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Solar-Cの時代にわかる「と嬉しい」こと

Eventually the heirarchy 
must culminate in motions 
large enough to sense the 
spherical geometry and 

rotation

Giant Cells!

ṁ = 4�r2gf⇥vr ⇠ 4.3⇥ 1021g s�1

� ⇠ MCZ/ṁ ⇠ 370 years!

Surface convection establishes a 
radial entropy gradient which 
sustains large-scale convective 

instabilities

(Even in linear, non-rotating, Cartesian 
systems, fixed heat flux promotes large 

horizontal scales; Hurle, Jakeman & 
Pike 1967, Depassier & Spiegel 1981)

29Wednesday, July 21, 2010

①ダイナモ領域. 本当に対流層の底なのか？
②反転周期を決める（に影響を及ぼす）物理.



Tachocline Dynamo or Distributed Dynamo ?

★Tachocline Dynamo

�
�
�
�
�
�
�
�

�
	
�
�

��
�
�
�

��� �
�
�
�

���

��

②��
��

��
�
�
�
�
�

�
�
�
�

��
�
�
�

���

	��

�
�
�
�

���


�


�
�
�
�

★Distributed Dynamo

ダイナモ領域は対流層の底か？対流層内部か？ 
（≒ 対流は磁場を拡散だけさせるのか、増幅もするのか？）

(e.g., Flux-transport Dynamo)

①
�
�
�
�
�

(Convective Dynamo)

標準モデル

磁場増幅はタコクライン 
対流は乱流拡散の源.  
平均場による移流.

磁場増幅は対流層全域 
対流によるダイナモ



e.g.,  
Schou +98 
Thompson+03

磁束管の根元がどこに繋がっているか？
(ダイナモ領域への制限)

★どうやってダイナモ領域の情報を得るか？
→ 磁気要素の差動回転分布の観測
（黒点、黒点群、コロナ小輝点、コロナホール等 
　可視, EUV, X線）

※ disconnection from magnetic  
    roots (Schussler & Rempel 2005)

黒点、コロナ小輝点、コロナホールの差動回転観測



黒点、コロナ小輝点、コロナホールの差動回転観測
★磁束管の根元が繋がっている場所は？
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Figure 2. Differential rotation rates of XBP for 8 hr < ∆t < 24 hr and H =
12,000 km in northern (southern) hemisphere shown in red (blue) color. The
rotation rates from EBP by other observations and from photospheric magnetic
fields are also shown as reference.

the rotation velocity. In Figures 1(a)–(e), we show five latitude
bands and the decrease of the modal value is clearly seen from
the latitude band near the equator to a higher latitude band.
The detail of the differential rotation curve is shown in the next
section.

In order to estimate H from the XBP data, similar histograms
in the equatorial region were made for several longitudinal
segments. The modal value ωc in a single longitudinal segment is
estimated from each histogram f. The slope dωc/dφ is calculated
and is plotted as a function of H in Figure 1(f). In order to
satisfy a constant rotation rate with respect to the longitude
(dωc/dφ = 0), we adopt the characteristic height of XBPs H to
be 12,000 km for 8 hr < ∆t < 24 hr. The height is consistent
with those in Simon & Noyes (1972) and Brajša et al. (2004).
In Karachik et al. (2006), however, ∼80,000 km is adopted for
the height of EBPs. When the height of 0 km is adopted, the
equatorial rotation rate becomes larger by 0.2 deg day−1 in our
estimate and the rotation rate in a given latitude band becomes
different in different longitudes.

3. DIFFERENTIAL ROTATION RATE OF XBPS

The red and blue lines in Figure 2 and Table 1 show
the differential rotation rates of the northern and southern
hemispheres that are estimated in the present study with those
in previous studies. Due to the strong visibility effect in
counting XBPs from SXT images that leads to small number
of XBP samples near the limb of the Sun, the rotation rate at
high latitude above 60◦ in the heliocentric coordinates has a
relatively large uncertainty. The result of the present study is
consistent with Brajša et al. (2004) that is shown as diamond
sign in Figure 2 and supports the validity of the method
used in the present study. The differential rotation rate of
XBPs has a fairly similar profile to that of the photospheric
magnetic field in Komm et al. (1993). A possible reason is that
XBPs are produced by the magnetic interaction of small-scale
magnetic fields, magnetic reconnection, in the low part of the
corona.

The differential rotation rate is usually fitted by a function of
latitude θ as

ω(θ ) = A + B sin2 θ + C sin4 θ, (6)

Table 1
Differential Rotation Rate ωc (8 hr < ∆t < 24 hr)

Latitude Southern Hemisphere Northern Hemisphere
(deg) (deg day−1) (deg day−1)

00–05 14.337 ± 0.002 14.360 ± 0.002
05–10 14.388 ± 0.003 14.317 ± 0.002
10–15 14.328 ± 0.002 14.290 ± 0.003
15–20 14.202 ± 0.003 14.237 ± 0.003
20–25 14.034 ± 0.003 14.127 ± 0.003
25–30 13.842 ± 0.003 13.911 ± 0.004
30–35 13.616 ± 0.004 13.631 ± 0.004
35–40 13.316 ± 0.005 13.276 ± 0.005
40–45 13.004 ± 0.006 13.043 ± 0.004
45–50 12.682 ± 0.009 12.613 ± 0.008
50–55 12.046 ± 0.008 12.232 ± 0.010
55–60 11.862 ± 0.018 11.790 ± 0.014

Table 2
Differential Rotation Parameters (8 hr < ∆t < 24 hr)

Hemisphere A B C

South 14.39 ± 0.01 −2.05 ± 0.10 −2.20 ± 0.17
North 14.38 ± 0.01 −1.77 ± 0.10 −2.70 ± 0.17

South and North 14.39 ± 0.01 −1.91 ± 0.10 −2.45 ± 0.17

where A, B, and C are fitting parameters, though the second
term is not orthogonal to the third term. The rotation profiles
shown in Figure 2 are fitted by this function and the result of
the fitting is tabulated in Table 2. The equatorial rotation rate of
2.919 µrad s−1 or 14.41 deg day−1 for a July 1996 data set in
Karachik et al. (2006) appears to be coincident because a much
larger value in height, ∼80,000 km, is used in their estimation.

