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太陽対流層計算の難しさ・取扱いに工夫が必要な点

表面 対流層の底
対流速度 4 km/s 50 m/s

空間スケール 1 Mm 200 Mm

時間スケール 数分 数十日

温度 6000 K 1 MK

密度 10-7 g cm-3 10-1 g/cm-3

光学的厚さ ～1 大きい
擾乱の大きさ 0.1～1 10-6

1. 大きな密度比(106)・温度比(200)

2. 空間・時間スケールの差

3. 光学的厚さの違い

4. 熱対流が励起する擾乱
の大きさの違い
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これまでに太陽対流層を一貫して
解いた数値計算はない
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深部のみ計算

時間・空間スケールがだいぶ違う表面は計算領域に取り入れないで、
半径の97%くらいのところに、壁を設置。それだけだと熱対流が起きない
ので、そこらへんに人工的な冷却層を取り入れて熱対流を励起。

Brun+2004

エネルギーフラックス
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熱対流不安定

冷却と熱対流不安定
熱対流不安定の条件 超断熱 dS/dr<0

輻射

τ=1

冷たくて
重い

必ずしも
熱対流不安定
じゃない

光球を考慮
した状況

深いところ

熱対流不安定

冷却で無理やり
熱対流不安定に

深部のみの計算

深部のみの計算では、深いところでの熱対流駆動が強すぎて、
熱対流速度が速くなっているのではないかという疑い(Spruit, 1997)
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研究目的
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世界で初めての対流層の底から表面までの一貫した計算を
実行する。

数値計算コードで注意するべき点は
ü 方程式
ü 輻射輸送
ü 状態方程式

これらを対流層全体を解くために新しく実装したコードを
開発。

R2D2
Radiation and RSST for Deep Dynamics



方程式
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断熱成層からのほんのわずかの
ずれを正確に解くために
エントロピーを解いた。
衝撃波も解ける。
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音速抑制法
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対流層深部計算のための軽減策

輻射輸送は、基本的には局所的な問題でないが、
できるだけ局所的にしたい

1. 水平方向の輻射輸送は解かずに、光学的に
厚いところのみ拡散近似で対応(τ>5)

2. 輻射輸送のスタートを3 Mm程度の場所に
する。この場所ですでに光学的に十分厚い
ので輻射強度は、ローカルな温度と
opacityで決まる→どこから初めても良い

3. 対流層の底付近は拡散近似
輻射輸送のための通信は一切なし

A. Vögler et al.: Simulations of magneto-convection in the solar photosphere 343
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Fig. 4. Map of (frequency-integrated) brightness (lower right) and horizontal cuts at the the average geometrical height corresponding to optical
depth unity of (clockwise from bottom left) temperature, vertical magnetic field and vertical velocity. The “mesoscale” network of magnetic
field structures is embedded in the network of granular downflows. Larger field concentrations appear dark while the brightness of small
magnetic structures occasionally exceeds the brightness of granules. Most of the domain exhibits “abnormal” granulation with small granules
(compared to the “normal” granules in the upper right corner). See also the movies provided as supplementary online material.

the magnetic network and is comparable to the granule life-
time. The magnetic network itself is embedded in the network
of granular downflows. While convective motions are effec-
tively supressed inside strong field features, downflows occur
at their edges. Basically, this result is consistent with earlier
MHD simulations (e.g. Deinzer et al. 1984a,b; Knölker et al.
1991) which showed that the influx of radiation into a magnetic
element drives a baroclinic flow in form of a strong downflow
at its edge. It is also consistent with the observational finding

that observed Stokes-V profiles in plage regions show a distinct
area asymmetry (Stenflo et al. 1984; Grossmann-Doerth et al.
1989; Solanki 1989; Sigwarth et al. 1999).

Figure 5 shows some statistical properties of a layer
of 100 km thickness around ⟨τ500⟩ = 1. The probability den-
sity function (PDF) for the magnetic field, multiplied with
the sign of its vertical component is shown in the upper left
panel. There appears to be a superposition of two components.
Most of the volume considered is occupied by weak field, the

Vögler+2005
MURaMA. Vögler et al.: Simulations of magneto-convection in the solar photosphere 341

CD

BA

E

F

Fig. 1. The intensity at gridpoint F is obtained by solving the transfer
equation along the short characteristic EF. The intensity at the upwind
point E is interpolated from the (already known) intensity values at the
surrounding gridpoints, A to D.

1 2

4 5 6

87 9

3

Fig. 2. The walking order of the short-characteristics method in a
2D grid for a ray direction pointing into the upper right quadrant.
Black circles represent gridpoints on the upwind boundaries, where
the intensity values are assumed to be given.

entirely undesirable since, in this context, the intensity for a
given ray direction is supposed to represent the radiation com-
ing from a cone of directions. For the evaluation of the inte-
gral contribution,

∫ E
F B(τ) eτF−τ dτ, and the optical depth inter-

val, ∆τEF, we adopt the linear method described by Kunasz &
Auer (1988): density, opacity and source function are approx-
imated as linear functions along the ray segment EF, which
leads to analytical expressions for ∆τEF and the integral.

