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太陽活動11年周期
地球から見える半球にしめる黒点の面積

黒点相対数(～黒点の面積)は、11年の周期を
持って変動している。黒点周期は磁場の周期

400年以上にわたる観測から明らかになってい
るが、その物理機構は未だ謎。
太陽物理学最古の謎

NASA/NAOJ/岡本丈典
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熱対流による太陽の磁場生成

対流層

放射層

味噌汁@松屋

放射層からのエネルギー注入に
より、対流層は乱流的な熱対流に
満たされている。

この乱流と磁場が相互作用するこ
とで11年周期を維持。
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磁場の誘導方程式
@B

@t
= r⇥ (v ⇥B� ⌘r⇥B)

B = hBi+B0

v = hvi+ v0

@hBi
@t

= r⇥ (hvi ⇥ hBi) +r⇥ (hv0 ⇥B0i)

�r⇥ (⌘r⇥ hBi)
大規模な流れ場が大規模な磁場に作用する効果
小規模な乱流の非線形効果によって、大規模な磁場に作用する効果
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＜＞：大きなスケール
’ ：小さなスケール



磁場生成の方法：差動回転による引き伸ばし

r⇥ (hvi ⇥ hBi) = �r · (hvihBi) + (hBi ·r)hvi
移流・圧縮 引き伸ばし

⌦/2⇡ [nHz]

太陽ダイナモの中で最も重要な機構
e.g. Parker, 1955

経度方向の磁場を作る(Ω効果)
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Howe氏
データ提供



磁場生成の方法：α効果と乱流拡散

hv0 ⇥B0i = ↵hBi � ⌘tr⇥ hBi

e.g. Krause & Rädler, 1988
α効果 乱流拡散

ポロイダル方向

トロイダル方向

太陽自転により、熱対流が
ヘリシティを持つことにより、
統計的に大規模なポロイダル磁場
を生成する効果。

いつ、どこで、どんなスケールで
起こっているかは謎
(本講演の主テーマ)
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↵ = �⌧

3
v0 ⇥r⇥ v0
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11年周期とは：αΩダイナモ
@hBi
@t

= r⇥ (hvi ⇥ hBi+ ↵hBi � ⌘tr⇥B)

1. 大規模なポロイダル磁場が差動
回転によって、引き伸ばされト
ロイダル磁場を生成(Ω効果)

2. 乱流的なα効果により、ポロイ
ダル磁場が生成。

3. ポロイダル磁場からトロイダル
磁場を再生成

α<0ならば、赤道に大規模構造が
伝わって行く(パーカー=吉村の符号
規則, Parker+1955, Yoshimura, 
1975)

ここではα<0を仮定

Pcyc ⇠
⌘t
L2

⇠ 10 yr
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熱対流数値計算

Hotta, 2017

エントロピー 磁力線

太陽の状況で磁気流体力学の方程式を解く
太陽成層(密度, 圧力, 温度..)に太陽のエネルギーを注入放出
→乱流により差動回転生成
→差動回転と乱流の非等方性により大規模磁場生成
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磁場生成の経路

堀田英之

熱対流
回転

角運動量輸送 差動回転生成 大規模磁場生成

回転 乱流の非等方性による
誘導起電力

乱流的な引き延ばしによる
ダイナモ

これらのことが自己無撞着に3次元計算の中で起きる

小規模磁場生成

相
互
作
用
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最近のモデルから

Hotta, 2018Hotta+2016, Science

低解像度

中解像度

高解像度
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熱対流計算をすると乱流αΩで「説明可能」

Brown+2011, ASH Fan+2014, FSAM

Ghizaru+2010, EULAG Käpylä+2017, Pencil
対流層の中のα効果で全て説明できる(Brown+2010, Racine+2011, 
Käpylä+2012, Masada+2013, Warnecke+2015, Karak+2015, 
Käpylä+2017)
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ここから話が変わるのでまとめ

