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  宇宙における重元素の起源
宇宙のはじまり 

 (ビッグバン)

恒星の内部・超新星爆発

？？
金プラチナ

タングステン

宇宙物理学・天文学の長年の未解決問題 速い中性子捕獲反応が必要 
(Burbidge+1957)
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  最有力候補：「中性子星」の合体

Sekiguchi+15, 16

上から 横から(C) Tohoku University

10 km

質量 0.01 太陽質量の物質が速度 0.1c程度で放出 

=> 速い中性子捕獲によって重元素の合成 

=> 放射性崩壊によって電磁波で輝く 「キロノバ」 Tanaka & Hotokezaka 13
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合体

重力波 電磁波

  天文観測による検証 (2017年)

(C) NAOJ/Nagoya U.

重力波と電磁波による中性子星合体の 
「マルチメッセンジャー」観測 

重元素合成の証拠

2017年8月
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  中性子星合体は本当に宇宙の元素の起源か？

どの元素がどれだけ合成されているのか？
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放射スペクトルを解読できない！ 
困難：重元素の原子データの不足 
　　　(束縛-束縛遷移の波長と遷移確率)
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  放射を読み解くのに必要な原子データ

ガンマ線 
β/α 粒子

可視光・赤外線

重元素の 
エネルギー準位 (E) 

=> 遷移波長 (λ)

プラズマの状態 
質量密度ρ ~ 10-13 g cm-3 

数密度 n ~ 1010 cm-3 

温度 T ~ 5,000 - 10,000 K (~eV) (中性~ 2-3階電離)

遷移確率 (A)

E

・光がどのようなタイムスケールで抜けてくるか 
　(1) 「完全」な原子データ 

・スペクトルにどのような痕跡が刻まれるか 
　(2) 「正確」な原子データ
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v = 0.1c

~ 1 eV
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  (1)「完全」な原子データの構築（これまで）
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1374 M. Tanaka et al.

Figure 4. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1 × 10−13 g cm−3, and t = 1 d after the merger. Blue and
red lines present the opacities for T = 5000 and 10 000 K, respectively.

Figure 5. Left-hand panel: expansion opacity for f-shell (lanthanide) elements at T = 5000 K. Right-hand panel: Planck mean opacities as a function of
temperature (colour). Gray lines show the Planck mean opacities of all the other elements. The labels (I–IV) show typical temperature ranges for each ionization
state.

For T > 10 000 K, the Planck mean opacities are the highest for
nearly half-closed elements (Fig. 6). This is because high excited
levels of Eu or Gd start to contribute to the opacities. Also, at
this temperature, the lanthanides are doubly ionized and low-Z

lanthanide elements such as Pr and Nd have smaller contributions
to the opacities.

Temperature dependence is different for low and high electron
occupations in f-shell (Fig. 6). This dependence is more clearly
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  (1)「完全」な原子データの構築（2024年度）
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3.1.3. Sm II

Albertson (1936) assigned terms of 40 even levels of the f s4 66

and f d4 56 configurations based on the Zeeman patterns of over

300 lines. Spector (1970a) did semi-empirical computation of
energy values and LS-composition of 55 levels for ( )f F d4 56 7

configuration. Also, a large amount of work for energy levels was

Figure 1. Computation results of energy structure for the ions with Z=59–64 as compared to the data available in NIST database (displayed in boxes). The blocks of
levels and the corresponding parent levels are also given. NL is the number of levels. The horizontal lines show our energy threshold (10 eV), and the numbers above/
below the lines show the number of levels above/below this threshold.
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The Astrophysical Journal Supplement Series, 248:17 (15pp), 2020 May Radžiūtė et al.

実験 理論

第一原理計算 (GRASP) 系統的計算による吸収係数
10 Kato et al.

Figure 6. Plank mean opacity (for d = 10�13 g cm�3 and ) = 5000 K at
C = 1 day after the merger) as a function of atomic number .

and 15.4 cm2 g�1 at ) = 4000, 4500, and 5000 K, respectively.
There values are higher than those of Paper I by a factor of 1.5-1.6.
(^ = 16.6, 17.5, and 10.0 cm2 g�1 at ) = 4000, 4500, and 5000 K,
respectively). The opacities from G���� results are ^ = 30.1, 38.4,
and 24.6 at ) = 4000, 4500, and 5000 K, respectively. These are
higher than those from our new H����� calculations by a factor of
1.2-1.6.

