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小レポート課題(4/15 17時締切)
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地球の表面は7割が海に覆われており，その平均深さは約4kmである．海水の総
質量をkgの単位で求めよ．また地球総質量に占める海水の割合を求めよ(答えは
有効数字1桁の精度とする)．地球の質量・半径、水の密度は講義資料中の値を用
いてよい．

海水の総質量 1×1021 kg 
地球総質量に占める割合 0.02%

Mocean ∼ 0.7 × 4πR2
E × h × ρ

focean ≡
Mocean

ME

地球半径を , 海の深さを , 密度を とすると， 
海水の総質量 および地球質量に占める割合 は

RE h ρ

Mocean focean



宇宙の構造
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~104 pc

1 pc = 3.26 光年 = 2.06×105 au



補足：au と pc
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Image credit: 国立天文台

p

年周視差 (annual parallax) ， 
恒星までの距離 ，太陽と地球の距離  とすると， 

  ̶ (1) 

ここで  に対応する距離を 

 (parsec)と定義する． 

∴　  

天文観測において便利な単位！

p

d d1 au

p ≃ tan p =
d1 au

d

p = 1′ ′ = ( 2π
360 ⋅ 60 ⋅ 60 ) rad

d ≡ 1 pc

1 pc =
1 au
1′ ′ 

≃ 2.06 × 105 au



星間分子雲
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星間物質の中でも密度が高い(102-3 個/cc) 
低温(10 K)でガスは分子として存在 
サイズ 10-100 pc 

https://www.rikanenpyo.jp/kaisetsu/tenmon/tenmon_009_2.html

1 pc = 3.26 光年 = 2.06×105 au



原始星の誕生
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おうし座分子雲

電波放射マップ+ 
原始星・前主系列星の位置

可視光

理科年表オフィシャルサイト

高密度の分子雲コア(~0.1 pc)が自己重力で収縮し，原始星が誕生 
1つの分子雲から多くの原始星が誕生



惑星系誕生の場：原始惑星系円盤
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PLATE 78 
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Orion 218-354 
Wide Field Camera 

EJ 

I I 500AU 
Fig. 1. Five of th six dark silhouettes in the Orion Nebula. The left panels show emission line color composites for each object, with blue representing the 
[O m] radiation, green the Ha radiation, and red the [N n] radiation. These images show the silhouetted disk most clearly. The relative intensity scalings are 
arbitrary. The right panels show the F547M continuum image for each object, showing the central star most clearly, or in the case of 114-426, the polar 
reflection nebulae. Each panel covers 4.1X4.1 arcsec, and the orientation of the image is shown in each case. 

M. J. McCaughrean and C. R. O’Dell (see page 1979) 
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オリオン大星雲に存在する原始惑星系円盤

McCaughrean & O’Dell (1996) Astrophys. J.

誕生したばかりの恒星を取り巻く円盤構造 
全体としては恒星と同じ組成 

程度の固体物質を含む∼ 1 %



最新の原始惑星系円盤観測
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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

Andrews et al. (2018)  
Astrophys. J.

アルマ(ALMA)望遠鏡 
電波干渉計 
チリ・アタカマ砂漠 
最大分解能 0.01秒角 (~ 数 AU) 
2011年稼働
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2008年理論懇シンポジウム 玄田英典さん講演資料より 
http://rironkon.jp/sympo08/oral-files/genda.pdf

ダスト(塵) ~ µm

微惑星 ~ km

原始惑星 ~ 103 km

http://www7.plala.or.jp/storu/study/main.html
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惑星の集積

http://rironkon.jp/sympo08/oral-files/genda.pdf


“見えない”系外惑星
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10 pc (約33光年) から観測した太陽系のスペクトル

恒星と比較して惑星が暗すぎる 
→ 系外惑星の光を直接捉えることは困難 
→ 惑星が恒星へ及ぼす影響を利用して間接的に検出

明
る
さ
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1Jy = 10-26 J s-1 m-2 Hz-1

渡部他 編 日本評論社『太陽系と惑星』



系外惑星研究のはじまり
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1995年、太陽型星を公転する惑星をはじめて検出 
→ 2019年ノーベル物理学賞

