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結晶質シリケイト問題
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惑星形成標準シナリオ

Q. 彗星内の結晶質シリケイトは、
(i) どこで結晶化したのか？
(ii) どのように彗星に混入したのか？　

結晶質シリケイト
 ・高温領域(円盤内縁部)で形成～数AU
彗星
 ・低温領域(円盤外縁部)で形成～20-30AU
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結晶質シリケイト問題

ダストが円盤表層部まで巻き上り、
輻射圧で飛んで行ったのではないか？
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惑星形成標準シナリオ

⇒　原始惑星系円盤内をダスト
　　が外向きに移動した? 

Q. 彗星内の結晶質シリケイトは、
(i) どこで結晶化したのか？
(ii) どのように彗星に混入したのか？　

結晶質シリケイト
 ・高温領域(円盤内縁部)で形成～数AU
彗星
 ・低温領域(円盤外縁部)で形成～20-30AU
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(I) Radial Motion of Dust Grain

動径方向の力の釣り合い(円筒座標系)

ダスト：

2 MODEL EQUATIONS

軸対称な円盤を仮定する。

2.1 Radial Component

Reference
Hughes & Armitage 2010, Takeuchi & Lin 2002,Takeuchi & Lin 2003,Takeuchi & Lin 2005

2.1.1 Gas Radial Dynamics

力の釣り合い。
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ガスは粘性に依る拡散によって進化する。

2.1.2 Dust Radial Dynamics
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ガス：

⇒ ケプラー回転より少し遅く回転 
ガス圧によるケプラー回転からのズレ：η

r

z
Φ

⇒ ケプラー回転より少し遅く回転
輻射圧によるケプラー回転からのズレ：β
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輻射圧

輻射圧

重力 遠心力

ガス圧

ダストの動径方向の運動は、、、
ガスとダストの回転方向の ”相対速度” が重要

輻射圧

重力 遠心力

ダスト

ガス
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ガス・ダスト間の相対速度 => 角運動量のやりとりが生じる
(i) β > η (ガスの方が速く回転) 
　ダストはガスからの”追い風”を受ける => 外側へ移動
(ii) β< η (ガスの方が遅く回転)
   ダストはガスからの”向かい風”を受ける => 内側へ移動
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ダストの動径方向の移動速度
(e.g. Takeuchi & Lin 2003 ) 
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↑V > 0
↓V < 0

(σ:ダストの断面積、m:ダストの質量)
12年11月30日金曜日
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Ts : ガスとダストのカップリングの程度を決める
Ts << 1 : Well Coupled
   ：ダストはガスと共に内側へ移動
Ts >> 1 : Decouple
   ：ダストはβ・ηの値によって内側 or 外側に移動

↑V > 0
↓V < 0

(σ:ダストの断面積、m:ダストの質量)
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乱流拡散

沈殿

円盤赤道面

 円盤上層部では沈殿が、赤道面付近では
乱流ガスによる巻き上げが卓越する.

(Dullemond & Dominik 2004)

(II) Vertical Motion of Dust Grain

2.2 鉛直成分
Reference

Dullemond & Dominik 2004

2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。
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2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。

100tsett = tstir (2.25)
tsett = tstir (2.26)

Ffric = −4
3
ρσvt∆v (2.27)

Fgrav = −mΩ2
Kz (2.28)

tsett =
4
3

σ

m

ρ(r, z)cs

Ω2
K

(2.29)

=
4
3

σ

m

ρ(r, 0)cs

Ω2
K

exp
(
− z2

2H2
g

)
(2.30)

tstir =
z2

D
=

z2Sc
ν

(2.31)

=
Sc

αΩK

z2

H2
g

(2.32)

tsett =
4
3

σ

m

ρg(r, z)cs

Ω2
K

(2.33)

tstir =
Sc

αΩK

z2

H2
g

(2.34)

Sc = 1 + St (2.35)

ρg(r, z) = ρ(r, 0) exp
(
− z2

2H2
g

)
(2.36)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.37)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.38)

4

→
Dust
Free

沈殿

ここで、ダストは Epstein則に従うと仮定 (ダストサイズは小さい。ミクロンくらい。)。σ/mは仮定するダ
ストによって違う。compact、porousそれぞれ

m

σ
=

4
3πρds3

πs2
=

4
3
ρds (2.13)

σ

m
=

3
4ρds

(2.14)

