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exoplanet was discovered (4, 5). The timing
was a boon for Kepler as it was proposing to
use this detection technique from space. In
2000, Kepler was one of the three Discovery
Mission proposals invited to submit a Con-
cept Study Report. It was selected for flight
on December 20, 2001.
As Kepler was being designed and built,

exoplanet discoveries were growing at an
accelerated pace. By the eve of Kepler’s
launch, over 300 discoveries had been re-
ported including nearly 70 transiting systems.
All non-Kepler discoveries up through April
2014 are shown in Fig. 1, Left, in a plot of
mass (or minimum mass for nontransiting
planets) versus orbital period with symbols
color-coded by the discovery method. (Meth-
odologies with small numbers of discoveries
have been left out for clarity). Collectively,
there are 697 (non-Kepler) exoplanets (with
a measured orbital period and radius or mass)
associated with 583 unique stars. Approxi-
mately 16% of these host stars are known to
harbor multiple planets.
Fig. 1, Right, shows the same population

together with the Kepler planet candidate
discoveries in the cumulative table at NEA
as of April 2014. Detections are plotted as
planet radius versus orbital period, and the
non-Kepler discoveries are included for
comparison. Where planet radii are not
available (as is the case for most of the Doppler

detections), they are estimated using a poly-
nomial fit to solar systemplanets (R=M0.4854)
(6). Shown here are 3,553 Kepler discoveries
associated with 2,658 stars. Approximately
22% of the Kepler host stars are known to
harbor multiple planet candidates. The over-
all reliability of the catalog (80–90%) is
discussed below.
The demographics of the observed pop-

ulation has changed remarkably. Kepler has
increased the roster of exoplanets by nearly
400%. More remarkable still is the change in
the distribution: 86% of the non-Kepler dis-
coveries have masses larger than Neptune
whereas 85% of the Kepler discoveries have
radii smaller than Neptune. Kepler is filling
in an area of parameters space that was not
previously accessible. The increase in sensi-
tivity afforded us by Kepler has opened the
floodgates to the small planets so difficult to
detect from ground-based surveys. The most
common type of planet known to us is a
population that does not exist in ourown solar
system: the super-Earths and mini-Neptunes
between 1 and 4 Earth radii.

Status of Kepler’s Discovery Catalogs
Catalogs of Kepler’s viable planet candidates
have been released periodically since launch
and have included 312, 1,235, 2,338, 2,738,
and 3,553 detections (cumulative counts) as-
sociated with 306, 997, 1,797, 2,017, and

2,658 stars based on 1.5, 13, 16, 22, and 34.5
of the ∼48 mo of data acquired during the
primary mission (7–11). Kepler data in the
prime mission were downlinked monthly but
processedonaquarterlybasis.Transit searches
and the associated planet candidate catalogs
are, therefore, referred to by the quarters
bracketing the data. The most recent planet
candidates were identified in a search of 12
quarters of data (Q1–Q12) where the first is
only slightly longer than one month in du-
ration (hence the 34.5-mo time span).
Previously detected candidates are reex-

amined as larger data volumes become avail-
able. However, this does not occur with every
catalog release. Some of the candidates in the
cumulative archive at the NEA were discov-
ered with less than 34.5 mo of data and have
not yet been reexamined. This nonuniformity
will be resolved as Kepler completes its final
search and vetting of the entire 17 quarters
(48 mo) of data acquired during its primary
mission lifetime. Kepler’s planet candidate
catalog is also known as the Kepler Object of
Interest (KOI) Catalog. However, KOIs also
include events that are classified as false
alarms or astrophysical false positives. Only
those flagged as planet candidates in the
NEA cumulative catalog are shown in Fig. 1.
The catalogs contain the five parameters

produced by fitting a limb-darkened Mandel
and Agol (12) model to the observed flux
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Fig. 1. Non-Kepler exoplanet discoveries (Left) are plotted as mass versus orbital period, colored according to the detection technique. A simplified mass–radius relation is used
to transform planetary mass to radius (Right), and the >3,500 Kepler discoveries (yellow) are added for comparison. Eighty-six percent of the non-Kepler discoveries are larger than
Neptune, whereas the inverse is true of the Kepler discoveries: 85% are smaller than Neptune.
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1995.11　系外惑星 51 Peg b の発見
2007.2 - 2012.11