Credit: NASA/JPL-Caltech Credit: L. Weinstein/Ciel et Espace Photos

ミシェル・マイヨール 博士
ディディエ・ケロー 博士

ホット・ジュピター 51 Peg b



ドップラー法

惑星重力による恒星運動で光がドップラー偏移 
惑星の軌道・質量(下限値)がわかる 
軌道半径が小さく，重い惑星ほど検出しやすい
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主星(中心星)

系外惑星

惑星の公転速度 

 ̶ (1) 

運動量保存則より 
  ̶ (2) 

→   ̶ (3) 

ドップラー偏移の大きさ 
  ̶ (4)

vplanet = (GMstar

r )
1
2

Mstarvstar = Mplanetvplanet

vstar = Mplanetvplanet /Mstar

Δλ/λ ∼ vstar /c

r



ペガスス座51番星 (51Peg) の視線速度変化

13

© 1995 Nature  Publishing Group

100 

50 

I 

s 0 

::." 

-50 

-100 

0 0.5 

"' 
FIG. 4 Orbital motion of 51 Peg corrected from the long-term variation 
of the y-velocity. The solid line represents the orbital motion computed 
from the parameters of Table 1. 

ogen-burning limit of 0.08 M 0 . Although these probability esti-
mates already imply a low-mass companion for 51 Peg, an even 
stronger case can be made from considerations of rotational 

assume that the rotational axis of 51 Peg is aligned 
with the orbital plane, we can derive sin i by combining the 
observed projected rotational velocity (v sin i) with the equator-
ial velocity Vequ = 2;r R/ P ( v sin i = Vequ · sin i). 

Three independent precise v sin i determinations of 51 Peg 
have been made: by line-profile analysis 12 , v sin i= 
I. 7 ± 0.8 km s _,; by using the cross-correlation function 
obtained with the CORA VEL spectrometer13 , v sin i= 
2.1 ± 0.6 km s _,; and by using the cross-correlation function 
obtained with ELODIE, vsini=2.8±0.5kms- 1• The 
unweighted mean v sin i is 2.2±0.3 km s- 1• The standard error 
is probably not significant as the determination of very small 
v sin i is critically dependent on the supposed macroturbulence 
in the atmosphere. We accordingly prefer to admit a larger 
uncertainty: v sin i = 2.2 ± 1 km s -I. 

51 Peg has been actively monitored for variability in its chro-
mospheric activity 14• Such activity, measured by the re-emission 
in the core of the Ca n lines, is directly related to stellar rotation 
via its dynamo-generated magnetic field. A very low level of 
ch.romosl?heric is measured for this object. Incidentally, 
this provides an mdependent estimate of an age of 10 Gyr (ref. 
14), consistent with the other estimates. No rotational modula-
tion has been detected so far from chromospheric emission, but 
a 30-day period is deduced from the mean chromospheric activ-
ity levelS-index. A Vequ value of 2.2±0.8 km s- 1 is then com-

p 
T 
e 
K1 
a1 sin i 
f1(m) 
N 
(0-C) 

TABLE 1 Orbital parameters of 51 Peg 

4.2293 ± 0.0011 d 
2,449,797.773 ±0.036 
0 (fixed) 
0.059±0.003 km s- 1 

(34±2) 105 m 
(0.91 ± 0.15) 10-10 M 0 
35 measurements 
13m s-1 

P, period; T, epoch of the maximum velocity; e, eccentricity; K1, half-
amplitude of the velocity variation; a1 sin i, where a1 is the orbital radius; 
f, (m), mass function; N, number of observations; (0- C), r.m.s. residual. 

NATURE · VOL 378 · 23 NOVEMBER 1995 

ARTICLES 

TABLE 2 Physical parameters of 51 Peg compared with those of 
the Sun 

Teff (K) 
logg 
Fe/H 
M/H 
Mv 
R/R0 

Sun 

5,780 
4.45 
0 
0 
4.79 
1 

51 Peg 

Geneva 
photometry* Spectroscopyt 

5,773 5,724 
4.32 4.30 

0.20 
4.60 
1.29 

0.19 

Stromgren 
photometry and 
spectroscopy11 

5,775 
4.18 
0.06t 

M/H is the logarithmic ratio of the heavy element abundance com-
pared to the Sun (in dex). 

* M. Grenon (personal communication). 
t J. Valenti (personal communication). 
t But other elements such as Na 1, Mg 1, Al1 are overabundant, in 

excess of 0.20. 

puted if a 25% uncertainty m the period determination is 
assumed. 

