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HD169142の紹介
質量：太陽の2倍

年齢：600万年程度
やや年齢が古い，水素核融合
を起こす前段階にある星　
（前主系列星）

地球からの距離：470光年

過去の観測
回転するガス円盤の存在
星近傍に半径約20天文単位
(20AU)の“穴”がある間接証拠
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天球面上のHD169142の位置

いて座

（南斗六星）
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HiCIAOの特徴(1) 
コロナグラフ

地球大気による像の揺らめきを
高い精度・実時間で補正できる
新 型 の 補 償 光 学 シス テム
(AO188)と連動

差分光学系（光を途中で2成分
に分け，両者の共通成分や差を
取得する光学系）を採り入れ，
装置起源の画像の劣化を最小化

かつてない小型なマスクにより
星のごく近傍(内域)領域まで，
円盤撮像や惑星探査が可能に
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AO188で
シャープになった光

瞳面

遮蔽板（マスク）により
星の光をブロックする

焦点（イメージ）面

星周辺にある
淡い光の画像が得られる

撮像面

マスクに起因する
回折光を遮断

リオ(Lyot)ストップ

コロナグラフ
の概念図



HiCIAOの特徴(2) 偏光の検出
円盤起源の波長が短い赤外線
＝星の光を散乱したもの

散乱光は「偏光」している

今回のHiCIAOによる観測　
差分光学を活用した偏光検出
円盤散乱光を効率良く撮像

以下，本発表で示す結果は，
偏光成分強度(PI)である
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光の
進行
方向
と直
交す
る

面内
での
電場
の振
動
振幅の大きさ

※光(電磁波)=電場と磁場の
振動が作る波

偏りなし
（無偏光）

直接光

散乱光

偏りあり
（直線偏光）散乱体

(円盤の塵)
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円盤からの　
赤外散乱光は…
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円盤からの　
赤外散乱光は…
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円盤からの　
赤外散乱光は…

・偏光している
・表面形状に関する情報
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すばるで得た偏光イメージ（波長1.6μm）
有効観測範囲： r > 0.2″ 
半径29AU以遠に対応

溝状構造： r = (0.35-0.6)″
半径 (51- 87) AUに対応

リング(内側と外側にあり)

回転対称から外れた構造
溝の中に明るい領域
リングの明るさに濃淡あり

※註）「+印」が星の位置，
黒丸がマスクに隠された部分。

“AU”は「天文単位」，″は「秒角」の意。
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解釈：星周構造の起源
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 これまで：星周円盤の存在，半径20AU程度の穴

 考えられていた二つの可能性
中心星からの紫外線やX線により，円盤ガスが光蒸発によって散
逸し，内側に穴が生じている
観測的に直接確認できない程度の小天体（原始惑星）によって
円盤物質が撹拌→掃き寄せ→星へ落ち込み

今回の新発見：半径29AU以遠に回転対称/180°対称
から著しくずれた構造

 光蒸発では作り難く，惑星の存在を強く示唆
 半径20AU以内(マスク背後)，および溝の間(51-87 AU)？



進化の流れ

HD169142の位置づけ
～他の天体との比較～
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HD169142

ぎょしゃ座AB星

拡大図
© Hashimoto, J./国立天文台 (2011)

惑星？

がか座β星

© Lagrange, A.-M,/
欧州南天天文台 (2009)

HR4796A

© Thalmann C./国立天文台 (2011)

若い前主系列星
“活動的”原始惑星系円盤

主系列星
残骸円盤

古い前主系列星
“受動的”原始惑星系円盤
残骸円盤への遷移段階？



将来への波及効果：アルマ望遠鏡
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© ALMA (ESO/NAOJ/NRAO)/ J. Guarda (ALMA) 

ガスと塵粒子の分布を
より直接的に捉える
アルマが捉えるミリ波・
サブミリ波は円盤物質　
自身の放射が見える
最近傍の原始惑星系円盤
に対し，~1AUの解像度

© Wolf & D’Angelo 
(2005), ALMA Web 
Pageより

原始惑星がある
円盤を観測したときの
シミュレーション

ALMA近影

☞ 惑星存在の直接検証，
その形成過程の解明へ

原始惑星

溝
非対称な
リング



まとめ
 Subaru/HiCIAOによる新たな結果

 円盤内域の様子を明瞭に捉えた

 半径 29AU 以遠に，非対称な溝やリングを発見
 惑星存在の可能性を強く示唆
 疑わしい領域：半径 20AU 以内（マスクの背後），　　
および　半径 51AU-87AU（溝）の間

