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 磁気流体プラズマ乱流中の
渦構造とダイナミクス

加藤成晃
戎崎俊一

(理研)

Vincent van Gogh’s The Starry Night (1889) 
the view from the window of his asylum room at Saint-Rémy-de-Provence 
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Karman vortex Tropical cyclone (Hurricane, Typhoon) 

Wingtip vortex

https://en.wikipedia.org/wiki/Wingtip_vortices

CEReS NICT JMA HIMAWARI Visualization Team on YouTube https://en.wikipedia.org/wiki/Tropical_cyclone

太陽”磁気”トルネード

Ca II 854.2 nm -CRISP@SST
(Wedemeyer-Böhm & Rouppe van der Voort 2009)

Wedemeyer-Böhm et al. 2012
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Solar Chromosphere
Spicules = Dynamical fibrils

Hinode/Ca II H BFI movie 
(courtesy by Mats Carlsson)

Solar granules

Hinode/Solar Optical Telescope (SOT)
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Figure 1. Sketch of the granulation–supergranulation–spicule complex in cross section. A, Flow
lines of a supergranulation cell. B, Photospheric granules. C, Wave motions. D, Large-scale
chromospheric flow field seen in Ha. E, [Magnetic] lines of force, pictured as uniform in the corona
but concentrated at the boundaries of the supergranules in the photosphere and chromosphere.
F, Base of a spicule ‘bush’ or ‘rosette’, visible as a region of enhanced emission in the Ha and
K-line cores. G, Spicules. [. . .] The distance between the bushes is 30 000 km. Reproduced with
permission from Noyes [15], including this caption.

In terms of physics, the principal quiet-Sun photospheric agents are gas
dynamics and near-local thermodynamic equilibrium (near-LTE) radiation loss
outside magnetic concentrations, magnetohydrodynamics (MHD) within the
latter. These processes are presently emulated well in three-dimensional time-
dependent simulations of photospheric fine structure. The spatial simulation
extent is still too small to contain full-fledged active regions, but sunspots [12]
and supergranules [13,14] come into reach. Higher up, the radiation losses become
severely non-equilibrium (non-local thermodynamic equilibrium (NLTE), partial
redistribution, time-dependent population rates), and the magneto-gasdynamics
becomes multi-fluid. These complexities constitute a challenging but promising
modelling frontier.

2. The scene

Figure 1 sets the quiet-Sun scene for this overview. This sketch comes from
the outstanding discussion by Noyes [15] of the ingenious Doppler imaging

Phil. Trans. R. Soc. A (2012)

 on March 18, 2017http://rsta.royalsocietypublishing.org/Downloaded from 

Rutten 2012
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Figure 1. Sketch of the granulation–supergranulation–spicule complex in cross section. A, Flow
lines of a supergranulation cell. B, Photospheric granules. C, Wave motions. D, Large-scale
chromospheric flow field seen in Ha. E, [Magnetic] lines of force, pictured as uniform in the corona
but concentrated at the boundaries of the supergranules in the photosphere and chromosphere.
F, Base of a spicule ‘bush’ or ‘rosette’, visible as a region of enhanced emission in the Ha and
K-line cores. G, Spicules. [. . .] The distance between the bushes is 30 000 km. Reproduced with
permission from Noyes [15], including this caption.

In terms of physics, the principal quiet-Sun photospheric agents are gas
dynamics and near-local thermodynamic equilibrium (near-LTE) radiation loss
outside magnetic concentrations, magnetohydrodynamics (MHD) within the
latter. These processes are presently emulated well in three-dimensional time-
dependent simulations of photospheric fine structure. The spatial simulation
extent is still too small to contain full-fledged active regions, but sunspots [12]
and supergranules [13,14] come into reach. Higher up, the radiation losses become
severely non-equilibrium (non-local thermodynamic equilibrium (NLTE), partial
redistribution, time-dependent population rates), and the magneto-gasdynamics
becomes multi-fluid. These complexities constitute a challenging but promising
modelling frontier.

