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Introduction
Umbral dot (UD) 

Size

Lifetime

Proper 
motion

Field 
strength

Doppler 
velocity

~300 km

5-40 min
typically 10 min

peripheral: 0.5-1 km/s     
              umbra inward
central: almost static

2000-2500 Gauss
~40 Gauss weaker

upflow
30 - 100 m/s

Courtesy to T.J.Okamoto 

Umbra
Penumbra

Hinode SOT G-band



Background
Observation Theory

The brightness of umbra 
is 5%-20% of Iquiet

The convection is 
suppressed by 
magnetic field

Field strength of umbra
is at most 3500Gauss

If the convection is suppressed 
entirely, the umbra should have 

> 5000Gauss

umbral dot
~500K hotter than umbra

Magnetoconvection 
should take place

Deinzer (1965), ApJ, 141, 548Danielson (1964), ApJ, 139, 45



Motivation
High- resolution data obtained by the 
Hinode satellite
Magnetoconvection origin

size, lifetime, proper motion, ...
magnetic field, field inclination
correlation between magnetic field and UD

Comparison with 3D MHD simulations
structure of sunspot
energy transport in sunspot

applicable to 
the physics in 
accretion disk, 
low T stars, ...



Data
Hinode Solar Optical Telescope
March 1, 2007
imaging: blue continuum 
- 25s cadence, 2 hrs duration
- spatial resolution 0.054″(40km)
spectropolarimeter: Fe I 6302Å
- 15 min to scan 20000km area
- spatial resolution 0.16″(100km)

Position of the target

10,000km

field strength field inclination field azimuth

(63″,17″)



Analysis

Automatic detection
peak position with Ipeak>1.3×Ibg

The continuation between 
successive frames

UD parameters
lifetime
size
brightness ratio 
(Ipeak / Ibackground)
average speed 
velocity orientation

Total amount of UDs    
is 2268                  
(average 124 per frame)



Result 1/4
Spatial distribution
Fewer UDs in stronger fields⇒

Cellular patterns⇒

Field Strength [Gauss]
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Suppression of convection

reflect the global substructure?

background:
field strength
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Correlations

lifetime

size
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inversely 
correlated 
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no field

T



Velocity analysis
speed...faster in more inclined 
field regions
orientation

• horizontal B　toward center
• vertical B　weak correlation
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strong 
correlation

BB

UD
Inward 

migration



Inward migration

1. ascending, cooling

2. bending of field lines

3. a reduction of B

4. ascending of hot gas

Umbra inward

high T low T
Spruit & Scharmer (2006)
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Oscillatory light curve

strong power in 1-2 mHz (8-16 
min) component
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Summary

UDs are fewer in strong magnetic field regions
Lifetime and size of UDs show almost no 
dependence on field strength 
UDs move faster towards the center of the umbra  
in the oblique field regions
The oscillatory light curve of UDs may be explained 
as the successive appearance of another UD

umbral dot is the target which can 
directly measure the interaction between 

magnetic field and convection



Backup slides
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Result 1/4
Histogram

white+hatched: 
peripheral UD

gray: 
central UD

average central peripheral

lifetime 

Radius

Ipeak
/ Ibg

average
speed

7.4min 6.5min 7.8min

184km 178km 187km

1.73 1.51 1.85

0.44
km/s

0.33
km/s

0.50
km/s

<

<

<

<

(a) (b)

(c) (d)

(e) (f)

Outside:
peripheral

Inside:
central

boundary 
Iquiet=0.2

The same as the 
previous studies



Velocity analysis

Proper motion

10,000km Side view

direction of motion of UDs
Central (oblique B)

 inward migration

Peripheral (vertical B)
 almost no motion

Important



Lifetime
What determines the lifetime of UDs?

T

cooling time
radiative cooling time

about 10sec ≪ 600min
No!

size~300km、 
lifetime~600sec、

∴ rise velocity~0.5km/s
If B is strong, both size and 

rise velocity is smaller. 
Then lifetime is constant.

duration of the supply
size / rise velocity

Maybe Yes!

cooled at
the surface



Magnetoconvection
Important parameters
ζ ... magnetic / thermal diffusivity
Q... Chandrasekhar number (Field strength)
R... Rayleigh number (adiabatic gradient)

Weiss (1981) J. Fluid Mech

1
9
9
0
M
N
R
A
S
.
2
4
5
.
.
4
3
4
W

Rempel (2008)



Recent MHD simulation

up: Schüssler&Vögler(2006)
right: Rempel(2008)　
　　　　　  magnetic field⇒

3000km

10,000km



Lightcurve 1/2
characteristic 
lightcurve

weaker fields

stronger fields

Central UDs
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Time Time
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Analysis 2/2
field strength B field inclination i field azimuth ψ

side view

x

y

z(vertical)

i

ψ

B

especially strong 
field region
dark core

Magnetic field at UDʼs occurrence site
field strength, field inclination, field azimuth

isotropic 
distribution



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)



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

10
00

km

Rempel (2008)



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



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


