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本研究の目的とアプローチ

! 原始惑星系円盤の温度はガス・ダストの進化を理解する上で重要な物理量
! 原始惑星系円盤の加熱と冷却

! 加熱：中心星からの可視光照射 (∼ 1× 105erg/cm2/s)
　　　降着エネルギーの散逸 (∼ 3× 103∼4erg/cm2/s)

! 冷却：円盤表面からの赤外輻射
! 原始惑星系円盤の質量降着

! Ṁ ∼ 1× 10−8∼−7M$/yr⇐⇒ α ∼ 10−3∼−2

! 磁気乱流層とデッドゾーンの二層構造
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Fig. 1.—Location of the dead zone (red) and undead zone (blue) in a cross-
section view of the minimum-mass protosolar disk. The dead zone gas is
decoupled from the magnetic fields, while the undead zone is sufficiently
ionized for the generation of toroidal fields by shear. The remainder of the
disk body is well coupled to the fields and is turbulent through magnetoro-
tational instability. The star lies at the origin, the disk midplane falls along
the horizontal axis, and solid black contours show vertical mass columns of
1, 10, and 100 g cm . The pressure in the vertical component of the magnetic!2

field is set to 0.1% of the midplane gas pressure. The ionization is due to
stellar X-rays and the decay of radioactive 26Al. Recombination on grain sur-
faces is included in the calculation shown at top, where the dead zone extends
to 5 AU in the midplane. The grains are 1 mm in radius and well mixed in
the gas at a 1% mass fraction. With the grains removed, there is no dead zone
(bottom panel).

3. RESISTIVITY OF THE PROTOSOLAR DISK

The minimum-mass protosolar disk with well-mixed micron-
sized grains has an equilibrium resistivity low enough for mag-
netorotational turbulence only in the surface layers, at the radii
where most of the planets formed (Fig. 1). A deeper layer can
generate smooth large-scale fields by shear according to equa-
tion (1), while the midplane within 5 AU of the star is almost
completely decoupled from the fields. If the grains are removed
by incorporation into planetary embryos, then turbulence or
shear can generate magnetic fields in every part of the disk.

Figure 1 was constructed as follows. The resistivity h p
cm2 s varies inversely with the electron fraction!1!234 T/xe

, where is the electron number density and thex p n /n n ne e n e n

number density of neutrals (Blaes & Balbus 1994). We compute
the electron fraction by solving a chemical network including
ionization by stellar X-rays (Igea & Glassgold 1999) and 26Al
radionuclide decay, dissociative recombination, charge ex-
change with metal atoms, and grain surface reactions. The re-
combination is treated using the reduced reaction network with
grains described by Ilgner & Nelson (2006). The fraction of
the metal atoms free to enter the gas phase is chosen to be 1%.
The resistivity depends only weakly on this fraction. The stellar
X-ray ionization rate is taken from a fit to Monte Carlo radiative
transfer results including scattering (Igea & Glassgold 1999),
scaled to a stellar luminosity ergs s in 5 keV thermal30 !12 # 10
X-rays to match young solar-mass stars observed in the Orion
Nebula (Garmire et al. 2000). The fitted ionization rate is z p
2.6 # 10!15(r/AU)!2[exp(!Sa/8.0 g cm!2) " exp(!Sb/8.0 g
cm!2)] s , where and are the mass columns lying ver-!1 S Sa b

tically above and below the point of interest. The fit under-
estimates the ionization rate at mass columns !1 g cm , with!2

no significant effect on the locations of the dead and undead
zones. The decay of 26Al in the dust grains yields an ionization
rate s (Stepinski 1992). A fraction 0.1% of the!19 !14 # 10
radioactive atoms is placed in the gas phase, giving a low rate
of ionization even with grains absent. We neglect cosmic-ray
ionization owing to uncertainty about the extent to which the
interstellar energetic particles are blocked by the wind from
the young star.

