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コロナ磁場に蓄積された 
磁気エネルギーが解放される爆発現象�

太陽に限らず多くの天体に共通 　地球磁気圏に擾乱�



フレア・CME研究の位置づけ�
天体物理理学上の物理理課題 
• エネルギー蓄積問題 
どれだけの⾃自由エネルギーがどこに蓄積されているか？ 

• トリガ問題 
何をきっかけとしてフレア・CMEが始まるか？ 

 

宇宙天気予報 
• どの規模の現象がいつ起こるか？ 
• 地球へどの程度度影響があるか？ 

磁気リコネクション  ←  コロナ磁場の三次元構造�



フレアトリガ過程�
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Figure 3. Simulation result for ϕe = 180◦ and θ0 = 77.◦5, in which the OP-type
of magnetic structure causes the eruption-induced reconnection dynamics. Each
subset represent a bird’s eye view (a, c, e–h), top view (b), and enlarged side view
(d) of the magnetic field at different times. Green tubes represent magnetic field
lines with connectivity that differs from the initial state. Selected magnetic fields
in the initial state and those retaining the initial connectivity are plotted by blue
tubes in (a) and (d), respectively. Red contours correspond to intensive current
layers in which |∇ × B| > 40. Gray scales (white, positive; black, negative) on
the bottom plane indicate the distribution of the z component of magnetic field
Bz. Other parameters are Be = 2, re = 0.13, τe = 20, ve = 6.7 × 10−3, and
ye = 0.

result because some amount of magnetic shear has to pre-exist
for reconnection of the RS field to cause partial collapse of the
magnetic arcade.

In both processes triggered by the OP- and RS-type con-
figurations, the morphology of the magnetic field in the latter
phase (after the onset of flare reconnection) is common and
consistent with the standard CSHKP model of a two-ribbon
flare (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp
& Pneuman 1976). However, the initiation procedure differs be-
tween the two configurations. It indicates that although both the
eruption of flux rope, which may create CMEs, and the recon-
nection of flares can induce each other, the causality between
them may be governed by small magnetic structures that trigger
the eruptions.

4. COMPARISON WITH OBSERVATIONS

On the basis of our simulations, we determined that the mag-
netic structures favorable to the onset of large solar eruptions

Figure 4. Simulation result for ϕe = 270◦ and θ0 = 77.◦5, in which the RS-type
of magnetic structure causes the reconnection-induced eruption dynamics. Each
subset represents a bird’s eye view (a, c, and e–h) and enlarged side views (b
and d) of the magnetic field at different times. Green tubes represent magnetic
field lines with connectivity that differs from the initial state. Selected magnetic
fields in the initial state and those retaining the initial connectivity are plotted by
blue tubes in (a) and blue and sky-blue tubes in (b–d), respectively. Red arrows
in (b–d) represent the typical flow directions. The format and other parameters
are same as those described in Figure 3.

consist of the OP- or RS-type small magnetic fields and the
strongly sheared field, as illustrated in Figure 5. For either type
of trigger process, major flares should be preceded by minor
reconnection between the pre-existing sheared field and the flux
element with a different orientation. These results are consis-
tent with the observations of internal reconnection (Moore et al.
2001). Therefore, we can anticipate preflare brightening related
to the precedent reconnection in both OP- or RS-type regions as
a precursor to major eruptions. In fact, we have determined that
two major flares observed by the Solar Optical Telescope (SOT;
Tsuneta et al. 2008) aboard Hinode conform to this prediction.

4.1. Case of the 2006 December 13 Flare

The first event is the X3.4-class flare observed in AR
NOAA 10930 at 02:14 UT on 2006 December 13 (Kubo et al.
2007). According to the vector magnetogram observed by the
SOT/Stokes Spectro Polarimeter (SP) installed on Hinode, the
azimuthal magnetic field in this region was mainly twisted
in a clockwise direction by more than 75◦. We analyzed the
spatiotemporal correlation between the line-of-sight component

4

The Astrophysical Journal, 760:31 (9pp), 2012 November 20 Kusano et al.

