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! イントロダクション： 惑星形成と原始惑星系円盤
! 演習の目標とスケジュールの説明
! 今日の演習：原始惑星系円盤のモデルを自作する

太陽系の惑星
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 地球型惑星 (水, 金, 地, 火) 
 巨大ガス惑星 (木, 土) 
 巨大氷惑星 (天王, 海王)

By WP - Planets2008.jpg, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=45708230

主成分: 岩石と金属 (O,Si,Mg,Fe)
主成分: H2, He大気
主成分: 氷+大気

太陽系外惑星
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• 全ての系外惑星を観測できるわけではない (精度, 時間, 公転の向き)

• 太陽に似た星は、平均して  ~ 1つ以上  の惑星を持つと推定される

現在  
約 4000 個

1995年 系外惑星 51 Peg 発見 
(2019年ノーベル物理学賞)

ケプラー宇宙望遠鏡
 (2009-2013)
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太陽系外惑星のいろいろ

https://exoplanets.nasa.gov/news/1443/nasa-releases-kepler-survey-catalog-with-hundreds-of-new-planet-candidates/

惑星の半径 (地球半径を1とす

半径 (地球の半径を1とする)
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太陽系には無い、地球と海王星の間の大きさの惑星が多数
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宇宙の“塵”（ダスト）
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 大きさが 0.01–1 µm くらいの固体微粒子 (珪酸塩, 氷, 有機物,...)

成層圏で採集された惑星間塵 (電子顕微鏡画像)
Jessberger et al. (2011)

暗黒星雲 (VLT)

https://www.eso.org/public/
unitedkingdom/news/eso0202/

直径<1µm

! 星間塵 (背景の星の光を吸収し、赤外線や電波を放射するので見える)
! 惑星間塵 (小惑星, 彗星由来。地球の成層圏でも採集される)

 1. 惑星はどのような場所でできるか？ 
2. 惑星は何からできるか？

 3. 惑星はどのようにできるか？

「惑星形成論」とは
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惑星の誕生に関わる以下の3つの問い

に対して、天文観測・太陽系探査・理論計算を駆使して
解明を目指す学問

惑星形成の標準モデル（大枠）

7

巨大氷惑星
地球型惑星

お互いの万有引力 
で合体

巨大ガス惑星

円盤のガスを 
捕獲

岩石と氷の微惑星 (彗星の核)

分子間力や 
集団の重力で合体

微惑星 (1~100 km)

岩石質の微惑星 (想像図)

塵 (<1ミクロン)

原始惑星系円盤（ガスと塵）

原始惑星系円盤
• 若い星 (年齢が約1千万年弱) を取り囲む、ガスと塵の薄い円盤
• 現代では、惑星はこの円盤の中でできると考えられている

8Credit: Mark McCaughrean (MPIA), C. Robert O'Dell (Rice University), and NASA

ハッブル宇宙望遠鏡で撮影した、原始惑星系円盤の塵 (1995年)

● 質量: 太陽質量の約 0.1~10% 
 (うち99%が水素・ヘリウムの 
 ガスと考えられる)

● 半径: 約 100~1000   天文単位  
(1天文単位 = 地球と太陽の距離 
  = 1億5000万km)



ALMA望遠鏡による原始惑星系円盤の最新観測
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HL Tau

ALMA Partnership et al. (2015)

TW Hya 

Andrews et al. (2016)

2.2. SED from the Literature

We compile a broadband SED for WL 17 from a thorough
literature search. We show the SED in Figure 2. The data
includes Spitzer IRAC and MIPS photometry as well as fluxes
from the literature at a range of wavelengths (Wilking & Lada
1983; Lada & Wilking 1984; Greene & Young 1992; Andre &
Montmerle 1994; Strom et al. 1995; Barsony et al. 1997;
Johnstone et al. 2000; Allen et al. 2002; Natta et al. 2006;
Stanke et al. 2006; Alves de Oliveira & Casali 2008; Jørgensen
et al. 2008; Padgett et al. 2008; Wilking et al. 2008; Evans
et al. 2009; Gutermuth et al. 2009; Barsony et al. 2012). We
exclude WISE photometry because the fluxes are inconsistent
with the IRAC and MIPS fluxes. This is because the WISE
beam is larger than the Spitzer beam, and may cause confusion
with nearby sources. The IRAC and MIPS flux measurements
were also independently reproduced by two different groups
using separate data sets (Evans et al. 2009; Gutermuth
et al. 2009), so we believe these measurements to be reliable.