Ø 太陽には、11年周期がある。
Ø 差動回転によって、経度(トロイダル)方向の磁場を作っているのは、
ほぼ疑いがない

Ø α効果はよくわからないが、熱対流の数値計算をすると、対流層の
奥底でコリオリ力による非等方乱流でぐちゃぐちゃすることにより、
起きている。

Ø α効果と差動回転が同じような場所で働いている状況では、乱流拡
散の時間スケールくらいの磁場周期が発生する。

α効果の場所について、観測からもう少しなにか言えないか

@hBi
@t

= r⇥ (hvi ⇥ hBi+ ↵hBi � ⌘tr⇥B)
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α効果はどこで働いているのか
Babcock-Leighton α効果

(Hathaway slide)

Joy’s law
Babcock, 1961

黒点を作るような磁場が浮上してくるときに、周りの圧力がさがり
膨張する運動にコリオリ力がかかることで、東西に向いた磁場がやや
南北に向く(Joy’s law：観測的結果)
トロイダル磁場からポロイダル磁場を作る確かな機構
どのくらい重要かはよくわからない。
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長期間の黒点の統計：移流拡散し極へ
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磁場の蝶形図

太陽の極磁場は、11年周期で反転
Joy’s lawにしたがって、出現した黒点が移流拡散することにより、
極磁場が反転する。
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極地方の磁場はどのようにつくられるか

堀田英之

赤道をまたいで、反対称なのでそれらが拡散して極磁場を構成
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観測データを黒点の動向
数値計算でシミュレート

堀田英之

Iijima, Hotta+2017

観測データを数値的に
移流拡散させることで
極磁場はよく再現
できる
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極小期の極磁場と黒点数

堀田英之

H. Iijima et al.: Plateau of Solar Axial Dipole Moment

where BR is the radial component of the magnetic field and θ is
the colatitude. The meridional flow Vθ is taken from van Bal-
legooijen et al. (1998). The turbulent magnetic diffusivity η is
assumed to be 250 km2/s (e.g., Cameron et al. 2016). This one-
dimensional SFT equation can describe the evolution of the az-
imuthally averaged magnetic field that is analytically identical
to the original two-dimensional SFT equation with the longitu-
dinally and temporally constant turbulent diffusivity, meridional
flow, and differential rotation. Because we only focus on the
azimuthally averaged polar field strength or the axial magnetic
dipole moment, this one-dimensional SFT equation is sufficient
for this study. The equation is solved by the second-order central
finite difference scheme in space and the second-order Strong
Stability Preserving Runge-Kutta method in time. The advection
term is stabilized only by the turbulent magnetic diffusion and
no additional artificial diffusion is used. The latitudinal grid size
is 5.5 Mm in this study.

The thin solid lines in Figure 1 shows the simulations of our
SFT model (Eq. 2) that does not include the contribution of the
new flux emergence. Each SFT simulation is started from each
snapshot of the longitudinally averaged synoptic magnetogram
and integrated for five years. Near the cycle maximum, the ob-
served axial dipole moment greatly changes in time and changes
the sign of the polar magnetic field. On the other hand, the axial
dipole moment predicted by the SFT evolves back to the value
in the preceding minimum. This behavior reflects the poleward
transport and the cancellation and diffusion of active regions in
the low latitude that have the dipole moment with the sign op-
posite to the global axial dipole moment in the preceding mini-
mum. This feature is shown more clearly in the HMI/MDI data
than the WSO data in which small active regions are flattened
(or averaged) by the lower spatial resolution. During the plateau
of the axial dipole moment near the end of each Cycle, the time
variation of the predicted dipole moment also becomes small.
The simulated axial dipole moment shows good agreement with
the observed dipole moment. The small time variation of the
axial dipole moment during the plateau indicates small cross-
equatorial transport of the magnetic flux. Although we do not
show the WSO data in Cycle 23 and 24 for the visibility of Fig-
ure 1, we note that the observed and predicted axial dipole mo-
ments of the WSO data also exhibit the characteristics similar to
the MDI/HMI data.

