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連星中性子星合体からの重力波

• 合体の際の衝撃波加熱や潮汐破壊による質量放出 
• rプロセス元素合成により生成された中性子過剰物質の放出 
• 不安定原子核の崩壊による放射 (Kilonova/Macronova)

http://aasnova.org/2015/10/28/what-do-you-get-when-two-neutron-stars-merge/

(Li & Paczynski 1998, B. D. Metzger et al. 2010, …)
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提唱されていた電磁波放射モデルの妥当性を確認

2017年8月17日 初検出 
同時に電磁波放射も観測



初期の電磁波放射

• 中性子星合体の約11時間後から観測開始 
• macronovaの放射モデルで観測を大体説明できる 
• 初期の放射(~1日)はモデル計算の結果よりも明るくて青い　　　　

(ejecta mass > 0.03 Msolar, opacity < 0.5 cm2 g-1)

(M. Tanaka et al. 2017, Utsumi et al. 2017, …)
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4 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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Fig. 2. Optical and near-infrared light curves of SSS17a compared with kilonova models with (left) Ye = 0.10 − 0.40 and (right) Ye = 0.25. The optical and

near-infrared data are taken from Utsumi et al. (2017). For the observed data, the line of sight extinction of E(B − V) = 0.1 mag has been corrected. All the

magnitudes are given in AB magnitudes.

ple power-law form (r−3) from v = 0.05c to 0.2c, which
gives the average velocity of ⟨v⟩ = 0.1c, as a representa-
tive case (Metzger et al. 2010; Metzger 2017). We test three
different element abundances, which approximate the dy-
namical ejecta and post-merger ejecta. The first case de-
picts the abundances in the dynamical ejecta. Numerical
relativity simulations of NS mergers predict wide ranges
of Ye in the dynamical ejecta (Sekiguchi et al. 2015, 2016;
Radice et al. 2016; Foucart et al. 2016), which results in a
wide elemental distribution from Z ∼ 30 to 100. Such el-
ement abundances are shown in the orange line in Figure
1, which are calculated by assuming a flat Ye distribution
from 0.10 to 0.40 (Wanajo et al. 2014). The second and
third cases are for the post-merger ejecta. Since the ele-
ment abundances are subject to uncertainties, we approx-
imately take two representative values of Ye: high Ye (Ye

= 0.30, blue line) and medium Ye (Ye = 0.25, green line).
The high Ye model is completely lanthanide-free while the
medium Ye model contains a small fraction of lanthanide
elements. For all the models in this paper, the element dis-
tribution in the ejecta is assumed to be spatially homoge-
neous. Validity of this assumption is discussed in Section
4.

3 Results

The left panel of Figure 2 compares the observed light
curves of SSS17a (Utsumi et al. 2017) and the model with
Ye = 0.10 − 0.40 (the dynamical ejecta model). We find
that the ejecta mass of 0.03 M⊙ reasonably reproduces
the near-infrared brightness near the peak. However, the
calculated optical light curves are systematically fainter
than the observations by 1.0-1.5 mag at the initial phases
(t < 2 days). This is due to high optical opacities of lan-
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Fig. 3. Time evolution of optical and near-infrared spectral energy distribu-

tion 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 (0.03M⊙) 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 abundances calcu-

lated with high Ye (Ye = 0.30) and medium Ye (Ye = 0.25), respectively.



電磁波放射の理論計算

• 31 < Z < 92 の元素について
opacityを考慮 

• ~1日より前のより明るい放射               
はopacityデータの不足により　　　　　　
きちんと計算されていない

(Goriely et al. 2011, M. Tanaka & K. Hotokezaka 2013)

~ 20 mag 
@200 Mpc
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The Astrophysical Journal, 775:113 (16pp), 2013 October 1 Tanaka & Hotokezaka
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Figure 4. Bolometric light curves for simple models with different elemental
abundances: NSM-all (31 ! Z ! 92), NSM-dynamical (55 ! Z ! 92),
NSM-wind (31 ! Z ! 54), and NSM-Fe (only Fe).
(A color version of this figure is available in the online journal.)

at blue wavelengths drop dramatically in the first five days. The
light curves in the redder band evolve more slowly. This trend is
also consistent with the results of Kasen et al. (2013) and Barnes
& Kasen (2013).

Since our simulations include all the r-process elements,
spectral features are of interest. As the simulations of Kasen et al.
(2013) and Barnes & Kasen (2013) include only a few lanthanoid
elements, these authors do not discuss detailed spectral features.
Figure 6 shows the spectra of the model NSM-all at t = 1.5, 5.0,
and 10.0 days after the merger. Our spectra are almost featureless
at all epochs. This trend arises because of the overlap of many
bound–bound transitions of different r-process elements. As a
result, compared with the results of Kasen et al. (2013) and
Barnes & Kasen (2013), the spectral features here are more
smeared out.