We also include the the SL-, SH-, and LH-calibrated Spitzer
IRS spectrum from the CASSIS database in our SED
(Lebouteiller et al. 2011, 2015). We find that we need to scale
the IRS spectrum by a factor of 3 to align it with the IRAC/
MIPS photometry for the system. When scaled up, the IRS
spectrum also nicely matches ground-based 10 μm photometry

of the silicate absorption feature. This factor may be needed
due to issues in the flux calibration or the pointing toward the
source.
For the purposes of assessing the quality of model fits to the

SED we assume a 10% uncertainty on all flux measurements
when computing χ2. We also sample the IRS spectrum at 25
points evenly spaced across the spectrum to minimize the
number of individual wavelengths at which radiative transfer
flux calculations, which can be time intensive, must be done.

3. Results

Our 3 mm map of WL 17, shown in Figure 1, shows a well-
detected, compact source with a hole measuring ∼0 2 in
diameter in the center. At the distance of Ophiuchus, which we
assume to be 137 pc, the hole is 27 au across (∼13 au in
radius). Emission at the center of the hole peaks at ∼250 μJy,
which suggests that there may still be material remaining inside
the transition disk cavity. Alternatively, this could be emission
from magnetic activity at the surface of a young star.
Studies have found holes in the centers of many other

protoplanetary disks, dubbed “transition disks” (Espaillat
et al. 2007; Isella et al. 2010; Andrews et al. 2011). Transition
disks are typically found in the population of Class II
protoplanetary disks, which represents older disks that are no
longer embedded in envelopes. Unlike these previous detec-
tions, WL 17 has an SED (shown in Figure 2) that peaks at
mid-infrared wavelengths and looks very much like a Class I
source. WL 17 must be embedded in some obscuring material,
but stars form in giant clouds of gas and dust, so it is reasonable
to think that WL 17 could be a Class II source made to look
like a Class I by foreground extinction from this cloud.
Transition disks have been previously found with significant
amounts of extinction from foreground material (e.g., Boogert
et al. 2002; Brown et al. 2012). It is also possible to mistake
edge-on Class II disks as Class I sources (e.g., Chiang &
Goldreich 1999).
As such, a disk model that includes foreground extinction is

a good first guess for attempting to reproduce the combined
ALMA 3mm visibilities and broadband SED data set. To do so
we use detailed radiative transfer models, run using the Monte
Carlo radiative transfer codes RADMC-3D and Hyperion
(Robitaille 2011; Dullemond 2012), to produce synthetic
visibilities and SEDs and attempt to match the data with the
models. We give a brief description of the models here, but
refer to Sheehan & Eisner (2014) for a more detailed account.
Our model assumes a central protostar with an M3 spectral

type (T= 3400 K; Doppmann et al. 2005), although we allow
the luminosity of the protostar, L*, to vary. We include a disk
with a power law surface density,
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Table 1
Log of ALMA Observations

Observation Date Baselines Total Integration Time Calibrators
(UT) (m) (s) (Flux, Bandpass, Gain)

2015 Oct 31 84–16,200 169 1517–2422, 1625–2527
2015 Nov 26 68–14,300 169 1517–2422, 1625–2527
2016 Apr 17 15–600 58 1733–1304, 1427–4206, 1625–2527

Figure 1. ALMA 3 mm map of WL 17 showing a clear ring-like structure. The
synthesized beam size is 0 06 by 0 05 with a P.A. of 81°. 9. Contours begin at
4σ and subsequent contours are at every additional 2σ, with 1σ=36 μJy. The
emission interior to the ring does not drop to zero, but rather falls to a 4σ level
at the inner edge of the ring. At the center of the ring the emission rises to a 6σ
level. This may indicate the presence of material remaining in the cleared-out
region.
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The Astrophysical Journal Letters, 840:L12 (5pp), 2017 May 10 Sheehan & Eisner