Under the assumption that the contribution of the emerg-
ing flux is negligibly small in the period of several years be-
fore each cycle minimum, we predict the future polar field and
the cycle amplitude with the SFT model without the new flux
emergence. As shown in Figure 2, the cross-equatorial flux
transport in Cycle 24 becomes approximately zero from the
beginning of 2016. This result allows us to predict the ax-
ial dipole moment in Cycle 24/25 minimum from the cur-
rent observation. Figure 3 shows the amplitude of the solar
sunspot cycle as a function of the three-year prediction of the
axial dipole moment in the cycle minimum. The amplitude of
each cycle is measured by the 13 month smoothed monthly total
sunspot number. The total sunspot number is averaged over the
six months before and after the cycle maximum. The predicted
axial dipole moment in the cycle minimum is simulated from
the synoptic magnetogram 3 years before the solar minimum by
the SFT neglecting new emergence of magnetic flux. The axial
dipole moment is averaged over the six months before and after
the timing of 3 years before the solar minimum. In Cycle 23/24
minimum (at the end of Cycle 23) and Cycle 24/25 minimum,
multiple data sources (WSO, MDI, and HMI) are available. In
such cases, we use the average value of the axial dipole mo-

Fig. 3. Maximum value of the 13 month smoothed monthly total sunspot
number in each sunspot cycle (Cycle 22, 23, and 24; diamond) and the
predicted cycle amplitude in Cycle 25 (cross) as a function of the axial
dipole moment at the previous minimum predicted from the magne-
togram observed three-year before the minimum. The least-square fit
for Cycle 22, 23, and 24 that across the point of origin is shown as the
dashed line. The correlation coefficient for Cycle 22, 23, and 24 is 0.99.

ments independently predicted from the available data sources.
The cycle maximum/minimum is defined as the date in which
the 13 month smoothed monthly total sunspot number becomes
maximum/minimum.

The predicted axial dipole moment is highly correlated to
the amplitude of the next cycle with the correlation coefficient
of 0.99 for Cycle 22, 23, and 24. This proves the predictabil-
ity of the future solar cycle using our method. We assume
the proportional relation between the predicted axial dipole mo-
ment of the minimum and the maximum sunspot number in the
next cycle and apply the least-square fit for Cycle 22, 23, and
24. Based on the relation, we predict that the maximum total
sunspot number in Cycle 25 will be 60–80 percent of Cycle 24.
The error range of the predicted value comes from the averag-
ing procedure to measure the total sunspot number and the axial
dipole moment, the deviation from the proportional relation be-
tween them, and the difference among the multiple instruments.
We also note the deviation of the observed axial dipole moment
exists between the WSO (∼ 1.77 G) and HMI (∼ 1.39 G; bot-
tom right panel in Figure 1) data in 2015–2017 as a source of the
prediction error.

4. Discussion

In this study, we have shown that the solar cycles 21–24
has the common characteristic that the axial dipole moment
hardly changes during the period near the end of each cycle,
which we call the axial dipole moment plateau. The cross-
equatorial flux transport becomes very small during the pe-
riod. This is also confirmed by showing that the time evo-
lution of the axial dipole moment is well described by the
simplified SFT model without the new flux emergence. The
axial dipole moment predicted by the SFT model shows high
correlation to the amplitude in the next cycle, which allows
us to predict the amplitude of the Cycle 25.

Article number, page 3 of 4

極
大
期
の
黒
点
数

極小期の極磁場

次の周期

周期nと周期n+1の間の極磁場
強度と周期n+1の黒点数は、
非常に相関がいい
→極磁場が次の周期の
トロイダル磁場の種磁場に
なっていることを示唆

極磁場が測れたのは今回も含
めて4回しかないが、極域白斑、
地球磁場を絡ませると、もう
少し統計性が増す。

いずれにせよ、極磁場と次の
周期の黒点数は相関がいい

Iijima, Hotta+2017
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黒点は副産物かメインプレイヤーか

堀田英之

三次元磁気流体計算：
太陽内部でのぐちゃぐちゃするα効果で説明可能
黒点は副産物

表面観測：
黒点は統計的に傾いて出てくる(Joy’s law)
→その効果を精密・統計的に観測することで
極磁場をよく説明できる
→極磁場と次の周期の黒点数はよく相関する
→極磁場が次の周期の種磁場
黒点はメインプレイヤー