Figure 1. Illustration of the simulation setup. Curved solid lines with arrows
correspond to magnetic field lines in the pre-existing force-free field and the
small-scale injected field, which rotate θ0 and ϕe, respectively, with respect
to the large-scale potential field. White and gray areas on the bottom surface
indicate positive and negative magnetic polarity regions.

eruptions as well as the predictability of these eruptions on the
basis of this paper’s conclusion.

2. SIMULATION MODEL

The simulation box includes a rectangular domain
(−3L,−0.75L, 0) ! (x, y, z) ! (3L, 0.75L, 3L), which cor-
responds to the solar atmosphere above the photosphere within
an AR. L is the typical length and the coordinate z represents
the altitude from the photosphere. The x-axis (y = z = 0) cor-
responds to the magnetic polarity inversion line (PIL), on which
the vertical component of magnetic field Bz changes sign.

To model the preflare state, the initial magnetic field is given
by the linear force-free field,

Binit(α; y, z) = B0

⎛

⎝
αk−1 cos ky

−Kk−1 cos ky
sin ky

⎞

⎠ exp(−Kz),

where k = 2 π/L, K = (k2 − α2)1/2, and B0 is a constant.
This field is characterized by the scalar parameter α and shear
angle θ0 = tan−1(−Bx/By) = tan−1 α/K, which is defined as
the azimuthal rotation of the magnetic field with respect to the
potential magnetic field Binit(0; 0, 0) = (0,−B0, 0), as shown
in Figure 1.

After the simulation starts, we quickly inject a small bipole
magnetic field into the force-free field Binit from the bottom
boundary in order to form the partially disturbed magnetic
structure illustrated in Figure 1. This process is performed by
prescribing the boundary condition of the electric field, which
is generated by the constant ascending motion of a synthetic
magnetic torus located virtually below the simulation box.

The ascending torus forms a sphere of radius re, within which
there is only the toroidal magnetic field Be of constant intensity.
The major axis of the torus is on the x−y plane and its center is
initially at a point (0, ye,−re). The torus ascends with constant
velocity ve for only the period 0 ! t ! τe(!re/ve). The electric
field Be × ve and velocity ve are imposed within the cross-
section of the ascending torus on the bottom plane until t = τe.
The injected small-scale field is characterized by the azimuthal
orientation ϕe of Be at the top of the torus, the offset of the torus
center ye, and the total amount of injected flux that is a function
of Be, re, and veτe (see Figure 1).

Although this model corresponds to the kinematic model of
emerging flux (Fan & Gibson 2004), we adopt it as a way to
dynamically form a variety of magnetic structures rather than as
the model of emerging flux. In fact, because the speed of small
magnetic field injection is about two orders of magnitude faster

than the realistic speed of emerging flux (the order of 1 km s−1),
the physically meaningful process of simulation is after the
flux injection terminates. Therefore, we focus mainly on the
dynamics caused by magnetic structures formed as the result
of flux injection rather than the dynamics of flux emergence.
Which process, flux emergence or horizontal motion, on the
solar surface is more efficient for forming such structures is
beyond the scope of this paper, although we partially discuss
this issue in Section 3.

The length, magnetic field, and time are described by non-
dimensional units, L, B0, and the Alfvén transit time (τA =
L/VA), respectively, where VA is the Alfvén speed B0/

√
µ0nmi

for ion mass mi, plasma number density n, and vacuum perme-
ability µ0. In a typical AR (B0 ∼ 0.05 T, n ∼ 1015 m−3,L ∼
20 Mm), τA ∼ 0.4 s and VA ∼ 50 Mm s−1.