Using the mean v sin i and the rotational velocity computed 
from chromospheric activity, we finally deduce a lower limit of 
0.4 for sin i. This corresponds to an upper limit for the mass of 
the planet of 1.2 M 1 . Even if we consider a misalignment as large 
as 10°, the mass of the companion must still be less than 2 M1o 
well below the mass of brown dwarfs. 

. The 30-day rotation period of 51 Peg is clearly not synchro-
mzed w1th the 4.23-day orbital period of its low-mass com-
panion, despite its very short period. (Spectroscopic binaries 
with similar periods are all synchronized.) The lack of synchron-
ism on a timescale of 1010 yr is a consequence of the q-2 (q = 
"'!2/ M,! dependence of the synchronization timescale 15 • In prin-
ciple this can be used to derive an upper limit to the mass of the 
companion. It does at least rule out the possibility of the pres-
ence of a low-mass stellar companion. 

Alternative interpretations? 
With such a small amplitude of velocity variation and such a 
short period, pulsation or spot rotation might explain the obser-
vations equally well 16' 17 . We review these alternative interpreta-
tions below and show that they can probably be excluded. 

Spot rotation can be dismissed on the basis of the lack of 
chromospheric activity and the large period derived from the 
S chromospheric index, which is clearly incompatible with the 
observed radial-velocity short period. A solar-type star rotating 
with a period of 4.2 days would have a much stronger chromo-
spheric activity than the currently observed value 14 . Moreover, 
a period of rotation of 4.2 days for a solar-type star is typical 
of a very young object (younger than the Pleiades) and certainly 
not of an old disk star. 

Pulsation could easily yield low-amplitude velocity variations 
similar to the one observed, but would be accompanied by lum-
inosity and colour variations as well as phase-related absorption 
line asymmetries. The homogeneous photometric survey made 
by the Hipparcos satellite provides a comprehensive view of 
the intrinsic variability of stars of different temperatures and 
luminosities. The spectral type of 51 Peg corresponds to a region 
of the Hertzsprung-Russell diagram where the stars are the most 
stable's. 

Among solar-type stars no mechanisms have been identified 
for the excitation of pulsation modes with periods as long as 4 
days. Only modes with very low amplitude («1m s- 1) and 
periods from minutes to I h are detected for the Sun. 

Radial velocity variations of a few days and <100m s- 1 

amplitude have been reported for a few giant stars 19 . Stars 
with a similar spectral type and luminosity class are known 
to be photometric variables's. Their observed periods are in 

357 

位相 (周期4.231日)
視
線
速
度

 [m
 s-

1 ]
Mayor & Queloz (1995) Nature

Credit: NASA/JPL-Caltech



太陽系には存在しない様々な惑星
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Image credit: NASA/CXC/M.Weiss Image credit: ESO/M. Kornmesser

ホット・ジュピター 
恒星の近傍を公転する巨大ガス惑星 
約 1000 K の高温環境 
大気の流出(大気散逸)

M型星まわりの系外惑星 
太陽より暗く低温の恒星 
将来の地球外生命探しのターゲット



発見から統計の時代へ
ケプラー宇宙望遠鏡 
ミッション期間 2009-2018年 
トランジット観測 (次ページ) 
2662個の系外惑星を発見 
(これまでの全発見の大部分)



トランジット法
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明るさ

時間

惑星

主星(中心星)
惑星が中心星の前を通過する時の恒星の減光 

減光率 = (惑星半径/恒星半径)2 

惑星の軌道・惑星半径)がわかる 

中心星に近く大きい惑星ほど発見しやすい



多様な太陽系外惑星
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Data from exoplanet.org 
(Han et al. 2014 ApJ)

存在頻度 
~1%

存在頻度 
~10%

存在頻度 
~50%



系外惑星の質量と半径の分布 (精度の良いものだけプロット)
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: 氷や H/Heガスをまとうr > 1.6 R⊕

: 岩石惑星？r < 1.6 R⊕

岩石/金属

水氷/岩石(/金属)

水素ヘリウム/(/水氷)/岩石(/金属)

Zeng et al. (2019) PNAS

点　：観測 
実線：理論



重力マイクロレンズ法
惑星系重力のレンズ効果に 
よる光源天体の増光を検出 
→ 恒星と惑星の距離・質量比

19

42 日本惑星科学会誌Vol. 24, No. 1, 2015

は地球から8kpc，ただし1pc≃3.26光年），レンズ天
体はバルジの星（約6kpc）もしくは，銀河ディスクの
星（1～5kpc）となる．また，背景星が増光される期間は，
数十日となる．

