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1.	
  フレア理論	
  

ì  フレア・CME理論モデル	
  
ì  数多く存在	
  

l  Tether-­‐cu5ng	
  model:	
  Moore	
  et	
  al.	
  (2001)	
  
l  Filament	
  formaAon:	
  van	
  Ballegooijen	
  &	
  Martens	
  (1989)	
  
l  Filament	
  erupAon:	
  Chen	
  &	
  Shibata	
  (2000)	
  
l  Flux	
  cancellaAon	
  model:	
  Linker	
  et	
  al.	
  (2003)	
  
l  Reversed	
  shear	
  model:	
  Kusano	
  et	
  al.	
  (2004)	
  
l  Kink	
  instability:	
  Török	
  &	
  Kliem	
  (2005)	
  
l  Torus	
  instability:	
  Fan	
  &	
  Gibson	
  (2007)	
  
l  etc.	
  

ì  関連する観測も多数	
  

Kink	
  instability:	
  
Török	
  &	
  Kliem	
  (2005)	
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Fig. 1.—Left: TRACE 195 images of the confined filament eruption onÅ
2002 May 27. Right: Magnetic field lines outlining the core of the kink-unstable
flux rope (with start points in the bottom plane at circles of radius ) atb/3

, 24, and 37. The central part of the box (a volume of size ) is shown,3t p 0 4
and the magnetogram, , is included.B (x, y, 0, t)z

Fig. 2.—Comparison of height, , and velocity, , of the flux rope apexh(t) u(t)
in the simulation (solid lines; initial perturbation is dotted) with the corre-
sponding values of the filament eruption in Fig. 1 (data from Fig. 3 of Ji et
al. 2003) overplotted as diamonds (the height data observed before 18:04 UT
were smoothed here, resulting in reduced velocity scatter). See text and
Table 1 for the scaling of the dimensionless simulation variables (left axes) to
the observed values (right axes).

ring current, partly submerged below the photosphere, whose
Lorentz self-force is balanced by a pair of fictitious subpho-
tospheric magnetic charges. A fictitious subphotospheric line
current at the toroidal symmetry axis is included to achieve a
finite twist everywhere in the system. See TD99 for a detailed
description of the model.
The initial density distribution can be freely specified; we

choose it such that the Alfvén velocity in the volume surrounding
the flux rope decreases slowly with height, (see3/2r ∝ FB (x)F0 0
Fig. 3). The system is at rest at , except for a small upwardt p 0
velocity perturbation, which is localized at the flux rope apex in
a sphere of radius equal to the minor radius, b, of the rope.
Lengths, velocities, and times are normalized, respectively, by
the initial flux rope apex height, , the initial Alfvén velocityh0
at the apex, , and the corresponding Alfvén time,v t pAA0

.h /v0 A0

3. SIMULATION OF A CONFINED ERUPTION

The eruption of an active region filament (on 2002 May 27),
which was accompanied by an M2 flare but did not lead to a
CME, was described by Ji et al. (2003). The filament started
to rise rapidly and developed a clear helical shape, as is often
observed; however, the ascent was terminated at a projected
height of ≈80 Mm (Figs. 1 and 2). Such confined filament
eruptions are not uncommon (Rust 2003).
In order to model this event, we consider a kink-unstable

configuration that is very similar to the case of an average flux
rope twist of 4.9p studied in detail in Paper I. The line current
is reduced by about one-third to enable a higher rise, but the
average twist, here, is kept to reproduce the helicalF p 5.0p
shape. (In the TD99 model, this fixes the minor radius to

, 8% larger than in the reference run in Paper I.) Theb p 0.29
sign of the line current is chosen to be positive to conform to
the apparent positive (right-handed) helicity of the observed
filament. Furthermore, we increase the numerical diffusion and
prevent the density from becoming negative, which permits us
to follow the evolution of the system for a considerably longer
time. Otherwise, the magnetic configuration and the numerical
settings are the same as in Paper I.
As in our previous simulations, the upwardly directed kink

instability leads to the ascent and helical deformation of the flux
rope as well as to the formation of current sheets (see Fig. 3 in
Paper I). In Figure 1 we compare the evolution of the helical
shape of the flux rope with TRACE (Transition Region and
Coronal Explorer) observations of the filament eruption. The
evolution is remarkably similar. Figure 2 shows that the principal
features of the observed rise are also matched. After an expo-
nential rise, the flux rope comes to a stop at ≈3.5h0. A first
deceleration occurs as the current density in the helical current
sheet above the apex begins to exceed the current density in the
flux rope ( ). The subsequent upward push ( ) resultst 1 22 t 1 30
from the reconnection outflow in the vertical current sheet below
the rope. Finally, the rise is terminated by the onset of magnetic
reconnection in the current sheet above the rope, which pro-
gressively cuts the rope field lines ( ). The reconnectiont ! 33
outflows expand the top part of the rope in lateral direction, as
seen both in observation and simulation.
Using the scaling to dimensional values given in Table 1,

good quantitative agreement with the rise profile is obtained
(Fig. 2), and the release of magnetic energy in this run of 5%
corresponds to 1031 ergs, a reasonable value for a confined M2
class flare.
The agreement between the observations of the event and

our simulation confirms the long-held conjectures that the de-
velopment of strongly helical axis shapes in the course of erup-
tions can be regarded as an indication of the kink instability
of a twisted flux rope and that the frequently observed helical
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nearly in a steady state; over time the current in the flux rope
slowly diffuses because of the finite resistivity in the calcu-
lation. Once the configuration is past the eruption threshold,
halting the flux cancellation process !e.g., at t!1380"A) can-
not prevent the eruption. Even for this idealized configura-
tion, a considerable amount of magnetic energy is released
during the simulated CME. During the primary energy re-
lease phase (t!1380 to t!1420"A), about 1.75"1032 ergs
are released, and the kinetic energy increases by 8.7
"1031 ergs. The remaining energy !not shown# is distributed
into heating and gravitational potential energy.