4. SHORT- AND LONG-LIVED XBPS

∆t is a parameter that we can intentionally filter some types
of XBP by its lifetime. In one of the ranges, ∆t1 < ∆t < ∆t2,
XBPs with a life time of τXBP < ∆t1 do not contribute to the
rotation rate in the range, while the XBPs with ∆t1 < τXBP
do contribute to the rotation rate. Figure 3(a) is a similar plot to
Figure 1(f) with a different ∆t in a latitude band near the equator
(−10◦ < θ < 10◦). It is clear that the characteristic height
XBP H determined from the condition of zero slope (dωc/dφ
= 0) is different in a different range of ∆t . Figure 3(b) shows
the characteristic height of XBP H as a function of ∆t . Two
characteristic heights are seen in the figure; one is at H = 4000–
6000 km for ∆t ! 8 hr and the other at H =10,000–12,000 km
for ∆t ! 8 hr. We can conclude that the short-lived XBPs whose
lifetime is shorter than ∼8 hr are smaller in the characteristic
height than XBPs of a longer lifetime. The lifetime of XBPs τXBP
that has been so far measured is within about a day (Golub et al.
1974, 1976; Golub & Vaiana 1978; Zhang et al. 2001; McIntosh
& Gurman 2005). Golub et al. (1974, 1976) show a histogram of
XBP lifetime showing a mean lifetime of 8–9 hr. What we have
found in the present study is that there are at least two types of
XBP, each group has a different characteristic height H.

Figure 4(a) shows the sidereal rotation rate ωc in the vicinity of
the equator as a function of ∆t , which are derived from the fitting
of histograms shown in Figure 4(b). Although Golub & Vaiana
(1978) have reported that “short-lived” (1 day < τXBP < 2 days)
XBPs rotate slower than “long-lived” (2 days < τXBP < 4 days)
XBPs, what we have found here is the trend of a quite different
timescale to what they reported. The number of short-lived
XBPs will be much larger than that of long-lived XBPs as
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Another important result from this study is an explanation
of why CHs rotate with a magnitude of ∼438 nHz during their
first appearance, whereas other active regions, approximately at
the same height in the corona, have a magnitude of the rotation
rate similar to the rotation rate of sunspots. Moreover, similar
to sunspots, CHs are likely to be three-dimensional structures
whose dynamical evolution is not only controlled by the surface
activity, but also related to the solar interior dynamics where
roots of CH might be anchored, probably below the base of
the convection zone. The idea that CHs probably originate
below the base of the convection zone is not a new one. In
fact, nearly three decades ago, Gilman (1977) came to the
conclusion that CH origin and formation may not be due to
the so-called dynamo mechanism that apparently explains the
genesis of the sunspot cycle. While discussing the origin of XBP
(X-ray bright points), Golub et al. (1981) came to the conclusion
that XBP and CHs probably originate below the base of the
convection zone. Recently, Jones (2005) also expressed similar
doubts about the origin of CHs and concluded that their roots
must be deeper below the base of the convection zone. Very
recently, by investigating the formation of isolated, non-polar
CHs on the remnants of four decaying active regions at the
minimum/early ascending phase of sunspot activity, Karachik
et al. (2010) came to a similar conclusion that during their first
appearance CH might be deeply rooted.

Hence, on the basis of these two important results ((1)
first rotation rates of CH during their initial appearance and
during evolutionary passage and (2) magnitude of rotation
rates (∼438 nHz)), we suggest a possibly naive but reasonable
proposition in the following way: compared to other activity
indices such as X-ray bright points (XBP), CHs are very large
(∼10 times the typical big sunspot), and it is not unreasonable
to suggest that their roots may be anchored very deep below
the surface. In the case of coronal XBP, from the nature
of their differential rotation rates, Hara (2009) has conjectured
that their roots might be anchored in the convective envelope,
as helioseismic inferences (Antia et al. 1998; Antia & Basu
2010) show that the whole convective envelope is rotating
differentially. On the other hand, the present and previous
studies (Wagner 1975; Wagner 1976; Timothy & Krieger 1975;
Bohlin 1977) strongly suggest that the rotation rate of CHs is
independent of latitude, number of days (τ ) observed on the
disk, and area.