1.3　重力マイクロレンズ法による系外惑星探査

（1） 原理
　さて，このマイクロレンズ現象を用いた具体的な系
外惑星探査が提案されたのは，1991年※2のことであ
る[1]．その原理は以下のようである．マイクロレン
ズ現象が起きると天球面上では，図1のように背景星
の像がレンズ星の周囲にできる．もし，レンズ星が惑
星を保持していてその惑星が背景星の像の位置にいる
とすれば，惑星の重力によって，その像がさらに歪め
られることになる．その結果，観測される光度曲線に
は，左右対称の釣り鐘型の曲線からの“ずれ”（アノマ
リー）が生じる（図1の拡大図）．このアノマリーを精
度よく観測することがレンズ星に付随する惑星の発見

となる．背景星，レンズ星，観測者が一直線からずれ
ると，背景星の像の面積は次第に小さくなっていく．
したがって，像の面積が最も大きいとき，つまり像が
アインシュタインリングとなっているときに，惑星の
位置と背景星の像が重なる可能性が最も高い．それゆ
えマイクロレンズ法では，レンズ星を回っている惑星
のうち，天球面上に射影したときにアインシュタイン
リングの半径付近に位置する惑星に最も感度が高く，
典型的なアインシュタインリングの半径は約2.5 AU
である．
　光度曲線のアノマリー部分の形は，惑星の質量と位
置によって異なる．特に重要なのがアノマリーの継続
時間である．マイクロレンズ現象の増光期間は，レン
ズ天体の質量の平方根に比例する．したがって，レン
ズ天体に付随する惑星によるアノマリーの継続期間は，
木星質量の惑星だと数日，地球質量の惑星だと数時間
程度となってしまう．さらに，惑星の位置を予測する
ことはできないので，ほとんどのマイクロレンズイベ
ントでは，いつアノマリーが起きるかを予測できない．
したがって，マイクロレンズ法で惑星を発見するため
には，まずたくさんの星の中から，マイクロレンズ現
象を起こしている星を見つけ出し，そのマイクロレン
ズイベントを少なくとも数十分に一回の頻度でモニタ
ーし続ける必要がある．この要件を満たすには，広視
野かつ高頻度で銀河中心方向を観測する必要がある．
マイクロレンズを起こしたレンズ星が別の背景星を再
び増光させることはほぼない※3．同様に，アノマリー
も終わってしまうと，二度と観測されることはない．
それゆえ，次節で説明するようにアノマリーを見逃さ
ないよう熱心な観測が行われている．
（2） 観測ストラテジー
　マイクロレンズ法を用いた系外惑星探査が始まった
当初，広視野かつ高頻度で観測できる望遠鏡はなかっ
た．そのため，まずやや視野の広い望遠鏡を用いたサ
ーベイ観測によりマイクロレンズイベントを検出し，
めぼしいイベントを小口径の望遠鏡を用いて高頻度で
観測する，というストラテジーがとられた[2]．特に
前者はサーベイグループ，後者はフォローアップグル
ープと呼ばれている．ここでめぼしいイベントとは，
マイクロレンズ現象による増光が特に明るくなるイベ
ント，高増光率イベントのことである．めぼしい理由

※2. 当時，マイクロレンズイベントはまだ検出されていなかった． ※3. 背景星が連星の場合はそれぞれの星が増光することがある．
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1.4　MOAの日々の観測

　MOAグループは，ニュージーランド南島のマウン
トジョン天文台にてマイクロレンズ探査専用のMOA-
II望遠鏡を用いて※7，毎晩銀河中心方向を観測してい
る（図3）．口径は1.8 m，視野は2.2平方度あり，マイ
クロレンズ観測を行っている望遠鏡では最大の視野を
持ち，ニュージーランド最大の望遠鏡でもある．実際
には銀河中心は可視では見えないので，中心から少し
ずれた，目で見ても最も明るい領域である約50平方
度を観測している．最も高頻度の領域は15分に一度
観測される．
　また，マウントジョン天文台は南極を除けば世界最
南端の天文台であり，銀河中心が見える南天の観測に
適している．緯度が高いということは，銀河中心方向
がよく見える南半球の冬の夜が長いことを意味する．
特に7月前後は観測時間だけでも12時間以上となる．
観測中はマイクロレンズイベント候補から新しいイベ
ントを探し出したり，既にマイクロレンズイベントと
わかっているものに対しては，アノマリーがないか確