Note that we can identify possible broad absorption features
around 1.4 µm (in the spectrum at t = 5 days) and around
1.2 µm and 1.5 µm (t = 10 days). In our line list, these bumps
are mostly made by a cluster of the transitions of Y i, Y ii,
and Lu i. However, we are cautious about such identifications
because the bound–bound transitions in the VALD database
are not likely to be complete at NIR wavelengths, even for
neutral and singly ionized ions. In fact, Kasen et al. (2013)
showed that the opacity of Ce from the VALD database drops
at NIR wavelengths, compared with the opacity based on their
atomic models. Although we cannot exclude the possibility that
a cluster of bound–bound transitions of some ions can make a
clear absorption line in NS mergers, our current simulations do
not make predictions for such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Figure 7 shows the bolometric light curves of realistic models.
The luminosity is averaged over all solid angles. Since the angle
dependence is within a factor of two (see Roberts et al. 2011),
we focus only on the averaged luminosity.

The models with the soft EOS APR4 (red) are brighter than
the models with the stiff EOS H4 (blue). This result is interpreted
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Figure 5. Multi-color light curves of the model NSM-all (in Vega magnitudes).
The light curves in redder bands are brighter and decay more slowly.
(A color version of this figure is available in the online journal.)

as follows. When the total radioactive power is proportional to
the ejecta mass (Equation (10)), the peak luminosity is expected
to scale as L ∝ M

1/2
ej v

1/2
ch (Li & Paczyński 1998). We confirmed

that the peak luminosity of our models roughly follows this
relation (the effective opacity is κ ∼ 10 cm2 g−1, irrespective
of model). For a soft EOS (i.e., a smaller radius of the NS),
the mass ejection occurs at a more compact orbit and shock
heating is efficient. As a result, the mass of the ejecta is higher
for softer EOSs (see Table 1, and also Hotokezaka et al. 2013;
Bauswein et al. 2013). Therefore, the NS merger with the soft
EOS APR4 is brighter. Note that the light curve of the fiducial
model NSM-all (black) is similar to those of the models APR4-
1215 and APR4-1314 because these models have a similar mass
and characteristic velocity (Table 1).

For the soft EOS APR4, the brightness does not depend
strongly on the mass ratio of the binary NSs (red solid and
dashed lines in Figure 7). This result arises because, for a
soft EOS such as APR4, the mass ejection by shock heating
is efficient. By contrast, for the stiff EOS H4, the mass ejection
occurs primarily by tidal effects (the effect of shock heating
is weak; Hotokezaka et al. 2013). Thus, mass ejection is more
efficient for a higher mass ratio. As a result, the model H4-1215
(mass ratio of 1.25) is brighter than the model H4-1314 (mass
ratio of 1.08).

These results open a new window on the study of the nature
of NS mergers and EOSs. By adding the information of EM
radiation to the analysis of GW signals, we may be able to pin
down the masses of the two NSs and/or the stiffness of the
EOSs more accurately. Note that in the current simulations, the
heating rate per mass is fixed. To fully understand the connection
between the initial conditions of the NS merger and the expected
emission, detailed nucleosynthesis calculations are necessary.

6. IMPLICATIONS FOR OBSERVATIONS

6.1. Follow-up Observations of EM Counterparts

In this section, we discuss the detectability of UVOIR
emission from NS merger ejecta. Figure 8 shows the expected
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~ 22 mag@200 Mpc 
rプロセス元素の原子構造計算 

(M. Tanaka et al. 2017)

合体後約1日より前の初期の電磁波放射はよくわかっていない 
→ので, 予測したい



自由中性子による先行加熱
• 衝撃波加熱により中性子星最外層
の物質は相対論的速度まで加速              　　　                                        
(K. Kyutoku et al. 2014) 

• 最外層の物質は中性子捕獲が生じ
る前に膨張する                                                                          
(Goriely et al. 2014, Just et al. 2014) 

• 自由中性子のβ崩壊は macronova 
の先行加熱に寄与する

 SPHシミュレーション (Just et al. 2015) 
→mesh法を用いたシミュレーションでも同様の結果が得られるか？

(B. D. Metzger et al. 2015, Metzger 2017)
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光度曲線のピークは ~ few hours

自由中性子が 
生き残っている？

ほとんどの中性子は
原子核により捕獲
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研究目的

• 相対論的ラグランジュ流体コードを開発し, 連星中性子星合体時の
衝撃波加速を再現 

• 生き残る自由中性子の mass fraction 　　　　　　　　　　　　　　
を計算 

• ある程度自由中性子が生き残っている　　　　　　　　　　　　　　　　
領域の合計質量を計算 

• 自由中性子のβ崩壊がどのように　　　　　　　　　　　　　　　　　
放射に結びつくかを計算

連星中性子星合体の際に放出される自由中性子による 
先行加熱が放射に与える影響を明らかにする

Step 1

Step 2

Step 3
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n+ e+ ! p+ ⌫̄e
⌧+ ' 2.1(T/MeV)�5 s (B. D. Metzger et al. 2015)