 アルマ望遠鏡による今後の観測
 形成途上の惑星系を直接捉える時代へ
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以下，参考資料
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リンク
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SEEDS Project（すばる望遠鏡に搭載した惑星探査カメラHiCIAOを用いた，　　
太陽系外惑星と円盤を探査する国際共同プロジェクト）

概要: http://seeds.mtk.nao.ac.jp/seeds/SEEDS_Project/TOP.html

関連する過去の記者発表
　(HR4796A) http://subarutelescope.org/Pressrelease/2011/12/29/j_index.html

(ぎょしゃ座AB星) http://subarutelescope.org/Pressrelease/2011/02/17/j_index.html

(GJ 758) http://subarutelescope.org/Pressrelease/2009/12/03/j_index.html

ALMA プロジェクト

ALMA Japan  http://alma.mtk.nao.ac.jp/j/

関連する科学研究費：新学術領域研究「太陽系外惑星の新機軸：地球型惑星へ」
http://exoplanets.astron.s.u-tokyo.ac.jp/

この観測研究は，すばる望遠鏡とHiCIAO/AO188を用いた
太陽系外惑星と円盤を探査する国際共同プロジェクト(SEEDS Project)

の一環として実施されました。

http://seeds.mtk.nao.ac.jp/seeds/SEEDS_Project/TOP.html
http://seeds.mtk.nao.ac.jp/seeds/SEEDS_Project/TOP.html
http://subarutelescope.org/Pressrelease/2011/12/29/j_index.html
http://subarutelescope.org/Pressrelease/2011/12/29/j_index.html
http://subarutelescope.org/Pressrelease/2011/02/17/j_index.html
http://subarutelescope.org/Pressrelease/2011/02/17/j_index.html
http://subarutelescope.org/Pressrelease/2009/12/03/j_index.html
http://subarutelescope.org/Pressrelease/2009/12/03/j_index.html
http://alma.mtk.nao.ac.jp/j/
http://alma.mtk.nao.ac.jp/j/
http://exoplanets.astron.s.u-tokyo.ac.jp
http://exoplanets.astron.s.u-tokyo.ac.jp


（参考）電波によるガスの観測
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一酸化炭素分子(CO)が出す
波長1.3mm電波輝線の観測

SMA（サブミリ波干渉計）　
による

ガス円盤中の視線速度分布
（右図）
赤：星を基準に遠ざかる運動
→青：星を基準に近づく運動
星周囲の公転運動（回転）で
良く説明される

220 O. Panić et al.: Gas and dust mass in the disc around the Herbig Ae star HD 169142

Fig. 1. Integrated intensity (contours) and first moment maps (colour scale) of 12CO J = 2−1 (left panel, from Raman et al. 2006), 13CO J = 2−1
(middle panel) and C18O J = 2−1 line (right panel). Contours are 1, 2, 3, ... × 200 mJy beam−1 km s−1 for 12CO and 13CO, and 1, 2, 3, ... ×
100 mJy beam−1 km s−1 for C18O. The integrated intensity and first moment maps are obtained over a velocity range of 5.6−8.4 km s−1. The data
were clipped at 0.7, 0.5, and 0.35 Jy beam−1 for 12CO, 13CO, and C18O, respectively.

Raman et al. (2006) spatially resolve the disc and find a fit to
the CO J = 2−1 line and 1.3 mm continuum observations by
adopting a flared accretion disc model with a 235 AU radius
and a 13◦ inclination from face on. Observations at optical, IR,
and (sub)millimetre wavelengths allowed modelling of the disc’s
spectral energy distribution (SED) (Malfait et al. 1998; Dominik
et al. 2003; Dent et al. 2006). Malfait et al. (1998) fitted the near-
infrared and far-infrared excess of HD 169142 by two disc com-
ponents: an inner disc extending from 0.5 AU to 1 AU with a
density exponent of 2.0 and the outer disc from 28 AU with a
flatter density distribution. Dominik et al. (2003) adopt a low
inclination of 8◦, outer radius of 100 AU, and surface density
exponent p = 2 to fit the SED, and therefore derive a disc mass
of 0.1 M$. A more detailed SED modelling is done by Dent et al.
(2006) where both the SED and resolved 7 mm continuum emis-
sion were fitted using an accretion disc model (D’Alessio et al.
2005) corresponding to a 10 Myr old A2 spectral type star. They
adopt an inclination of 30◦ and outer radius of 300 AU, and de-
rive a disc mass of 4 × 10−2 M$. Grady et al. (2007) fit the SED
and NICMOS image at 1.1 µm with a model consisting of two
distinct disc components – the inner disc from 0.15 to 5 AU ra-
dius and the outer disc extending from 44 to 230 AU. It is impor-
tant to stress that all the above mass estimates of the disc around
HD 169142 are based solely on the observed dust emission, and
not gas.