4. MHD CALCULATIONS

We show results from two 3D isothermal stratified shearing-
box (Hawley et al. 1995; Brandenburg et al. 1995; Stone et al.
1996) MHD calculations of small patches of the minimum-
mass protosolar disk using the ZEUS code (Stone & Norman
1992). The first is placed at 5 AU and includes well-mixed 1
mm grains with dust-to-gas mass ratio 1% and a magnetic field
with a net vertical component of 6 mG. The second is placed
at 1 AU and has no grains and a net vertical field of 30 mG.
The net magnetic fields are weak, with midplane ratios of gas
to magnetic pressure and , respectively. The4 55 # 10 3.8 # 10
presence of the net fields ensures that the fastest-growing mode
of the linear MRI is spatially resolved in the calculations. To
the net field in both cases is added a part with zero net flux
that dissipates readily through reconnection. The vertical com-
ponent is , the toroidal component ,B sin 2px/L B cos 2px/L0 0

and the radial component zero, where x is the radial position
and L the box width. The strength of the sinusoidal field isB0

0.1 and 1 G, respectively. The resistivity is calculated using
the ionization and chemical network described above except
that the X-ray ionization rates are directly interpolated in the
Monte Carlo radiative transfer results and the fit discussed
above is not used. The resistivity is fixed at its initial equilib-

rium value at each height in the first run, while the resistivity
is allowed to vary in space and time through mixing, ionization,
and recombination in the second run. In other respects the
calculations are identical to our recent work (Turner et al. 2007).
In particular, the vertical boundaries lie 4 density scale heights

above and below the midplane and are open, allow-H p c /Qs

ing magnetic fields to escape leaving the patch of disk with a
net radial and toroidal magnetic flux. Among the nonideal terms
in the induction equation, ambipolar diffusion is important out-
side . The Ohmic resistivity is greater than the Hall resis-4H
tivity near the midplane at 1 AU while the two are comparable
at 5 AU (Wardle 2007). Under these conditions the ohmic term
has the bigger impact on the amplitude of magnetorotational
turbulence (Sano & Stone 2002). Our calculations therefore
include only the ohmic diffusion. The domain extends along2H
the radial direction and along the toroidal direction, and is8H
divided into 32 radial # 64 toroidal # 128 vertical zones.

The two calculations give similar results over 130 orbits. A
net radial magnetic field generated in the turbulent surface
layers is mixed to the undead zone where it diffuses to the
midplane. The shear in the undead zone generates toroidal fields
(Fig. 2) of the opposite sign, leading to magnetic stresses that
transfer angular momentum outward. Lying just inside the un-
dead zone is a dissipation layer about thick that receives1 H2

magnetic fields when turbulent motions overshoot the edge of
the well-coupled gas. The resistivity is too high for magne-
torotational turbulence and dissipates the tangled component
of the fields. The ohmic diffusion time at the base of the2H /h
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! 輻射磁気流体力学シミュレーションによる直接数値計算で温度構造を求める
! シアリングボックス近似を用いて円盤の一部分 (動径スライス) の降着流を再現
! 加熱および冷却過程を “第一原理” から計算し (準定常的) 熱平衡状態 を求める



原始惑星系円盤における熱力学
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! 本数値シミュレーションで取り扱う主な物理過程
1. 中心星の可視光照射によるダスト加熱
2. 速度シア (重力エネルギーの解放) による磁気乱流の駆動
3. リコネクション・ショックによる磁気乱流の散逸とガス加熱
4. ダストによる赤外線放射とそれによる円盤ガスの冷却
5. 電離平衡 (中心星の X 線による電離 ⇔ ダストによる自由電子の吸着)



基礎方程式

! 輻射磁気流体力学方程式
! エネルギー保存型
! 輻射場: 周波数平均・制限拡散近似
! ダスト–ガス間の熱平衡: T = Tdust = Tgas('= Trad)
! thermally averaged opacity: dust & gas mixture (Semenov+ 2003)
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基礎方程式

! 輻射磁気流体力学方程式
! エネルギー保存型
! 輻射場: 周波数平均・制限拡散近似
! ダスト–ガス間の熱平衡: T = Tdust = Tgas('= Trad)
! thermally averaged opacity: dust & gas mixture (Semenov+ 2003)