σ

m
=

1
ρdα

s2−D

s3−D
0

(2.15)

とかけるので、

Ts =
πρds

2Σg
(2.16)

Ts =
3παρds

8Σg

(
s

s0

)D−3

(2.17)

log α = −D

2
+ 0.7 (2.18)

となる。
またダストの拡散係数 Dp はガスの拡散係数 Dg とは Schmidt数で結ばれている。

Dp =
Dg

Sc
(2.19)

Sc =
(1 + T2

s )2

1 + 4T2
s

(2.20)

完全にカップルしたダストでは (TS << 1)Sc=1となりガスの拡散係数と一致し、デカップルしたダストでは
(TS >> 1)Scは 1より大きくなりガスの拡散に対して、ダストの拡散は弱まっていく。

ダストの速度について
Ts << 1、Ts >> 1という２つの場合において、

vd,r ∼ vg,r + (β − η)vKTs for well coupled (2.21)
vd,r ∼ (β − η)vKT−1

s for decoupled (2.22)

これは粒子サイズが無限に小さくなるような場合はガスと一致した運動となり、ガスのない場所ではダストは
たとえ輻射圧があったとしても動かないことを示している。結局、ダストの運動は無次元ストッピングタイム
Ts が重要。ここで、Ts に変わって、ダストの運動を制御する量としてストークス数 Stを導入。Stと Ts の関
係は

St =
3
4

m
σ

ΩK

ρgcs
(2.23)

Ts =
√

8
π

St (2.24)

で与えられる。一般に q = 1/2を仮定して議論する。

η はガスとダストの回転方向の速度差。β は輻射圧と重力の比。

3

ダスト
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Mukai et al. 1992

空隙を考慮した
2種類のダスト

BPCA
(Ballistic Particle Cluster Aggregate)

BCCA
(Ballistic Cluster Cluster Aggregate)

ここで、ダストは Epstein則に従うと仮定 (ダストサイズは小さい。ミクロンくらい。)。σ/mは仮定するダ
ストによって違う。compact、porousそれぞれ

m

σ
=

4
3πρds3

πs2
=

4
3
ρds (2.13)

σ

m
=

3
4ρds

(2.14)

σ

m
=

1
ρdα

s2−D

s3−D
0

(2.15)

とかけるので、

Ts =
πρds

2Σg
(2.16)

Ts =
3παρds

8Σg

(
s

s0

)D−3

(2.17)

log α = −D

2
+ 0.7 (2.18)

となる。
またダストの拡散係数 Dp はガスの拡散係数 Dg とは Schmidt数で結ばれている。

Dp =
Dg

Sc
(2.19)

Sc =
(1 + T2

s )2

1 + 4T2
s

(2.20)

完全にカップルしたダストでは (TS << 1)Sc=1となりガスの拡散係数と一致し、デカップルしたダストでは
(TS >> 1)Scは 1より大きくなりガスの拡散に対して、ダストの拡散は弱まっていく。

ダストの速度について
Ts << 1、Ts >> 1という２つの場合において、

vd,r ∼ vg,r + (β − η)vKTs for well coupled (2.21)
vd,r ∼ (β − η)vKT−1

s for decoupled (2.22)

これは粒子サイズが無限に小さくなるような場合はガスと一致した運動となり、ガスのない場所ではダストは
たとえ輻射圧があったとしても動かないことを示している。結局、ダストの運動は無次元ストッピングタイム
Ts が重要。ここで、Ts に変わって、ダストの運動を制御する量としてストークス数 Stを導入。Stと Ts の関
係は

St =
3
4

m
σ

ΩK

ρgcs
α2q−1 (2.23)

Ts =
√

8
π

St (2.24)

で与えられる。一般に q = 1/2を仮定して議論する。

η はガスとダストの回転方向の速度差。β は輻射圧と重力の比。

3

フワフワダストについてのmとσの比は

D : フラクタル次元、s : ダストサイズ
(Dが小さいほどフワフワしたダスト)

D≈2 (BCCA)
D≈3 (BPCA)

(III) Porous Aggregates Model
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今回行なった計算

