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これまでに行なった研究

　Ellerman Bombと磁場の関係

　太陽フレアにおけるCa II K線の時間変化

　Lyα ロケット実験における偏光観測装置

　Umbral Dotの統計解析
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Introduction
Umbral dot (UD) 

サイズ

寿命

固有運動

磁場強度

ドップラー
速度

200 - 400 km

5-40 分
典型的には10 分
peripheral: 0.5-1km/s     
       で暗部中心方向
central: なし
2000-2500 Gauss
周囲より数十Gauss弱い

上昇流
30 - 100 m/s

Hinode SOT blue continuum (光球)

暗部

半暗部

10,000km
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Background 1/2
観測 理論
暗部の明るさは
静穏領域の2-3割

磁場によって
対流を抑制

暗部の磁場は
最大でも3500Gauss

対流が完全に抑制なら
磁場は5000Gauss

umbral dot
暗部より500Kほど高温

磁気対流が
起こっているはず

Deinzer (1965), ApJ, 141, 548Danielson (1964), ApJ, 139, 45
2009年2月7日土曜日



Background 2/2

216 MALCOLM W. EWELL, JR. 

98 ms. The image scale was 0.16" per pixel, chosen to critically sample at the 0.35" 

diffraction limit of the telescope. 

More than 300 frames were taken, spaced approximately every 30 s between 

16:34 UT and 19:39 UT. The best frames were selected by eye based on the amount 

of detail visible in the granulation and the penumbral fine structure. This procedure 

identified 4 frames that showed structure at the diffraction limit. These four frames are 

reproduced as Figure 1. The frames were fortuitously evenly spaced, being separated by 

27, 25, and 33 rain. 

Fig. 1. The four data frames used for most of the analysis. 

3 0 4  J . M .  BECKERS AND E. I-I. SCHROTER 

function of time ('lifetime'). Measurements of the dot intensities, diameters and colors 

are presented in Section4. We discuss the distribution of the dots over sunspot umbrae 

in Section 5. An association of the umbral dots with magnetic-field fine structures is 

suggested in Section 6. 

2. Observations 

Figure 1 of paper [ shows a schematic outline of the instrumental set-up used for the 

observations. For the study of the umbral dots the East bench dual camera was fed 

by the 30-cm coelostat telescope of the Sacramento Peak Observatory. We photo- 

graphed the sunspot umbrae almost simultaneously in the continuous radiation near 

24680 A and 26400 A (hereafter referred to as blue and red). The band halfwidth of 

the two interference filters was 60 A. The exposure time on 35-ram High Contrast 

Copy film was 0.04sec for both the blue and red images. The solar image diameter 

was 25 cm. The time sequences, at a rate of one photograph per 5sec, |ast generally 

more than 60rain. 

Figure 1 is one of our best red-sunspot photographs showing umbral dots. The 

corresponding blue photograph was underexposed in the umbra. On July 20, 1966 

0 4 8 12 16 20-103km (~ 6400~) 
I | I ! I I 

Fig. 1. Photograph of an unipolar sunspot (heliographic coordinates on July 24, 1966:21 ~ 33 ~ 
showing umbral dots. The print was made through a filter which resulted in a comparable brightness 
between umbra and penumbra. This filter was made photographically by defocussing the original 
image. (The increased brightness of the fine structures near the border penumbra/umbra is not real; 

it is caused by errors of positioning the filter with respect to the original frame.) 

we were fortunate to obtain an excellent time sequence, lasting 80min, of another 

unipolar sunspot properly exposed for the umbra both in the blue and red light. 

Examination of the red and blue films showed that the best frames in blue do not 

coincide with the best red frames and vice versa. Evans (private communication) 

found the same effect even between exposures taken exactly simultaneously. This 

Beckers & Schröter (1968)
UDのサイズ 150-200km

Kitai (1986) UDの固有運動
 central UD... 運動なし
 peripheral UD...約0.4km/sで暗部中心へ

Ewell (1992)
CCDが改良されだしたころ
UDの寿命 約15分 地上観測の制約

　① seeing
　　② 観測時間Zwaan (1986)

UDが多い所は磁場が弱い
2009年2月7日土曜日



Recent MHD simulation

上: Schüssler&Vögler(2006)
右: Rempel(2008)　
　　　　　　磁場強度分布⇒

3000km

10,000km
⇒Intensity

2009年2月7日土曜日



Motivation
太陽観測衛星 Hinode の高分解能データ
磁気対流（磁場と対流の相互作用）
サイズ、寿命、固有運動
磁場強度、磁場の向き
磁場と、サイズや寿命との相関
３次元MHDシミュレーションとの比較
黒点の構造
Umbral dotの分類
降着円盤や低温星の物理にも応用可能

2009年2月7日土曜日



Statistical Survey of Umbral Dots

➡ Kitai et al. (2007), PASJ, 59, 585
Magnetic Structure of Umbral Dots

➡ Watanabe et al. (2009), ApJ, in press
Characteristic Dependence of Umbral 
Dots on their Magnetic Structure
➡ Todayʼs talk

修士論文の内容
1.

2.