As demonstrated by this calculation and that by Linker
et al.,32 prominence formation !i.e., creation of the flux rope#
arises as part of the flux cancellation mechanism. Flux can-
cellation is in turn a natural part of the evolution of the
photospheric magnetic field. On the Sun it is frequently ob-
served that the magnetic fields in an active region tend to
disperse days to weeks after its emergence. This dispersal of
magnetic flux is thought to occur on a small spatial scale by
annihilation and submergence of magnetic dipole elements

!flux cancellation#. During this time, filaments are frequently
observed to form along the neutral line, these may erupt at a
later time as part of a CME. We have demonstrated that
beyond a critical threshold of flux cancellation, our idealized
streamer/fluxrope configuration erupts. In the flux cancella-
tion mechanism, the eruption of the filament and the initia-
tion of the coronal mass ejection are different aspects of the
same process: The destabilization of the entire magnetic con-
figuration.

The eruption can be viewed from several points of view.
First, flux cancellation moves the footpoints of the already
sheared magnetic field closer to the neutral line; this reduces
poloidal magnetic field !field crossing the neutral line# while
the magnetic field tangent to the neutral line is not changed.
This has the effect of greatly increasing the shear. Stability of
the configuration can also be described as a competition be-
tween magnetic pressure forces that tend to expand the con-
figuration and magnetic tension forces that restrain it. For-
mation and buildup of the flux rope increases the magnetic
pressure and removes the stabilizing overlying fields until

FIG. 2. !Color# MHD Simulation of a helmet streamer eruption triggered by flux cancellation. The stripes in the top panels show projected field lines !there
is also a B$ component of the magnetic field out of the plane#. The middle panels shows the current density J$ out of the plane. The bottom panels shows
the polarization brightness that would be observed by a coronagraph if this were a real CME. A high density flux rope structure can be seen at t
!1350"A . At t!1390"A , the configuration is erupting. This image shows, albeit in an idealized fashion, the 3 part structure observed in many CMEs.
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FIG. 1.ÈOur version of the standard model for the magnetic Ðeld explosion in single-bipole eruptive solar events (from Moore 2000). This version is
tailored to bipoles having sigmoidally sheared and twisted core Ðelds and accommodates conÐned explosions as well as ejective explosions. The rudiments of
the Ðeld conÐguration are shown before, during, and after the onset of an explosion that is unleashed by internal tether-cutting reconnection. The dashed
curve is the photospheric neutral line, the dividing line between the two opposite-polarity domains of the bipoleÏs magnetic roots. The ragged arc in the
background is the chromospheric limb. The gray areas are bright patches or ribbons of Ñare emission in the chromosphere at the feet of reconnected Ðeld
lines, Ðeld lines that we would expect to see illuminated in SXT images. The diagonally lined feature above the neutral line in the top left panel is the Ðlament
of chromospheric temperature plasma that is often present in sheared core Ðelds.

Ñow in to reconnect at the rising reconnection site. (For
other depictions of this three-dimensional implosion/
explosion process, in basically the same closed sheared con-
Ðguration but from other perspectives, see Figs. 1, 2, and 3
of Moore, LaRosa, & Orwig 1995.) In this picture, the
reconnection is expected to produce most of the particle
acceleration and plasma heating that result in the Ñare
burst of electromagnetic radiation across the spectrum from
radio waves to hard X-rays or c-rays (as Moore et al. 1995
have shown to be feasible in terms of the sheared core Ðeld,
Ñare ribbon development, and number of energetic elec-
trons required for the hard X-ray burst observed in a large
ejective Ñare). The eruption onset panel in Figure 1 depicts
this explosive release early on when the heating Ðrst

becomes strong enough to initiate the brightening of the
Ñare ribbons in the chromosphere and the rise of the soft
X-ray burst. In this early stage of the explosion, if we are
lucky enough to have SXT coverage, as the sigmoid bright-
ens in the X-ray images we might also see the two products
of the reconnection : the upward released Ñux rope and
compact brightening under the middle of the sigmoid.

Once the runaway reconnection begins, there are two
possibilities for how the explosion plays out. Either the
explosion ejects the erupting Ñux rope out of the initially
closed bipole, opening the envelope Ðeld (Fig. 1, lower right
panel), or the explosion is arrested and conÐned within the
closed bipole (Fig. 1, lower left panel). What determines
which path the explosion takes is an unanswered question.
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•  問題は「いつ・何が系を
不安定化させるのか？」	
  

•  不安定化させる要因（＝
フレアトリガ）に関する
研究は不十分	
  

•  研究はあまり多くないら
しい：see,	
  e.g,	
  Forbes	
  
(2000)	
  and	
  Schrijver	
  (2009)	
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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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Figure 7. Onset processes for solar flares in AR NOAA 11158 observed by Hinode/SOT. The gray scale (black, negative; white, positive) represents the Stokes-V/I
signal in the Na i 5896 Å line. Red contours indicate the emission of the Ca ii H line, and green lines represent the polarity inversion line (PIL). Observation times are
shown for each subset. The subset at the lower right corner of (b) illustrates the typical RS structure with counterclockwise rotating sheared field.