Gas
・定常降着円盤の面密度+カットオフ＠20AU
・乱流粘性：αモデル (α=0.01)
・円盤鉛直方向に静水圧平衡＆等温

Dust
・Porous Dust(BPCA,BCCA)、ダスト半径 20 micron.
・様々なベータの値のもとで、ダスト速度が正となる境界の(R,Z)
・乱流による巻き上げの時間尺度が
    沈殿の時間尺度よりも短くなる境界の(R,Z)
を求め、ダストが外側へ移動し得る領域が存在する
ベータの臨界値を、BPCA, BCCAモデルについて調べた。

10-6

10-4

10-2

100

102

 0.1  1  10  100  1000

Su
rfa

ce
 D

en
si

ty
 [g

/c
m

2 ]

Distance from Central Star [AU]

Surface Density Evolution

gas :t=0

Radius[AU]

Surface Density [g/cm^2]
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β=0.01

β=0.02β=0.05β=0.1β=0.5
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z/

hg
RADIUS [AU]

BPCA with 20micron

tsett=tstir
beta=0.01
beta=0.02
beta=0.05

beta=0.1
beta=0.5

2.2 鉛直成分
Reference

Dullemond & Dominik 2004

2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。

100tsett = tstir (2.25)
tsett = tstir (2.26)

Ffric = −4
3
ρσvt∆v (2.27)

Fgrav = −mΩ2
Kz (2.28)

tsett =
4
3

σ

m

ρ(r, z)cs

Ω2
K

(2.29)

=
4
3

σ

m

ρ(r, 0)cs

Ω2
K

exp
(
− z2

2H2
g

)
(2.30)

tstir =
z2

D
=

z2Sc
ν

(2.31)

=
Sc

αΩK

z2

H2
g

(2.32)

ρg(r, z) = ρ(r, 0) exp
(
− z2

2H2
g

)
(2.33)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.34)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.35)

4

Radius[AU]

Z/
H
_g

Radius[AU]

β=0.1

2.2 鉛直成分
Reference

Dullemond & Dominik 2004

2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。

100tsett = tstir (2.25)
tsett = tstir (2.26)

Ffric = −4
3
ρσvt∆v (2.27)

Fgrav = −mΩ2
Kz (2.28)

tsett =
4
3

σ

m

ρ(r, z)cs

Ω2
K

(2.29)

=
4
3

σ

m

ρ(r, 0)cs

Ω2
K

exp
(
− z2

2H2
g

)
(2.30)

tstir =
z2

D
=

z2Sc
ν

(2.31)

=
Sc

αΩK

z2

H2
g

(2.32)

ρg(r, z) = ρ(r, 0) exp
(
− z2

2H2
g

)
(2.33)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.34)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.35)

4

・円盤上層部ほどガス密度が薄いため、外へ飛びやすくなる。
・円盤外側ほど密度が薄いため、外へ飛びやすくなる。
・BPCAダストのStirring層の高さはおよそ3.5スケールハイト＠1AU

RESULT
BPCA
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RESULT

β=0.02β=0.05

β=0.5

β=0.1

 2.5
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z/
hg

RADIUS [AU]

BCCA with 20micron

tsett=tstir
beta=0.01
beta=0.02
beta=0.05

beta=0.1
beta=0.5

β=0.01

Stirring層にいるダストを飛ばすには最低でも
BPCA β ～ 0.02
BCCA β ～ 0.05

程度が必要である.

BCCA

Radius[AU]
Z/

H
_g

・BCCAはフラクタル次元が
　小さいので巻き上りやすい。
・Stirring層の高さはおよそ
　4.5スケールハイト@1AU
・ガスとのカップリングが強い
　ためBPCAより飛びにくい。

2.2 鉛直成分
Reference

Dullemond & Dominik 2004

2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。

100tsett = tstir (2.25)
tsett = tstir (2.26)

Ffric = −4
3
ρσvt∆v (2.27)

Fgrav = −mΩ2
Kz (2.28)

tsett =
4
3

σ

m

ρ(r, z)cs

Ω2
K

(2.29)

=
4
3

σ

m

ρ(r, 0)cs

Ω2
K

exp
(
− z2

2H2
g

)
(2.30)

tstir =
z2

D
=

z2Sc
ν

(2.31)

=
Sc

αΩK

z2

H2
g

(2.32)

ρg(r, z) = ρ(r, 0) exp
(
− z2

2H2
g

)
(2.33)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.34)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.35)

4
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DISCUSSION : βの値

ダストサイズ・
フラクタル次元
から決まる

吸収・散乱係数
から決まる

・Compact・中心星=太陽を仮定
・Mie理論で計算
 (Porous Dust -> MG-Mie理論など)