This paper presents resolved interferometric observations of
the 13CO and C18O J = 2−1 lines from HD 169142. The ob-
servations and results are shown in Sects. 3 and 4. Section 4
introduces the disc model we adopt (D’Alessio et al. 2005; Dent
et al. 2006; Raman et al. 2006) and our fit to the 1.3 mm data pro-
viding a measure of the minimum dust mass of the disc. We fit
the 13CO and C18O emission, thereby deriving the correspond-
ing 13CO and C18O mass in the disc. We place constraints on
the total gas mass of the disc. We discuss the implications for
the gas-to-dust ratio and micro-turbulence in the disc. Section 5
summarises our findings.

3. Observations and results

The observations of HD 169142 were carried out with the
Submillimeter Array1 (SMA) on 2005 April 19, simultaneous

1 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of

with the observations of 12CO J = 2−1 line presented in Raman
et al. (2006). A more detailed description of the observations
and of the calibration procedure is given there. The correlator
provided 2 GHz of bandwidth in each sideband and was config-
ured to include the 13CO J = 2−1 line at 220.3986765 GHz and
the C18O J = 2−1 line at 219.5603568 GHz in the lower side-
band in a 104 MHz wide spectral band with channel spacing of
0.2 MHz (∼0.26 km s−1).

The data reduction and image analysis were done with the
Miriad data reduction tools (Sault et al. 1995). The (u, v) data
were Fourier transformed using natural weighting. The resulting
synthesized beam size is 1.′′4 × 1.′′0 (PA = 26◦). The rms of the
line images is 180 mJy beam−1 per channel or 4.6 K (4.8 K for
12CO).

Emission of 13CO and C18O J = 2–1 was detected from
the HD 169142 circumstellar disc. Figure 1 shows the intensity
weighted velocity maps with overlaid integrated intensity con-
tours for both lines as well as the previously published 12CO J =
2−1 line (Raman et al. 2006). The intensity integrated over the
velocity range from 5.6 to 8.4 km s−1, in which the line emission
is fully contained, and over the central 4′′ × 4′′ region is 12.1,
6.5 and 2.7 Jy km s−1 for 12CO, 13CO and C18O J = 2−1 line, re-
spectively. All three lines follow a similar velocity pattern, inter-
preted as a clear indication of Keplerian rotation around a 2 M$
star of a disc seen at 13◦ inclination (Raman et al. 2006; this
work). Figure 2 shows the 12CO, 13CO and C18O J = 2−1 line
spectra summed over a 4′′ × 4′′ region centred on the HD 169142
position. The profiles are relatively symmetric, double-peaked,
and centered on 7.1 ± 0.2 km s−1 and reflecting the underlying
rotation pattern. The 12CO and 1.3 mm results were presented
by Raman et al. (2006). They report a 1.3 mm line flux of 169 ±
5 mJy. In Fig. 3 the emission stucture is shown over a range of
velocities corresponding to the 13CO J = 2−1 line (top panel).
The emission extends to 2′′ (270 AU) from the star at a 2σ level
and shows a Keplerian velocity pattern. Figure 4 presents the
channel maps of the C18O J = 2−1 line (top panel) with a kine-
matic structure similar to that of the 13CO J = 2−1 line seen in
Fig. 3. The 2σ level emission reaches 1.′′5 (220 AU) from the
star. At 7.4 km s−1 a localised emission peak of 0.94 ± 0.35 Jy
is seen 1.′′0 north from the star.

Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica.
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Fig. 1. Integrated intensity (contours) and first moment maps (colour scale) of 12CO J = 2−1 (left panel, from Raman et al. 2006), 13CO J = 2−1
(middle panel) and C18O J = 2−1 line (right panel). Contours are 1, 2, 3, ... × 200 mJy beam−1 km s−1 for 12CO and 13CO, and 1, 2, 3, ... ×
100 mJy beam−1 km s−1 for C18O. The integrated intensity and first moment maps are obtained over a velocity range of 5.6−8.4 km s−1. The data
were clipped at 0.7, 0.5, and 0.35 Jy beam−1 for 12CO, 13CO, and C18O, respectively.

Raman et al. (2006) spatially resolve the disc and find a fit to
the CO J = 2−1 line and 1.3 mm continuum observations by
adopting a flared accretion disc model with a 235 AU radius
and a 13◦ inclination from face on. Observations at optical, IR,
and (sub)millimetre wavelengths allowed modelling of the disc’s
spectral energy distribution (SED) (Malfait et al. 1998; Dominik
et al. 2003; Dent et al. 2006). Malfait et al. (1998) fitted the near-
infrared and far-infrared excess of HD 169142 by two disc com-
ponents: an inner disc extending from 0.5 AU to 1 AU with a
density exponent of 2.0 and the outer disc from 28 AU with a
flatter density distribution. Dominik et al. (2003) adopt a low
inclination of 8◦, outer radius of 100 AU, and surface density
exponent p = 2 to fit the SED, and therefore derive a disc mass
of 0.1 M$. A more detailed SED modelling is done by Dent et al.
(2006) where both the SED and resolved 7 mm continuum emis-
sion were fitted using an accretion disc model (D’Alessio et al.
2005) corresponding to a 10 Myr old A2 spectral type star. They
adopt an inclination of 30◦ and outer radius of 300 AU, and de-
rive a disc mass of 4 × 10−2 M$. Grady et al. (2007) fit the SED
and NICMOS image at 1.1 µm with a model consisting of two
distinct disc components – the inner disc from 0.15 to 5 AU ra-
dius and the outer disc extending from 44 to 230 AU. It is impor-
tant to stress that all the above mass estimates of the disc around
HD 169142 are based solely on the observed dust emission, and
not gas.

This paper presents resolved interferometric observations of
the 13CO and C18O J = 2−1 lines from HD 169142. The ob-
servations and results are shown in Sects. 3 and 4. Section 4
introduces the disc model we adopt (D’Alessio et al. 2005; Dent
et al. 2006; Raman et al. 2006) and our fit to the 1.3 mm data pro-
viding a measure of the minimum dust mass of the disc. We fit
the 13CO and C18O emission, thereby deriving the correspond-
ing 13CO and C18O mass in the disc. We place constraints on
the total gas mass of the disc. We discuss the implications for
the gas-to-dust ratio and micro-turbulence in the disc. Section 5
summarises our findings.

3. Observations and results

The observations of HD 169142 were carried out with the
Submillimeter Array1 (SMA) on 2005 April 19, simultaneous

1 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of

with the observations of 12CO J = 2−1 line presented in Raman
et al. (2006). A more detailed description of the observations
and of the calibration procedure is given there. The correlator
provided 2 GHz of bandwidth in each sideband and was config-
ured to include the 13CO J = 2−1 line at 220.3986765 GHz and
the C18O J = 2−1 line at 219.5603568 GHz in the lower side-
band in a 104 MHz wide spectral band with channel spacing of
0.2 MHz (∼0.26 km s−1).

The data reduction and image analysis were done with the
Miriad data reduction tools (Sault et al. 1995). The (u, v) data
were Fourier transformed using natural weighting. The resulting
synthesized beam size is 1.′′4 × 1.′′0 (PA = 26◦). The rms of the
line images is 180 mJy beam−1 per channel or 4.6 K (4.8 K for
12CO).