HD163296

Isella et al. (2016)L14-2 M. Fukagawa et al. [Vol. 65,

Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

Cycle 0. The maximum and minimum baselines were 380 m
and 20 m, respectively, and the latter corresponded to the
largest angular scale of the detectable component of 1000. The
observations reported in this letter consisted of four scheduling
blocks over the period from 2012 June to August. The corre-
lator was configured to store dual polarizations in four separate
spectral windows with a bandwidth of 469 MHz and with
3840 channels, providing a channel spacing of 0.122 MHz
(0.11 km s"1). Note that the effective spectral resolution is
lower by a factor of # 2 (#0.2 km s"1) because of Hanning
smoothing. The central frequencies for these four windows are
330.588, 329.331, 342.883, and 342.400 GHz, respectively,
allowing us to observe molecular lines of 13CO J = 3–2,
C18O J = 3–2, and CS J = 7–6. The results of the CS obser-
vations will be reported elsewhere. The quasars 3C 279 and
QSO J1924"2914 were targeted as bandpass calibrators, whereas
the amplitude and phase were monitored through observations
of the quasar QSO B1424"41. The absolute flux density was
determined from observations of Titan and Neptune.

The data were calibrated and analyzed by using the Common
Astronomy Software Applications package, version 3.4. After
flagging the aberrant data and calibrating the bandpass, gain,
and flux scaling, the corrected visibilities were imaged and
deconvolved by using the CLEAN algorithm with Briggs
weighting with a robust parameter of 0.5. In addition, to
improve the sensitivity and image fidelity, the self-calibration
was performed for the continuum the distinct structure of
which was detected with a very high signal-to-noise ratio
(S=N ). We started with the CLEAN-ed image as an initial
model of the source brightness distribution. The phase alone
was first corrected via six iterative model refinements; then, the
calibration was obtained for the phase-plus-amplitude without
iteration. The solution for the continuum was applied to 13CO
and C18O data. The final CLEANing was performed with
Uniform weighting for both the continuum and emission lines.
The self-calibration reduced the fluctuation in the continuum to
a level that 2–3 times the brightness of the theoretical thermal
origin can account for, resulting in clear detection of compact
emission at the stellar position.

Uncertainty associated with the absolute flux density is 10%.

Fig. 2. Moment 0 (left) and 1 (right) maps in 13CO (upper) and C18O
J = 3–2 (lower). The contours in the left panels show the 5 " levels.
In the right panels, the first moment maps are presented for the emis-
sion detected above 5 " . The contours for the integrated intensity are
overplotted, starting from 5 " and increasing by 5 " steps. The cross
in each panel denotes the position of the central star. The synthesized
beam size is displayed with a white ellipse in each panel, and is 0:0043
! 0:0037 with a PA of 50ı for both 13CO and C18O.

Fig. 3. Peak-intensity maps of 13CO (left) and C18O J = 3–2 (right).
The peak intensity denoted by color includes the underlying continuum.
The white contour shows the 5 " level. Tb for the continuum is also
plotted with black contours, indicating 5, 10, 15, and 20 K. The cross
denotes the stellar position. The faint armlike feature is seen in the
13CO map in the northwest at the disk outer edge, which corresponds
to the arm detected in scattered light (Fukagawa et al. 2006).

The synthesized beam size for the continuum is 0:0039 ! 0:0034 at
a position angle (PA) of 57ı for the major axis; those for 13CO
and C18O are 0:0043 ! 0:0037 at PA = 50ı. The rms noise is
0.19 mJy beam"1 for the continuum, whereas they are 12 and
15 mJy beam"1 in the 0.11 km s"1 wide channels for the line
emission of 13CO and C18O, respectively. Since the positional
information was lost in the self-calibration, we determined that
the stellar position is the brightness centroid of the compact
continuum detected at around the stellar coordinates.