! 電気抵抗 (電離度)の計算
! 電離源: 中心星からの X 線、放射性元素崩壊
! simplified recombination network including reactions on grains

(Ilgner & Nelson 2006) の平衡解
! 上限値: 5× 1016cms−1 ← dynamical time step で陽的に解くため

! ダスト–ガス比
! 時間・空間的に一様を仮定

! 数値解法
! MHD (explicit): ZEUS + MOCCT
! radiative transfer (implicit): multigrid SOR



シミュレーション方法

radial: x

azimuth: y

vertical: z
outflow (no inflow)

periodic

shearing periodic

g(z) = −Ω2
Kz

! シミュレーションボックス
! シアリングボックス近似
! 中心星 (M∗ = 0.5M$) からの距離 1AU

! 解像度:
(

1H
32
, 4H

64
, 10H

320

)

! H = 0.07AU は、初期静水圧平衡 (T = 280K) の
スケールハイト

! 中心星からの輻射輸送
! 可視光による照射: 吸収のみ (T∗ = 4000K で平均
した Planck mean opacity)

! X 線による電離: 散乱を考慮した Igea &
Glassgold (1999) をテーブル化

! 水平方向に平均した密度分布を用いて計算

! パラメータ (括弧内は fiducial 計算の値)
! 表面密度 (1000 gcm−2)
! 垂直磁場強度 (0.02 Gauss)
! ダスト–ガス比 (1×10−4)

! dust opacity、放射性元素崩壊による電離率・ダス
ト表面反応断面積は、この値でスケーリングされる



磁気ストレス vs. Height and Time
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! 「乱流表層」と「デッドゾーン」の二層構造
! “大気” は (中心星からの X 線電離により) 磁気乱流ストレスが維持される
! 電離度が低い “内部” はデッドゾーンとなるが、ストレスはゼロとならない
! デッドゾーン境界は、光球面 (ダスト–ガス比に依存) にたまたま一致する

! ストレスの空間積分は質量降着率 1.4× 10−8M$/yrに相当
! 中心星照射の吸収面の位置は磁気乱流の影響で変動する



磁気ストレス vs. Height and Time (2)

! デッドゾーンは、実際は “undead zone” (Turner and Sano 2008)
! 磁気乱流はないが、速度シアによる By の増幅によってストレスが働く

! 乱流層 ⇒ Bx ⇒ undead zone ⇒ By ⇒ 乱流層
! ただし、これらはおそらく resistivity cap の artifact
→ 実際の赤道面の resistivity は 107∼8 倍大きいので、少なくとも赤道面近傍は、
磁気的活動が全くない本当の “dead zone” と推測される
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Fig. 1.—Location of the dead zone (red) and undead zone (blue) in a cross-
section view of the minimum-mass protosolar disk. The dead zone gas is
decoupled from the magnetic fields, while the undead zone is sufficiently
ionized for the generation of toroidal fields by shear. The remainder of the
disk body is well coupled to the fields and is turbulent through magnetoro-
tational instability. The star lies at the origin, the disk midplane falls along
the horizontal axis, and solid black contours show vertical mass columns of
1, 10, and 100 g cm . The pressure in the vertical component of the magnetic!2

field is set to 0.1% of the midplane gas pressure. The ionization is due to
stellar X-rays and the decay of radioactive 26Al. Recombination on grain sur-
faces is included in the calculation shown at top, where the dead zone extends
to 5 AU in the midplane. The grains are 1 mm in radius and well mixed in
the gas at a 1% mass fraction. With the grains removed, there is no dead zone
(bottom panel).

3. RESISTIVITY OF THE PROTOSOLAR DISK

The minimum-mass protosolar disk with well-mixed micron-
sized grains has an equilibrium resistivity low enough for mag-
netorotational turbulence only in the surface layers, at the radii
where most of the planets formed (Fig. 1). A deeper layer can
generate smooth large-scale fields by shear according to equa-
tion (1), while the midplane within 5 AU of the star is almost
completely decoupled from the fields. If the grains are removed
by incorporation into planetary embryos, then turbulence or
shear can generate magnetic fields in every part of the disk.