Compact Silicate Dust

10μm feature

Dust Radius[μm]

Wavelength [μm]

β
Q
_p

r

20micron、Compactな
ダストのβの値 ≈ 0.04

2.2 鉛直成分
Reference

Dullemond & Dominik 2004

2.2.1 Settling vs. Stiring

ガスの鉛直方向は静水圧平衡を仮定。さらに、鉛直方向の等温も仮定。この場合、鉛直成分は沈殿 vs.巻き
上げのせめぎ合い。

100tsett = tstir (2.25)
tsett = tstir (2.26)

Ffric = −4
3
ρσvt∆v (2.27)

Fgrav = −mΩ2
Kz (2.28)

tsett =
4
3

σ

m

ρ(r, z)cs

Ω2
K

(2.29)

=
4
3

σ

m

ρ(r, 0)cs

Ω2
K

exp
(
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2H2
g

)
(2.30)

tstir =
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D
=

z2Sc
ν

(2.31)

=
Sc

αΩK
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(2.32)
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m

ρg(r, z)cs

Ω2
K

(2.33)

tstir =
Sc

αΩK

z2

H2
g

(2.34)

Sc = 1 + St (2.35)

ρg(r, z) = ρ(r, 0) exp
(
− z2

2H2
g

)
(2.36)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.37)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.38)

β =
Frad

Fgrav
(2.39)

= K
( σ

m

) ∫ ∞

0
λ−5Q∗

PR

{
exp

(
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λkT

)
− 1

}
dλ (2.40)

4
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Compact Silicate
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Temperature Contour
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2000K
3000K

100sett:BPCA
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DISCUSSION :シリケイトダストの結晶化

Murata et al. 2009

巻き上ったダストは周囲の
高温のガスによって表面が

結晶化される？

Nomura et al. 2007
300KZ/

H
_g

実験室でのシリケイト
の結晶化実験の結果

1000K

DUST FREE(BCCA)

DUST FREE(BPCA)

Radius[AU]

Dust Temperature[K]

Tim
escale [yr] 

4スケールハイト程度のガスの
温度は約1000[K]程度であり、

高温な状態となっている.

< 円盤内の温度分布 >

2000K

3000K

1000K
~ 1yr
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SUMMARY & FUTURE WORKS
・円盤内のStirring層にいるダストを輻射圧で飛ばすために必要な

βの値の下限値を見積もった. その結果は
BPCA β ≥ 0.02
BCCA β ≥ 0.05

・20ミクロンサイズのコンパクトなダスト(Silicate)の場合、
βの値はおよそ0.04程度である

・今後はBCCA・BPCAの場合のβの値を計算し、
モデルの妥当性を考察する. さらにこれらのダストが存在が
円盤の結晶質シリケイトの観測にどのような影響を与えるか

について調べる.
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フラクタル次元

粒子数

サイズ
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Location of the dust sublimation disk surface is calculated self-con-
sistently from the mutual exchange of infrared energy between 0.1-
mm and 2-mm grains, resulting in Rin 5 44.7R* (R* is the stellar
radius). Figure 2 shows the map of vertical radiation pressure on
2-mm grains and examples of grain trajectories. Results from this
detailed approach confirm the plausibility of my theoretical argu-
ments.

The ability of large grains to migrate along any disk curvature
makes this theory independent of the ongoing debate about the geo-
metrical structure of the inner disk region15. The popular view is that
the inner sublimation edge is puffed-up and curved17. The non-radial
pressure would affect dust dynamics under such a disk curvature in
the same way as in the numerical example above, except that indi-
vidual grains could decouple more easily from the inner disk and fly
towards outer disk regions owing to the disk’s self-shadowing20.

Grains pushed by radiation create an outflow that operates at
much shorter timescales than the local dust settling, because radi-
ation pressure is active in the region of lower gas density. In
Supplementary Information section 2, I provide an estimate of the
total amount of dust that flows outward in the disk surface layer. The
outflow strength and range depend on the ratio, b, of radiation force
tangential to the disk surface to the local gravity force (see
Supplementary Information section 1 for a detailed description):

b < 0:4L! M!rsað Þ{1 ð1Þ
where L* is the stellar luminosity (in units of solar luminosity, L[),
M* is the stellar mass (in units of solar mass, M[), rs is the grain solid
density (in units of 3,000 kg m23), and a is the dust grain radius (in
micrometres). Grains with b> 0.5 are gravitationally decoupled

from the star, and will be pushed away from the star as long as the
diffuse flux keeps them afloat within the optically thin surface. Grains
with b= 0.5 feel a ‘reduced’ gravity and their settling is slowed down.