As for the anchoring depths, during CHs’ first appearance in
the corona and owing to its magnetic nature (Gurman et al. 1974;
Bohlin 1977; Levine 1977; Bohlin & Sheeley 1978; Stenflo
1978; Harvey & Sheeley 1979; Harvey et al. 1982; Shelke
& Pande 1984; Obridko & Shelting 1989; Zhang et al. 2006;
Fainshtein et al. 2010) , we expect that a CH might isorotate with
the solar plasma, so its rotation rate during its first appearance
and the rotation rate at the anchoring depth must be identical. It is
interesting to note that the average rotation rate (∼438 nHz) we
have measured in CHs (Figure 13) is similar to that of the average
rotation rate of the solar plasma inferred by helioseismology
(Antia & Basu 2010; rotation rate of the solar interior averaged
over one solar cycle is kindly provided by Prof. Antia) at a depth
of ∼0.62(±0.10) R⊙. Hence, during the first CHs’ appearance, it
is reasonable to suggest that the depth of anchoring of CH might
be around 0.62(±0.10) R⊙. If we simply identify the rotation
rates found here with the internal rotation rate at a given depth,
we find a match only inside the radiative interior at a depth
of 0.62(±0.10) R⊙ solar radii. In the future, helioseismology
may give further inferences on the anchoring depths of CHs.
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Ω(θ) = 13.63 (±0.01) - 0.64(±0.05) sin2 θ   deg/day

Ω(θ) = 437.55(±4.03) -4.77(±29.55) sin2 θ   nHz

Ω(θ) = 438.22(±0.28) -20.56(±1.71) sin2 θ   nHz

χ2 = 0.202
χ2_Antia = 5.401

Figure 13. For all the sizes and number of observed days (τ ), this figure
illustrates first rotation rates of CHs (blue bar plot connected by blue triangles)
with a least-square fit (red continuous line). Also plotted is the helioseismically
inferred (Antia & Basu 2010) rotation rate (green continuous line connected
by black triangles with green dashed lines as one sigma error band) at a depth
of 0.62(±0.10) R⊙, as a function of latitude. The red and green dashed lines
represent one standard deviation (that is computed from all the data points) error
bands. χ2 is a measure of goodness of fit.
(A color version of this figure is available in the online journal.)

We know, however, of no currently accepted model of magnetic
field generation that could anchor coronal structures to such
a depth in the interior. Unless a consistent and acceptable
theoretical model of CHs that supports of our proposition (that
during their first appearance, roots of CH might be anchored
in the radiative core), our proposed idea remains mere a
conjecture only.

To conclude this study, we used SOHO/EIT 195 Å calibrated
images to determine the latitudinal and day-to-day variations of
the rotation rates of CHs. We found that (1) irrespective of their
areas and number of days (τ ) observed on the disk, for different
latitude zones, the rotation rates of CHs follow a rigid body
rotation law; (2) CHs also rotate rigidly during their evolution
history; and (3) during their first appearance, CHs rotate rigidly
with a constant angular velocity ∼438 nHz that only matches
depth around 0.62(±0.10) R⊙ in the radiative interior. This
result is so counterintuitive that we can only conclude that we
do not understand why CHs rotate rigidly at that rate.

The authors are grateful to the anonymous referee for the in-
valuable comments and suggestions that substantially improved
the results and presentation of the manuscript. The authors are
also grateful to Dr. J. B. Gurman for giving useful informa-
tion on the SOHO data, for going through an earlier version
of this manuscript, and for giving useful ideas. Hiremath is
thankful to the former Director, Prof. Siraj Hasan, Indian Insti-
tute of Astrophysics, for encouraging this ISRO funded project.
This work has been carried out under “CAWSES India Phase-II
program of Theme 1” sponsored by Indian Space Research Or-
ganization(ISRO), Government of India. SOHO is a mission of
international cooperation between ESA and NASA.
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● 短寿命XBPs : 
差動回転 (14.2 deg day-1 ~ Ω @0.99Rs)

差動回転 (14.4 deg day-1  ~ Ω @0.97Rs)

黒点群：差動回転 (14.6 deg day-1 ~ Ω @0.94Rs)

● 長寿命XBPs : 

● 黒点、黒点群 :

● コロナホール：
剛体回転 (13.6 deg day-1 ~ Ω @0.62Rs)

コロナホール以外は 
r > 0.9Rsunの差動回 
転分布と一致. 

磁束管の根元は 
対流層表面？

Hara (2009)

Hiremath & Hegde (2013)

● 大規模コロナ構造：
剛体回転 (or 差動回転, 緯度依存性?)

Hiremath & Hegde (2013)

Hara (2009)

 Hara (2009)

小規模コロナ構造

黒点：差動回転  ～ XBPsと同程度 (Ω @0.97Rs)
e.g, Komm et al. (1993)

(Yohkoh Soft-Xray)

e.g., Brajsa + 01,02,04

e.g., Wagner 75; Timothy+75; Weber & Sturrock 02

(SOHO/EIT)



近年の全球ダイナモ計算が示唆すること
太陽ダイナモを想起させる近年の全球ダイナモ計算：

・LES＋放射層
・30年周期, 赤道反対称
・対流層底部

・DNS＋放射強制項
・赤道マイグレーション
・対流層表面

・LES＋高速回転
・赤道マイグレーション
・6年周期, 極小期
・対流層中部
・LES
・準周期的反転. 浮上磁場？
・対流層底部

The Astrophysical Journal, 735:46 (22pp), 2011 July 1 Racine et al.

Figure 1. Temporal sequence of the toroidal magnetic component extracted at
the core–envelope interface (r/R⊙ = 0.718) in the three-dimensional MHD
simulation presented in Ghizaru et al. (2010), plotted in Mollweide projection.
The sequence runs from top to bottom and covers a time interval corresponding
to a half-cycle, temporally centered on a polarity reversal. The color scale codes
the magnetic field strength in Tesla.