5. DISCUSSION AND CONCLUSION

The results shown in the previous section indicate that
events indeed occurred that are described by the following two
scenarios: scenario 1 involves an eruption-induced reconnection
process triggered by an OP-type magnetic field, and scenario 2
is a reconnection-induced eruption process triggered by an
RS-type magnetic field. Here, we examine the reason for
the existence of both scenarios. It is explicable in terms of

the topology of the magnetic field. In both scenarios, flare
reconnection on a vertical current sheet is caused by the
diverging flows that remove magnetic flux and plasma from the
reconnection site. This mechanism corresponds to the “pull”
mode in reconnection experiments performed in laboratories
(Yamada 1999). As shown in Figure 8, two different types of
divergent flows are able to form a thin current sheet v between
two sheared magnetic loops B1 and B2. One divergent flow is a
vertical (upward) flow above the PIL (u in Figure 8) and the other
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N1
P2

(a)

(b)

15:00 UT

N1
P2

Figure 6. (a) HMI vector magnetogram during 13:10–15:22 UT. The gray scale
shows the longitudinal field, while sky-blue bars indicate the transverse field.
Here, the direction of the transverse fields is not indicated. Red and blue lines
show the contour level of the longitudinal component = ±100 G, respectively.
The small positive patch indicated by arrows collides with the major positive
patch P2. At 14:22 UT, the transverse field in the circle connects the colliding
positive patch and the pre-existing negative polarity N1. (b) SOT Ca image
around the PIL at 15:00 UT on the same day. Red and blue contours indicate
the DN of the circular polarization = ±20, respectively.
(A color version of this figure is available in the online journal.)

pre-existing negative field, we observed Ca brightenings above
the collision site, which suggests a magnetic reconnection
between them. One of the collision events that possibly led
to the triggering of the M6.6 flare was observed between 14:00
and 15:00 UT, February 13, more than 2 hr before the occurrence
of the flare. The azimuthal angle of the reconnected transverse
field was measured to be 252◦, while its spatial size was only a
few megameters.

5. COMPARISON WITH NUMERICAL
SIMULATIONS: THE M6.6 CLASS FLARE

Observations of the magnetic fields related to the M6.6
flare in AR 11158 indicate that the geometrical relationship
between the overlying coronal arcade and the intrusive magnetic
structure (the flare-triggering region), namely, the shear angle
of the arcade (80◦) and the azimuth of the flare trigger (270◦ to
300◦), is consistent with the RS model in Kusano et al. (2012).
Thus, in this section, we provide a detailed comparison of the
observations with the numerical results of the RS model.

The basic setup of the simulation is described in Kusano
et al. (2012). Here, we show the numerical result with a shear
angle of the overlying linear force-free field (LFFF) of 80◦

and an azimuth of the injected triggering flux of 270◦, which
corresponds to the RS-type configuration. Figure 7 shows the
temporal evolution of the simulation. The left column shows
the selected magnetic field lines and the current density in the
central plane, while the middle column shows the magnetogram

with the shift of the field connectivity (red: see Appendix B)
and the current density in the lower atmosphere (green).

In the initial state at t = 0.0, in panels (a) and (b), one can see a
highly sheared coronal arcade above the PIL (y = 0). When the
bipolar flux was injected from the bottom boundary, panels (d)
and (e), the current sheet Pwas formed between the injected flux
and the coronal fields, and the primary reconnection proceeded
in the current sheet. Due to the reduction of the magnetic flux
from the reconnection site P, the force balance among the arcade
fields was partially lost, which pulled the ambient arcade fields
into the center of the domain and formed a twisted flux rope
via the secondary reconnection. In panel (j), one can see that
the twisted flux rope T is detached and erupts upward, creating
a vertical current sheet S beneath. (For a detailed illustration
of the field lines and current sheets, the reader is referred to
Figure 4 of Kusano et al. 2012.) The footpoints of the field lines
that connect to the flux rope T are labeled as F in panels (h),
(j), and (k), while those connecting to the postflare arcade are
labeled as R.

Compared with the numerical results, the SOT Ca images
reveal clear consistencies throughout the whole evolution pro-
cess. At 15:25 UT in Figure 7(f), the preflare brightening P’
above the PIL N1–P2, which was also shown as the brightening
in Figure 6(b), was comparable to the current sheet P between
the injected triggering field and the pre-existing coronal arcade.
In panel (i), the flare two-ribbon F’ in the eruptive phase from
17:30 UT, extending along the PIL from the intrusive structure
(flare-triggering region), was also in good agreement with the
footpoints of the reconnected coronal fields F and the postflare
arcades R in panel (h). The flare ribbons in the late phase in panel
(k), however, deviated from the observation of the Ca ribbons in
panel (l). In the simulation, both ribbons at y = ±0.2 elongated
along the PIL to both positive and negative x-directions, while
in the actual Sun the ribbons stopped their elongations along the
PIL from 17:35 UT.

