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Transition Disk
• 近/中間赤外線フラックスの減少
• 円盤内側の穴構造を示唆

• 円盤進化・惑星系形成の理解へのキーとなる天体
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Figure 9
The diversity of transition disk spectral energy distributions (SEDs). (a) A weak-excess, anemic, or homologously depleted disk has a
significant flux decrement at all mid-IR wavelengths relative to the T Tauri SED. (b) A cold disk or classical transition disk displays
excess emission above the photosphere only at mid-IR wavelengths and beyond. (c) A cold disk with little near-IR emission and a strong
10-µm silicate feature. (d ) A cold disk with near-IR excess emission. This can also be considered a pretransition disk because its SED
can be modeled with an optically thin gap separating optically thick inner and outer disk components. Figure adapted from Najita,
Strom & Muzerolle (2007).

luminosity effect rather than an evolutionary one. Because M-type stars are much fainter and
cooler than solar-type stars, they may present weak mid-IR excess emission even if the disk extends
into the dust sublimation radius (Ercolano, Clarke & Robitaille 2009).

The relatively small number of objects seen in a transition stage suggests that the evolutionary
path through a transitional disk is either uncommon or rapid. However, observations show that
an IR excess at a given wavelength is always accompanied by a larger excess at longer wavelengths,
out to ∼100 µm. This implies that, unless some disks manage to lose the near-, mid-, and far-IR
excess at exactly the same time, the near-IR excess always dissipates before the mid-IR and far-IR
excesses do. No known process can remove the circumstellar dust at all radii simultaneously, and
even if grain growth or dynamical clearing does not produce an inner hole, photoevaporation by
the central star will do so once the accretion rate through the disk falls below the photoevaporation
rate. Therefore, it is reasonable to conclude that transition disks represent a common but relatively
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様々な理論モデルが提唱
↓

円盤の密度/温度分布と速度構造を
高分解能観測で明らかにする事が重要



SED v.s. Direct Imaging

Brown+2009

Rin=47AU

Rin=33AU

Rin=39AU

Rin(SED)=50AU

Rin(SED)=18AU

Rin(SED)=45AU



Transition Disk Obj.: Sz91

• 特徴的なSED [Romero+12]

• IR超過無し - Class III

• ~20µmに大きなdip

• ~100µmに超過

SpT:M0.5
M=0.49M⦿
t=5Myr
dM=10-10M⦿/yr
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..
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13CO(1-0) Nagoya 4m telescope
[Tachihara et al. 1998]

Lupus III
(d~200pc)

Sz91

- 大きな穴構造
- cold dustが多く残存



Transition Disk Obj.: Sz91
• AzTEC/ASTE 1.1mm 
survey[Kawabe+13]
• 近傍星形成領域のマッピングサ
ーベイ(Lup,Cha,Oph)

• 分解能~30”

• Sz91@1.1mm
• 27.2±6.0 mJy

• 観測領域内214個classIIIの中で
唯一の検出

Lup. I
30’

Lup. II

Lup. III

Lup. IV

Oph.

Lupus3 15’

Sz91

円盤構造は?
-> 高分解能観測へ



Observation
• Submillimeter Array
• 345GHz continuum: Compact and VEX

• 0.5-1.5” resolution

• CO(3-2) line: Compact

• 2-5” resolution

• HiCIAO/Subaru
• Ks-band polarized intensity

• ~0.2” resolution

• SEEDs project survey [Tamura+2009]

SMA

Subaru



SMA 345GHz連続波

• F(345GHz)=32.1±3.6 mJy

• ダスト円盤サイズ: Rout=170 AU

• 星の位置にピーク無し => ダストのdepletion/clearing
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(a) all UV (b) 50-600kλ

200AU 100AU

Fig. 1.— Cleaned maps of the 345 GHz continuum emission created by all UV data (a) and

50–600 kλ (b). The contours start at ±2σ with the intervals of 2σ, where 1σ =2.1 and 2.8

mJy beam−1 in (a) and (b), respectively. The red cross indicates the stellar position in each

panel. The synthesized beam sizes in HPBW are shown at the bottom-left corner in each

panel: 1.′′4× 1.′′0 with P.A.=−9.◦8 and 0.′′7× 0.′′3 with P.A.=13.◦0 for (a) and (b), respectively.

The blue box in the left panel indicates the area of the right panel.

1.4”
x
1.0”

0.7”
x
0.3”

1σ=2.1mJy/b 1σ=2.8mJy/b

0.43”



K-band Polarized Intensity(PI)
• 三日月状の放射
• 偏光角は中心対称に分布

• サブミリ波放射の内側に分布

• 南北にギャップ構造
• inner holeの存在を示唆

• サブミリ波とconsistent

• Rin=65AU, inc.=40deg.
• 楕円フィッティングより

– 15 –

(a) Ks-band PI + 345 GHz

100AU

(b) Ks-band PI + pol. angle

Fig. 4.— (a) Polarized intensity (PI) image with the Subaru telescope in the Ks band (color)

superposed on the 345 GHz continuum emission (contour) shown in Figure 1(b). The stellar

position is shown by the red cross. The best-fit ellipse is written by the yellow dashed

line. The inner are of 0.′′2 diameter (filled circle) is photometrically unreliable through PSF

subtraction process and is masked. (b) Polarization vector angle map superposed on the PI

image in the left panel.

Table 1. Parameters of the best-fit ellipses in Figure 4

Parameter Best-fit value Error

∆R.A.1 (′′) 0.03 0.04

∆Dec.1 (′′) 0.03 0.02

Major axis (′′) 0.33 0.02

Minor axis (′′) 0.25 0.08

Position angle (◦) 17.5 17.7

1Offset from the stellar position.
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superposed on the 345 GHz continuum emission (contour) shown in Figure 1(b). The stellar

position is shown by the red cross. The best-fit ellipse is written by the yellow dashed

line. The inner are of 0.′′2 diameter (filled circle) is photometrically unreliable through PSF

subtraction process and is masked. (b) Polarization vector angle map superposed on the PI

image in the left panel.