認する．重要なイベントがあれば，観測ターゲット，
頻度を適宜変更する．不幸にも主焦点カメラのシャッ
ター幕が破れた場合は，予備のシャッター幕への取替
え作業も行う※8．もちろん，観測準備，片付けもする
必要があるが，マウントジョン天文台には食堂がない
ので，食事の用意もする必要がある．専属の技術スタ
ッフはいないので，望遠鏡や計算機にトラブルが発生
した場合は，全て自ら解決する必要がある．観測シフ
トは名古屋大学，大阪大学，京都産業大学の大学院生
が中心となって組まれており，現地の観測スタッフと
合わせて2，3人で1ヶ月間観測を行う．英語環境とい
うこともあり，現地での観測で学生のサバイバル能力
が鍛えられると筆者は思う．マウントジョン天文台の
すぐ隣にはテカポ湖があり，銀河中心方向が観測でき
なくなる初夏の景色は素晴らしい．

²® ෪ہႜ۶ϫẲảấ

　マイクロレンズ法で発見された惑星は他の手法では
検出することができないユニークな惑星である．以下
では，筆者が発見時の観測に関わっているイベントを
中心に重要な発見をいくつか紹介する※9．

※6. https://it019909.massey.ac.nz/moa/
※7. 2005年までは同じ場所にある61 cmの望遠鏡を用いてサー

ベイ観測を行っていた．現在この望遠鏡は主に追観測に使
われている．

※8. 2012 年4 月以降，このような惨事は起きていない．
※9. マイクロレンズイベントは，「イベントを発見したグループ

名-年-バルジ-通し番号」の名前がつく．レンズ天体には最
後にL がつき，レンズ天体に付随する惑星にはb, c... とつく．
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直接撮像
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すばる望遠鏡で直接撮像された系外惑星候補 GJ758b (Image credit: 国立天文台)

コロナグラフ(中心星の光を隠す)によって 
可能となった 
現状，軌道半径が大きく明るい惑星  
(誕生直後の巨大ガス惑星)を検出できる

Image credit: 国立天文台



検出可能/不可能なサイズ・軌道領域

21Figure 1

Mass versus semi-major axis of known planets, based on the “Confirmed Planets” list from NASA Exoplanet Archive
(Akeson et al. 2013, acquired in September of 2020) and the reliable Kepler planet candidates (see Section 2 for more
details). We di↵erentiate with di↵erent colors planet detections as well as the approximate sensitivity curves from
ground-based transit (purple), Kepler survey (blue), RV surveys (orange), microlensing (green), and direct imaging
(brown). The masses of the Kepler detections are estimated from the measured radii according to the Chen & Kipping
(2017) mass–radius relation. The sensitivity curve of Kepler is also converted in a similar way from that measured in the
radius–period plane (see Figure 2). The sensitivity curve for the 10-yr Gaia astrometry survey is also shown in red, for
which we have assumed a Sun-like host at 20 pc and required a 3-� detection over the expected precision. For space-based
microlensing, we adopt the sensitivity curve of the microlensing survey that will be performed by the Nancy Grace Roman
Space Telescope (formerly known as WFIRST, Penny et al. 2019). Images of the solar system planets from NASA are
shown at their corresponding locations.

sample). In the last few years, substantial e↵orts have been dedicated to systematically

characterize the Kepler sample and thus unleash its potential for statistical studies. These

include asteroseismology (e.g., Chaplin & Miglio 2013, Van Eylen & Albrecht 2015), the

Gaia data releases (Gaia Collaboration et al. 2016, 2018), follow-up spectroscopic programs

such as the LAMOST-Kepler survey (e.g., Dong et al. 2014b, De Cat et al. 2015, Zong et al.

2018) and the California-Kepler Survey (CKS, Petigura et al. 2017, Johnson et al. 2017),

as well as many projects of the Kepler Follow-up Observation Program (KFOP, Furlan

et al. 2017). Moreover, substantial works to understand the Kepler pipeline detection ef-

ficiency and vetting false positives have much improved the reliability of Kepler statistical
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恒星に近い，大きい惑星が 
選択的に発見されてきた 

太陽系と似た惑星系があれば 
木星と土星のみ発見
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CHAPTER 1. INTRODUCTION

blue stars but remain the same temperature. Redder, cooler stars are the opposite.

