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• 元素の起源と中性子星合体 

• 原子物理・宇宙物理の連携研究：原子データの構築
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可視光＋赤外線

可視光・赤外線光子は 

重元素と相互作用 (主に束縛遷移)

密度 ρ ~ 10-13 g cm-3  (n ~ 109 cm-3) 

温度 Τ ~ 5,000 K 

(イオン化度  中性-数階電離)

M ~ 0.01 Msun 

v ~ 0.1c  

R ~ 1014-15 cm

「キロノバ」の物理状況



「キロノバ」の輻射輸送シミュレーション
Tanaka & Hotokezaka 2013

網羅的な重元素のデータが必要 

（天文ではこれまでニーズがなかった）



• 元素の起源と中性子星合体 

• 原子物理・宇宙物理の連携研究：原子データの構築



経緯とこれまでの研究

• 2016/3: セミナー@電通大 (中村信行さん研究室) 

• とにかく何か始めてみよう 

• FY 2016-2017: 自然科学研究機構 
「若手研究者による分野間連携プロジェクト」 

• 原子構造計算と分光実験を開始 

• FY 2018-2019: JSPS 二国間共同研究 (リトアニア) 

• 高精度原子構造計算との比較 

• FY 2019-2022: JSPS 基盤研究A 

• 網羅的な原子構造計算  

• 実験による検証
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Gaigalas+20,  

ApJS, 248, 13 

Ladziute+20 

ApJS, 248, 17 
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原子構造計算

重力波天体の同定 
 重元素の起源

坂上 (核融合研)・中村 (電通大) 
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中性子星合体計算

輻射輸送計算

イオン分光実験
モデル提供 エネルギー準位 

遷移確率

検証

電磁波放射の性質

原子物理と宇宙物理の連携で 

重力波天体の同定・重元素の起源解明のための基本データを構築



2016年9月 - 2017年8月：重元素の原子構造計算 => 吸収係数
原子のエネルギー準位とE1遷移を 

二つの異なる手法で計算 

ランタノイドの吸収係数：とくに赤外線で大きい
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2018, ApJ, 852, 109 

可視光 赤外線

加藤 太治さん 

Gediminas Gaigalasさん
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「キロノバ」は 

赤外線で強く輝くはず



LIGO Scienafic Collaboraaon  

and Virgo Collaboraaon, 2017, PRL
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

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

DATA

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

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

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

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

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

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

中性子星合体からの 

重力波初検出

2017年8月17日 

GW170817



GW170817: 電磁波対応天体

MT et al. 2017, PASJ, 69, 102

 16

 17

 18

 19

 20

 21

 22
 0  5  10  15

-17

-16

-15

-14

-13

-12

-11

O
bs

er
ve

d 
m

ag
ni

tu
de

Ab
so

lu
te

 m
ag

ni
tu

de

Days after GW170817

g
r
i
z
J
H
K

可視光

赤外線

「キロノバ」が見えた = 重元素合成の証拠 

 赤外線で強い <= ランタノイド元素の性質



open s shell

open p-shell

open d-shell

open f shell

Kasen+13: Sn II, Ce II-III, Nd I-IV, Os II

Fontes+17: Ce I-IV, Nd I-IV, Sm I-IV, U I-IV

MT+18: Se I-III, Ru I-III, Te I-III, Nd I-III, Er I-III

Wollaeger+17: Se, Br, Zr, Pd, Te

Kasen+17: Lanthanides

原子構造計算の進展

MT+20: all the heavy elements

MT, Kato, Gaigalas, Kawaguchi 2020, MNRAS, 496, 1369



実験による原子データの検証
レーザー誘起ブレークダウン分光@電通大
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＋LHD @核融合研 

＋電子ビームトラップ @電通大
相補的な実験データの取得 

=> 多角的な原子データの検証へ

(C) 中村信行さん

(C) 田沼肇さん 加藤太治さん 

坂上裕之さん

Preliminary

Preliminary



今後の展開

• 中性子星合体でどの元素が、どれぐらいできたのか？

• 本当に中性子星合体が重元素の起源か？ 
発生率 x 合成量は足りる？ 
　　　=> 今後の重力波＋電磁波観測で検証 (2022-)

未解決の問題

• 正確で網羅的な原子データの構築 
=> 電磁波シグナルから元素の量や種類を推定する基礎

• より現実的な輻射輸送モデルへ (非平衡プラズマ)  
=> 衝突確率なども重要に



• 原子物理+宇宙物理の連携で重元素原子データを構築

• 複数の計算手法・分光実験による検証

• 重力波＋電磁波観測で重元素の起源の理解へ

• 分野融合研究：個人的感想
• とにかく面白い (宇宙しか考えてこなかったから？)

• 物理の理解が深まる、視野が広がる (学生さんも)

• 「もともとは一つの分野だった」ことを痛感

まとめ



Appendix



キロノバのスペクトル

何かしらの特徴はあるけど元素は不明

LETTERRESEARCH
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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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