It should be noted here that the polarities in panels (i) and
(l) show reversals, possibly due to the strong Doppler shifts
that correspond to the M flare (Fischer et al. 2012); the black
patches in the southern positive polarity were actually positive
rather than negative and the white patches in the north were
negative. The reversals were also observed above the most
distant sunspots P1 and N2.

There is also a difference between the simulations and the
observations. Here, in the numerical simulation, the flare trigger
was given as a simple “emerging flux” with an RS configuration,
injected into the domain from the bottom boundary. On the
other hand, the observed flare trigger (intrusive structure)
was created through a continuous accumulation of emerged/
advected bipoles, and the RS-component field was supplied by
these bipoles’ magnetic reconnection (see Section 4). These
discrepancies between the modeled Sun and the actual Sun will
be discussed in the next section.

6. DISCUSSION

In the previous sections, we investigated the evolution of
the magnetic fields that caused the M6.6 class flare in NOAA
AR 11158. We studied the evolution from flux emergence
to the eventual eruption using spacecraft observations and
comparisons with numerical simulations.

AR 11158 was characterized by its two major emerging fluxes
P1–N1 and P2–N2 (Figure 3). In this quadrupolar region, the
central PIL between N1 and P2 was continuously sheared by
the counterclockwise motions of the major polarities N1 and
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ì  観測との比較	
  
l  AR	
  11158	
  Mフレアにおける
トリガ磁場を「特定」	
  

l  トリガ磁場：5000	
  km程度	
  

ì  AR	
  11158の詳細な観測	
  
l  コロナアーケード：数日・数万km	
  
のスケール	
  

l  トリガ磁場：数10分・1000	
  km以下
の要素が合体して形成	
  

Kusano	
  et	
  al.	
  (2012)	
   Toriumi	
  et	
  al.	
  (2013)	
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  et	
  al.	
  (2013)	
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•  フラックスロープ	
  
　　数日、数万	
  km	
  スケール	
  

•  フレア条件	
  (Hagyard	
  1990)	
  
　　PIL	
  ≧	
  10	
  Mm,	
  shear	
  ≧	
  80°	
 

•  トリガ磁場	
  
　　5000	
  km程度、数時間	
  
•  ただし	
  
　　1000	
  km以下、数10分	
  
　	
 の構造が集合・合体	
 

すべてのスケールがフレア発生に重要	
 



2.1.	
  取得データとその解釈	
  

ì  RMHD計算・インバージョン	
  
ì  RMHD計算は「必須」	
  

ì  Bifrostコードの導入	
  or	
  国産モデル開発	
  

ì  彩層スペクトルの複雑さ：IRISデータから	
  
ì  静穏領域はBifrostモデルと比較できそう	
  
ì  活動領域・リコネクション・フレアは再現困難か	
  

•  通常のEBスペクトル	
  (Mg	
  II	
  k)	
 •  “異常”	
  なEBスペクトル	
  
→	
  シングルピークなら	
  VD	
  =	
  -­‐100	
  km	
  s-­‐1	
 

•  輸入が楽ではある	
  

•  Bifrostでどの程度
再現可能か？	
  

•  Bifrostを用いて、
そもそもSolar-­‐Cで
彩層磁場等が観測
可能か事前に調べ
る必要あり	
  



2.1.	
  取得データとその解釈	
  

ì  RMHD計算・インバージョン	
  
ì  Bifrost計算の例：ダイナミックな現象の計算は少ない（難しい）	
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Figure 2. Structure of the type ii spicule and the related hot loop at t = 1850 s,
in terms of the temperature at 1.3 106 K (red isosurface), the transition region at
105 K (orange isosurface), upflowing velocity along the field lines at 45 km s−1

(blue isosurface), and Joule heating at 1 W/m3 (green isosurface). The field lines
are drawn on opposite sides of the magnetic discontinuity in red and purple. By
at the photosphere is shown with a grey-scale map with a range of [−210, 210]
G. Except in the spicule itself the transition region is on average some 2 Mm
above the photosphere.

(An animation and a color version of this figure is available in the online journal.)

jet-like structure seen in the orange temperature isosurface that
appears next to the prominent spike seen in the blue velocity
isosurface. The width of the jet is roughly 500 km and its max-
imal length is around 4 Mm, measured from the initial position
of the transition region. The velocity of the ejected material in
the jet is aligned (or very close to it) with the magnetic field and
hence nearly vertical. The vertical component of the velocity
along a vertical axis passing through the jet shows a vertically
bipolar structure with center in the middle-chromosphere, i.e.,
above z = 1.5 Mm upflow velocities are found while below
this height material is downflowing (for details, see Section 4.3
and Figure 5). The maximum downflow velocity is of order
10 km s−1. The upflowing ejected material has a distribution
of velocities and temperatures: at its core it is cool, 15,000 K,
and reaches velocities of 40 km s−1, but the blue velocity iso-
surface of Figure 2 shows that there is a warmer, faster upflow
surrounding parts of the cool core with temperatures of a few
100,000 K, where the upflow velocity is higher than in the core,
up to 95 km s−1. These numbers fit fairly well with the statistics
of the RBEs done by Rouppe van der Voort et al. (2009). Further
insight into the velocity structure can be found in Figure 3 which
shows the range of vertical velocities in the volume surrounding

Figure 3. Distribution of vertical velocity uz as function of temperature log(T )
in the vicinity of the spicule at time t = 1930 s. Also shown with gray markers
is the distribution of the speed of sound cs =

√
γP/ρ at the same time. The

spicule plasma is supersonic and has temperatures in the range from 15,000 K
to some few 105 K at this time in the evolution of the spicule.

and including the jet as a function of temperature, along with
the speed of sound (cs =

√
γP/ρ). The velocities comprising

the jet are largely supersonic, with Mach numbers of order two
for the lowest temperature gas.