Future work he
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計算条件
• 相対論的ラグランジュ流体シミュレーション 
• 1次元球対称 
• 動径方向に500セル 
• Etotal = 1047 - 1049 erg 
• Mshell = 10-4 Msolar (B. D. Metzger 2015) 
• ρ ∝ (R - r)3 (K. Kyutoku et al. 2014)

Etotal : inner boundary 
　　　において注入

中性子星表面 
(outer boundary)

計算領域
衝撃波が中性子星内部を伝播

中性子星表面に到達し 
外層を突き破る

10km

1km
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生き残る自由中性子の見積もり
• 衝撃波通過後に原子核は一旦ばらばらになる　　　　　　　　　　　　　
→β平衡を仮定し, 初期中性子数を決める(下限値を与える) 

• 衝撃波加熱により     が生成される 

• positron capture のタイムスケール                           

• 自由中性子の mass fraction Xn の時間変化

n+ e+ ! p+ ⌫̄e
p+ e� ! n+ ⌫e

dXn
dt = � Xn

⌧+(T )

⌧+ ' 2.1(T/MeV)�5 s
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 中性子が減る反応としてdominant
e±

(B. D. Metzger et al. 2015)

nn
np

= exp

�
��m

T

�
Δm = mn - mp ~ 1.293 MeV
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ショックブレイクアウトの計算結果

• 衝撃波が外層を突き破る際の衝撃波加速が再現されている 
• 最外層の物質は準相対論的速度に達している

Before shock breakout (Etotal = 1048 erg) After shock breakout (Etotal = 1048 erg)

中性子星表面
inner outer outerinner
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t = 6.6 × 10-6 s
t = 1.9 × 10-5 s

t = 2.6 × 10-5 s

t = 2.8 × 10-5 s
t = 4.9 × 10-5 s

t = 8,3 × 10-5 s
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ショックブレイクアウトの計算結果

• 輻射圧優勢の仮定から温度を算出 (               ) 
• 温度はショックブレイクアウト後に全体的に減少

P = aT 4

3

中性子星表面
inner outer outerinner
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~1011 K

⌧+ ' 2.1(T/MeV)�5 s ~1011 K ~4.41×10-5 s

t = 6.6 × 10-6 s
t = 1.9 × 10-5 s
t = 2.6 × 10-5 s

t = 2.8 × 10-5 s
t = 4.9 × 10-5 s
t = 8,3 × 10-5 s

Before shock breakout (Etotal = 1048 erg) After shock breakout (Etotal = 1048 erg)
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自由中性子の生存率

• 注入エネルギーによっては　　
自由中性子が生き残れる 

• 最外層部でなく少し内側に　　
Xn のピークがある　　　　　　　　　
→膨張による冷却の効果より　
衝撃波通過後の温度の値が重要

Mn = Σi (Xn,i × mi) 
(中性子が生き残る 
領域の合計質量)

Mshell: 計算領域の 
　　　初期合計質量 
　　　(= 10-4 Msolar)

Etotal = 1047 erg

Etotal = 1048 erg
Etotal = 1049 erg
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まとめ
• 相対論的ラグランジュ流体コードを開発し, 連星中性子星
合体における衝撃波の加速を再現した 

• 注入エネルギーによっては自由中性子が生き残る可能性
があることがわかった 

• 自由中性子を生存させるにはejectaが膨張により冷える
効果より衝撃波通過後にほどよい温度となることが重要
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1047 erg 1048 erg 1049 erg

surviving 
fraction

28% 7% 1%

Etotal

自由中性子はあまり生き残れない自由中性子が生き残りそう



今後の予定

•  Mshell, Δr, Rなどをパラメータとしたときについても自由中性子
の生存率を計算 (自由中性子生存可能なパラメータ範囲を推定) 

• 重力の影響を考慮 
• 中性子のβ崩壊が引き起こす熱的放射について輻射輸送計算

連星中性子星合体のショックブレイクアウト時に
自由中性子が放射に与える影響を調査する

13

Thank you for your attention!



数値計算手法

• Leap-flogスキーム, 人工粘性　　　　　　　　　　　　　　　          
(J. R. Wilson and G. J. Mathews 2003) 

• shock breakoutのような問題に適している 
• shock tube問題, Sakurai(1960)のnon-rela shockbreakoutの
問題との比較によりコード検証

相対論的ラグランジュ流体シミュレーション

v v

after Δt

Computational grids 
move with flow velocity

before breakout after breakout

NS NS
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