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Figure 7. The principle of adaptive optics. A laser system is used to make artificial guide stars 
that sense the blurring in the Earth’s atmosphere. The images of the bright spots generated by 
the laser [1] are used in a feedback loop to introduce fast deformations of a secondary mirror 
[2] that effectively correct for the atmospheric turbulence in the science images [3].  
 

The discovery of a compact object in the Galactic centre 

One of the stars, labelled as S2 by Genzel’s group (called S02 by the team led by Ghez), was 
shown to have a very short orbiting period around Sgr A*, just under 16 years (Schödel et al. 
2002, Ghez et al. 2003). For comparison, it takes over 200 million years for the Sun to complete 
a full orbit around the Galactic centre. This star has a highly elliptical orbit with eccentricity e = 
0.88. Its pericentre distance from Sgr A* in the spring of 2002 was a mere 17 light hours, or 
1,400 𝑅𝑅𝑠𝑠, for a black hole of mass

 4 × 106𝜋𝜋⨀ (see figure 8). The plane of the orbit has an 
inclination of about 46° with respect to the plane of the sky.  

The agreement between the data from the NTT/VLT and Keck telescopes was excellent. The 
analysis of the combined data sets showed that the extended mass component (visible stars, 
stellar remnants and, possibly, dark matter) within the orbit of S2, gave a negligible 
contribution to the estimation of the central mass (Ghez et al. 2008, Gillessen et al. 2009b). The 
work of the two teams together established that the Galactic centre contains a highly 
concentrated mass of ~4 million solar masses within the pericentre of S2, i.e. within 125 AU. 
This requires a minimum density of 5 × 1015𝜋𝜋⊙𝑝𝑝𝑐𝑐−3. The mass centroid lies within ±2 
milliarcseconds of the position of the compact radio source Sgr A*, which itself has an apparent 
size of <1 AU (Shen et al. 2005, Bower et al. 2006, Doeleman et al. 2008) and lacks detectable 
proper motion (Reid & Brunthaler, 2004).  

A robust interpretation of these observations is that the compact object at the Galactic centre is 
compatible with being a supermassive black hole. Further support for this conclusion comes 
from the fact that near-infrared and X-ray flares are observed from the same position, which can 
be naturally ascribed to variations in the accretion flow towards a massive black hole.  
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宇宙に私たちの地球のような惑星は
他にも存在するのか？



太陽系でない惑星(太陽系外惑星)は 

いくつ見つかっている？
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系外惑星発見の歴史

h"ps://exoplanets.nasa.gov/exep/newsle"ers/issue17/archiveupdate/
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Figure 1 Approximate masses and orbital distances of known planets, based on an October

2014 query of the exoplanets.eu encyclopedia (Schneider et al. 2011). This plot does not
consider selection biases and glosses over many important details. For Doppler planets, the

plotted mass is really Mp sin i. For imaging planets, the plotted mass is based on theoretical

models relating the planet’s age, luminosity, and mass. With microlensing, the planet-to-
star mass ratio is determined more directly than the planet mass. For microlensing and

imaging planets, the plotted orbital distance is really the sky-projected orbital distance.
For transiting planets, thousands of candidates identified by the Kepler mission are missing;

these have unknown masses, but many of them are likely to be planets. For timing planets,

many are dubious cases of circumbinary planets around evolved stars (see § 6.2).

is nearly constant in logP between about 10 and 300 days. For P <∼ 10 days the

occurrence rate declines sharply with decreasing period.

2.1 Doppler planets

Cumming et al. (2008) analyzed the results of a Doppler campaign in which nearly 600
FGKM stars were monitored for 8 years. They fitted a simple function to the inferred

probability density for planets with mass > 100 M⊕ and P < 5.5 yr,

dN
d lnMp d lnP

∝ Mα
p P β, (1)

and found α = −0.31± 0.20, β = 0.26± 0.10, and a normalization such that the occurrence

rate for P < 5.5 yr and Mp = 0.3-10 MJup is 10.5%. This function became a benchmark for
many subsequent studies. Udry et al. (2003) and Cumming et al. (2008) found evidence for

4

Winn & Fabrycky 2014



どうやったら発見できるの？
なんで発見したと言えるの？

なぜ「第二の地球」を発見するのは難しいの？
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h"ps://exoplanets.nasa.gov/news/1404/a-four-planet-system-in-orbit-directly-imaged-and-remarkable/

HR8799 (40 pc)

直接撮像

~ 0.5 秒角
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Figure 1 Approximate masses and orbital distances of known planets, based on an October