2. The scene

Figure 1 sets the quiet-Sun scene for this overview. This sketch comes from
the outstanding discussion by Noyes [15] of the ingenious Doppler imaging
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How to find a vortex?
• Streamlines 
• Vorticity magnitude 
• Local pressure minimum

The identijication of a vortex 73 
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FIGURE 2. (a-c) Streamlines of a Lamb vortex in different reference frames, moving: (a) with the 
vortex centre; (b) with a point within the core; and (c) faster than any point. (&a Distribution of 
velocity vectors in the near field of an axisymmetric jet with a reference frame velocity of: ( d )  1.25U, 
(convection velocity of lower vortex); (e)  0.3517, (convection velocity of upper vortex); and 0.8Ue 
(the average of the convection velocities of the two vortices). Dotted lines represent structure 
boundary based on vorticity magnitude. 

Thus, this definition will obscure two or more vortices moving at different speeds in any 
single reference frame and will surely fail in a turbulent flow containing numerous 
vortices advecting at different speeds. 

2.3.  Vorticity magnitude 
Vorticity magnitude (101) has been widely used to educe CS and represent vortex cores 
(Metcalfe et al. 1985; Hussain & Hayakawa 1987; Bisset et al. 1990). However, this 
approach, though fairly successful in the free shear flows investigated so far, may not 
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Fig. 2. Comparison between LIC imaging, vor-
ticity, and vorticity strength of a solid rotation
(upper panels) and that of a shear flow (lower
panels) indicated by white arrows. Upper pan-
els: (a) the horizontal velocity amplitude of a
swirling feature is illustrated by the LIC imag-
ing, (b) the tangential discontinuity at the edge
of a swirling feature is enhanced by the vortic-
ity, and (c) the constant angular rotation speed
of a swirling feature is depicted by the vorticity
strength. Lower panels: (d) same as (a) but for a
shear flow, (e) a gap between the rightward and
leftward velocity at y = 0 is illustrated by the
vorticity, and (f) there are no features shown by
the vorticity strength.

The velocity gradient tensor of this case can be represented
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(see Eq. (5)). For a pure circular flow with µ = 0 and ⌫ , 0, the
solution consists of a conjugate pair of complex roots of � = ±i⌫.
In contrast, for a radial, non-circular flow with µ , 0 and ⌫ = 0,
the solution has two distintive real roots of � = µ/r2

x and µ/r2
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2.4. Vortex detection

Once the velocity field is provided, the vorticity and the vorticity
strength are calculated according to Eqs. (1)-(6). The vorticity in
a chromospheric layer in the simulations exhibits a complicated
filamentary structure as shown in Fig. 1 b. Prior to the detection
procedure, the LIC technique is applied to the resulting sequence
of vorticity maps in order to smooth and to enhance not only
eddies but also circular flows so that they become easier to de-
tect (see Fig. 1c). This preparatory step has proven to reduce the
computational costs of the vortex detection procedure. In con-
trast, the corresponding vorticity strength map is composed of
more isolated features as shown in Fig. 1d because it is sensitive
to other aspects of the input velocity field than the pure vortic-
ity. It should be noted that there is subtle di↵erence between a
circular motion and a true vortex. A small gas parcel might be
advected with the gas flow in a circular trajectory but its vorticity
is only non-zero if the gas parcel is rotating in itself in addition
to following the circular flow. Nevertheless the circular trajec-
tory of a gas parcel might still part of a larger vortical flow field

and should thus be detected by the search algorithm, even though
both the vorticity and vorticity strength may have small values at
that particular position. This property is important for the suc-
cessful detection of vortex features in flow fields derived from
real chromospheric observations, which by nature are subject to
uncertainties in the determined velocities.