Since the interpolation of the upwind intensity requires
knowledge of the intensity at the four surrounding gridpoints
(points A to D in Fig. 1), the grid must be traversed in a se-
quence which makes sure that the required upwind information
is always available. To this end, for a given ray direction, the
scheme starts in each subdomain at those boundaries through
which the radiation enters (the upwind boundaries). The in-
tensity values at these boundaries are assumed to be given.
Then the traversal of the subdomain systematically proceeds
in the downwind direction, propagating the boundary informa-
tion across the grid (see Fig. 2 for a 2D example). Since the
correct initial values on the upwind boundaries of a subdomain
are a priori unknown unless these boundaries coincide with the
top or bottom of the computational box, this procedure must be
iterated until convergence on the boundaries is obtained. The

intensities at a given upwind boundary are updated after each
iteration with the new values provided by the neighbouring sub-
domain. Clearly, the number of iterations required depends on
the accuracy of the initial guess. We use a linear extrapolation
of the boundary values of the previous two timesteps. With this
choice, on average 2−3 iteration steps per frequency and ray
direction are sufficient to keep the relative error in intensity be-
low 10−3.

At the global top and bottom boundaries of the computa-
tional domain, the incoming intensity must be specified in order
to start the short-characteristics scheme. As long as the medium
is optically thin at the top of the box for a given frequency
group ν, the incoming radiation from outside the computational
domain is negligible and the boundary condition

Iν(µ) |top = 0 ∀ µz < 0 (41)

can be used.
In the simulations discussed here, this assumption is valid

for all frequency groups except the one representing the
strongest line opacities. For this group, the τν = 1 level is close
to the top of the box and setting the incoming radiation to zero
would lead to artificial cooling of the uppermost layers. In order
to derive a more realistic boundary condition, we assume that
above the computational domain there is a isothermal plane-
parallel layer with temperature Ttop, whose optical thickness in
the most opaque group is τtop. According to the formal solution
of the RTE, the radiation entering the box from such a layer is
given by

Iν(µ) |top = Bν(Ttop)
(
1 − eτtop/µz

)
∀ µz < 0. (42)

In our simulations, we use this relation with τtop = 0.2 and
Ttop = 4000 K as boundary condition for the strongest opacity
group. The choice τtop = 0.2 corresponds to the optical depth τν
of the strong-opacity group at similar geometrical height in
1D solar standard atmospheres.

The bottom of the simulation box is located in the optically
thick regions where the diffusion approximation holds. At the
bottom, incoming radiation is set to the local value of the source
function:

Iν(x, µ) |bot = Bν(x) ∀ µz > 0. (43)

For each direction and each frequency group, the short-
characteristics scheme described above is applied separately.
For the angular integration we use the quadrature formulae of
type A of Carlson (1963). In this scheme, the directions in one
octant are arranged in a triangular pattern and the quadrature
is invariant under rotations over multiples of π/2 around any
coordinate axis. A summary of the construction procedure is
given by Bruls et al. (1999). For the simulations in Sect. 4, the
A4 quadrature set with three directions per octant was used.

Once the angular integration has been performed, the radia-
tive heating rate for frequency group ν can be derived from the
two equivalent expressions

QJ
ν = 4πκνϱ (Jν − Bν) (44)

and

QF
ν = −∇ · Fν. (45)

@I

@⌧
= �I + S
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状態方程式

対流層の深いところ
線形状態方程式(δ～10-6)

対流層の浅いところ
テーブル状態方程式(δ～0.1)
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擾乱の大きさに応じて、使う状態方程式を切り替える

9

テーブルの状態方程式は、とても小さな擾乱に対して精度がでない。
線形の状態方程式は、大きな擾乱に対して、仮定が破綻。

組み合わせることで、太陽対流層全体を一貫して取り扱える。
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黒点計算
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計算設定

水平方向
200 Mm
1024 grid

200 Mm
512 grid
Δx=48-1000 km

上部境界はτ=1の面から700 km上の
ところ。

音速抑制法を用いて、最大の音速を20 
km/sに制限。実際は対流層の底で200 
km/s

鉛直方向の解像度を鉛直方向に変えて
おり、光球で48 km、対流層の底で
1000 km程度になっている。

磁場・回転なし
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表面・深部を入れた影響

表面付近の熱対流は、本研究の手法でもうまく再現できている。
これまでの深部計算に表面領域を入れても深部の熱対流構造は変わらない。
深部に人工的な冷却層がある場合も、深部の超断熱率は変わらない
→Spruitの予想とは違う

鉛直RMS速度
深いところ

光球あり
光球なし

超断熱率
エントロピー勾配

光球あり
光球なし

鉛直RMS速度
浅いところ

深部あり
飯島コード
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まとめ
世界で初めての、対流層の底から
彩層下部までの一貫した数値計算
を実行した。

輻射輸送・状態方程式・音速抑制法
について、取り扱いを工夫したこと
で一貫した計算が可能になった。

これまでの予想とは違い、少なく
とも磁場のない状況では、現実的な
光球を取り入れても深部の熱対流が
変わらないことが明らかになった。

今後、黒点形成など深部と表面の
連結が本質的な課題について
取り組む。
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光球⇆対流層の底のスキャン
vr [m/s]