Red stars emit most of their energy in the infrared so less total flux is needed to

achieve a warm surface temperature.
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Figure 1.1 The Habitable Zone. The lines from Kopparapu et al. (2017), Bin

et al. (2018), and Leconte et al. (2013a) are 3D models. The other lines are from

1D models in Kopparapu et al. (2013) and Kopparapu et al. (2014). Kasting et al.

(1993) supplied the tidal locking line.

The light from the host star of a planet also drives the photochemistry in the

atmosphere. The amount and wavelengths of ultraviolet (UV) hitting an atmosphere

3

Madden (2020)
受け取る恒星放射量 [地球 = 1]
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ハビタブル・ゾーン

甘く見積もった 
ハビタブル・ゾーン

地球
火星金星

地球を1とした大きさ

ハビタブル・ゾーンの惑星

ハビタブル・ゾーン： 
天体表面に液体の水を保持できる 
軌道の範囲



金星 地球 火星水星

太陽系

TRAPPIST-1惑星系

Credit: NSA/JPL-Caltech

赤色矮星(M型星)周りの惑星系
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大気スペクトル(波長分解した光)
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Image credit: Jack Madden & Lisa Kaltenegger / Carl Sagan Institute, Cornell University.
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系外惑星の透過光スペクトル
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ホット・ジュピターの透過光スペクトル
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2  |  N A T U R E  |  V O L  0 0 0  |  0 0  M O N T H  2 0 1 5

LETTERRESEARCH

Table 1 | Physical parameters of hot Jupiters and associated spectral results
Name Teq (K) g (m s−2) Rp (RJ) Mp (MJ) P (days) logR′HK ∆ZUB − LM/Heq ∆ZJ − LM/Heq H2O amplitude (%) Features Reference

WASP-17b 1,740 3.6 1.89 0.51 3.73 − 5.531 − 0.80 ± 0.36 − 1.48 ± 0.71 94 ± 29 Na, H2O

WASP-39b 1,120 4.1 1.27 0.28 4.06 − 4.994 0.10 ± 0.41 Na, K

HD 209458b 1,450 9.4 1.36 0.69 3.52 − 4.970 0.73 ± 0.36 − 0.49 ± 0.36 32 ± 5 Aer, Na, H2O

WASP-19b 2,050 14.2 1.41 1.14 0.79 − 4.660 1.04 ± 1.79 − 1.97± 1.32 105 ± 20 H2O 14

HAT-P-1b 1,320 7.5 1.32 0.53 4.46 − 4.984 2.01 ± 0.81 0.19 ± 0.93 68 ± 19 Na, H2O 12, 13

WASP-31b 1,580 4.6 1.55 0.48 3.40 − 5.225 2.15 ± 0.77 1.25 ± 0.77 31 ± 12 Aer, K 4

WASP-12b 2,510 11.6 1.73 1.40 1.09 − 5.500 3.76 ± 1.59 1.65 ± 1.47 38 ± 34 Aer 3

HAT-P-12b 960 5.6 0.96 0.21 3.21 − 5.104 4.14 ± 0.77 1.37 ± 0.79 17 ± 23 Aer, K

HD 189733b 1,200 21.4 1.14 1.14 2.22 − 4.501 5.52 ± 0.50 − 0.56 ± 0.50 53.6 ± 9.6 Aer, Na, H2O 5, 10

WASP-6b 1,150 8.7 1.22 0.50 3.36 − 4.741 8.49 ± 1.33 Aer, K 11
The listed physical parameters are based on data compiled from our HST and Spitzer results3,4,10–14 and online databases. Sources for published spectral results are also listed. Atmospheric features 
detected of cloud or haze aerosols, sodium, potassium and water are listed (Aer, Na, K and H2O, respectively). The equilibrium temperature Teq assumes zero albedo and uniform redistribution. Also 
listed are the surface gravity, g; radius of the planet, Rp; planet mass, Mp; orbital period, P; and Ca II H and K stellar activity index logR′HK. RJ is the radius of Jupiter and MJ is the mass of Jupiter. 
∆ ZUB − LM/Heq gives the di"erence in pressure scale heights between the optical and mid-infrared transmission spectra, while ∆ ZJ − LM/Heq is the di"erence between the near- and mid-infrared  
(see Methods). The atmospheric scale height, Heq = kTeq/(µg), is estimated using the planet-speci#c equilibrium temperature and assuming a H/He atmosphere with a mean molecular mass of µ = 2.3 
atomic mass units. The H2O amplitude is measured using the WFC3 data, taking the average radii from 1.34 µ m to 1.49 µ m and subtracting it from the average value between 1.22 µ m to 1.33 µ m, then 
dividing that value by the theoretical di"erence as calculated by models16 assuming clear atmospheres and solar abundances.

Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter 
survey targets. Solid coloured lines show fitted atmospheric models 
with prominent spectral features indicated. The spectra have been offset, 
ordered by values of ∆ ZUB − LM (the altitude difference between the blue-
optical and mid-infrared; Table 1). Horizontal and vertical error bars 
indicate the wavelength spectral bin and 1σ measurement uncertainties, 

respectively. Planets with predominantly clear atmospheres (top) 
show prominent alkali and H2O absorption, with infrared radii values 
commensurate with or higher than the optical altitudes. Very hazy and 
cloudy planets (bottom) have strong optical scattering slopes, narrow 
alkali lines and H2O absorption that is partially or completely obscured.
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Sing et al. (2015)

天体サイズから太陽系の巨大ガス惑星と同様 
H2, Heガスを纏っていると考えられる 
Na, K といった高温の惑星特有の分子も



ホット・ネプチューンの透過光スペクトル
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Figure 2: The transmission spectrum of GJ 1214b. a, Transmission spectrum measurements
from our data (black points) and previous work (gray points)7–11, compared to theoretical models
(lines). The error bars correspond to 1σ uncertainties. Each data set is plotted relative to its mean.
Our measurements are consistent with past results for GJ 1214 using WFC310. Previous data rule
out a cloud-free solar composition (orange line), but are consistent with a high-mean molecular
weight atmosphere (e.g. 100% water, blue line) or a hydrogen-rich atmosphere with high-altitude
clouds. b, Detail view of our measured transmission spectrum (black points) compared to high
mean molecular weight models (lines). The error bars are 1σ uncertainties in the posterior distri-
bution from a Markov chain Monte Carlo fit to the light curves (see the Supplemental Information
for details of the fits). The colored points correspond to the models binned at the resolution of
the observations. The data are consistent with a featureless spectrum (χ2 = 21.1 for 21 degrees
of freedom), but inconsistent with cloud-free high-mean molecular weight scenarios. Fits to pure
water (blue line), methane (green line), carbon monoxide (not shown), and carbon dioxide (red
line) models have χ2 = 334.7, 1067.0, 110.0, and 75.4 with 21 degrees of freedom, and are ruled
out at 16.1, 31.1, 7.5, and 5.5 σ confidence, respectively.

8

M型星まわりの系外惑星GJ1214b ( ) の透過光スペクトル (Kreidberg et al. 2014)6.3 M⊕

フラットなスペクトル → 高分子量 or 雲？
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原始惑星系円盤・太陽系外惑星 
原始星をとりまく原始惑星系円盤で惑星が形成 
系外惑星観測：ドップラー法，トランジット法など間接的手法がメイン 
太陽系に存在しない惑星：ホット・ジュピター，スーパー・アース，中心星の違い 
大気スペクトル(透過光など) → 大気・表層の情報
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Figure 1 から恒星 HD209458 のトランジット減光率を読み取り，系外惑星 HD209458b の惑星半径
を計算せよ (有効数字1桁)．計算には恒星半径 を用いてよい．計算結果を太陽系の惑星の半径
と比較することで，惑星が岩石惑星・巨大ガス惑星・巨大氷惑星のうちのいずれかであるか推論せよ．

8.4 × 108 m

L46 DETECTION OF PLANETARY TRANSITS Vol. 529

Fig. 1.—Shown are the photometric time series, corrected for gray and color-
dependent extinction, for 1999 September 9 and 16 plotted as a function of
time from . The rms of the time series at the beginning of the night onTc
September 9 is roughly 4 mmag. The increased scatter in the September 16
data relative to the September 9 data is due to the shorter exposure times. The
data from September 16 are offset by !0.05 relative to those from Septem-
ber 9.