3.

寿命、サイズ、温度、固有運動を求めた
Umbral Dotのfusion, fissionを報告

弱い磁場、上昇流を伴う
ライトカーブの振動

2009年2月7日土曜日



Umbral dotの特徴は
磁場とどのような関係をもつ？

2009年2月7日土曜日



Outline
UDの寿命やサイズ、固有運動をbiasなく検出

automatic detection algorithm

分光データから磁場の強度と向き

相関関係
磁気対流のパラメーターサーベイ

2009年2月7日土曜日



Data
Hinode 可視光望遠鏡
2007年3月1日
撮像: blue continuum (4505Å)

- 25秒間隔、約2時間連続
- pixel size 0.054秒角(40km)

分光: Fe I 6302.5Å
- 20,000km(黒点全体)を      
スキャンするのに約15分

- pixel size 0.16秒角(110km)
太陽面上での位置

10,000km
磁場強度

2009年2月7日土曜日



Analysis 1/2

Umbral dotを自動で検出
周囲より3割以上明るいpeak
次のフレームとの連続性

UD parameters
寿命
サイズ
明るさの比　     
(peakの明るさと周囲
の明るさの比)
運動の速さ
運動の向き

検出されたUD 2268個 

10,000km

2009年2月7日土曜日



Analysis 2/2
field strength B field inclination i field azimuth ψ

横から見た図

x

y

z(vertical)

i

ψ

B

特に磁場の強い所 
dark core

Umbral dotの出現位置での磁場
field strength, field inclination, field azimuth

暗部中心から
等方的な分布

2009年2月7日土曜日



Result 1/4
Histogram

これまでの研究
 (Kitai et al. 2007) と同じ分布

(a) (b)

(c) (d)

(e) (f)

外側:
peripheral

内側:
central

境界は0.2×(静穏領域の明るさ)
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Result 2/4
空間分布
磁場が強い所にはUDは少ない⇒
セル状の構造⇒

Field Strength [Gauss]

発
生
頻
度

 [個
/a

rc
se

c2
]

対流をより強く抑制
黒点深部のglobalな構造を反映？

背景:磁場強度

2009年2月7日土曜日



Result 3/4
相関関係
寿命

サイズ
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ほとんど変化なし (約10分)

磁場が強い所で小さい

浮上速度と
サイズは
Bに逆相関

磁場無し

T

磁場あり

実線:平均値

実線:平均値
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Lifetime
What determines the lifetime of UDs?

T

冷却時間
radiative cooling time

10秒程度で短すぎ
No!

size~300km、 
lifetime~600sec、

∴ rise velocity~0.5km/s

B強⇒size   , rise velocity 　               
よってlifetimeはBに
ほとんど依存しない

供給継続時間
size / rise velocity

Maybe Yes!

表面ですぐ
冷える
上昇速度と
サイズは
Bに逆相関

2009年2月7日土曜日
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運動解析
速さ...磁場が水平の方が速い
方向

• 磁場が水平　暗部中心方向
• 磁場が垂直　相関小さい
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Result 4/4

相関大BB

Umbral Dot
Inward 

migration

最重要
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運動解析

Proper motion
最重要

10,000km 横から見た図

umbral dotの運動方向
周辺部 (磁場斜め)

 inward migration

中心部 (磁場垂直)
 almost no motion

2009年2月7日土曜日
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運動解析
磁場が垂直...ゆっくりと
ランダムな運動
磁場が斜め...速い速度で
暗部中心方向へ運動
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Inward migration

1. gasの上昇、冷却

2.磁力線の折り曲げ

3.磁気圧減少

4.ガス上昇

Umbra inward

温度高 温度低

磁場の傾き角と
inward migration

の相関
Spruit & Scharmer (2006)

2009年2月7日土曜日



Summary

磁場が強い所では...
発生頻度が少ない⇒
sizeが小さい⇒
lifetimeは一定⇒

磁場が水平に傾いている所では...
暗部中心方向に速いスピードで運動する

umbral dotは、磁場と対流の相互作用を
直接測定できる貴重な対象

対流をより強く抑制
gasの膨張を抑制
lifetime~size/rise velocityで、
    size     , rise velocity

⇒傾いた磁場中でのガスによる磁力線の折り曲げ
2009年2月7日土曜日



 

  End of the Talk

北井 礼三郎 先生
一本 潔 先生
柴田 一成 先生 

宇宙物理教室の皆様
花山・飛騨天文台の皆様
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Lightcurve 1/2
特徴的なlightcurve

磁場の弱い所

磁場の強い所

Central UDs
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明るい
fast brightening
& slow darkning 

暗い
変動幅も小さい
symmetric brightening
& darkning

時間 時間

時間 時間

2009年2月7日土曜日



Lightcurve 2/2
lightcurveが振動している？

30分以上のlifetimeのUD 76個
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Dark lane
topにcoolでdenseな
material
観測される高さτ=1が
cool materialを横切る

3000km

Sütterlin et al. (2004)