Close to the base of the jet we find a region where the Joule
heating per particle is large, as shown with the green isosurface
in Figure 2. Joule heating occurs along the entire length of the
jet, but is strongest in the first few megameters near the base. As a
result of Joule heating, the nearby corona is heated, and hot loops
with temperatures up to 1.6 MK are produced with temperature
much greater than that found in the ambient corona. These hot
loops are apparent through the red temperature isosurface. Note
that the hot loops have one footpoint near the base of the jet.
The hot loops consist of low-density material, and are associated
with, but separate from, the jet proper.

It is interesting to note that the magnetic field is unipolar
in the region around the modeled jet; this is also the case
for many observed type ii spicules (McIntosh & De Pontieu
2009). Even so, we find several regions with large gradients
in the magnetic field in the chromosphere near the jet. More
specifically, these discontinuities are found to be located inside a
volume 2×2×3 Mm3 at [x, y, z] = [3 : 7, 5 : 7, 1.5 : 4.5] Mm.
The region of magnetic discontinuities (i.e., large magnetic field
gradients or current sheets) is aligned with the x-axis. These
gradients show a magnetic field topology that is similar to
rotational discontinuities, with small inclinations between the
field lines on either side of the gradient. These gradients produce
the strong Joule heating at the footpoints shown with the green
isosurface in Figure 2. The magnetic field configuration close
to the jet is complex and contains many locations with strong
magnetic gradients. The jet is therefore not solely associated
with a simple discontinuity, but rather with several locations of
large electric currents.

It is important to note that the velocities in the upper part
of the jet (z > 1.5 Mm) are directed upward during the entire
evolution. No downflows are found in the jet at any point in
time, in contrast to the simulated spicules of type i, in which
both upflows and downflows are found. The rapid fading of the
jet at the end of its evolution is described in detail in Section 4.4.
A movie of the jet evolution is provided as on-line material
accompanying this paper (see Figure 2).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2. Evolution across the interface at x = 10.35 Mm. Times are t = 8530 s, t = 8750 s, and t = 8930 s (top to bottom). Panels (f) and (i) show vz in the range
[−100, 100] km s−1 (red/blue). Two plasmoids are outlined in panel (b). Arrows (panels (e) and (h)) show the post-flare loop and the approximate site of the flare
(z ≈ 4.7 Mm, panel (g)).

(An animation and a color version of this figure are available online.)

the dynamical evolution of the interface is ≈0.1, which indicates
that the reconnection is fast. Typical values of plasma β,
around the reconnection regime at the interface, lie in the range
0.01–0.1.

The upward product of reconnection is a jet with a ve-
locity of ≈200 km s−1 (Figure 2(i)) and temperature up to
≈2.5 MK. This emission can be observed as a (soft) X-ray
jet. The reconnected field lines that are released downward
form a small post-flare loop (Figures 2(e) and (h)), which is
heated at the top (≈2 × 106 K) by the collision of the down-
ward reconnection jet with the local plasma. We find that re-
connection generates slow-mode shocks that are attached to the
ends of the diffusion region (e.g., at z ≈ 5.5 Mm; Figure 2(i)).
They exist close (and along) to the edges of the two down-
flows (shown in Figure 2(i)), which adopt an overall inverse
V-shape configuration. The slow shocks is a characteristic fea-
ture of the Petschek-type reconnection. Most of the conversion
of the magnetic energy into heat and bulk kinetic energy (via
reconnection) occurs at these shocks. We also find a fast termina-
tion shock, which is the result of the collision between the down-
ward reconnection outflow and the post-reconnection loops. In

Figure 2(i), the termination shock is found at z ≈ 4.5 Mm. Slow
and fast shocks are formed repeatedly during the dynamical
evolution of the interface. The energy released by reconnection
is transported along the reconnected field lines via thermal con-
duction, causing flaring of the loop (Figure 2(g)) and heating
of the transition region/chromospheric plasma at its footpoints.
As magnetic reconnection proceeds in the corona, newly recon-
nected field lines successively pile up on the post-flare loop,
which consequently adopts a cusp-like shape (Figures 2(h) and
(i); see also Figure 3(d)). The lifetime of the event (from flar-
ing to cooling by radiation and conduction) is !100 s and the
corresponding energy release is 1025–1026 erg.