I attempted to estimate the spatial extent of significant vertical
radiation pressure along the disk surface. I used a simplified, but
illustrative model of the protoplanetary disk where the disk surface
contains only single-size grains. Results show (see Fig. 3 and Supple-
mentary Information section 3) that significant dynamical effects
from the non-radial radiation pressure are possible only for grains
bigger than about 1 mm. Grains a few micrometres in size can be lifted
out of the disk only at small disk radii where the disk is hottest, but
already 5-mm grains can ‘glide’ to large radii (over 1,000 stellar radii),
provided that the radiation pressure is strong enough to push such a
grain. The upper limit on grain size pushed that way is dictated by
equation (1), which shows how the force decreases with grain size.

Notice that I assume a solid spherical grain, which is a simplifica-
tion of a more realistic fluffy dust aggregate21,22. Aggregates result in a
much larger b for the same grain size because they have a much lower
grain density than the typical 3,000 kg m23 owing to inclusion of
vacuum into the grain structure. On the other hand, crystalline grains
are largely transparent in the spectral range of stellar radiation1,
which would make radiation pressure ineffective. This remains an
open problem for my theory, although crystalline grains incorpo-
rated into dust aggregates might have a non-transparent ‘glue’ keep-
ing the aggregate together, which would increase b and mitigate these
problems. Such ‘dustballs’ are considered to be precursors of chon-
drules and CAIs (calcium–aluminium inclusions) in meteorites23.

The main stellar parameter dictating the overall strength b of
the radiation-pressure effect on a grain is the luminosity/mass
ratio, L*/M*. Observations and evolutionary tracks indicate that
L* 5 M*> 0.5 (which gives b < 0.4 for a grain of 1-mm diameter)
in almost all young stellar objects, including brown dwarfs. Thus,
non-radial radiation pressure is at least marginally relevant in all
these objects, especially if a realistic dust aggregate model is taken

α

z

R

Rin Disk

Star

F d

F dr

F d⊥

F∗
α

θ

α

Figure 1 | Geometry of non-radial radiation pressure. The sketch shows a
cross-section of an optically thick protoplanetary dusty disk heated by a star.
The disk has a central hole of radius Rin where the dust overheats and
sublimates away. According to the two-layer formalism19, analysis of the disk
emission in the near-infrared can be reduced to the disk’s optically thin
surface, which is heated directly by the stellar radiation. In this approach, the
disk surface is replaced with a single temperature layer and we assume that
the stellar radiation is completely absorbed within this layer. The disk
interior is described as the second temperature layer, but it is heated only by
infrared radiation from the surface layer and, therefore, is much colder and
does not contribute to the disk emission in the near- and mid-infrared19. In
optically thick passive disks we can use energy conservation at a surface point
(R, z) to set balance, F* sin a 5 Fd, between the bolometric stellar flux F*

intercepted by the disk at a grazing angle a and the outgoing disk radiation Fd

(infrared emission and scattered stellar photons). In the approximation of a
geometrically thin disk surface, we can assume that the entire local diffuse
flux at the very surface is perpendicular to the surface. Grains that manage to
decouple and move away from the surface would feel a reduced flux as the
diffuse radiation streams out in all directions. We can decompose Fd into
radial, Fd

r ~{F! sin2a, and azimuthal, Fd
\~F! sin a cos a, components. If

dust grains are big enough to have constant extinction in the wavelength
range of Fd

l , then the radiation-pressure force becomes F!F!zFd. Using
flux components from above gives the radial force Fr!F! cos2a and the
azimuthal force F\!F! sin a cos a. Notice that this yields radiation-
pressure force directed exactly parallel to the disk surface, F\=Fr~tan a,
irrespective of the disk curvature. A more rigorous derivation is presented in
Supplementary Information section 1, including dust dynamics due to
gravity, gas drag and radiation pressure.
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in  = 1.0τ