Figure 1 was constructed as follows. The resistivity h p
cm2 s varies inversely with the electron fraction!1!234 T/xe

, where is the electron number density and thex p n /n n ne e n e n

number density of neutrals (Blaes & Balbus 1994). We compute
the electron fraction by solving a chemical network including
ionization by stellar X-rays (Igea & Glassgold 1999) and 26Al
radionuclide decay, dissociative recombination, charge ex-
change with metal atoms, and grain surface reactions. The re-
combination is treated using the reduced reaction network with
grains described by Ilgner & Nelson (2006). The fraction of
the metal atoms free to enter the gas phase is chosen to be 1%.
The resistivity depends only weakly on this fraction. The stellar
X-ray ionization rate is taken from a fit to Monte Carlo radiative
transfer results including scattering (Igea & Glassgold 1999),
scaled to a stellar luminosity ergs s in 5 keV thermal30 !12 # 10
X-rays to match young solar-mass stars observed in the Orion
Nebula (Garmire et al. 2000). The fitted ionization rate is z p
2.6 # 10!15(r/AU)!2[exp(!Sa/8.0 g cm!2) " exp(!Sb/8.0 g
cm!2)] s , where and are the mass columns lying ver-!1 S Sa b

tically above and below the point of interest. The fit under-
estimates the ionization rate at mass columns !1 g cm , with!2

no significant effect on the locations of the dead and undead
zones. The decay of 26Al in the dust grains yields an ionization
rate s (Stepinski 1992). A fraction 0.1% of the!19 !14 # 10
radioactive atoms is placed in the gas phase, giving a low rate
of ionization even with grains absent. We neglect cosmic-ray
ionization owing to uncertainty about the extent to which the
interstellar energetic particles are blocked by the wind from
the young star.

4. MHD CALCULATIONS

We show results from two 3D isothermal stratified shearing-
box (Hawley et al. 1995; Brandenburg et al. 1995; Stone et al.
1996) MHD calculations of small patches of the minimum-
mass protosolar disk using the ZEUS code (Stone & Norman
1992). The first is placed at 5 AU and includes well-mixed 1
mm grains with dust-to-gas mass ratio 1% and a magnetic field
with a net vertical component of 6 mG. The second is placed
at 1 AU and has no grains and a net vertical field of 30 mG.
The net magnetic fields are weak, with midplane ratios of gas
to magnetic pressure and , respectively. The4 55 # 10 3.8 # 10
presence of the net fields ensures that the fastest-growing mode
of the linear MRI is spatially resolved in the calculations. To
the net field in both cases is added a part with zero net flux
that dissipates readily through reconnection. The vertical com-
ponent is , the toroidal component ,B sin 2px/L B cos 2px/L0 0

and the radial component zero, where x is the radial position
and L the box width. The strength of the sinusoidal field isB0

0.1 and 1 G, respectively. The resistivity is calculated using
the ionization and chemical network described above except
that the X-ray ionization rates are directly interpolated in the
Monte Carlo radiative transfer results and the fit discussed
above is not used. The resistivity is fixed at its initial equilib-

rium value at each height in the first run, while the resistivity
is allowed to vary in space and time through mixing, ionization,
and recombination in the second run. In other respects the
calculations are identical to our recent work (Turner et al. 2007).
In particular, the vertical boundaries lie 4 density scale heights

above and below the midplane and are open, allow-H p c /Qs

ing magnetic fields to escape leaving the patch of disk with a
net radial and toroidal magnetic flux. Among the nonideal terms
in the induction equation, ambipolar diffusion is important out-
side . The Ohmic resistivity is greater than the Hall resis-4H
tivity near the midplane at 1 AU while the two are comparable
at 5 AU (Wardle 2007). Under these conditions the ohmic term
has the bigger impact on the amplitude of magnetorotational
turbulence (Sano & Stone 2002). Our calculations therefore
include only the ohmic diffusion. The domain extends along2H
the radial direction and along the toroidal direction, and is8H
divided into 32 radial # 64 toroidal # 128 vertical zones.