A similar process to the above has been invoked by observa-
tions (Masuda et al. 1994; Tsuneta 1997) and theoretical models
(e.g., Sweet 1969; Kopp & Pneuman 1976; Shibata et al. 1995)
to explain large (length ≈100 Mm) standard (e.g., two-ribbon)
flares associated with the eruption of filaments or large plas-
moids. Here, we have shown that this mechanism also occurs
on much smaller scales (≈1–2 Mm) and that it might account
for the onset of nano/microflares. Moreover, the present model
shows that not only one but a cluster of small flares occur along

3
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(a) (b)

(d)(c)

Figure 4. (a) Intermittent heating (isosurfaces with T ! 5.5 × 105 K; red) at the interface and the erupting plasmoids (isosurfaces of ρ ≈ 10−12 g cm−3; blue) at
t = 8800 s. The (black) arrows show the direction of the field along the field lines. The horizontal slice is the Bz distribution at z = 3.14 Mm, demonstrating that
the heating occurs between opposite polarity fields. (b) Close-up of the region around the plasmoid, which is outlined by frame A in panel (a). The B-field vector
(arrows) shows the highly sheared field across the interface. Field lines (yellow; blue belong to the interacting loops) reconnect and a fast jet is emitted underneath
the erupting plasmoid (twisted field lines, white) and above the flare loops (lower white field lines). (c) Two-dimensional vertical cut at the interface (y = 5.6 Mm)
showing J 2/B2. Time is t = 8850 s. (d) Close-up of the temperature isosurfaces (framed at inset (B), panel (a)). The cusp-shaped reconnected field lines (in yellow)
show the topology of the post-flare loops. The dashed lines indicate the length of the small two-ribbon flare.
(A color version of this figure is available in the online journal.)

the close vicinity of (at least) two plasmoids in succession. This
implies that the eruption of one plasmoid can affect or even initi-
ate the eruption of the others. Accordingly, each flare can change
the field line topology so that other sites start to reconnect and
another flare is set off nearby. This can lead to “sympathetic”
flaring activity and, ultimately, to profound heating and plasma
expulsion as we discussed earlier.

The eruption of plasmoids evolves into helical jets. This is
partially illustrated in Figure 4(b). The upward fast reconnection
jet (red) consists of the twisted field lines (white) of the plasmoid
on its upper part (at z ≈ 12 Mm). During the emission, the
erupted plasmoids come into contact with the “open” ambient
(non-twisted) magnetic field and reconnect. This leads to the
formation of helical jets and an untwisting motion along the jets
(for similar studies, see, e.g., Shimojo et al. 2007; Archontis &
Hood 2013). Figure 4(b) also shows that the hot reconnection
plasma underneath the plasmoid is ejected upward by the tension
of the reconnected (V-shaped, white) field lines at the interface.
During the evolution, similar reconnection events occur at
various atmospheric heights (from the chromosphere up to the
corona) and, thus, we detect the emission of several EUV and
X-ray jets from the interface. Many of the hot reconnection jets,
which are produced at the interface, have velocities comparable
to the local Alfvén speed.

Figure 4(c) displays J 2/B2 at y = 5.6 Mm (the same vertical
cut as in Figure 3). It is shown that the interface current is
not uniform and coherent but it is fragmented. It consists of
thin, individual, filamentary structures of strong current where
efficient reconnection occurs. A comparison with Figure 4(a)

shows that there is a good spatial relationship between the sites
of profound heating and the places with strong current. This
implies that the intermittent heating is due to the fragmentation
of the interface current layer.

Figure 4(d) displays the lower part of the hot filaments
(inverse Y-shaped temperature isosurfaces, T ! 5 × 105 K).
Reconnected field lines form an arcade of loops. The overall
arcade is not the result of a single eruptive flare, as has been
previously thought, but it consists of distinct, cusp-like, small
eruptive flares, which show up as “miniature” version of bigger
flares (e.g., Masuda et al. 1994; Tsuneta 1996, 1997). Two
bright ribbons form on either side of the neutral line, joining
the successive footpoints of the post-flare loops. Thus, a cluster
of small eruptive flares can form a tiny two-ribbon flare.

The powering of the flares at the interface occurs repetitively
over a 40 minute period: we find more than 20 flares at
t ≈ 8400–10,800 s. The heat and energy input (Figures 5(a)
and (b)) to the chromosphere/corona is highly intermittent,
with profound fluctuations in temperature as the plasma is
suddenly heated by small flares and subsequently cools down.
During the above period, there is a remarkable temporal (and
spatial) correlation among heating, energy release, and the
onset of fast (200–400 km s−1) jets. This is a direct evidence
of reconnection-driven plasma acceleration in small eruptive
flares. Similar evolution is found in other interfaces within
the numerical domain. The flares produced appear at random
intervals, with an average lifetime of ≈30 s–3 minutes. They
occur at various atmospheric heights (chromosphere–corona)
and they are capable of heating the plasma to ≈1–6 MK.
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ArchonAs	
  &	
  Hansteen	
  (2014)	
  
「ナノ-­‐マイクロフレア」の再現	
  



2.2.	
  フレア研究における観測との連携	
  

ì  観測・運用との連携	
  
ì  Solar-­‐Cの制約：テレメトリとの勝負	
  

1.  Solar-­‐Cの現行計画値	
  
•  FoV	
  :	
  180”	
  ×	
  180”	
  =	
  130	
  Mm	
  ×	
  130	
  Mm	
  
•  ResoluAon	
  :	
  0.1”	
  =	
  70	
  km	
  

2.  なるべく活動領域全体の発展を追いたい	
  
3.  トリガ観測としては分解能	
  0.1”	
  は悪くない？	
  
4.  ケーデンスも考慮する必要あり	
  
	
  

　　　→　詳細な議論は伴場さん講演を参照	
  

	
  
ì  「1日前予報」の精度は現在とさほど変わらないのでは？	
  
　→	
  「数時間前予報」なら精度は向上するかも	
  
	
  