 = 0.1τ

Figure 2 | Trajectory of dust grains under the influence of stellar gravity,
gas drag and non-radial radiation pressure. The coloured background map
shows the vertical z component of the radiation-pressure vector scaled with
the value that the stellar pressure would have if the dusty disk were not there.
Two stellar luminosity/mass ratios are used: 80L8=M8 (white dashed line)
and 25L8=M8 (white solid line). Dust composition is olivine29 of 2 mm
radius and solid density 3,000 kg m23. Dust grains start their travel with a
vertical upward motion until the gas density drops enough to loosen the
influence of gas drag. After that the grain is ejected to a larger disk radius,
where trajectory details depend on the strength and direction of radiation
pressure. Trajectory is calculated numerically with the Runge–Kutta
method. Radiation pressure is calculated numerically from two-dimensional
radiative transfer that includes dust absorption, scattering and emission.
The disk consists of 0.1-mm and 2-mm grains that sublimate at 1,500 K, but
the surface in this disk region is too hot for 0.1-mm grains, which survive
below the surface populated by 2-mm grains. Spatial dimensions are scaled
with the disk sublimation radius, Rin (see Fig. 1). The disk gas and dust
densities decrease exponentially with z. Red lines show the disk surfaces
defined by the radial visual optical depth t 5 0.1 (dashed red line) and t 5 1
(solid red line). Details of this numerical result will be given elsewhere.
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Location of the dust sublimation disk surface is calculated self-con-
sistently from the mutual exchange of infrared energy between 0.1-
mm and 2-mm grains, resulting in Rin 5 44.7R* (R* is the stellar
radius). Figure 2 shows the map of vertical radiation pressure on
2-mm grains and examples of grain trajectories. Results from this
detailed approach confirm the plausibility of my theoretical argu-
ments.

The ability of large grains to migrate along any disk curvature
makes this theory independent of the ongoing debate about the geo-
metrical structure of the inner disk region15. The popular view is that
the inner sublimation edge is puffed-up and curved17. The non-radial
pressure would affect dust dynamics under such a disk curvature in
the same way as in the numerical example above, except that indi-
vidual grains could decouple more easily from the inner disk and fly
towards outer disk regions owing to the disk’s self-shadowing20.

Grains pushed by radiation create an outflow that operates at
much shorter timescales than the local dust settling, because radi-
ation pressure is active in the region of lower gas density. In
Supplementary Information section 2, I provide an estimate of the
total amount of dust that flows outward in the disk surface layer. The
outflow strength and range depend on the ratio, b, of radiation force
tangential to the disk surface to the local gravity force (see
Supplementary Information section 1 for a detailed description):

b < 0:4L! M!rsað Þ{1 ð1Þ
where L* is the stellar luminosity (in units of solar luminosity, L[),
M* is the stellar mass (in units of solar mass, M[), rs is the grain solid
density (in units of 3,000 kg m23), and a is the dust grain radius (in
micrometres). Grains with b> 0.5 are gravitationally decoupled

from the star, and will be pushed away from the star as long as the
diffuse flux keeps them afloat within the optically thin surface. Grains
with b= 0.5 feel a ‘reduced’ gravity and their settling is slowed down.

I attempted to estimate the spatial extent of significant vertical
radiation pressure along the disk surface. I used a simplified, but
illustrative model of the protoplanetary disk where the disk surface
contains only single-size grains. Results show (see Fig. 3 and Supple-
mentary Information section 3) that significant dynamical effects
from the non-radial radiation pressure are possible only for grains
bigger than about 1 mm. Grains a few micrometres in size can be lifted
out of the disk only at small disk radii where the disk is hottest, but
already 5-mm grains can ‘glide’ to large radii (over 1,000 stellar radii),
provided that the radiation pressure is strong enough to push such a
grain. The upper limit on grain size pushed that way is dictated by
equation (1), which shows how the force decreases with grain size.

Notice that I assume a solid spherical grain, which is a simplifica-
tion of a more realistic fluffy dust aggregate21,22. Aggregates result in a
much larger b for the same grain size because they have a much lower
grain density than the typical 3,000 kg m23 owing to inclusion of
vacuum into the grain structure. On the other hand, crystalline grains
are largely transparent in the spectral range of stellar radiation1,
which would make radiation pressure ineffective. This remains an
open problem for my theory, although crystalline grains incorpo-
rated into dust aggregates might have a non-transparent ‘glue’ keep-
ing the aggregate together, which would increase b and mitigate these
problems. Such ‘dustballs’ are considered to be precursors of chon-
drules and CAIs (calcium–aluminium inclusions) in meteorites23.