(An animation of this figure is available in the online journal.)

is defined as

⟨B⟩(r, θ, t) = 1
2π

∫ 2π

0
B(r, θ,φ, t)dφ. (10)

The top panel in Figure 2 shows a time–latitude diagram of the
toroidal magnetic component (⟨Bφ⟩) averaged in this manner,
constructed at a depth corresponding to the core–envelope
interface in the model (r/R⊙ = 0.718). If the toroidal magnetic
flux ropes assumed to give rise to bipolar active regions are
indeed stored at this depth, as suggested by stability analyses
(e.g., Ferriz-Mas et al. 1994; Fan 2009), and rise radially
to the photosphere, then this is the simulation’s equivalent
to the sunspot butterfly diagram (e.g., Hathaway 2010). The
toroidal magnetic component is concentrated at mid latitudes
(30◦ ! |θ | ! 70◦), as opposed to the low latitudes (5◦ !

Figure 2. Spatiotemporal evolution of the zonally averaged magnetic field
in the three-dimensional MHD simulation of Ghizaru et al. (2010). Top
panel: time–latitude diagram of the zonally averaged toroidal magnetic
component at the core–envelope interface (r/R⊙ = 0.718); middle panel: cor-
responding radius–latitude diagram, extracted at latitude −45◦ in the south-
ern hemisphere. The dashed line indicates the core–envelope interface; bot-
tom panel: time–latitude diagram of the zonally averaged surface radial field
(r/R⊙ = 0.96), with magnetic half-cycles numbered from each minimum to
the next as with the sunspot cycles. The color scale codes the magnetic field
strength in Tesla.

|θ | ! 40◦) suggested by the butterfly diagram, but does show
a tendency for equatorial migration as each half-cycle unfolds.
On a time–latitude diagram such as Figure 2 (top panel), this is
seen in the strong toroidal field concentrations, which take an
elongated, elliptical shape, with the “major axis” tilted toward
the equator as the cycle is followed in time. In other words,
throughout a cycle the latitude of the peak large-scale toroidal
magnetic field occurs at decreasing latitudes, until the cycle
terminates and the next one begins anew at higher latitudes.

The middle panel of Figure 2 shows the time–radius slice of
the same simulation run, extracted in the southern hemisphere
at latitude −45◦, where the toroidal field is strongest at the
core–envelope interface (cf. top panel). Note how polarity rever-
sals begin well within the convection zone, at depth r/R⊙ ≃ 0.8,
with radial drift and concentration of the magnetic field both
upward as well as downward all the way to the core–envelope
interface, where the field reaches its peak strength.

The bottom panel of Figure 2 shows the corresponding
time evolution of the zonally averaged radial surface magnetic
component, again in a time–latitude diagram. The surface field is
characterized by a well-defined dipole moment closely aligned
with the rotational axis, with transport of surface fields taking
place from lower latitudes, and possibly contributing to the
reversal of the dipole moment. Comparing the three panels
in Figure 2 reveals that the dipole moment and deep-seated
toroidal component reach their peaks at approximately the same
time, indicating that they oscillate in phase, without significant
temporal lag.

Overall, the magnetic cycle characterizing the large-scale,
zonally averaged magnetic component is quite regular, here

4

2 Augustson et al.

Figure 1. Nature of the toroidal magnetic field Bφ. (a) Snapshot of the horizontal structure of Bφ at 0.95R⊙ shown in Mollweide projection, at the time
corresponding to the vertical dashed line in (c). This illustrates the azimuthal connectivity of the magnetic wreaths, with the polarity of the field such that red
(blue) tones indicate positive (negative) toroidal field. (b) Azimuthally-averaged ⟨Bφ⟩ also time-averaged over a single energy cycle, depicting the structure of
the toroidal field in the meridional plane. (c) Time-latitude diagram of ⟨Bφ⟩ at 0.95R⊙ in cylindrical projection, exhibiting the equatorward migration of the
wreaths from the tangent cylinder and the poleward propagation of the higher latitude field. The color is as in (a). (d) A rendering of magnetic field lines in the
domain colored by the magnitude and sign of Bφ, with strong positively oriented field in red, and the strong oppositely directed field in blue.

ducting at the lower boundary and extrapolated as a potential
field at the upper boundary.
The authors have implemented a slope-limited diffusion

(SLD) mechanism into the reformulated ASH code, which is
similar to the schemes presented in Rempel et al. (2009) and
Fan et al. (2013). SLD acts locally to achieve a monotonic so-
lution by limiting the slope in each coordinate direction of a
piecewise linear reconstruction of the unfiltered solution. The
scheme minimizes the steepest gradient, while the rate of dif-
fusion is regulated by the local velocity. It is further reduced
through a function φ that depends on the eigth power of the
ratio of the cell-edge difference δiq and the cell-center differ-
ence ∆iq in a given direction i for the quantity q. This limits
the action of the diffusion to regions with large differences in
the reconstructed solutions at cell-edges. Since SLD is com-
puted in physical space, it incurs the cost of smaller time steps
due to the convergence of the grid at the poles. The result-
ing diffusion fields are projected back into spectral space and
added to the solution.
We simulate the solar convection zone, stretching from the

base of the convection zone at 0.72R⊙ to the upper bound-
ary of our simulation at 0.97R⊙. This approximation omits
the near-surface region and any regions below the convec-
tion zone. The SLD has been restricted to act only on the
velocity field in this simulation. This mimics a lower thermal
and magnetic Prandtl number (Pr, Pm) than otherwise attain-
able through an elliptic diffusion operator. The entropy and
magnetic fields remain under the influence of an anisotropic
eddy diffusion, with both a radially dependent entropy dif-
fusion κS and resistivity η. These two diffusion coefficients
are similar to those of case D3 from (Brown et al. 2010), with
κS,η ∝ ρ −1/2, with ρ the spherically symmetric density. The
stratification in this case has about twice the density contrast
across the domain, being 45 rather than 26, and has a resolu-
tion of Nr×Nθ×Nφ = 200× 256× 512.