Emission of 13CO and C18O J = 2–1 was detected from
the HD 169142 circumstellar disc. Figure 1 shows the intensity
weighted velocity maps with overlaid integrated intensity con-
tours for both lines as well as the previously published 12CO J =
2−1 line (Raman et al. 2006). The intensity integrated over the
velocity range from 5.6 to 8.4 km s−1, in which the line emission
is fully contained, and over the central 4′′ × 4′′ region is 12.1,
6.5 and 2.7 Jy km s−1 for 12CO, 13CO and C18O J = 2−1 line, re-
spectively. All three lines follow a similar velocity pattern, inter-
preted as a clear indication of Keplerian rotation around a 2 M$
star of a disc seen at 13◦ inclination (Raman et al. 2006; this
work). Figure 2 shows the 12CO, 13CO and C18O J = 2−1 line
spectra summed over a 4′′ × 4′′ region centred on the HD 169142
position. The profiles are relatively symmetric, double-peaked,
and centered on 7.1 ± 0.2 km s−1 and reflecting the underlying
rotation pattern. The 12CO and 1.3 mm results were presented
by Raman et al. (2006). They report a 1.3 mm line flux of 169 ±
5 mJy. In Fig. 3 the emission stucture is shown over a range of
velocities corresponding to the 13CO J = 2−1 line (top panel).
The emission extends to 2′′ (270 AU) from the star at a 2σ level
and shows a Keplerian velocity pattern. Figure 4 presents the
channel maps of the C18O J = 2−1 line (top panel) with a kine-
matic structure similar to that of the 13CO J = 2−1 line seen in
Fig. 3. The 2σ level emission reaches 1.′′5 (220 AU) from the
star. At 7.4 km s−1 a localised emission peak of 0.94 ± 0.35 Jy
is seen 1.′′0 north from the star.

Astronomy and Astrophysics and is funded by the Smithsonian
Institution and the Academia Sinica.

※1AU(=1天文単位)は
太陽と地球の平均距離

(Panić 他 2008 

Astronomy & Astrophysicsを改変)



（参考）HD169142が放射する電磁波エネルギーの波長依存性
（エネルギースペクトル分布）から推定されていた円盤の構造
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G. Meeus et al.: Gas in the protoplanetary disc of HD 169142: Herschel’s view

Fig. 2. Best fit with MCFOST to the observed data. Shown is the pho-
tometry obtained from the literature (black), Spitzer IRS spectrum (red),
PACS photometric observations (blue crosses), and PACS continua de-
rived from the spectroscopic observations (red crosses). The green line
represents the best MCFOST model, in red the atmosphere model. The
blue dot-dashed and pink dashed lines are the contributions (scattered
light and thermal emission) from the inner and outer disc, respectively.

Table 2. Parameters of the best fitting dust model.

Parameter Inner Disc Outer Disc
rin (AU) 0.1 20
rout (AU) 5 235
surface dens. exp ε –1.0 –1.0
flaring exponent β 1.05 1.00
ref. scale height h0 0.07 AU @ 1 AU 12.5 AU @ 100 AU
Mdust (M!) 2 × 10−9 1.5 × 10−4

fPAH 0 0.03

We reproduce the 1.3 mm emission with a dust mass of 1.5 ×
10−4 M! with a grain size distribution1 between amin = 0.03 µm
and amax = 1 cm. The weak emission around 10 µm implies that
there is a discontinuity in the disc τ = 1 surface, possibly due to a
shadowed area or a gap. In this paper, we explore a solution with
a gap. For the dust composition, we use a mixture of 70% sil-
icates (Draine et al. 2003) and 30% amorphous carbon (ACAR
sample; Zubko et al. 1996), and calculate the effective optical in-
dex with the Bruggeman mixing rule. The strong PAH features
around 10 µm can be reproduced with a low PAH abundance due
to the low continuum emission in that region. We modelled the
emission with a single grain-size (54 carbon atoms, positively
ionised) and assume that the PAHs are uniformly distributed in
the outer disc. We did not try to reproduce in detail the various
bands observed with IRS, but rather constrain their abundance.
We obtain MPAH/Mdust = 5 × 10−4, corresponding to fPAH = 0.03
(where fPAH is the uniform PAH abundance relative to a stan-
dard ISM abundance of 10−6.52 PAH particles/H-nucleus, mPAH =
667 amu, and gas/dust = 100).

In Fig. 2 we show the best fitting model on top of the SED.
Our model provides good constraints on the outer disc (mid-, far-
IR and mm emission): dust mass, scale height, flaring index and
surface density profile, as well as dust properties and amount
of PAHs. However, the inner disc (near-IR emission) remains
poorly constrained. We tried to improve the fit by moving the
inner radius closer to the star (rin = 0.06 AU), but then the tem-
perature is too high (2400 K) for dust, even carbon, to survive.
Because we lack simultaneous visible and near-IR photometry

1 Note that for these size distribution parameters, only 31.5% of the
dust mass is in grains ≤1 mm, the rest (68.5%) is in larger grains.