We adopted the zero-beta model for the simulation, in which
plasma pressure and variations in plasma density are assumed to
be less effective. This model is applicable when the plasma beta
(i.e., the ratio of thermal to magnetic pressure) is significantly
less than unity. The coronal plasma within an AR in the preflare
phase, which is the focus of this paper, is thus covered by this
model. The governing equations are the same as those used
in our previous study (Kusano et al. 2004; Kusano 2005). The
electrical resistivity η and viscosity ν are initially constant (10−5

and 5 × 10−3 in non-dimensional units, respectively). However,
η increases if the electric current density J exceeds a critical Jc,
as adopted from Equation (9) of Kusano et al. (2004), where the
enhanced resistivity η1 = 5 × 10−4 and critical electric density
Jc = 50.

The spatial differential operator is approximated by the
second-order accurate finite difference method using three-grid-
point stencils, and the temporal integration was performed using
the Runge–Kutta–Gill method with fourth-order accuracy. The
grid number included in the simulation box is 1024×256×512
for each dimension x, y, and z, and they are packed near the
PIL so that the finest grid sizes are ∆x = 5.9 × 10−3,∆y =
2.9 × 10−3, and ∆z = 5.9 × 10−3, respectively.

3. SIMULATION RESULTS

We chose the shear angle θ0 of large-scale force-free field
and the azimuthal orientation of the small-scale injected field
ϕe as the parameters, and surveyed the parameter space (0, 0) !
(θ0,ϕe) ! (85◦, 360◦) with 106 runs. The cases ϕe = 0◦,
0◦ < ϕe < 180◦, ϕe = 180◦, and 180◦ < ϕe < 360◦ correspond
to the small-scale field of the right polarity, normal shear,
opposite polarity (OP), and reversed shear (RS), respectively,
compared with the pre-existing large-scale field.

The simulation results are summarized in Figure 2, which
clearly shows that the kinetic energy produced by eruption
strongly depends on θ0, hence a large-scale eruption is possible
only in strongly sheared cases (θ0 > 75◦). This result agrees
well with the observations (Hagyard et al. 1984), and is logical
because a more strongly sheared field stores a greater amount
of free energy as the nonpotential component of the magnetic
field. However, the most notable feature of this figure is that the
occurrence of solar eruption is sensitive to ϕe. In particular, the
eruption-producing cases, represented by diamonds in Figure 2,
exist mainly for ϕe = 123◦–270◦. This result indicates that
strong shear alone is not a sufficient condition for the onset
of eruptions and that their occurrence is governed by small
magnetic structures. The simulation results predict that the OP-
and RS-type magnetic structures are capable of triggering solar
eruptions.
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スケールの異異なる2つ磁場構造 
シアアーケード  (energy reservoir) 
＋浮上磁場  (perturbation) 
⇒ 　フレア 
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Figure 2. Summary of simulations for Be = 2, re = 0.13, τe = 20, ve = 6.7×10−3, ye = 0 on parameter space of ϕe and θ0. Different marks (squares and diamonds)
represent the types of dynamics, and contours show the maximum total kinetic energy produced by eruption (Ek). Squares indicate that no eruption has occurred at
the corresponding parameter; diamonds indicate the appearance of eruptions at each parameter. Pink and blue diamonds indicate eruption-induced reconnection and
reconnection-induced eruption processes, respectively. The yellow diamond corresponds to a special case in which the potential field collapses because of reconnection
with the small-scale injected field, which exhibits a completely antiparallel polarity compared with the initial potential field. The right-hand and top subsets illustrate
the initial sheared field and orientation of injected small bipole field, respectively, in which white and black areas indicate positive and negative polarity and arrows
represent the horizontal component of the magnetic field.