3. CYCLICAL CONVECTIVE DYNAMO ACTION
Global-scale convective dynamo simulations in rotating

spherical shells have recently achieved the long-sought goal
of cyclical magnetic polarity reversals with a multi-decadal
period. Moreover, some of these simulations have illustrated
that large-scale dynamo action is possible within the bulk
of the convection zone, even in the absence of a tachocline.
Global-scale MHD simulations of a more rapidly rotating
Sun with the pseudo-spectral Anelastic Spherical Harmonic

(ASH) code have produced polarity reversing dynamo ac-
tion that possesses strong toroidal wreaths of magnetism that
propagate poleward as a cycle progresses (Brown et al. 2011).
These fields are seated deep within the convection, with the
bulk of the magnetic energy near the base of the convec-
tion zone. The perfectly conducting lower boundary condi-
tion used here and in those simulations requires the field to
be horizontal there, which tends to promote the formation of
longitudinal structure in the presence of a differential rotation.
A recent simulation with ASH employs a dynamic

Smagorinski diffusion scheme, wherefore they achieve a
greater level of turbulent complexity. Those simulations show
that the large-scale toroidal wreaths persist despite the greater
pummeling they endure from the more complex and vigorous
convection (Nelson et al. 2013a). Not only do the toroids of
field persevere, but portions of them can be so amplified that
the combination of upward advection and magnetic buoyancy
create loops of magnetic field (Nelson et al. 2013b). This
lends credence to the classical picture of a Babcock-Leighton
or Parker interface dynamo (Leighton 1969; Parker 1993),
with semi-buoyant flux structures that rise toward the solar
surface, leading to active regions and helicity ejection. There
is the caveat that the magnetic fields in the simulation are in-
stead built in the convection zone.
Implicit large-eddy simulations (ILES) have concurrently

paved the road toward more orderly long-term cycles in a set-
ting that mimics the solar interior. Indeed, simulations uti-
lizing the Eulerian-Lagrangian (EULAG) code produce reg-
ular polarity cycles occurring roughly every 80 years in the
presence of a tachocline and with the bulk of the magnetic
field existing at higher latitudes (Ghizaru et al. 2010). This
simulation showed radial propagation of structures but little
latitudinal variation during a cycle. More recent simulations
of a Sun-like star rotating at 3Ω⊙ also produce low-latitude
poleward propagating solutions (Charbonneau 2013). Such
dynamo action is accomplished first through the reduction of
the enthalpy transport of the largest scales through a simple
sub-grid-scale (SGS) model that diminishes thermal pertur-
bations over a roughly 1.5 year time scale, which serves to
moderate the global Rossby number. The ILES formulation
of EULAG also maximizes the complexity of the flows and
magnetic fields for a given Eulerian grid resolution.
Inspired by these recent ASH and EULAG results, we have

attempted to splice the two together by incorporating SLD
into ASH with the express goal of achieving a low effective

(対流ダイナモ) を示唆
多くがDistributed Dynamo

Solar-Cで進展が見込めるか 
と問われると・・・(原さんの話)Ghizaru et al. (2010) Augustson et al. (2013)



g Convection ZoneRadiative Zone
 Ro = vrms/2Ω0d  
       ~ 0.03 @対流層

Ω

3層ポリトロープモデル: 上部放射層（冷却層）, 中部対流層 & 下部放射層

冷却層 
（彩層・コロナ）

Pr = 1.2, Pm = 4, 
Ra = 4×106

圧縮性MHD (回転系)

ダイナモの反転周期を決める（に影響を及ぼす）物理

上部境界：開放境界条件 
下部境界：完全導体境界条件

Masada & Sano (2014a) PASJ
Masada & Sano (2014b) ApJL
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Fig. 2.— Time-depth diagram of ⟨Bx⟩h for the reference model in (a) the DNS and (b) the MF model
coupled with the DNS. The orange (blue) tone denotes the positive (negative) ⟨Bx⟩h normalized by

√
dg0ρ0.

The horizontal dashed lines show the interface between the convection zone and the stable zones.

electromotive force (e.g., Ossendrijver et al. 2002). The coefficients α, γ, and η represent the α-effect,
turbulent pumping, and turbulent magnetic diffusivity, respectively. All the terms related to ⟨u⟩h and ⟨Bz⟩h
can be ignored in considering the symmetry of the system. All the variables, except for η0, depend on the
time (t) and depth (z).

The MF dynamo described by equation (2) falls into the α2-type category. The MF theory predicts
that the α2 mode can generate a large-scale magnetic field with an oscillatory nature (e.g., Baryshnikova &
Shukurov 1987; Rädler & Bräuer 1987; Brandenburg et al. 2009). A key ingredient for the oscillatory mode
is the nonuniformity of the α-effect, which can arise naturally as an outcome of rotating stratified convection
in the stellar interior. Using the rigidly rotating system studied here, the α2 dynamo wave was excited,
which propagates only in the depth direction. However, as shown by Käpylä et al. (2013b), in the global
system, it can travel also in the latitudinal direction due to the strong antisymmetry of the α-effect across
the equator.