In the following, we will present tests for both the enhanced
vorticity and vorticity strength method. In both cases, one snap-
shot after another is processed sequentially. Potential vortex can-
didates are then found from the local maxima in the input map in
the current snapshot. Next, a Gaussian kernel is fitted to the map
around each vortex candidate, although a more sophisticated ker-
nel function could be used in the future. The fitted Gaussian is
then subtracted from the original map. A new iteration follows
in which the resulting map is again searched for local maxima,
the new vortex candidates are fitted and the fitted Gaussians are
again subtracted. This iterative process is repeated until the peak
falls below a threshold value of 10 % of the maximum peak in
the original map. This procedure is similar to the CLEAN algo-
rithm as used for interferometric imaging (Högbom 1974) for the
purpose of excluding irregular features and artefacts. The size of
a vortex is determined approximately as the diameter of a circle
whose area is equivalent to the area enclosed by a contour line
for intensity values larger than 10 % of the intensity peak value.

The detections from a run based on the enhanced vorticity
and another run based on the vorticity strength are compared in
order to determine which of the quantities produces the most
reliable and complete results. Figure 2 shows the di↵erence be-
tween the LIC image, the vorticity, and the vorticity strength for
a velocity field given by a solid rotation (upper panels) and by
a shear flow (lower panels). The intensity of the LIC image is
proportional to the horizontal velocity amplitude showing a hol-
low structure, which is higher in the outer parts of the tested flow
patterns (panels (a) and (d)). Distinguishing between vortex flow
and shear flow thus requires to take into account the entire flow
structure. This requirement is problematic for a more realistic
velocity field (see Fig. 1a), where the boundaries between indi-
vidual vortex flows can be di�cult to see. Uncertainties in the

Article number, page 4 of 13

YK & Wedemeyer 2017

A&A proofs: manuscript no. ms

vorticity vorticity strengthLIC imaging

(a) (b) (c)

-500

500

y
 [

M
m

]

D
0
 =

 2
0
0
0
 k

m

0

0-500 500
x [Mm]

0-500 500
x [Mm]

0-500 500
x [Mm]

-500

500

y
 [

M
m

]

a 
sh

ea
r 

fl
o
w

0

(d) (e) (f)

Fig. 2. Comparison between LIC imaging, vor-
ticity, and vorticity strength of a solid rotation
(upper panels) and that of a shear flow (lower
panels) indicated by white arrows. Upper pan-
els: (a) the horizontal velocity amplitude of a
swirling feature is illustrated by the LIC imag-
ing, (b) the tangential discontinuity at the edge
of a swirling feature is enhanced by the vortic-
ity, and (c) the constant angular rotation speed
of a swirling feature is depicted by the vorticity
strength. Lower panels: (d) same as (a) but for a
shear flow, (e) a gap between the rightward and
leftward velocity at y = 0 is illustrated by the
vorticity, and (f) there are no features shown by
the vorticity strength.
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solution consists of a conjugate pair of complex roots of � = ±i⌫.
In contrast, for a radial, non-circular flow with µ , 0 and ⌫ = 0,
the solution has two distintive real roots of � = µ/r2
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2.4. Vortex detection

Once the velocity field is provided, the vorticity and the vorticity
strength are calculated according to Eqs. (1)-(6). The vorticity in
a chromospheric layer in the simulations exhibits a complicated
filamentary structure as shown in Fig. 1 b. Prior to the detection
procedure, the LIC technique is applied to the resulting sequence
of vorticity maps in order to smooth and to enhance not only
eddies but also circular flows so that they become easier to de-
tect (see Fig. 1c). This preparatory step has proven to reduce the
computational costs of the vortex detection procedure. In con-
trast, the corresponding vorticity strength map is composed of
more isolated features as shown in Fig. 1d because it is sensitive
to other aspects of the input velocity field than the pure vortic-
ity. It should be noted that there is subtle di↵erence between a
circular motion and a true vortex. A small gas parcel might be
advected with the gas flow in a circular trajectory but its vorticity
is only non-zero if the gas parcel is rotating in itself in addition
to following the circular flow. Nevertheless the circular trajec-
tory of a gas parcel might still part of a larger vortical flow field

and should thus be detected by the search algorithm, even though
both the vorticity and vorticity strength may have small values at
that particular position. This property is important for the suc-
cessful detection of vortex features in flow fields derived from
real chromospheric observations, which by nature are subject to
uncertainties in the determined velocities.