The main stellar parameter dictating the overall strength b of
the radiation-pressure effect on a grain is the luminosity/mass
ratio, L*/M*. Observations and evolutionary tracks indicate that
L* 5 M*> 0.5 (which gives b < 0.4 for a grain of 1-mm diameter)
in almost all young stellar objects, including brown dwarfs. Thus,
non-radial radiation pressure is at least marginally relevant in all
these objects, especially if a realistic dust aggregate model is taken
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Figure 1 | Geometry of non-radial radiation pressure. The sketch shows a
cross-section of an optically thick protoplanetary dusty disk heated by a star.
The disk has a central hole of radius Rin where the dust overheats and
sublimates away. According to the two-layer formalism19, analysis of the disk
emission in the near-infrared can be reduced to the disk’s optically thin
surface, which is heated directly by the stellar radiation. In this approach, the
disk surface is replaced with a single temperature layer and we assume that
the stellar radiation is completely absorbed within this layer. The disk
interior is described as the second temperature layer, but it is heated only by
infrared radiation from the surface layer and, therefore, is much colder and
does not contribute to the disk emission in the near- and mid-infrared19. In
optically thick passive disks we can use energy conservation at a surface point
(R, z) to set balance, F* sin a 5 Fd, between the bolometric stellar flux F*

intercepted by the disk at a grazing angle a and the outgoing disk radiation Fd

(infrared emission and scattered stellar photons). In the approximation of a
geometrically thin disk surface, we can assume that the entire local diffuse
flux at the very surface is perpendicular to the surface. Grains that manage to
decouple and move away from the surface would feel a reduced flux as the
diffuse radiation streams out in all directions. We can decompose Fd into
radial, Fd

r ~{F! sin2a, and azimuthal, Fd
\~F! sin a cos a, components. If

dust grains are big enough to have constant extinction in the wavelength
range of Fd

l , then the radiation-pressure force becomes F!F!zFd. Using
flux components from above gives the radial force Fr!F! cos2a and the
azimuthal force F\!F! sin a cos a. Notice that this yields radiation-
pressure force directed exactly parallel to the disk surface, F\=Fr~tan a,
irrespective of the disk curvature. A more rigorous derivation is presented in
Supplementary Information section 1, including dust dynamics due to
gravity, gas drag and radiation pressure.
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Figure 2 | Trajectory of dust grains under the influence of stellar gravity,
gas drag and non-radial radiation pressure. The coloured background map
shows the vertical z component of the radiation-pressure vector scaled with
the value that the stellar pressure would have if the dusty disk were not there.
Two stellar luminosity/mass ratios are used: 80L8=M8 (white dashed line)
and 25L8=M8 (white solid line). Dust composition is olivine29 of 2 mm
radius and solid density 3,000 kg m23. Dust grains start their travel with a
vertical upward motion until the gas density drops enough to loosen the
influence of gas drag. After that the grain is ejected to a larger disk radius,
where trajectory details depend on the strength and direction of radiation
pressure. Trajectory is calculated numerically with the Runge–Kutta
method. Radiation pressure is calculated numerically from two-dimensional
radiative transfer that includes dust absorption, scattering and emission.
The disk consists of 0.1-mm and 2-mm grains that sublimate at 1,500 K, but
the surface in this disk region is too hot for 0.1-mm grains, which survive
below the surface populated by 2-mm grains. Spatial dimensions are scaled
with the disk sublimation radius, Rin (see Fig. 1). The disk gas and dust
densities decrease exponentially with z. Red lines show the disk surfaces
defined by the radial visual optical depth t 5 0.1 (dashed red line) and t 5 1
(solid red line). Details of this numerical result will be given elsewhere.
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Fig. 4. The dust-to-gas ratio in a 1-D vertical slice at 10 AU in the standard disk model with α = 0.0001, assuming 0.1 µm size grains. At
the start (t = 0) the dust is well-mixed with the gas, i.e. the dust-to-gas ratio is constant (we take it 0.01). Left: the time sequence. Right: the
stationary solution compared to the analytic estimates. The vertical lines are the computed values of zsett and zdepl (from left to right). These are
defined to be solutions of Eq. (18) with ξ = 1 and ξ = 100 respectively. As one can see, zdepl is a good definition of the height above which the
depletion is almost perfect.

the dust has settled well below this point, meaning that the dust
will take its τ = 1 surface along with it toward lower z (as al-
ready predicted in Sect. 2). In other words: after 103 years the
photospheric surface height of the disk Hs is reduced as a re-
sult of dust settling. The gas still remains at higher z, but it
is the dust that carries the opacity and determines the disk’s
appearance.