In fact, for the opacity of individual elements, there are several
cases showing larger discrepancy between our new opacity and the
G���� opacity (see Figures 4, 5, A1, and A2). But the difference
in the opacity for the element mixture is rather moderate. This is
because the first few lanthanides, such as Pr (/ = 59), Nd (/ = 60),
and Pm (/ = 61), largely contribute to the opacities of the element
mixture and the agreement between two calculations are good for
these elements.

With this degree of the difference, the impact to the kilonova
light curve is limited as singly ionized lanthanides are dominant
opacity source only around ) = 4000 � 5000 K. However, it is
emphasized that our we perform intensive investigations only for
singly ionized states. A similar level of investigation for other ion-
ization states is necessary to fully understand the impact of the
accuracy in atomic calculations to kilonova light curves. For such
investigation, more bench mark calculations as well as experimental
measurements are important.

5 SUMMARY

In this paper, we have performed H����� atomic calculations for
singly ionized lanthanides with improved strategies, aiming at un-
derstanding the physics of the lanthanide opacities in kilonova ejecta
and necessary accuracy in atomic data. Our results show the in-
creased number of energy levels at low energies as compared with
those in Paper I. These are mainly due to choice of more appropri-
ate effective potentials and inclusion of more configurations in the
calculations.

As a results of lower energy level distribution, the opacities
calculated with our new results are higher than those by Paper I by
a factor of up to 3 � 10, depending on the elements and wavelength
range. We also present the opacities calculated by using the results of

ab-initio G���� calculations (G19, R20 and R21). Our new opacities
show sound agreements with those with G���� calculations.

Based on our results, we identify that structure of the opacities
are controlled by arrays of transitions. At _ < 6000 Å, transitions
between 4 5 @ 6B and 4 5 @�1 53 6B configurations as well as those
between 4 5 @ 53 and 4 5 @�1 532 configurations and 4 5 @�1 53 6B
and 4 5 #�1 53 6? configurations give dominant contributions. At
_ > 6000 Å, transitions between 4 5 @ 53 and 4 5 @ 6? configurations
and those between 4 5 @�1 532 and 4 5 @�1 53 6? give dominant con-
tributions. It is thus important to derive accurate energy distribution
for these configurations.

For a lanthanide-rich element mixture with .e = 0.20, our
results give a higher opacity than that by Paper I by a factor of about
1.5. This is moderate as compared to the difference seen in the
individual elements. This is because the largest contribution comes
from the first few lanthanides, for which the differences between our
new calculations are moderate. To fully understand the impacts to
kilonova light curves, systematic investigation as done in this paper
has to be performed for other ionization states.
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原子物理学への展開 Kato, Tanaka+25, submifed

重元素を含んだプラズマの量子プロセスの基盤的理解へ

Figure 4: Histograms of level energies for Sm II binned by 0.5 eV. Solid curves are the

10th-order Gram-Charlier distribution, and dashed curves are the Gaussian distribution.

9

Theory

Gram-Charlier 
 distribujon

Type-A (GCA) expansion series is a combination of products of Hermite
polynomials by a Gaussian function [32],
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It is noted that the second-order expansion f2 gives the standard Normal
(Gaussian) distribution function. The expansion coefficients ck cumulants
calculated from reduced centered moments on the distribution as

ck =
int(k/2)X
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P
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The figures show that the 10th-order GCA expansions f10 can depict
the probability distributions quite well. However, the Gaussian distribution
function f2 shows an apparent difference.

Kullback-Leibler divergence. We can evaluate differences (statistical distances)
between two distributions P and Q with the Kullback-Leibler (KL) diver-
gence defined as,

DKL(P ||Q) =
X

E

P (E) log
P (E)

Q(E)
, (7)

where P is the histogram of Hullac level energies and Q the GCA distribu-
tion function f2 (Gaussian) or f10. In Table 1, the KL divergence for Sm II
is summarized with the lowest four centered moments, i. e. mean, variance,

skewness, and kurtosis. For all configurations, their skewness are finite (pos-
itive). Their kurtosis is significantly different from 3 except for 4f 6 5d; the
difference from 3 gives flattering/sharpening from the Gaussian distribution.
Accordingly, the values of the KL divergence are clearly smaller for the 10th-
order GCA expansions, proving more accurate descriptions of the statistical
distributions.