どちらかをはっきりさせることは重要。
11年周期を決める物理も変わってくると考えられる。
乱流拡散の時間スケールか大規模な流れの時間スケールか
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3次元熱対流には太陽表面は入ってない

堀田英之

全ての3次元全球計算では、
太陽表面(光球)が計算領域の
中に入っておらず、当然黒点が
現実的に形成することはない。

多くの計算はrtop=0.96Rsun
一番高くてもrtop=0.99Rsun
(Hotta+2014, 2015)

よって、このような計算の中では
Babcock-Leighton α効果が実現
するはずもなく、結果として太陽
内部のα効果のみが効いてしまっ
ているのではないか
太陽ダイナモを正しく理解するた
めには光球を入れることが必須
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なにが難しいのか (1/2)

堀田英之

L�
4⇡r2

= F� ⇠ ⇢v3c

対流層 vc ⇠ ⇢�1/3

混合距離理論による大雑把な見積もり
対流速度

対流スケール

L ⇠ kBT

mg
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なにが難しいのか (2/2)

堀田英之

光球(表面) 対流層の底
熱対流速度 4 km/s 50 m/s
空間スケール 1 Mm 200 Mm
時間スケール 数分 一ヶ月

音速 10 km/s 200 km/s
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
δ 0.1～1 10-6

� � p1

p0
� �1

�0
� T1

T0

太陽内部と表面で極端に違う
空間・時間スケール

1. 輻射輸送を解く
ü 内部→拡散近似
ü 光球→輻射輸送

2. 方程式を内部・光球包括
して解けるように

3. 状態方程式を内部・光球
を包括して扱えるように

これまでに全対流層を一貫して扱った数値計算は存在しない
ここからは、全対流層を扱うための挑戦を紹介する
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観測的には何をやればいいのか

堀田英之

S640 T. Sekii et al. [Vol. 59,

4. Subsurface Flow

We analyzed the full 12-hr long series by a time–distance
technique for local helioseismology. The gap between the two
6-hr stretches was filled with zeroes. Then, for measuring the
travel-time difference between the outward and inward wave
components, each pixel was cross-correlated with average
signals over annuli that covered, in radii, 4.00–6.62, 6.47–9.70,
9.24–12.47, 12.01–15.86, 15.09–18.94, 18.48–22.33, and
21.56–25.41 (all in Mm). One such example as well as an MDI
counterpart (in high-resolution mode) is shown in figure 4.
The annuli were further divided into 4 sectors representing
north, south, east, and west, and opposing pairs of sectors were
similarly cross-correlated to yield northward–southward and
westward–eastward travel-time differences.

All of the travel-time differences were then inverted by using
a ray-approximation kernel for acoustic wave propagating
through the solar interior. Figure 4 shows an outward–inward
travel-time difference map, as a proxy divergence of the flow
field. Inversions for horizontal flow in the depth ranges of
0–1 Mm, 1–2 Mm, 2–3 Mm, and 3–4 Mm are shown in figure 5.
Inversions were done for the entire area in figure 4, but to
avoid overcrowding the figure with arrows in figure 5, only
the central quarter is shown. The horizontal flow patterns
are largely consistent with the outward–inward travel-time
difference, as was seen in a realistic numerical simulation by
Zhao et al. (2007). This indicates that the travel-time difference

Fig. 4. Outward–inward travel time difference maps from 512-min
MDI high-resolution Doppler data (top) and from the Ca II-H data
(bottom), indicating a flow divergence due to supergranulation. The
inner radius of the annulus used was 13.86 Mm and the outer radius
15.86 Mm. Dark patches are where the inward travel time is longer
than the outward travel time i.e., where the flow is generally diverging,
whereas brighter patches are where the flow is generally converging.
Since the two datasets are not coeval, individual features are not to be
compared directly.

is a good proxy of flow divergence, though to acquire
additional details we do need an inversion procedure. We can
see that supergranulation patterns are coherent vertically within
a spatial scale of a few Mm.