⇧Intensity

2009年2月7日土曜日



UD Parameters
lifetime　

(消滅した時間)−(出現した時間)
radius　

peak位置から0.5*(Ipeak+Ibg)までの距離
average speed　

(出現から消滅までの距離)/(寿命)
velocity orientation　
出現位置から消滅位置へのベクトル方向

2009年2月7日土曜日
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HTraveling wave

The speed of 
traveling wave 
depends on...

field strength
stratification
obliquity φ

磁場>対流では
travelingの方向は　
磁場と逆向き

Hurburt, Matthews, Proctor (1996)

vp: phase speed of 
     the traveling waves
u: mean horizontal flow
    at the surface
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Inward migration

Schlichenmaier et al. (2002)
moving tube model
磁束管の浮上に伴う足元の
inward motion
central UDは再現できない

penumbraの明るさを説明で
きない

R. Schlichenmaier: Penumbral fine structure 305

SJS98b). This transient shock front migrates outwards and
leaves the computational domain through the open bound-
ary. To deal with this shock front numerically, we have in-
troduced artificial viscosities. However, the method that we
have chosen in the old calculations introduced artificial vis-
cosity all along the tube, i.e., also at places where it may not
be needed to guarantee numerical stability. As an improve-
ment, we therefore have implemented a numerical method for
artificial viscosities that exclusively acts at locations where
the flow velocity along the tube, , has strong gradients.
The method that we use is described by Lapidus (1967, his
Eq. 30). Adapted to our problem, we perform a smoothing of
both velocity components, , after each time step
using the following formula:

where , gives the ratio between the present
time step, , and the arc length between the corresponding
grid points, ;

gives the spatial gradient of a variable, , along
the tube; and C is a constant that determines the width of the
velocity front and is taken as 4.

We note that with this viscosity, instabilities still occur in
the deep subphotospheric penumbra for Mm. Their
origin is still unclear, but they are successfully damped ap-
plying an additional smoothing in these layers.

4.2. Results

We use this modified version of the code and perform calcula-
tions for three different sizes of flux tubes, Mx,

Mx, Mx. The run published in
SJS98b corresponds to . The initial stages of the evolution
are essentially the same for all three cases, and do not differ
from the result in SJS98b: The tube heats up, most efficiently
near the level, and the part of the tube lying in the con-
vectively unstable stratification just beneath the photosphere
takes off from the magnetopause first. An upflow along the
tube builds up and the footpoint of the tube migrates inwards
toward the umbra as seen in Figs. 2, 3, and 4.

4.3. The sea serpent

In contrast to the run in SJS98b, where the tube is essentially
horizontal downstream, i.e., radially outwards, of the foot-
point, the tubes presented here develop waves downstream of
the footpoint. Inititially, these waves are only present in the
convectively stable stratification of the photosphere, with am-
plitudes that decrease outwards and with a wavelength that is
constant with time. But the amplitudes increase with time and
the downflow part next to the inner footpoint dives beneath
the level where it starts to sink due to the convec-
tively unstable stratification. Thereby the length between the
inner two crests increases such that the inner crest continues
to migrate inwards while the outer crest migrates outwards.
In these stages, the tube might be compared to a sea serpent
since only the crests are visible, while the trough is located
beneath the level.

Fig. 2. Evolution of flux tube with Mx. Close-up look
of tube trajectories (depth versus radial distance in Mm) around the

level, which corresponds to Mm in the penumbra
(Wilson depression). Initially the tube lies along the magnetopause.
The tube’s diameter is magnified by a factor of 4 for better visibility.
Snapshot images from top to bottom with time steps of 1000 s. Gray
coding corresponds to temperature. The black and white arrows cor-
respond to the flow velocity along the tube.

Penumbral grains: As can be seen from the tempera-
tures in the images, both crests are substantially hotter than
their surroundings and would be visible as penumbral grains.
Hence, the outward migrating crest corresponds to an out-
ward migrating penumbral grain. These results suggest that
any outward migrating penumbral grain must have another
penumbral grain further inwards in the penumbra which
migrates inwards. This naturally reproduces the observa-
tional result that outward migrating grains are predomintantly
present in the outer penumbra and vice versa.

Downflows: It is also remarkable that these tubes show
downflows, as a consequence of those waves. Due to radia-
tive cooling in the photosphere, the downflow parts of the
wave are cooler than the upflow part upstream. As one of the
most prominent snapshots for a downflow, we consider the
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Mixing length theory
対流の効率を決め
るパラメーター

Deinzer (1965)

l / H
l... Prandlʼs mixing theory
(周囲の物質と混合する距離)
H... pressure scale height

l/H→1  磁場なし
l/H→0  対流を完全に抑制
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MHD simulation
下降流はまだ観測されていない

central UDとperipheral UDは、
磁場の傾きが違うだけ
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Rempel (2008)
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Distance v.s. Lifetime

Lifetime ∝ travel distance
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Cluster? Monolithic?
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Histogram
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白+斜線: 
peripheral UD

灰色: 
central UD
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Magnetoconvection
黒点における磁気対流
圧力や磁場が高さ方向に
大幅に変化
非線形

Weiss (1981) J. Fluid Mech
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数値計算が
不可欠
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