The two calculations give similar results over 130 orbits. A
net radial magnetic field generated in the turbulent surface
layers is mixed to the undead zone where it diffuses to the
midplane. The shear in the undead zone generates toroidal fields
(Fig. 2) of the opposite sign, leading to magnetic stresses that
transfer angular momentum outward. Lying just inside the un-
dead zone is a dissipation layer about thick that receives1 H2

magnetic fields when turbulent motions overshoot the edge of
the well-coupled gas. The resistivity is too high for magne-
torotational turbulence and dissipates the tangled component
of the fields. The ohmic diffusion time at the base of the2H /h
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加熱率分布
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中心星からの可視光照射

乱流散逸
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! 円盤大気では、中心星からの可視光照射が卓越する
! しかし、加熱プロファイルは 磁気乱流によるガスの持ち上げ具合 で決まる

! 円盤大気下部 (デッドゾーン境界)で、乱流散逸が最も効く
! 円盤内部 (デッドゾーン)でも輻射ダンピングによる散逸がある

! 円盤ガス中の非軸対称音波（spiral wave）の散逸（cf. 輻射圧優勢降着円盤）



温度分布

0.3 0.2 0.1 0.0 0.1 0.2 0.3
height [AU]

100

200

300

400

500

te
m

pe
ra

tu
re

 [K
]

光
球
面

ガス温度
（ダスト温度）

輻射温度
照
射
吸
収
面 デッドゾーン

! (光学的に薄い)大気の上部は、可視光照射により 500K程度になる
! ダストの可視光吸収効率が赤外線放射効率よりも良いため

! (光学的に厚い)デッドゾーンは、散逸がほとんどないためほぼ等温（130K）
! 赤道面の小さな バンプ は輻射ダンピングによるもの



加熱率分布（α粘性の場合）
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中心星からの可視光照射

α粘性散逸
輻射ダンピング

（点線は磁気乱流の場合）

! 可視光照射はより低い高度で吸収される
! 磁気圧による円盤大気のサポートがなくなるため

! α粘性散逸は赤道面に集中する
! α 粘性モデルでは、散逸率は密度に比例すると仮定されるため

! 円盤内部 (デッドゾーン)の輻射ダンピングが α粘性散逸と同程度になる
! 円盤ガスの垂直方向音波（breathing mode）の散逸



速度分散の比較
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点線：磁気乱流の場合
実線：α粘性の場合

δvz

δvx
δvy

! 磁気乱流：δvx、δvy、δvz は同程度
! α粘性：δvz が卓越 ⇐ 垂直方向音波（breathing mode）



温度分布（α粘性の場合）
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（点線は磁気乱流の場合）

! 磁気乱流の場合に比べて、赤道面に 40Kほどのバンプが見られる
! α 粘性散逸が赤道面に集中するため
! 輻射ダンピングが赤道面で（α 粘性散逸と同程度に）効くため

! 円盤大気の温度は磁場乱流の場合に比べて低くなる
! 磁気圧サポートがなく、円盤大気のガス密度が低いため



まとめ

! 原始惑星系円盤 (1AU近傍)の降着流を輻射磁気流体計算を用いて再現し
ローカルな温度構造 T(z)と質量降着率 Ṁ(= 1.4× 10−8M$/yr)を得た

! 表面密度 (1000g/cm2)、垂直磁場強度 (0.02G)、ダスト–ガス比 (10−4)

! 降着流は、磁気乱流状態にある “大気”と “内部”(デッドゾーン)の二層構造
! 温度は、円盤内部は 130K でほぼ等温、大気上部は 500K 程度になる

! エネルギー的には中心星の可視光照射が卓越するが、乱流散逸に関して
も磁場を考慮した正確な取り扱いが必要

! 円盤大気の加熱プロファイル ⇐ 磁気圧によるガスのサポート
! 赤道面の温度 ⇐ 乱流散逸の詳細分布

! 輻射ダンピング（第二の散逸メカニズム）
! 非軸対称音波の散逸で、特に赤道面近傍で卓越する
! α 粘性の場合、垂直方向音波散逸で、粘性散逸と同程度になる