In the analysis above, the distribution functions were averaged over the
energy bin width (0.5 eV) for Q(E) in Eq. 7. Fig. 5 shows the variation of

8

エネルギー (eV)

Figure 11: Probability density of the effective line strengths at T = 5000 K and

T = 10000 K for Sm II, Gd II, and Er II. S stands for the effective line strength. The

Porter-Thomas (PT) distribution function and the log-logistic (LL) distribution function

assuming the shape parameter a = 0.5 are also plotted for each temperature (solid curves

for T = 5000 K and dashed curves for T = 10000 K).
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エネルギー準位の分布 遷移強度の分布
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  (2)「正確」な原子データの構築 (これまで)
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La III
Ce III

Sr II
Ca II (48Ca)

 Zr II

Y II

Domoto, Tanaka, Kato+22, ApJ

吸収強度

スペクトルに特徴を作り得る元素の同定 
(1) 低いエネルギー準位 

(2) 比較的単純な原子構造 = 高い遷移確率

波長

重要な元素に関して、 
実験データを用いて 
理論計算結果を校正
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~10 % accuracy in the energy levels

Lanthanide Features in Near-infrared Spectra of Kilonovae 9
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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of

La CeSrCa

Y, Zr

Watson+19, Domoto+21, Gillanders+22

観測データ

理論計算 
(膨張を加味)

ランタノイドの分光的同定に成功

Domoto, Tanaka, Kato+22, ApJ

セリウム (Z=58) Ce IIIの遷移確率 

・恒星を用いた測定 
　Domoto, Lee, Tanaka+23, ApJ 
・第一原理計算 
　Gaigalas, Rynkun, Domoto,  
     Tanaka, Kato+24, MNRAS

波長

フラックス
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On the other hand, for the S model (right panel), we find that
the Th III lines decrease overall fluxes by ∼10% but do not
produce any additional features. The spectrum is redder and
dimmer than that in the L model. It should be noted that the
wiggly features seen in the spectra are caused by the lines of
heavy elements whose wavelengths are not experimentally
calibrated.

These differences between the S and L models reflect the
larger mass fraction of lanthanides for the former, which results
in a higher total opacity. We confirmed that higher opacity in
the S model shifts the photosphere outward compared to that in
the L model. As a result, the photospheric temperature in the S
model is lower and the Th III lines are weak (Figure 3). Thus, in
our models, the larger mass fraction of Th is not necessarily an
advantage in producing the Th III features (see also Section 4).

To see the time evolution of the spectra, we show the
synthetic spectra for the L model at t= 1.5 and 2.5 days as blue
lines in the left panels of Figure 10, focusing on the NIR
region. The spectra without Th III lines are also shown by dark
yellow lines. To see the effects of the Th III lines more clearly,
the right panels of Figure 10 show ratios of the synthetic
spectra to the Planck function. It should be cautioned that we
do not intend to present the Planck function as the continuum
but just for the purposes of comparison for each spectrum. We
plot only the smoothed spectra for visualization.

It can be seen that the Th III feature at λ∼ 18000Å becomes
weaker (i.e., the difference between the blue and dark yellow
lines becomes smaller) as time progresses. Although it may still
be recognizable at t= 2.5 days, the feature completely
disappears at t= 3.5 days (not shown in the figure). This is
because of the temperature dependence of the Th III lines as
described in Section 2.3. In our calculations, the temperature of
the ejecta at v> 0.1c drops below ∼4000 K at ∼3 days, at
which time Th III disappears (Figures 7 and 8). This suggests
that, to detect the Th III features in the photospheric spectra, we
need early-time observations during the epochs when the ejecta
temperature is high enough (see Section 4 for more discussion).