We detected a clear difference in the morphologies of mag-
netic fields between cases triggered by OP- and RS-type con-
figurations, represented in Figure 2 by pink and blue diamonds,
respectively. The typical dynamics of eruption caused by the
OP-type field are explained in the following steps, as shown
in Figure 3: (1) two sheared magnetic field lines rooted near
the small bipole of OP (blue tubes in Figure 3(a)) are recon-
nected via the bipole of OP to form twisted flux ropes (green
tubes in Figures 3(b)–(d)); (2) after twisted flux ropes grow
(Figure 3(e)), they suddenly erupt upward (Figure 3(f)); (3) in
the strongly sheared case (θ0 > 70◦), the eruption of twisted
flux ropes vertically stretches the overlying field lines, and new
vertical current sheets are generated below them (red surface
in Figure 3(f)); and (4) magnetic reconnection begins on this
vertical current sheet and forms a cusp-shaped postflare arcade
along with more twisted ropes, which accelerate the eruption
(Figure 3(g)). In particular, for the most strongly sheared case
(θ0 > 75◦), steps (3) and (4) reinforce each other and the re-
connection region propagates along the PIL (Figure 3(h)) until
reaching the boundary of the simulation box, which corresponds
to the outer border of the AR.

As a result, in a more sheared arcade, greater kinetic energy
is produced by the ascent of longer flux ropes. This process is
essentially the same as the model of tether cutting with emerging
flux reported by Moore & Roumeliotis (1992). The rapid ascent
of the twisted rope can be attributed to the loss of equilibrium
and ideal MHD stability (Forbes & Priest 1995; Kliem & Török
2006; Démoulin & Aulanier 2010).

On the other hand, the RS-type flux triggers eruptions in a
different manner. As seen in Figure 4, the injected bipole field
of RS contacts the pre-existing sheared fields (blue tubes in

Figures 4(a)–(c)) and forms a current sheet (red surface denoted
by c in Figure 4(b)) on the border between them. Magnetic
reconnection slowly proceeds on this current sheet, and the
sheared field is removed from the center to the sides of RS
field region (d and d′ in Figure 4(b)). Because of the reduction
of the sheared field in the center, the magnetic arcade above
the injected small bipole partially collapses into the center, and
a vertical current sheet (v in Figure 4(d)) is generated. As a
result, sheared magnetic fields (sky-blue tubes in Figure 4(d))
are reconnected to form twisted flux ropes rooted on F and F′

in Figure 4(e). These twisted flux ropes grow (Figure 4(f)) and
erupt upward (Figure 4(g)). Finally, the processes continue in
the same manner as those in steps (3) and (4) for the OP-type
case (Figure 4(h)), and the eruption develops.

This trigger scenario is essentially the same as the RS flare
model proposed by Kusano et al. (2004). However, it should be
noted that they studied the process that horizontal flow along
the PIL, rather than emerging flux, reverses magnetic shear.
Therefore, we can conclude that emerging flux is not necessarily
needed for the onset of eruption, if horizontal motion drives the
formation of the magnetic structures favorable to the onset of
eruptions.

It should be noted that the OP-type configuration may
cause an eruption of flux rope before the onset of flare re-
connection, whereas the RS-type configuration triggers flare
reconnection before the eruption of flux rope. We refer
to these processes as “eruption-induced reconnection” and
“reconnection-induced eruption,” respectively. Figure 2 indi-
cates that while eruption-induced reconnection is possible for
any value of sheared angle θ0, reconnection-induced eruption
can occur only for relatively large θ0. We can easily explain this
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シアアーケード 
磁場の⾓角度度 
＝エネルギーの
蓄積量量�

浮上磁場の向き�



CMEトリガモデル  (Chen & Shibata 2000)�

浮上磁場�

Shiota+(2005) �

フラックスロープ(energy reservoir) 
＋浮上磁場  (perturbation) ⇒  フレア・CME 

浮上磁場�



CME初期過程 
Interaction between ejecting flux rope and ambient field	


Tubes：magnetic field lines, background：Vr 
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フレア・CME研究にとってコロナ磁場�
天体物理理学上の解明すべき物理理課題 
• エネルギー蓄積問題 
どれだけの⾃自由エネルギーがどこに蓄積されているか？ 

• トリガ問題 
何をきっかけとしてフレア・CMEが始まるか？ 

 