In the following, we will present tests for both the enhanced
vorticity and vorticity strength method. In both cases, one snap-
shot after another is processed sequentially. Potential vortex can-
didates are then found from the local maxima in the input map in
the current snapshot. Next, a Gaussian kernel is fitted to the map
around each vortex candidate, although a more sophisticated ker-
nel function could be used in the future. The fitted Gaussian is
then subtracted from the original map. A new iteration follows
in which the resulting map is again searched for local maxima,
the new vortex candidates are fitted and the fitted Gaussians are
again subtracted. This iterative process is repeated until the peak
falls below a threshold value of 10 % of the maximum peak in
the original map. This procedure is similar to the CLEAN algo-
rithm as used for interferometric imaging (Högbom 1974) for the
purpose of excluding irregular features and artefacts. The size of
a vortex is determined approximately as the diameter of a circle
whose area is equivalent to the area enclosed by a contour line
for intensity values larger than 10 % of the intensity peak value.

The detections from a run based on the enhanced vorticity
and another run based on the vorticity strength are compared in
order to determine which of the quantities produces the most
reliable and complete results. Figure 2 shows the di↵erence be-
tween the LIC image, the vorticity, and the vorticity strength for
a velocity field given by a solid rotation (upper panels) and by
a shear flow (lower panels). The intensity of the LIC image is
proportional to the horizontal velocity amplitude showing a hol-
low structure, which is higher in the outer parts of the tested flow
patterns (panels (a) and (d)). Distinguishing between vortex flow
and shear flow thus requires to take into account the entire flow
structure. This requirement is problematic for a more realistic
velocity field (see Fig. 1a), where the boundaries between indi-
vidual vortex flows can be di�cult to see. Uncertainties in the
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Recent measures of a vortex
by an imaginary part of eigenvalue of the velocity gradient tensor

“Swirling Strength”= 渦巻度 (Moll et al. 2011)

The singular point analysis/classification 
on the differential equations

Two real roots with opposite sign Two real roots with same sign

Pure imaginary roots Complex roots
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2. Method

The method presented here consists of the following steps:

1. Determination of the velocity field (Sect. 2.1).
2. Vortex detection (Sect. 2.4) based on vorticity and vorticity

strength (Sect. 2.3).
3. Event identification (Sect. 2.5).

In Appendix A, we show the flowchart of our method step
by step. The method is tested and illustrated first with a very
simplified vortex flow (see Sect. 2.2) and then with a more real-
istic combination of a numerical model atmospheres and a fixed
vortex flow (see Sect. 2.6).

2.1. Determination of the velocity field

Quantitative studies of atmospheric dynamics (e.g., November
1986; November & Simon 1988) require that the velocity field in
the solar atmosphere is known with su�cient accuracy. Unfortu-
nately, the pronounced dynamics, which occurs on a large range
of temporal and spatial scales, make the reliable determination
of the atmospheric velocity field from observations a challeng-
ing task. Next to the complexity of (multidimensional) flows in
the solar atmosphere itself, observational e↵ects, such as inter-
mediate blurring as a result of varying seeing condition, and lim-
ited spatial resolution make it di�cult to find swirling features.
Some of the di�culties can be overcome by advanced feature
tracking techniques such as the commonly known local correla-
tion tracking (LCT). For instance, the FLCT method by Welsch
et al. (2004) and Fisher & Welsch (2008) is able to determine
the velocity field from sequences of observational images with
su�cient quality.