5. Discussion

As we have demonstrated, SOT observation of intensity
oscillations can be used for high-resolution helioseismic
diagnosis of the Sun, in spite of its noise level being higher

Fig. 5. Subsurface flow maps (indicated by arrows) obtained by a
time–distance analysis of 12-hr Ca II-H data. The depth ranges are
0–1 Mm, 1–2 Mm, 2–3 Mm, and 3–4 Mm (top to bottom). The
longest arrow in the panels correspond to 0.51 km s!1, 0.52 km s!1,
0.30 km s!1, and the field of view corresponds to the central quarter
of the field of view in figure 4.

Downloaded from https://academic.oup.com/pasj/article-abstract/59/sp3/S637/1404859
by guest
on 23 December 2017

局所日震学による内部流れ測定
(Sekii+2007)

S638 T. Sekii et al. [Vol. 59,

2. Data Analysis

A quiet region around the disk center was observed from
around 2007 January 1, 16:00 UT to around 2007 January 2,
04:00 UT, for about 12 hours with a 12-minute interruption in
the middle of the run. Hinode was tracking the region during
the observation (except during the interruption mentioned
above); in addition, Correlation Tracker was used to maximize
the frame-to-frame correlation in the central region of the field
of view (Shimizu et al. 2007). No further tracking was done on
ground, unlike in the case of a sunspot study (Nagashima et al.
2007).

Both G-band images and Ca II-H images were acquired
at approximately 1-min cadence, Ca II-H images following
G-band images by 20 s. Sample images are shown in figure 1.
The CCD pixels were 2!2 summed onboard to reduce the data
amount, to double the effective pixel size to 0:00106. We applied
another 2 ! 2 summing on the ground (the overall result was
a 4 ! 4 summing) for the sake of faster analyses, though in
this case we no longer fully exploited the 0:002 resolution of
the telescope. The benefit of using the full 2!2-summed data,
or observing with the full capacity of SOT (no summing), will
be investigated in future work.

The cadence was not exactly regular, due to the fact that
there are two clocks involved in controlling the equipment.
Not only are they on different cycles (0.5 s for Mission
Data Processor and 1.6 s by Polarization Modulator Unit),
but the clocks are slowly drifting away from each other.
Although programming tricks to correct this behavior are being
investigated and tested, they have not been applied to the
current datasets.

A simple test was run to check the effect of the slightly
irregular cadence, by putting through a sine wave on
this irregular temporal grid and then computing the power

Fig. 1. Sample images of the observed region in the G band (top) and
Ca II H line (bottom). Of the full field of view, which is 21800 ! 10900 ,
only the central part of the left half (approximately 5400 !2700) is shown.

spectrum, while pretending that the cadence was exactly 1 min.
As we expected, the effect was insignificant, and therefore we
carried out all the following analyses assuming that the cadence
was exactly 1 min.

The projection effect was also neglected. Because the BFI
field of view is so narrow it should not give rise to any
significant inaccuracy around the disk center.

We used only the first uninterrupted 6 hr of the data for basic
diagnostics products in the next section. For the time–distance

Fig. 2. Power spectra (k–! diagrams) from the 6-hr G-band data (top)
and Ca II-H data (middle), compared with the power spectrum from
a 512-min MDI high-resolution Doppler data (bottom).

Downloaded from https://academic.oup.com/pasj/article-abstract/59/sp3/S637/1404859
by guest
on 23 December 2017

大規模磁場の生成場所を確かめる
日震学で磁場測定そのものを行うのは難しいので、大規模な特徴的な
流れ。ローレンツ力による熱対流の抑制を日震学で観測する。

対流層内部の熱対流の分布を確かめる
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まとめ
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太陽には11年の磁場周期がある。

トロイダル(経度方向)磁場は、差動回転の引き伸ばし、
ポロイダル磁場はα効果で作るという基本方針は多分あってる。

3次元の熱対流計算をやると、対流層内部のα効果で計算結果を
説明できる。
表面の観測に統計的な処理を行なうと、黒点の傾きによるα効果
(Babcock-Leighton α効果)が重要な役割を果たしていることが
示唆される。

現在のところ、Babcock-Leighton α効果は再現できないような
計算設定になっているので、今後10年程度で、ここを実現できる
ように頑張っていく。