The dynamo-generated MF produces a Lorentz force that tends to “quench” the turbulent motions and
control the nonlinear evolution and saturation of the system. Since there is no definitive model to describe
the magnetic quenching effect (e.g., Rogachevskii & Kleeorin 2001; Blackman & Brandenburg 2002) as yet,
we adopt the prototypical models, which are the dynamical α-quenching, algebraic γ- and η-quenching of
the catastrophic-type;

∂α

∂t
= −2ηkk

2
c

[
α⟨Bh⟩2h − η (∇× ⟨Bh⟩h) · ⟨Bh⟩h

B2
eq

+
α− αk

ReM

]
, (4)

γ =
γk

1 +ReM ⟨Bh⟩2h/B2
eq

, (5)

η =
ηk

1 +ReM ⟨Bh⟩2h/B2
eq

, (6)

(see Brandenburg & Subramanian 2005, for the quenching), where ReM = ηk/η0. The dependence of the MF
model on the quenching formula should be discussed in detail in a subsequent paper, however, at least the
conclusions of this Letter remain independent from the choice of the quenching models. The characteristic
wavenumber kc and the equipartition field strength Beq are given by kc(z) = 2π/Hd and Beq(z) = ⟨⟨ρuz

2⟩⟩h

– 6 –

Fig. 3.— The time series of ⟨Bx⟩v and ⟨By⟩v for the reference model. The cyan [orange] solid line denotes
⟨Bx⟩v [⟨By⟩v] in the DNS. The red dashed and blue dash-dotted lines are those in the MF model. The time
is normalized by the turbulent magnetic diffusion time.

in our model, where Hd = −dz/d ln⟨⟨ρ⟩⟩h is the density scale height. Here, the subscript “k” refers to the
unquenched coefficient, which is calculated from DNS results of the saturated convective turbulence.

In the first-order smoothing approximation (FOSA), the unquenched coefficients αk, γk and ηk in
anisotropic forms are given by (e.g., Käpylä et al. 2006, 2009b),

αk(z) = −τc[⟨⟨uz∂xuy⟩⟩h + ⟨⟨ux∂yuz⟩⟩h] ≡ −τcHeff , (7)

γk(z) = −τc∂z⟨⟨u2
z⟩⟩h ≡ −τc∂zu

2
rms , (8)

ηk(z) = τc⟨⟨u2
z⟩⟩h ≡ τcu

2
rms , (9)

where τc is the correlation time, Heff is the effective helicity, and urms is the root-mean-square velocity. The
vertical profiles of Heff and u2

rms in the reference DNS model are shown in Figure 1b by solid and dashed
lines, respectively.

The correlation time should be zero in the top cooling and bottom stable layers since the convective
turbulence is not fully developed; thus αk = γk = ηk = 0 there. Assuming the Strouhal number is unity in
the convection zone (St = τcurmskc = 1), the vertical profile of τc is given by

τc(z) =
1

4urmskc

[
1 + erf

(
z − zb

h

)][
1 + erf

(
zt − z

h

)]
, (10)

where zi (i = t, b) represents the location of the boundaries between regions with and without fully developed
turbulence. We define zt and zb as the depth where Heff achieves the maximum and minimum values,
respectively (see Figure 1b). The transition width h is an arbitrary parameter and assumed here as h = 2∆z
with ∆z = 2d/Nz. The uncertainty of h is discussed in the next section. All the coefficients (τc, Beq, Hd,
αk, γk, ηk) required for the MF modeling can subsequently be computed from the DNS results.

3.2. Comparison with DNS

Given all the coefficients in equations (2)–(10) from the reference DNS model, the MF equations can
be solved using the second-order central difference. For time integration, the fourth-order Runge-Kutta
method is used. We adopt the same parameters used in the DNS: the calculation domain of 0 ≤ z ≤ 2d, the
resolution of Nz = 128, and the magnetic diffusivity providing Pm = 4.
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⟨Bx⟩v [⟨By⟩v] in the DNS. The red dashed and blue dash-dotted lines are those in the MF model. The time
is normalized by the turbulent magnetic diffusion time.
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dRZ,t: 冷却層の厚み 
W    : ボックス幅 
η0      : 微視的磁気拡散係数

Masada & Sano (2014c) in prep. 
（天文学会2014秋季年会発表：M34a）

磁場の反転周期が 
冷却層の磁気拡散時間に依存

τdiff = 2dRZ,tW/η0
Masada & Sano (2014b)

フレアやCMEとダイナモの繋がりを示唆



Convective Dynamo Experiment with additional MH loss

＊テストモデル：磁場の境界条件を変更
＊upper  ：Open B.C., bottom：Closed B.C. 
＊horizontal：Periodic B.C.

＊upper  ：Open B.C., bottom：Closed B.C. 
＊ y：Periodic B.C. x : Open & Closed B.Cs.

境界条件を変更

開放境界

動径方向＋緯度方向のマイグレーション. 反転周期の短縮 (周期境界モデルの3/4).
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太陽磁場・磁気ヘリシティの消失ルートは恐らく３つ

①極域への磁束輸送（極域の反対極性磁場による磁場・磁気ヘリシティ消失） 

②赤道域への磁束輸送（南北半球間の磁場・磁気ヘリシティ消失） 

③表面からの磁場の散逸（フレアやCMEによる磁場・磁気ヘリシティ消失）

■ ①と②に関しては、子午面循環流が恐らくリコネクションのinflowの役割. 

■ ③に関しては、頻度が小さく、現在の太陽では恐らくマイナーな効果. 
 （ただし、昔の太陽になるともしかするともう少し効くかも）

★Possible Routes for Magnetic Field and Helicity loss：

大小の磁気要素が緯度方向への輸送過程を理解するのは極めて重要 
（→ 飯田さんのお話）



Cameron, Jiang, Schussler & Gizon (2014)
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Figure 9. Synoptic magnetogram from the National Solar Observatory
KPNO/VT for Carrington rotation 1686 (September 1979). The grey scale indi-
cates the strength of the magnetic field. The red circle shows flux associated
with an active region which has emerged across the equator, giving rise to
a cross-equatorial flux plume (Credit: Cameron et al, A&A, 557, A141, 2013,
reproduced with permission ©ESO.)