  ESA CoRoT による系外惑星サーベイ
2009.5 - 2018.11

  NASA Kepler による系外惑星サーベイ

系外惑星探索 1995~

2018.4 - 

  NASA TESS による系外惑星サーベイ

普遍＋多様
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ESA-M4 Ariel への参入について (生駒大洋)

Ariel

•系外惑星専用赤外分光トランジット観測衛星 
• ESA M4 ̶ 2020.11 採択、2029 打上げ予定 
•主鏡 1.1m x 0.7 m 
•波長範囲と解像度 
- 可視域バンド測光 
- 赤外域分光 

•科学目標 
- 系外惑星の成分の解明 
- 系外惑星の大気で生じる物理・化学過程の解明 
- 惑星および惑星系の形成・進化過程の解明
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Atmospheric Remote-sensing Infrared Exoplanet Large-survey

HST

Spitzer

Ariel

波長 (μm)

惑
星
/主
星
 放
射
量
比
 (p
pm
)

 (VISPhot) 
 (FGS1) 
 (FGS2) 
 with  (NIRSpec) 
 with  (AIRS-CH0) 
 with  (AIRS-CH1)

0.50 − 0.60 μm
0.60 − 0.80 μm
0.80 − 1.10 μm
1.10 − 1.95 μm R ≥ 15
1.95 − 3.90 μm R ≥ 100
3.90 − 7.80 μm R ≥ 30

→ 約1000の系外惑星の大気サーベイ



ESA-M4 Ariel への参入について (生駒大洋)

参入への経緯および調整状況
• 2012年～　系外惑星の大気モデリングに大学院生と着手 ＋ 欧米で宣伝活動 
• 2017年秋　Ariel ミッションのサイエンス検討に個人的に協力 
• 2018年11月　Consortium Science Team Coordinator して正式に個人参加 
- 卒業生数名が 欧州の Ariel 関連グループでポスドクとして雇用され モデル開発に従事 
- 日本人の理論研究のレベルの高さが再評価された 

• 2019年10月　日本の参入を提案される 
- Mission Consortium Co-PI Board メンバー 
- ESA Science Advisory Team メンバー (ESA内6名＋ESA外2名)  

‣参入条件 ＝ 地上観測サポート ＋ ハードウエア提供 
(1) 地上観測サポート … トランジット時刻決定、ターゲット事前調査など 
(2) ハードウエア提供 … 赤外分光器光学素子の開発・提供など 

•2021年2月　ISAS理学委員会ワーキンググループ「系外惑星赤外分光」採択 
•2021年5月　ISAS理学委員会戦略的開発研究費 → 採択
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→ 欧州諸国と同等のデータアクセス権
→ サイエンス選定、ターゲット選定など



広視野赤外観測宇宙望遠鏡 Roman
中・長周期系外惑星探索

低温の中心星まわりの惑星探索

紫外線分光観測宇宙望遠鏡 WSO-UV
地球類似惑星(高層大気)の探索

超大型地上望遠鏡 TMT
地球類似惑星(下層大気)の探索

赤外ドップラー観測装置 
Subaru-IRD

赤外線位置天文観測衛星  

JASMINE
低温の中心星まわりの惑星探索
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ESA-M4 Ariel への参入について (生駒大洋)

まとめ
•惑星系の多様性とその成因の解明に向けた次のマイルストーンは多様な系外惑星の
大気の特徴および成因を理解することである。 

•そのために、ESA-M4に採択済の系外惑星赤外分光観測計画 Ariel にCo-PI 国とし
て参入し、データアクセス権限等の獲得を目指している。 

• Arielへの日本の貢献 
- 科学成果の創出 
- 地上観測サポート 
- 光学素子開発・提供 

•ISAS宇宙理学委員会ワーキンググループを設置し、戦略的開発研究費をいただい
て、光学素子のコーティングの実現性を検討している。 

•豊富な赤外分光観測データが手に入ることで、日本の特に系外惑星科学コミュニ
ティーの活性化が期待される。 

•検出を目的としたRomanやJASMINE、紫外線観測を目的としたWSO-UVに、赤外
線観測を目的としたArielを加えることで、国内で系外惑星に関する多様なサイエン
スが可能になり、日本の系外惑星科学を現代化することができる。
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Atmospheric remote-sensing infrared exoplanet large-survey (Ariel)