Fig. 2.—Shown are the data from Fig. 1 binned into 5 m averages, phased
according to our best-fit orbit, plotted as a function of time from . The rmsTc
variation at the beginning of the time series is roughly 1.5 mmag, and this
precision is maintained throughout the duration of the transit. The increased
scatter at the end of the time series is due to increasing air mass which occurred
at roughly the same time for both transits, since the two occurred very nearly
1 week apart. The solid line is the transit shape that would occur for our best-
fit model, , . The lower and upper dashed lines are theR = 1.27 R i = 87!.1p Jup

transit curves that would occur for a planet 10% larger and smaller in radius,
respectively. The rapid initial fall and final rise of the transit curve correspond
to the times between first and second and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function
of the finite size of the planet, the impact parameter of the transit, and the
limb darkening of the star. The central curved portion of the transit is the time
between second and third contacts, when the planet is entirely in front of the
star.

M99. The important elements were the orbital period P and
the time of maximum radial velocity of the star Tmax. For this
Letter, we have analyzed four nights of data; two of these
(August 29 and September 13) occur off transit and establish
the nonvariability of the star, while two (September 9 and 16)
encompass the time of transit. We produced calibrated images
by subtracting a master bias and dividing by a master flat.
Sixteen images from September 16 were averaged to produce
a master image. We used DAOPHOT II (Stetson 1994) to pro-
duce a master star list from this image, retaining the 823 bright-
est stars. For each time series image, we then estimated a co-
ordinate transformation, which allowed for a linear shift dx and
dy. We then applied this coordinate transformation to the master
star list and carried out aperture photometry for all the images.
For each star, a standard magnitude was defined from the result
of the aperture photometry on the master image. We corrected
for atmospheric extinction using a color-dependent extinction
estimate derived from the magnitudes of the 20 brightest stars
in the field (excluding HD 209458 and two obviously variable
stars). For two of the nights of data (August 29 and September
13), the residuals for HD 209458 are consistent with no var-
iation. However, on the other nights (September 9 and 16), we
can see a conspicuous dimming of the star for a time of several
hours. These residuals are shown in Figure 1. The root mean
square (rms) variation in the resulting time series at the be-
ginning of the night of September 9 is 4 mmag; the dominant
source of noise for these bright stars is atmospheric scintillation.

3. ANALYSIS OF LIGHT CURVE

3.1. Orbital Parameters

As presented in M99, the derived orbital parameters from
the combined radial velocity observations are P = 3.52447 "
0.00029 days and Tmax = 2,451,370.048 " 0.014 HJD.
Since we observed two transits, it is possible to estimate

independently both a period and the time at the center of the
transit, , for the orbit. To derive the period, we phased theTc
data to an assumed value of P in a range surrounding 3.5 days
and interpolated the data from the first transit onto the grid of

observation times for the later transit. The weighted sum of
the square of the difference was calculated as a function of
assumed period, resulting in a clear minimum and a well-
defined error. We find the orbital period to be P = 3.5250"

days, consistent with but less precise than the value0.003
determined from the radial velocity observations. As discussed
in M99, the best-fit value of the mass for this star is M =s

M,; assuming this value, we determine the semimajor axis1.1
to be AU.a = 0.0467
We used the data from the earlier transit, which was the

more precisely observed, to determine Tc. For each assumed
value of Tc, we folded the light curve about Tc and calculated
the weighted sum of the square of the difference between
the two halves of the folded curve. We find that T =c

HJD. This value is consistent with2,451,430.8227" 0.003
but is much more tightly constrained than the value deter-
mined from the radial velocity observations.
Projecting the errors in P from the radial velocity obser-

vations and Tc from the photometry observations, the time of
transit can be calculated with a precision of better than half an
hour for the next 6 months.

3.2. Interpretation of the Transit Curve

For the purpose of interpreting the light curve, we binned
the residuals from both transits into 5 minute time bins ac-
cording to the orbit derived above. The time series rms of these
binned data is 1.5 mmag throughout the time span covered by
the observations, with an increase to larger scatter roughly
1 hr after the point of last contact due to the increasing air
mass. These binned data are plotted in Figure 2.
Five parameters participate in determining the precise shape

Figure 1. 惑星を持つ HD209458 の光度曲線
トランジットの中心時刻からの日数
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表1: 地球半径  に対する太陽系惑星半径6.371 × 106 m

半径 (地球半径 = 1)1)
水星 0.38

金星 0.95

地球 1

火星 0.53

木星 10.97

土星 9.14

天王星 3.98

海王星 3.86