The strong correlation between the (simu-
lated) (Fn−1∕2 + Fn+1∕2)∕2 and the observed
(Sn + Sn+1)∕2 indicates that the SFT model
without inflows captures part of the physics.
What is not reproduced is the observed
proportionality between the open flux and
subsequent level of solar activity: the y
intercept (−41.7 ± 19.52) is not consistent
with zero (at the 2 sigma level). As shown
in Figure 3, a SFT simulation including the
inflows toward the activity belts repro-
duces the high correlation as well as the
observed proportionality with a y intercept
of 0.87 ± 17.95, which is consistent with
zero. The example shown corresponds to
the inflow parameters c0 = 6.9 m s−1 G−1

and ! = 22.5◦. This value of c0 implies
a longitudinally averaged inflow of about 6.4 m/s for an active region of 1022 Mx, consistent with obser-
vations of inflows of about 80 m/s into an active region extending about 30◦ in longitude [c.f. Gizon et
al., 2001]. We carried out a parameter study to determine which values of inflow parameters reproduce
the observed strong correlation and proportionality (here measured by the y intercept). Maps of the cor-
responding correlation coefficients, y intercepts, and slopes of the linear fits are shown in Figures 4, 5,
and 6, respectively.

We can evaluate the soundness of our simple model for the inflows toward the activity belts given by
equation (4) by comparing the resulting profiles of the meridional flow with observations using helioseis-
mic techniques. The time dependence of the meridional flow has been inferred for cycle 23 by Gizon and
Rempel [2008] for the years 1996 to 2002 using time-distance helioseismic analysis of Michelson Doppler
Imager data and by González Hernández et al. [2008] for the years 2001 to 2006 with ring diagram analy-
sis using Global Oscillation Network Group data. The two data sets were processed so that they represent
averages over the same height and show solely the north-south antisymmetric component of the flow.
As in Gizon et al. [2010], the results from González Hernández et al. [2008] were multiplied by a factor of
0.8 to make the two sets of results consistent for the years where both analyses overlap. Figures 7 and 8
compare the observed meridional flow profiles with those from simulations using several different choices
for the inflow parameters. While the agreement is not unreasonable for some combinations of c0 and !,
the remaining deviations from the observations indicate that the model for the inflows is far from perfect.
Improvement of the model is a topic of ongoing work. However, the simulated polar fields or the open flux
which are the main focus of the current study are much less sensitive to the choice of these parameters than
the spatiotemporal structure of the inflows.

4. Effect of Nondiffusive Cross-Equatorial Flux Transport for Cycles 21–24.

Cameron et al. [2013] discussed the effect of the emergence of large, highly tilted active regions on the evo-
lution of the net signed flux in each hemisphere, which is relevant for the reversals of the polar field and the
amplitude of the axial dipole moment around activity minima. Figure 9 [from Cameron et al., 2013] shows
an example of such an event, which occurred in 1979. Here we compare the results of the SFT model with
the observed evolution of the net unsigned flux in the Northern Hemisphere, which was determined using
National Solar Observatory Kitt Peak National Observatory (KPNO) Vacuum Telescope and Synoptic Optical
Long-terms Investigations of the Sun synoptic observations in the way described by Cameron et al. [2013].
The results from the SFT simulation adjusted to be compatible with the observations in 1977, the time at
which the input source changed from the RGO data to the Solar Optical Observing Network data. Obser-
vations (black curve) and SFT model (blue curve) are compared in Figure 10, both smoothed with a 1 year
box-car filter. There are strong deviations between both curves, which are caused by singular events

CAMERON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 686
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Figure 10. Evolution of the net signed magnetic flux in the Northern
Hemisphere from observations (black curve), from the SFT model (blue
curve), and from the SFT model with additional injections of flux at the
times when cross-equatorial flux plumes were found in Cameron et al.
[2013]. The arrows indicate the times of flux injections (September 1979,
March 1986, 1991, and 2000, the latter two consisting of a cluster of
small events). The specific event in 1979 is shown in Figure 9.

of near-equator flux emergence leading to
cross-equatorial flux plumes. These events are
not properly considered in the SFT simulation.

We can estimate the effect of these events by
considering the corresponding cross-equator
transport of signed magnetic flux into the
Northern Hemisphere as determined by
Cameron et al. [2013]. This was done by adding
the signed flux due to four specific events
to the SFT simulation results (with inflows)
in terms of step-function changes at spe-
cific times: 2 × 1022 Mx in September 1979,
−2×1022 Mx in March 1986, 3×1022 Mx in 1990,
and −2 × 1022 Mx in 2000. The result is shown
by the red curve in Figure 10. We see that the
match between observation and modified sim-
ulation is much better. Because the magnetic
flux in each hemisphere at solar minima is con-
centrated near the poles [see, e.g., Cameron
et al., 2013], a change in the total flux in each

hemisphere corresponds to a change in the polar fields and the related axial dipole moment and open flux
at minima. We suggest that these events are a possible explanation for the low net hemispheric flux and
weak polar fields between cycles 23 and 24.

5. Conclusion

In Cameron and Schüssler [2012] it was shown that a particular model of the inflows into the active region
latitudes can reproduce most of the systematic variations in the strengths of the solar cycles 15 to 21. A
substantial source of random variability was found to be associated with cross-equatorial plumes associated
with a few events of near-equator flux emergence [Cameron et al., 2013].