宇宙天気予報 
• どの規模の現象がいつ起こるか？ 
• 地球へどの程度度影響があるか？ 

磁気リコネクション  ←  コロナ磁場の三次元構造�



コロナ磁場の求め⽅方 

•  観測による測定は⾮非常に困難 
•  密度度の⼤大きい光球では、偏光分光観測により 　
ベクトル磁場分布を得ることができる 
 Hinode/SOT, SDO/HMI, etc… 

•  観測された磁場分布を境界条件として満たす 　
三次元コロナ磁場をモデルにより計算で求める 
– ポテンシャル磁場モデル 
– 線形  force-free 磁場 
– ⾮非線形  force-free 磁場 
– 磁気静⽔水圧平衡場 

←  活動領領域磁場の 　
計算に適したモデル�



⾮非線形 force-free 磁場  (NLFFF)モデル�

gBJvvv
ρρρ +∇−×=∇⋅+

∂

∂ p
t =0 �

運動⽅方程式�

平衡状態� Plasma β ≪  1 �

BBJ α=×∇= ⾮非線形：空間的に⾮非⼀一様なα�

三次元空間で  J×B=0 を満たす磁場を求める�



NLFFFの計算例例�

•  名古屋⼤大学太陽地球環境研究所  GEMSISプロジェクト 
 NLFFFデータベース  (塩⽥田+ 2013秋季年年会) 

 MHD relaxation method (Inoue+ 2014)�

ポテンシャル磁場� NLFFF�



NLFFFモデルの現状の課題�

gBJvvv
ρρρ +∇−×=∇⋅+

∂

∂ p
t =0 �

運動⽅方程式�

平衡状態� Plasma β ≪  1 �

観測(SOT,HMI)ベクトル磁場が得られる光球では、 

                plasma β ~ 1 or ≫1  

force-free 条件を満たしていない。 

⇒   完全なforce-free 磁場を求めることができない。 

•  観測をforce-free 条件を満たすように修正 

•  ガス圧も含めた磁気静⽔水圧平衡場を求める�



Solar-C/SUVITで観測される磁場の⾼高度度分布  �
2014年年2⽉月太陽圏連シンポ  (⼀一本さん講演資料料より抜粋)  �



Solar-C/SUVITの観測への期待�

•  彩層ベクトル磁場分布 
–  plasma β ≪1 or ~1 　 
を満たす領領域でベクトル磁場分布が得られれば、 　 　
より再現性の⾼高いコロナ磁場を求めることができる 

 
•  光球・彩層ベクトル磁場の同時観測 

– 視線垂直磁場180度度不不定性の解消 
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太陽⾯面の境界条件の問題点が解消されると期待�



今後の⽅方向性：全球コロナ磁場モデル�

現状の活動領領域  NLFFF  モデル  : 
•  活動領領域近傍を解く 
•  サイド・上空の境界条件も考慮すべき要素 

 ポテンシャル磁場の値を固定して⽤用いている   
 <= 境界で不不連続を発⽣生 　 

•  全球磁場もNLFFFとして求めるネストしたモデルの開発が必
要 

•  太陽⾵風によるグローバル磁場構造の変形も考慮する必要あり 

DeRosa+2009�



まとめ�
•  太陽だけでなく他の天体にとっても重要な現象フレア・

CMEの発⽣生過程（エネルギー蓄積・トリガ問題）の解明
に加えて、宇宙天気予報を実現の観点から、コロナ三次
元磁場構造の理理解が重要。 

•  光球ベクトル磁場観測データから⾮非線形force-free磁場 　
モデルを⽤用いてコロナ磁場が求められている。現状では、
モデルと観測が適合していないため、詳細な研究ができ
ていない。Solar-C/SUVITによる彩層磁場観測により、 　
現在のモデルの課題を克服できることが期待される。 

•  フレア・CME発⽣生過程の理理解にとって、活動領領域内部の
磁場構造に加えて、グローバルな磁場構造の再現も重要
な要素。活動領領域と全球の磁場を同時に計算するコード
を今後開発していく。 