Table 3. Predicted line fluxes for different models, compared with the
observed fluxes.

Model #1 Model #2 Model #3 Observed
gas/dust 1 100 33 –
fPAH 0.01 0.0055 0.0087 –
fUV 0.005 0.0 0.0 –

Line Line Fluxes [10−18 W/m2]
[OI] 63.2 µm 154 71.6 71.6 71.7
[OI] 145.5 µm 5.17 10.1 7.01 <10.4
[CII] 157.7 µm 4.58 0.04 0.06 <6.4
o-H2O 179.5 µm 5.66 5.15 1.76 <8.8
12CO 2→ 1 0.060 0.092 0.093 0.093
13CO 2→ 1 0.011 0.059 0.048 0.048
12CO/13CO 5.69 1.55 1.92 1.94

Notes. The best fit is obtained by model #3. All models in this table
have turbulent line broadening vturb = 0.15 km s−1.

as well as spatially resolved near-IR data, we did not further im-
prove the fit to the inner disc. However, as most of the mid-IR
and mm lines originate from the outer disc, this is not critical for
the present paper.

4.2. Gas and line modelling
The best model reproducing the continuum observations is now
fed into the gas thermo-chemical code PDM (Woitke et al.
2009) to calculate the chemical and gas temperature structure
in the disc and to predict the line fluxes, following the pipeline
described in Woitke et al. (2010; see their Fig. 1). This fi-
nal modelling step has additional free parameters such as the
dust/gas ratio. We computed models for the following param-
eters: gas/dust mass ratio ∈ [1, 100], turbulent broadening with
vturb ∈ [0, 0.15] km s−1, PAH abundance fPAH ∈ [0, 0.06] and stel-
lar UV excess fUV = LUV/L$∈ [0, 0.005] (for details, see Woitke
et al. 2010). Due to the stellar UV irradiation, the models gen-
erally result in disc surface-layers where the gas is warmer than
the dust. Table 3 shows the calculated line fluxes for a few se-
lected models. An important result from our modelling effort is
that the gas heating by PAHs plays a central role for the line
flux predictions, in our case useful for the temperature sensitive
[OI] 63.2 µm line. For each selection of the parameters dust/gas
and fUV, we tuned the PAH abundance until a fit with the ob-
served [OI] 63.2 µm line flux was obtained, if possible. However,
models with UV excess fUV = 0.005 result in a much too hot gas
and hence too strong gas emission lines, even for fPAH = 0, and
even if we decrease gas/dust→ 1, as in model #1. For the stan-
dard ratio gas/dust = 100, we found model #2, which fits the
[OI] 63.2 µm and 12CO line fluxes, but the 13CO line is slightly
too high (2.5 sigma). A better fit is obtained with gas/dust = 33
(model #3), which simultaneously fits all three detected lines,
and agrees with all other line upper limits. However, we empha-
sise that apart from the uncertainties in the observations, system-
atic uncertainties in the physical description of various chem-
ical and radiative processes in the models render a proper gas
mass determination difficult. The observational uncertainty in
the 13CO line flux – which appears to be a dominant gas mass
tracer – translates to a ratio range gas/dust = 22 to 50. An in-
crease of the [OI] 63.2 µm flux by 40% (to account for the cali-
bration uncertainty and match the photometry) would indicate a
higher gas temperature. In our modelling, this is best interpreted
by a larger PAH abundance ( fPAH = 0.02), as the other more rel-
evant parameter, fUV, is constrained by the non-detection of the
[CII] 157.7 µm line.

The spatial distribution of the 12/13CO molecules predicted
by our chemical model is consistent with the interferometric
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観測波長温度
低高

放射の波長 長短

円盤構造とエネルギースペクトルの関係 HD169142の場合

×印：観測で得られたデータ
（以下，理論モデル計算）

・赤：星本体からの放射成分
・青：内側円盤 (半径 0.1-5 AU,  地球質量の7%程度)

・桃色：外側円盤 (半径20-235 AU,  太陽質量の約2%)

  (Meuus 他 2010 Astronomy & Astrophysics を改変)

・中間赤外線(10μm付近)で放射の凹みがあり 
← 半径20AU程度の穴の間接証拠（その中に

半径5AU程度の希薄な円盤が存在）
・今回：穴の外側（> 29AU）の領域に対し，
その詳細構造を初めて明らかにした。