Table 1. Parameters of the best-fit ellipses in Figure 4

Parameter Best-fit value Error

∆R.A.1 (′′) 0.03 0.04

∆Dec.1 (′′) 0.03 0.02

Major axis (′′) 0.33 0.02

Minor axis (′′) 0.25 0.08

Position angle (◦) 17.5 17.7

1Offset from the stellar position.

円盤内側での散乱光



SMA CO(3-2)輝線

• 中心星付近にピーク
• 南北方向に速度勾配
• ダスト円盤長軸方向と
consistent

• 回転円盤を示唆
• Rout=420AU

• 1.5-6.1 km/s
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円盤構造: SEDフィッティング
• モデリング
• 2コンポーネントモデル
円盤 + inner hot component

• 円盤モデル: power-law profile 
[Kitamura+02]
• 柱密度分布: Σin(r/Rin)-p
• 温度分布:    Tin(r/Rin)-q
• g/d比: 100:1
• κν [Adams+1988]
• hot component: 単温graybody

– 22 –

 ∑
c 

[l
o

g
1

0
 g

 c
m

-2
]

-6

-4

-2

0

2

4

T
c
 [K]

50 100 150 200 250

13.5

14.0

14.5

15.0

15.5

red
u

ced
 χ

2

(a)

T
c
 [K]

50 100 150 200 250

Ω
c 

[l
o

g
1

0
 s

tr
]

-17

-16

-14

-12

-13

-15

(b) 13.5

14.0

14.5

15.0

15.5

red
u

ced
 χ

2

Ω
c 

[l
o
g

1
0
 s

tr
]

-17

-16

-14

-12

-13

-15

 ∑
c
 [log

10
 g cm-2]

-6 -4 -2 0 2 4

(c) 13.5

14.0

14.5

15.0

15.5

red
u
ced

 χ
2

Fig. 6.— Reduced χ2 distributions of the SED fitting in Tc-Σc(a), Tc-Ωc(b), and Σc-Ωc(c)

panels. The color scale shows the reduced chi2 value. The upper limit of Ωc was set to be

10−11.2 log str which is the solid angle of the dust inner hole.

Table 2. Fixed parameters in the SED fitting

Parameter Fixed Value

M! (M") 0.491

AV (mag) 2.01

Teff (K) 37241

Rin (AU) 65

Rout (AU) 170

i (degree) 40.0

p 1.5

q 0.5

1Hughes et al. (1994)
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円盤構造: SEDフィッティング
• 円盤放射で>70µmデータを再現

(既知の)Transition Diskの中
で最も軽い円盤 [Andrews+2011]

g/d=100:1
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Table 3. Best-fit parameters in the SED fitting

Parameter Value

Stellar parameters

R∗ (R") 1.29±0.03

T∗ (K) 4148±55

L∗ (L") 0.49±0.02

Cold outer disk

Tin (K) 32.5±3.9

Σin
1 (g cm−2) 0.67±0.03

β 0.5±0.1

Mdisk
1 (10−3 M") 2.4±0.8

1The surface density and the

disk mass are shown in the

gas+dust density and mass by as-

suming the gas-to-dust mass ra-

tio of 100.



円盤構造: SEDフィッティング
• Hot componentを追加
• ~20µmデータを再現

• ベストフィットとなる[Tc, 
Σc, Ωc]をχ2平面で探す
• 初期値を変えて6000 runs

円盤内側(inner hole)にhot dustが存在
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Hot component

• optically thin --- 186K, Mc=3x10-9 M⦿

• optically thick --- 172K, Mc>6x10-7 M⦿

min. χ2プロット

optically thin:Σc×Ωc=const.

optically thick: Ωc=const.
optically thin
186K

optically thick
172K



Implications of hot component 1

• 局所的な放射源がinner holeにある

• 周惑星系円盤

• 光学的に厚い周惑星系円盤とすると[e.g. 

D’Angelo+03]

• 幾何学的に薄い円盤であればΩc -> R~60R⦿

• 3-65AUのヒル半径より十分に小さい

• Tc=172 K



Implications of hot component 2

• 中心星に照らされたリング構造
• 単温graybodyによるSED再現
=>広がった円盤ではなく‘リング’構造

• Tc -> リングの位置 [円盤温度分布を外挿]

• R=2.0AU (optically thin: 186K)

• R=2.3AU (optically thick: 172K)

• Ωc -> リングの幅

• optically thin: dR>53AU

• optically thick: dR=0.01AU



Implications of hot component 2

• 中心星に照らされたリング構造
• 単温graybodyによるSED再現
=>広がった円盤ではなく‘リング’構造

• Tc -> リングの位置 [円盤温度分布を外挿]

• R=2.0AU (optically thin: 186K)

• R=2.3AU (optically thick: 172K)

• Ωc -> リングの幅

• optically thin: dR>53AU

• optically thick: dR=0.01AU R=2.3AUにある光
学的に厚いリング



Summary
• Transition disk(TD)天体Sz91の高分解能観測
• submm, NIR
• 円盤構造を空間分解
• 大きいinner hole(~65AU)

• 既知のTDの中では最も軽い円盤

• 穴内にhot dustが残存
• 周惑星円盤のような局所的な放射源

• 2.3AUにある光学的に厚いリング

• ALMA cycle1による高分解能&高感度観測へ
• 穴内におけるダストとガスの分布

• ガスの運動

進化したTD?