Here we improved the analysis by considering the average of pairs of cycles and showed the systematic
component of the observed variation in cycle amplitudes is reasonably reproduced for a range of inflow
parameters. Further, we confirmed the importance of the cross-equatorial flux plumes by showing that the
events found by Cameron et al. [2013] correspond to major jumps in the net hemispheric fluxes, which must
be included in order to reproduce the observations.

Our results support the claim that the nonlinearity in the Babcock-Leighton dynamo introduced by inflows
toward the activity belts together with the emergence of large, highly tilted, sunspot groups near the equa-
tor are sufficient to explain the cycle-to-cycle amplitude variations observed since the start cycle 15. In par-
ticular, this combination suggests a possible explanation for the weak polar fields between cycles 23 and 24
(and the resulting weak cycle 24).
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①基本的には極域への循環流による磁束輸送が磁場の反転周期を規定  

②イレギュラーな南北半球間の磁場・磁気ヘリシティの流出入を考慮 

　→ サイクル24の磁気活動性の低下も説明

★Surface flux transport simulation ：
（子午面循環流 [極への磁束輸送] が周期をコントロール）
- 表面の大局的動径磁場成分の進化計算（運動学的）.  

- 観測結果【表面平均場速度 (vθとvφ)]を仮定.  

- 観測結果（浮上磁束）をソース項としてインプット.

※表面の緯度方向磁束輸送を理解することは重要（→ 飯田さんの話）

e.g.,  
DeVora+ 84, 85; Sheeley +85; Schrijver 01;  
Sheeley Jr 05;  Wang & Sheeley 09;  
Jiang+10; Cameron & Schussler 12
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1984) . The equation for the radial component of the field Br at r = R⊙ is then

∂Br
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⎥

⎥

⎦

+ D(Br) + S (θ, φ, t), (1)

where u(φ, θ, t) is the velocity in the longitudinal (φ̂) direction, !(φ, θ, t) is the velocity
in the latitudinal (θ̂) direction, ηH is the horizontal diffusivity at the surface (which
we have assumed is uniform), D is some operator representing the removal of flux
from the surface, and S is a source term describing the emergence of new flux rising
from below, φ and θ are the solar longitude and colatitude respectively and R⊙ is the
solar radius.

In principle, both the the surface velocity, u(φ, θ, t)φ̂ + !(φ, θ, t)θ̂, and the radial
component of the magnetic field are structured on all scales from tens of meters
to the size of Sun, and evolves on time scales of seconds for the small scales to
years for the largest scales. This renders the full problem intractable. For almost all
problems, however, the full range of scales do not need to be dealt with, and average
values of u and ! can be used, with smaller unresolved velocities being treated as an
enhanced diffusivity ηH . There is no single best choice of what temporal or spatial
averaging should be done: different temporal and spatial averaging allow different
science questions to be addressed.

In the following sections we will add flesh to Eq. (1) by describing in detail the
relevant physical processes and the ways in which they can be modeled. We start
with a deeper exposition of the basis for the surface flux transport model in Section
2. Then we describe some of the ways in which the source term S can be constructed
in Section 3, and the flows and diffusivity in Section 4. The removal of the magnetic
flux from the solar surface is reviewed in Section 5. The results from using the surface
flux transport model will be presented in Section 6. Section 7 concludes our review.

2 Observational Basis for Solar Surface Flux Transport

The part of the magnetic field at the Sun’s surface that dominates the signal in
magnetograms, such as those recorded by the MDI instrument (Scherrer et al. 1995)
on SOHO or by the HMI instrument (Scherrer et al. 2012; Schou et al. 2012) on
SDO, is thought to be produced by a dynamo that resides deep in the solar con-
vection zone or in the convective overshoot layer below the convection zone (e.g.
Weiss and Thompson 2009; Charbonneau 2010). The toroidal field concentrated there
becomes buoyantly unstable once it reaches a critical strength and a part of it, thought
to be in the form of magnetic flux tubes, rises through the convection zone until it
reaches the solar surface (Parker 1955; Choudhuri and Gilman 1987; Schüssler et al.
1994). On the way to the surface, the rising magnetic flux tube is affected by so-
lar rotation (via the Coriolis force) and convection, which affect its path and hence

（※非線形性を与える種として活動領域へのinflowも考慮）

c.f., Cameron  
& Schussler 12

c.f., Cameron +14
(cross-equatorial flux plumes "
[cross-equatorial transport])

van Ballegooijen and Mackay 07

Add the signed flux due to four specific events to the SFT simulation 
results in terms of step-function changes at specific times:



まとめ　～ダイナモモデルの検証のために～

①ダイナモ領域は対流層の底か？対流層全体か？

Solar-C時代にわかる「と嬉しい」こと：

→ 表面とコロナの磁気要素の差動回転観測
（黒点、コロナ小輝点、コロナホール ..etc…）

（全球面の情報が必要）

②反転周期を決める（に影響を及ぼす）物理.
- 極域への磁束輸送（極域の反対極性磁場による磁場・磁気ヘリシティ消失） 
- 赤道域への磁束輸送（南北半球間の磁場・磁気ヘリシティ消失） 
- 表面からの磁場の散逸（フレアやCMEによる磁場・磁気ヘリシティ消失）
→ 緯度方向の大小スケールの磁束輸送を理解することは重要
（飯田研究である程度は進展するかも？）
①と②ともに、磁気要素の移動から大局的移流を理解する研究

　過去の観測：表面付近の差動回転とダイナモの関連を示唆

・グローバルダイナモの理解のためには、全球的な磁場・流れの情報が必要. 
・微細構造の定量理解を目指す(全面像の無い)Solar-Cではなかなか難しい. 
・それでも何かできないか・・・. 何かしたい. 今後継続的に検討.乞うinput. 


