	high	veloci&es?	

• Abundance	parern?	Similar	to	solar	abundances??	

• 3rd	peak??	(Au	and	Pt!)

Many	open	quesEons

Publications of the Astronomical Society of Japan (2017), Vol. 00, No. 0 5

Fig. 3. Time evolution of optical and near-infrared spectral energy distri-
bution of SSS17a compared with three models. The observational data
are taken from Utsumi et al. (2017). All of the three models assume the
same ejecta mass (0.03 M⊙) and the same average velocity (⟨v⟩ = 0.1c).
Orange curves show the model of the dynamical ejecta (Ye = 0.10–0.40)
while blue and green curves show the models with the elemental abun-
dances calculated with high Ye (Ye = 0.30) and medium Ye (Ye = 0.25),
respectively.

nicely explained by 0.03 M⊙ of ejecta containing lan-
thanide elements (Ye = 0.10–0.40 or Ye = 0.25). How-
ever, the model with Ye = 0.10–0.40 does not repro-
duce the blue optical emission at the initial phases. On
the other hand, if the ejecta are completely lanthanide free
(Ye = 0.30), the emission is too blue compared with the
observations. We find that, as far as a single component
model is considered, the model with Ye = 0.25 containing
a small fraction of lanthanide elements reproduces both
optical and near-infrared emissions reasonably well.

What is the origin of such ejecta? The simulations of the
dynamical mass ejection show that a stronger mass ejection
occurs when radii of the NSs are smaller (i.e., when the
equation of state of the NSs is soft), and thus, shock heating
is more efficient. However, a possible maximum mass of the
dynamical ejecta is about 0.01 M⊙ with currently available
equations of states (e.g., Hotokezaka et al. 2013; Sekiguchi

Fig. 4. Schematic picture of the ejecta of the NS merger event GW170817.

et al. 2015, 2016; Radice et al. 2016). An even higher mass
ejection might be possible for a merger with an extreme
mass ratio of two NSs. However, in such cases, a tidally
disrupted component with a low Ye dominates (see the red
line in figure 1 for the abundances with Ye = 0.15) and the
emission would become even redder at the initial phases.
By virtue of these facts, it is unlikely that the dynamical
ejecta alone can power the entire optical and near-infrared
emissions of SSS17a.

We suggest that a kilonova from post-merger ejecta plays
a dominant contribution for SSS17a. The observed proper-
ties are nicely explained if the entire ejecta are moderately
lanthanide-rich as in the case of Ye = 0.25. However, it
does not necessarily mean that the ejecta should have only
a single component. In reality, the ejecta would have an
angular distribution of Ye, having higher Ye near a polar
region (Perego et al. 2014; Fujibayashi et al. 2017). There-
fore, more realistic situation may be a combination of spa-
tially separated high-, medium-, and possibly low-Ye com-
ponents as illustrated in figure 4. In fact, the model with
medium Ye does not perfectly reproduce the flux at <5000 Å
at t = 2 d and the agreement can be improved with a pres-
ence of small amount of high-Ye ejecta probably near the
pole. Then, our line of sight may be somewhat off-axis so
that we can observe both high- and medium-Ye regions. This
may also explain the weakness of the gamma-ray emission
(Connaughton et al. 2017; Goldstein et al. 2017; Savchenko
et al. 2017a, 2017b).

Our interpretation implies that a large amount of ejecta
with medium or high Ye is ejected during the post-merger
phase. The large ejecta mass suggests that the viscous
mass ejection is quite efficient in the NS merger event
GW170817. A required dimensionless viscous α parameter
is α ! 0.03 (Shibata et al. 2017). In addition, we specu-
late that a relatively long-lived massive NS is present after
the merger (Metzger & Fernández 2014; Kasen et al. 2015;
Lippuner et al. 2017) so that neutrino emission from the
central NS can increase Ye of the surrounding disk as well

High	Ye
Medium	Ye

Low	Ye



Summary

• NS	mergers	and	kilonova	

• Robust	r-process	nucleosynthesis	

• Radioac&vely	powered	EM	emission	

• GW170817	

• Red	and	blue	components 
=>	Ye	~	0.25	or	X(Lan)	~	10-3-10-2	if	single	component	

• ~0.03	Msun	ejec&on	with	Lanthanide 
=>	Enough	to	explain	the	origin	of	r-process	elements	

• Open	quesEons	

• Ejecta	mass:	universal?	

• Abundance	partners:	solar	abundance?  
=>	frac&on	of	blue/red	components