2014 query of the exoplanets.eu encyclopedia (Schneider et al. 2011). This plot does not
consider selection biases and glosses over many important details. For Doppler planets, the

plotted mass is really Mp sin i. For imaging planets, the plotted mass is based on theoretical

models relating the planet’s age, luminosity, and mass. With microlensing, the planet-to-
star mass ratio is determined more directly than the planet mass. For microlensing and

imaging planets, the plotted orbital distance is really the sky-projected orbital distance.
For transiting planets, thousands of candidates identified by the Kepler mission are missing;

these have unknown masses, but many of them are likely to be planets. For timing planets,

many are dubious cases of circumbinary planets around evolved stars (see § 6.2).
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恒星 惑星
力



恒星
惑星X

重心



太陽はどれぐらい「振られる」の？ 
観測できるの？



恒星のスペクトル

波長 (=> 長い)

静止波長

原子の特有の波長

h"ps://en.wikipedia.org/wiki/Fraunhofer_lines

量子力学



ドップラー法：実際の分光データ
51 Pegasi: 初めて系外惑星が見つかった例 (1995年)

ఱମཧֶ I ݧࢼظ (2019 (ظޙ
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Figure 1 Approximate masses and orbital distances of known planets, based on an October

2014 query of the exoplanets.eu encyclopedia (Schneider et al. 2011). This plot does not
consider selection biases and glosses over many important details. For Doppler planets, the

plotted mass is really Mp sin i. For imaging planets, the plotted mass is based on theoretical

models relating the planet’s age, luminosity, and mass. With microlensing, the planet-to-
star mass ratio is determined more directly than the planet mass. For microlensing and

imaging planets, the plotted orbital distance is really the sky-projected orbital distance.
For transiting planets, thousands of candidates identified by the Kepler mission are missing;

these have unknown masses, but many of them are likely to be planets. For timing planets,

many are dubious cases of circumbinary planets around evolved stars (see § 6.2).
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h"ps://www.nao.ac.jp/astro/basic/solar-eclipse.html

日食（地球から見て、月が太陽を隠す）



h"ps://www.nao.ac.jp/astro/basic/solar-eclipse.html



地球から見て、系外惑星が恒星を隠す

https://www.nasa.gov/mission_pages/kepler/multimedia/images/transit-light-curve.html

明るさfの主星がΔfだけ暗くなる
�f
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NASA ケプラー衛星
h"ps://www.nasa.gov/mission_pages/kepler/main/index.html



トランジット法：実際の観測データ

https://www.cfa.harvard.edu/~avanderb/tutorial/tutorial2.html

時間



トランジット法：実際の観測データ

https://www.cfa.harvard.edu/~avanderb/tutorial/tutorial2.html

時間
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Figure 1 Approximate masses and orbital distances of known planets, based on an October

2014 query of the exoplanets.eu encyclopedia (Schneider et al. 2011). This plot does not
consider selection biases and glosses over many important details. For Doppler planets, the

plotted mass is really Mp sin i. For imaging planets, the plotted mass is based on theoretical

models relating the planet’s age, luminosity, and mass. With microlensing, the planet-to-
star mass ratio is determined more directly than the planet mass. For microlensing and

imaging planets, the plotted orbital distance is really the sky-projected orbital distance.
For transiting planets, thousands of candidates identified by the Kepler mission are missing;

these have unknown masses, but many of them are likely to be planets. For timing planets,

many are dubious cases of circumbinary planets around evolved stars (see § 6.2).
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レポート課題1b

Mayor & Queloz 1995

質量 1Msun、半径 1Rsunの恒星の周りを、惑星が円軌道で運動している。
惑星の質量は恒星よりも十分軽いとする。 

(1) この系を公転軌道面から観測したとき 
　右のような観測データが得られた。 

　惑星の質量を求めよ(単位：太陽質量)。 

(2) この系を公転軌道面から観測したとき 
     恒星の明るさが1%だけ減少した。 
     惑星の半径を求めよ(単位：太陽半径)。 

(3) この惑星は地球のような岩石惑星か、 
　 木星のようなガス惑星か、理由を添えて答えよ 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脱線：最新の研究



恒星

惑星

恒星からの光が惑星の大気を通ってくる

系外惑星の大気を調べる



Figure 2: WASP-19b transmission spectrum. Blue, green and red data points correspond to
observations made using the 600B, 600RI and 600z grisms, respectively. The associated 1� error
bars were derived from posterior probability distributions of the planetary radius parameter in a
joint analysis of the MCMC chains, where the mean of each distribution is plotted as the solution.
The overall best-fitting spectrum–which includes opacity resulting from the presence of H2O, TiO,
Na, and a global haze–is shown as a red curve and yellow points at a representative resolution
of about 3,000. Other curves (orange, blue and black) represent models with specific species
removed. We applied a corrective wavelength shift between the model and the data of 73.6 Å.
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まとめ

• 太陽系の外の惑星は近年大量に見つかっている
• 観測の手法

• 原理は理解できる（幾何学、力学）
• それぞれの方法で強みが異なる

• 最近の研究
• 地球に近い天体も見つかってきている
• 太陽系外惑星の大気を調べる研究もできるように