3. Results

3.1. Continuum at 336 GHz

3.1.1. Outer disk
Figure 1 shows the continuum emission at 336 GHz

(890 !m). The outer disk was readily detected, and the total

HD 142527WL 17

Fukagawa et al. (2013)Perez et al. (2016)

Sheehan& Eisner (2017)

Atacama Large Millimeter/submillimeter Array 
  電波干渉計で宇宙のガスやダストを撮像する
（下の画像は原始惑星系円盤のダストの分布）

演習の目標とスケジュール
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【目標】
原始惑星系円盤の中でのダストの “落下運動” を理解し、 
これが微惑星の形成にどのような影響を与えるかを調べる。

【スケジュール】 

● 第1回 
  原始惑星系円盤のモデルを自作する

● 第2回 
 ガス円盤の中でのダストの落下を導出する

● 第3回，第4回 
 ダストの運動と合体成長を同時に数値計算する　　

今日の演習： 円盤モデルを自作する
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中心の星

Testi et al. (2014)

原始惑星系円盤

ガス円盤の中
のダスト

ダストの
観測手段

● 原始惑星系円盤（ガス＋ダスト）の密度分布を知りたい 
  (これがないと惑星形成の計算はできない！)

● 方法： 理論計算, 天文観測から推定, 太陽系から推定, …

原始惑星系円盤の密度と面密度
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原始惑星系円盤 
（断面図）

星
r

z ρ(r,z) Σ(r)

● 物質の面密度 Σダスト, Σガス を以下で定義する：


　これは円盤の単位面積あたりに含まれる物質の質量を表す。

z: 円盤の厚み方向の座標

● 物質の密度分布 ρダスト, ρガス  (単位体積あたりの質量)

円盤の垂直方向の構造は、理論的に簡単に求められる。

⇒ Σ(r) さえわかれば、ρ(r,z) もわかる。

Q: 円盤の総ガス質量 Mガス は、Σガス(r) を用いてどのように書けるか？



“最小質量” 太陽系星雲モデル
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(Weidenschilling 1977b; Hayashi 1981)

現在の太陽系

「原始太陽系星雲」 
（太陽系のもととなった原始惑星系円盤）

再構築

再構築の際の仮定 (単に便宜のため):

- 円盤の中の固体は、すべて惑星に取り込まれた
-  固体や惑星の軌道は、大規模に移動しなかった 
（= 惑星は、現在の軌道付近の固体を集めてできた）

- 円盤のガスの質量は、固体の質量の 100倍 だった

現在の太陽系データ
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岩波講座 地球惑星科学12『比較惑星学』 p.142

1 au = 1.5×1013 cm 1 ME = 6.0×1027 g

最小質量ダスト円盤の自作の手順
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1. 各惑星の固体部分の質量 M固体,i  (i = 水,金,地,火,…) を仮定せよ。 
(あとの便宜のため、単位は g にしよう) 

2. 各惑星の材料があった軌道領域（feeding zoneと呼ぶ）の幅 Δai を決めよ。 
(あとの便宜のため、単位はcmにしよう) 

3. Δai は惑星の軌道長半径 ai より十分小さく、かつ各feeding zone の中での面密
度は一様であるとする。各feeding zone中のダストの総質量が対応する惑星の 
M固体,i と等しいとおいて、各feeding zoneのダスト面密度 Σダスト,i を決めよ。 

4. 次頁の対数グラフ上に (ai, Σダスト,i) をプロットし、直線をフィットすることで 
Σダスト が軌道長半径 a のおよそ何乗に比例するかを調べよ。

Δa木星

M固体,木星

宿題
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1. 自作した Σダスト(r) から、ガス円盤の面密度 Σガス(r) を求め
よ。単位は g cm–2 とする。 

2. 円盤の外縁半径を rout = 30 au とする。ガス円盤の総質量 M
ガス を求めよ。単位は太陽質量とする。  
(内縁半径は0としてよい。多分発散しないはず。) 

3. ガス円盤の厚み H(r) は、r の5%であるとする。ガス円盤の
密度 ρガス(r) を求めよ。単位は g cm–3 とする。円盤は垂直
方向に一様であるとしてよい。 

4. 円盤のガス面密度および密度を、地球大気の面密度および
密度と比べてみよ (ヒント: 地球大気の厚み ≈ 8 km)

結果はすべて有効数字1桁で良い