ì  トリガ的磁場はPIL周辺に多数存在	
  
　→	
  トリガの事前特定を可能にしておく必要性あり（次ページ）	
  



2.2.	
  フレア研究における観測との連携	
  

ì  課題：詳細なトリガ研究	
  
ì  複数の「容疑者」？	
  

ì  実際の活動領域には多数のフレアトリ
ガ的な磁場構造が存在	
  

ì  観測視野が狭いため、事前にある程度
「容疑者の絞り込み」が必要	
  

ì  トリガリコネクションの発生高度？	
  

ì  シミュレーションの改良	
  
ì  複数トリガの導入	
  
ì  フルMHD下でのシミュレーション	
  
ì  “リアリスティック”モデル	
  

ì  ひので観測の向上も必須	
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(a)  Opposite polarity type

(b)  Reversed shear type

Shear angle

Azimuthal angle

PIL

PIL

Figure 1. Schematic illustration of the two different types of flare onset
suggested by Kusano et al. (2012): (a) opposite polarity (OP) type and (b)
reversed shear (RS) type. In both cases, coronal arcade fields lying over the PIL
and the local triggering field (emerging flux) are shown by thin curved arrows,
while photospheric magnetic fields are indicated by lighter (positive) and darker
(negative) hatches. The shear angle of the overlying arcade and the azimuthal
angle of the triggering field are the parameters that characterize the magnetic
configuration. Both angles are measured counterclockwise from the axis normal
to the PIL (thick arrows).

In this paper, we present a detailed event analysis of the
M6.6 class flare that occurred on 2011 February 13 in NOAA
AR 11158, which was briefly reported in Kusano et al. (2012).
Here, we use observational data of this AR taken by multiple
spacecraft, along with the nonlinear force-free field (NLFFF)
extrapolation and numerical results of a flare simulation. The
goals of this paper are to understand: (1) the overall development
of the magnetic fields in AR 11158 before the M6.6 flare, (2) the
formation process of the flare-triggering region that initiates the
M flare, and (3) the evolution of the M flare in the main phase.
The rest of the paper proceeds as follows. In Section 2, we
introduce the observations of AR 11158 and the data reduction
processes. The obtained magnetic field configurations and the
formation of the flare trigger are shown in Sections 3 and 4,
respectively. Then, in Section 5, we compare the observational
results of the M flare with the numerical simulations by Kusano
et al. (2012). A discussion and a summary are presented in
Sections 6 and 7, respectively.

2. OBSERVATIONS AND DATA REDUCTION

2.1. AR 11158 and the M6.6 Class Flare

The target flare of this study is the M6.6 class event that
occurred on 2011 February 13 in NOAA AR 11158 (see
Figure 2). This AR appeared on the southern hemisphere in 2011
February and was composed of two major emerging bipoles.
Since the entire evolution of this AR from its birth to the flares,
occurred on the near side of the Sun, we can investigate the
evolutionary history of the magnetic fields related to the flares
from their earliest stages. Above the highly sheared PIL located
at the center of this quadrupolar region, many flares including
one X- and some M-class events were observed. The M6.6
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Figure 2. M6.6 class flare in NOAA AR 11158. (a) Ca intensity map at 17:35 UT
and (b) Na Stokes-V/I image at 17:30 UT on 2011 February 13, observed by
Hinode/SOT. (c) GOES-15 soft X-ray flux in the 1.0–8.0 Å channel (1 minute
cadence).
(A color version of this figure is available in the online journal.)

flare broke out around 17:30 UT on February 13, as can be
seen in the Geostationary Operational Environmental Satellite
(GOES) soft X-ray flux (1.0–8.0 Å channel) in Figure 2(c). The
M6.6 event here was about 32 hr before the X2.2 flare, the first
X-class flare of solar cycle 24, which occurred on the same PIL
(Schrijver et al. 2011).

Kusano et al. (2012) identified a flare-triggering region of the
M6.6 event on February 13 and found that the triggering region
had an RS configuration. The formation of this trigger, however,
still remains unclear. In this study, we focus on the magnetic
fields, especially on the formation of the trigger region, using
the observational data introduced below.

2.2. Hinode/SOT Data

The Hinode satellite (Kosugi et al. 2007) tracked NOAA
AR 11158 from 09:57 UT, February 12, to 09:01 UT,
February 19. During this period, the filtergram of the Solar Op-
tical Telescope (SOT; Tsuneta et al. 2008) on board Hinode
obtained circular polarization (CP) data of the Na i D1 line
(5896 Å), shifted by 140 mÅ from the line center and