It has nevertheless to be checked thoroughly how well the de-
rived LCT velocities match the actual physical velocities. Such
tests can be performed on basis of numerical simulations for
which the initial physical velocities are known and can be com-
pared to corresponding LCT velocites derived from synthetic
observations of the simulated atmospheric dynamics. In this
first paper of a series, however, we present a precursory step
for which we use one of the model atmospheres created with
CO5BOLD (see Sect. 2.2) for testing our detection methods as
described below. In future parts of this series, velocities derived
with the FLCT method will be used and the implications of the
inherently limited velocity accuracy on the detection of vortex
flows will be discussed.

2.2. Model atmosphere for testing

The model was computed with the 3D radiation magnetohydro-
dynamic code CO5BOLD (Freytag et al. 2012) and is equiva-
lent to the one used by Wedemeyer-Böhm et al. (2012) but it
was produced with an improved numerical integration scheme
(Steiner et al. 2013), resulting in reduced numerical di↵usivity
and thus more structure on smaller spatial scales. The new model
was constructed by superimposing an initial magnetic field on a
snapshot of a hydrodynamic simulation and advanced in time un-
til it had relaxed from this initial condition. The initial magnetic
field is strictly vertical and has a field strength of |B0| = 50 G.

The computational box comprises 286 ⇥ 286 ⇥ 286 grid
cells and has a horizontal extent of 8.0 Mm ⇥ 8.0 Mm with a
constant grid cell width of �x = �y = 28 km. The grid is non-
equidistant in height and extents from -2.4 Mm at the bottom (in
the convection zone) to 2.0 Mm at the top (in the model chromo-
sphere) with a constant vertical grid spacing of �z = 12 km at all

z > �128 km and gradually increasing to �z = 28.2 km for all
z < �1132 km.

The computational time steps are typically on the order of a
few milliseconds. A sequence with a duration of 60 min and a
cadence of 1 s is produced of which the first 30 min are used for
the tests presented in this paper.

2.3. Identification of vortices

An objective definition of a vortex has yet to be established
and therefore the identification of vortices in complex/turbulent
flows has been a primary subject (see, e.g., Jeong & Hussain
1995, and references therein). The so-called line integral con-
volution (LIC) technique turns out to be helpful in this respect.
The LIC techniques allows to visualise turbulent flows and was
first introduced by Cabral & Leedom (1993). A LIC image for a
given velocity field is created by tracing streamlines whose in-
tensity is proportional to the horizontal velocity amplitude. This
technique can enhance the flow pattern of small-scale and large-
scale eddies simultaneously, as can be seen in Fig. 1 a, and there-
fore it can help to identify vortices by visual and automatic in-
spection. However, an automatic detection algorithm for vortices
requires quantities that enables the objective, robust and repro-
ducible identification of vortices.

A vortex flow is by definition associated with a high value of
the vorticity !, which is defined as

! = r ⇥ v . (1)

Unfortunately, the definition of the vorticity in Eq. (1) also re-
sults in high values for shear flows, i.e., flows with opposite
direction, which thus have to be distinguished from the sought
after true circular vortex flows. This ambiguity can be avoided
by using the vorticity strength instead, which is the imaginary
part of the eigenvalues of the velocity gradient tensor. The vor-
ticity strength has indeed been successfully used by Moll et al.
(2011) for investigating flow patterns in the surface-near layers
of the convection zone and the photosphere. In our study, we use
the same technique to investigate flow patterns in the chromo-
sphere. In the following, we briefly demonstrate how the vor-
ticity strength is used for finding swirling features in flows pro-
jected on a two-dimensional view plane.

Consider the velocity gradient tensor,D
i j

D
i j

=
@vi

@xj
(2)

If � are the eigenvalues ofD
i j

, then
h
D

i j

� �I
i

e = 0 (3)

where e is the eigenvector.
The eigenvalues can be determined by solving the character-

istic equation

det
h
D

i j

� �I
i
= 0 (4)

which, for a velocity flow in two-dimensional space v = (vx, vy),
can be written as

�2 + P� + Q = 0 (5)

where P = �tr(D
i j

) and Q = det (D
i j

). Equation (5) has the
following canonical solutions:

� =
�P ±

p
P

2 � 4Q

2
. (6)
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Testing a new detection algorithm
YK & Wedemeyer 2017 A&A

• A new 3D numerical simulation by using CO5BOLD 
• CO5BOLD (Freytag et al. 2008) 

• Fortran90+OpenMP 
• MHD: HLLC solver with the Janhunen source terms. 
• Long-characteristic Radiation Transfer 
• Equations of State assuming LTE 

• Initial model (similar to Wedemeyer-Böhm et al. 2012, Nature) 
• |B0| = 50G (strictly vertical) 
• Horizontal extent: 8.0 Mm x 8.0 Mm (11” x 11”) 
• Vertical extent: -2.4 Mm to +2.4 Mm  
• ∆x=28 km in horizontal direction (2863 meshes)

The velocity field at z=1 Mm is used 
as an input for testing 

the detection algorithm

Velocity field at z=1 Mm

88
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渦巻度と渦度の比較
YK & Wedemeyer 2017 A&A

渦巻度 渦度
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渦巻度と磁場強度の位置相関
YK & Wedemeyer 2017 A&A
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Figure 1. Sketch of the granulation–supergranulation–spicule complex in cross section. A, Flow
lines of a supergranulation cell. B, Photospheric granules. C, Wave motions. D, Large-scale
chromospheric flow field seen in Ha. E, [Magnetic] lines of force, pictured as uniform in the corona
but concentrated at the boundaries of the supergranules in the photosphere and chromosphere.
F, Base of a spicule ‘bush’ or ‘rosette’, visible as a region of enhanced emission in the Ha and
K-line cores. G, Spicules. [. . .] The distance between the bushes is 30 000 km. Reproduced with
permission from Noyes [15], including this caption.

In terms of physics, the principal quiet-Sun photospheric agents are gas
dynamics and near-local thermodynamic equilibrium (near-LTE) radiation loss
outside magnetic concentrations, magnetohydrodynamics (MHD) within the
latter. These processes are presently emulated well in three-dimensional time-
dependent simulations of photospheric fine structure. The spatial simulation
extent is still too small to contain full-fledged active regions, but sunspots [12]
and supergranules [13,14] come into reach. Higher up, the radiation losses become
severely non-equilibrium (non-local thermodynamic equilibrium (NLTE), partial
redistribution, time-dependent population rates), and the magneto-gasdynamics
becomes multi-fluid. These complexities constitute a challenging but promising
modelling frontier.

2. The scene

Figure 1 sets the quiet-Sun scene for this overview. This sketch comes from
the outstanding discussion by Noyes [15] of the ingenious Doppler imaging
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太陽観測と輻射磁気流体モデルの比較
YK & Wedemeyer 2017 A&A
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太陽大気の観測結果

太陽モデルの計算結果
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原始惑星系円盤の渦構造と惑星形成

12

http://www.hadean.jp/report/全地球史アトラス動画公開.html
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Toward Simulation of Protoplanetary Disk
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Magnetohydrodynamic Simulation Code
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Abstract

We present a new magnetohydrodynamic (MHD) simulation code with the aim of provid-

ing accurate numerical solutions to astrophysical phenomena where discontinuities, shock

waves, and turbulence are inherently important. The code implements the HLLD approximate

Riemann solver, the fifth-order-monotonicity-preserving interpolation scheme, and the hyper-

bolic divergence cleaning method for a magnetic field. This choice of schemes significantly

improved numerical accuracy and stability, and saved computational costs in multidimensional

1
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Revisiting simulations of magnetic tower jet
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降着円盤の渦巻度構造

15
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まとめ

• 渦構造を同定する物理量：渦巻度（速度勾配テンソルの
固有値の虚部成分）

• 太陽コロナ加熱の主犯とみられる太陽トルネードはまだ
観測では見つかり難い小さい構造のモノが沢山存在する 

• 降着円盤の渦巻度分布は乱流粘性（～α粘性の起源）と相
関するかどうか？【今後の研究】

16