4. 1+1-D disk models: SEDs and images

As we have seen above, dust settling can strongly affect the
shape of the τ = 1 surface Hs(R) of the disk. This shape deter-
mines for a large part the thermal infrared emission from this
disk and also the appearance of images in scattered light. If
the disk’s surface has a strongly flaring shape, one expects a
spectral energy distribution (SED) with a strong emission, par-
ticularly at mid- and far-IR wavelengths. If the disk has such a
shape that the outer regions are shadowed by the inner regions
(if Hs/R decreases with radius), then the expected SED has a
rather weak far-IR excess. The predicted images in scattered
light for these two cases are also expected to be very differ-
ent. It is therefore of crucial importance to investigate how the
shape of the disk changes as a result of dust settling.

We again start with the simple model described earlier, and
we do a 1-D dust settling calculation at every radius, taking a
radial grid of 20 grid points in R. In this way we simulate the
entire disk in a 1+1-D manner. We take α = 0.00001, i.e. a fac-
tor of ten smaller than taken in Sect. 2.4, in order to accentuate
the effects of settling on the appearance of the disk. At t = 1,
10, . . . , 106 years we apply a 2-D radiative transfer code (called
RADMC1) to the given dust distribution, and compute the SED of
the disk at these times. Also we compute the intensity of scat-
tered light as a function of distance from the star, i.e. the bright-
ness of an images of the disk in scattered light at λ = 1.65 µm.

1 www.mpa-garching.mpg.de/PUBLICATIONS/DATA/
radtrans/radmc/

The dust temperature computed by RADMC is likely to differ
somewhat from the dust/gas temperature T (R) assumed as in-
put to the density structure of the disk. In principle one should
iterate the computation of the temperature and the density
structure to obtain a self-consistent model as we did in DD04.
However, since our main interest is the process of dust settling
rather than the details of disk structure, we ignore this feedback
for the sake of simplicity.

4.1. Model with single grain size

The first model (model A) only has grains of 0.1 µm size. In
Fig. 5-left the SED as a function of time is shown. The SED
changes only barely on time scales smaller than 105 years. But
on time scales longer than 105 years the far-IR flux drops. Two
effects play a role in reducing the far-IR flux. First of all, due
to the settling, the surface height of the disk Hs has been re-
duced. Since the thickness of a disk is directly related to the
total amount of stellar radiation captured and reprocessed by
the disk, this effect reduces the integrated IR emission over the
entire wavelength domain. Chiang et al. (2001) used this fact
to argue that dust settling may be responsible for the low far-
IR flux of some Herbig Ae/Be star. The other, more important
reason for the reduction of the far-IR flux is that due to the turn-
over in the Hs/R beyond R = Rturn, the outer disk is shadowed
by the inner regions of the disk. This means that these outer
regions are irradiated only in an indirect way, for example by
light that scattered off dust grains hovering slightly above the
photosphere at the turn-over (i.e. self-shadowing) radius Rturn,
or by radial radiative diffusion (see DD04 for a discussion of
self-shadowed disks).

The time evolution of the scattering intensity shows a
very interesting behavior, as is shown in Fig. 5-right. Initially,
the scattering intensity changes only in the innermost regions
(inward of 10 AU), from the inside out. After about 105 years,
the inner disk stabilizes – the steady state solution is reached
there. By this time the outer part of the disk up to 100 AU
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DISCUSSION : βの値
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ガスの温度 局所熱平衡
ρg(r, z) = ρ(r, 0) exp

(
− z2

2H2
g

)
(2.23)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.24)

4

光電加熱 宇宙線による電離 ガス・ダストcollision

lineによるcooling

ダストの温度
局所輻射平衡
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ρg(r, z) = ρ(r, 0) exp
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(2.23)

ΛFUV + ΛX−ray + Λgr + Λline = 0 (2.24)
L∗

4πr2
πd2 = 4πd2σSBT 4 (2.25)

4

円盤温度分布
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