3.2. Conditions for Producing Thorium Features

To explore the conditions in which the Th absorption feature
is observable, we vary the mass fractions of lanthanides
(Z= 57–71) and those of elements with Z� 82, hereafter
denoted as X (lan) and X (Z� 82), respectively, from the
original values in the L model. Although we can in principle
assume extreme cases with, for example, a much larger amount
of actinides, we avoid such cases; we impose the mass fractions
so that the ratio of actinides to lanthanides is kept by a factor of
up to 3 to the fiducial ratio. This is because some metal-poor
stars in the Galactic halo, known as “actinide-boost” stars,
exhibit enhanced Th abundances whose ratio to lanthanides are
by a factor of up to 3 with respect to the solar ratio (C. Siqueira
Mello et al. 2013; E. M. Holmbeck et al. 2018; V. M. Placco
et al. 2023). Note that, as can be seen in the left panel of
Figure 2, the ratio of Th with respect to lanthanides (at 1 yr) for
the L model (the same as that for the S model) is about a factor
of 2 higher than that for the solar r-residuals. This indicates that
the present ratio for the L model with a half-life of 232Th (14.05
Gyr) is similar to the solar value, assuming a merger event
about, e.g., 13 Gyr ago (comparable to the ages of actinide-
boost stars). Thus, the enhancement of X (Z� 82) up to a factor
of 3 is consistent with the range observed in actinide-boost
stars.
For all the cases with varying mass fractions, the heating rate

from radioactive decay as a function of time is taken from the L
model. As our abundance model is dominated by relatively
light r-process elements, the heating rate is also dominated by
the light nuclei. Thus, the changes in mass fractions for such
heavy elements do not affect the heating rate during the
relevant period of time (a few days after the merger).
We note that varying X (Z� 82) works effectively the same

as varying only the mass fraction of Th as our line list does not
include atomic data for the elements with Z= 89–100 except
for Ac III and Th III (Section 2.1). The elements with Z= 82–88
do not strongly contribute to the total opacity either, as
expected from their atomic properties (M. Tanaka et al. 2020;

Figure 9. Left: synthetic spectrum (blue and black curves as original and smoothed results, respectively) and Sobolev optical depth of each transition (vertical lines) at
t = 1.5 days for the L model. The flux is presented by assuming the source at 40 Mpc as that for GW170817/AT2017gfo. We plot the Sobolev optical depths of
spectroscopically accurate lines in the ejecta at v = 0.13c. The positions of lines are blueshifted according to v = 0.13c. The temperature in the ejecta at v = 0.13c is
T ∼ 7000 K. The synthetic spectrum without Th III lines is also shown for comparison purposes (dark yellow curve). The absorption feature produced by each element
is indicated by an arrow with the same color in the legend. Note that the Ca II and Sr II features (indicated by blue and red arrows, respectively) show too large Doppler
shifts to be consistent with the positions of their lines. Right: same as the left panel but for the S model. We plot the Sobolev optical depths of the lines in the ejecta at
v = 0.37c, whose wavelengths are not necessarily accurate. The positions of the lines are blueshifted according to v = 0.37c. The temperature in the ejecta at v = 0.37c
is T ∼ 3700 K.
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The Astrophysical Journal, 978:99 (13pp), 2025 January 01 Domoto et al.
Domoto+25

Domoto, Wanajo, Tanaka+25, ApJ (実験による推定) 

Kitoviene, Gaigalas, Rynkun+25, MNRAS (第一原理計算)

トリウム (Z=90)の検出可能性を初めて提案

中性子星合体で合成される最も重い元素は？

波長

フラックス



  これから
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プラズマモデルの構築

反応速度方程式を解くと…
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• 矢印が流量を表す 

• 1つ1つの準位に着目すると、正味の出入り＝0が成り立っている

放射性崩壊に伴う 
ベータ粒子

Heのエネルギー準位

さらなる元素種の同定へ 元素存在量の定量化へ

Chiba+ in prep.



  まとめ

• 宇宙における重元素の起源：中性子星合体のシグナルの解読 

• 天文学 x 原子物理学 x プラズマ物理学の連携が重要 

• 系統的な原子データの構築 
(1) 完全なデータ：放射特性の理解 
(2) 正確なデータ：元素の分光同定 

• 原子物理学への展開も 

• これから 

• さらなる元素種の同定：JWSTで観測可能な中間赤外線の原子データ 

• 元素量の定量化：非熱的電子の効果を加味したプラズマモデル
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Japan-Lithuania Opacity Database for Kilonova (Kato, Murakami, Tanaka+) 
http://dpc.nifs.ac.jp/DB/Opacity-Database/