2



2.3.	
  成功基準とフレア予測の実践	
  

ì  Solar-­‐Cでのフレア研究に向けて	
  
ì  成功基準：何を目標とするか？	
  

ì  フレア領域の光球・彩層磁場測定	
  
ì  エネルギー蓄積〜トリガ機構の物理解明	
  
ì  フレア発生時刻・場所の	
 事後	
 特定	
  
ì  フレア発生時刻・場所の	
 直前〜同時	
 特定	
  
　（＝準リアルタイム予報）	
  
ì  フレア発生時刻・場所の	
 事前	
 特定	
  
　（＝フレア予報）	
  
ì  地球近傍への影響の	
 事前	
 予測	
  
　（＝宇宙天気予報）	
  

（ミニマムサクセス）	
 

フルサクセス	
 

エクストラサクセス	
  
•  1-­‐2日前予報によるSolar-­‐C運用
へのフィードバックを想定	
  

エクストラサクセス	
  
•  フレア数時間前の地上観測への
フィードバックを想定	
 

Solar-­‐Cでは厳しいか	
  
•  CME地球到達以前の「正確な」
影響評価を想定	
 

フルサクセス	
 



2.3.	
  成功基準とフレア予測の実践	
  

ì  Solar-­‐Cでのフレア予測	
  

ì  やるべきか？	
  
ì  目指すべきではある	
  
ì  「フレア（直前・事前）予測」をエクストラサクセスとする場合、計画段階
からそこに全軍投入して良いのか	
  
l  観測→予測→運用フィードバック	
 は相応のコストがかかる	
  

ì  理論・観測研究の進展やSolar-­‐C打ち上げ後の運用状況を見てから	
  

ì  フレア補足率は向上するか？	
  
ì  現在の理論研究・観測研究や運用体制の改善でまだまだ出来るはず（希望）	
  
ì  「今できる研究」を進めるべき	
  

ì  フレア予測の実現可能性？	
  
ì  正直、分からない	
  
ì  フレア過程を完全に理解すれば予測・予報は実現するはず	
  



3.	
  まとめ	
  

ì  現在までの理解：フレア理論	
  

ì  エネルギー蓄積：コロナアーケード・フラックスロープ形成	
  
ì  数日、数万km	
  スケールの現象	
  

ì  トリガ過程：トリガ磁場発生	
  
ì  数1000	
  km、数時間程度の構造	
  
ì  1000	
  km以下、数10分スケールの微小磁場が関与している可能性あり	
  

ì  Solar-­‐Cのフレア研究	
  
ì  ミニマムサクセス：フレア磁場の測定（彩層含む）	
  
ì  フルサクセス：物理機構の解明	
  
ì  エクストラサクセス：事前予報（数時間前）	
  
　→	
  「予報」は物理を解明してから。物理を完全に解明すれば出来る	
  



3.	
  まとめ	
  

ì  課題	
  

ì  RMHDコードとインバージョン	
  
ì  RMHDはBifrost輸入が現実的か	
  

ì  フレアトリガの事前特定	
  
ì  草野シミュレーションの改良	
  
ì  ひのでによるフレア補足率の向上	
  

ì  Solar-­‐Cによるフレア観測の可能性	
  
ì  Bifrostなどを活用し、	
  

l  浮上磁場	
  
l  リコネクション	
  
l  フレア	
  

　	
 の彩層磁場等、観測可能性を検証	
  



Thank	
  you	
  for	
  your	
  attention!	
 



	
  Appendix	
  

ì  データ駆動型シミュレーション	
  
ì  シミュレーションの境界条件	
  

ì  現状：光球の3次元磁場データを
利用して上空の磁場を推定	
  

ì  Cheung	
  et	
  al.	
  (in	
  prep)：ジェットを
生じた周囲の磁場環境を再現、
IRIS観測と比較	
  

ì  彩層観測のメリット	
  
ì  光球磁場・彩層磁場観測から磁場
勾配を計算	
  →	
  電流場を推定可能	
  

ì  密度・エネルギーフラックスなど
も観測できればシミュレーション
の精度を向上できる	
  

Homologous Helical Jets 5

(a) Jet 1 (b) Jet 2

(c) Jet 3 (d) Jet 4

Figure 5. Total intensity and mean Doppler velocity of the four jets as computed from IRIS observations of the Si iv 1394 line. In all
four jets, there is a tendency for northern edge to be blueshifted while the southern edge is redshifted. This spatial pattern suggests all
four jets are helical with the same (negative) sign of kinetic helicity.

started to investigate how multiple jets can be emitted
from the same source region. From a 3D MHD simula-
tion of flux emergence, Archontis et al. (2010) reported
that a series of reconnection events between the emerg-
ing flux system and ambient coronal field led to recurrent
jets. Moreno-Insertis & Galsgaard (2013) performed a
similar numerical experiment and found a succession of
eruptions, some of which have physical properties that
resembled the ‘standard’ type of jet while others were
miniature flux rope ejections that that may be associated
with so-called blowout jets (Moore et al. 2010). While
the Moreno-Insertis & Galsgaard (2013) paper mentions
that the erupting flux ropes in the simulation seem to

rotate as if they were converting twist into writhe, the
possible helical motion of the jets themselves were not
studied.
Recently, Fang et al. (2014) modeled solar jets by

performing 3D MHD simulations of twisted flux tubes
emerging into a coronal layer with an ambient inclined
field. They included magnetic field-aligned thermal con-
duction in their model, which provides the dominant
mechanism for energy loss by plasma that has been
heated to transition region and coronal temperatures.
They reported the existence of columnar jets consisting
of plasma at a broad range of temperatures (chromo-
spheric to coronal). Due to acceleration by the LorentzCheung	
  et	
  al.	
  (2014,	
  in	
  prep)	
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(a) Bz at z = 0 Mm

(b) Bz at z = 4 Mm

(c) Bz at z = 8 Mm

Figure 9. The magnetic configuration in the neighborhood of the
parasitic pore in the data-driven model (with U0 = 1.1 km s�1) at
time 11:02 UT. Magnetic field lines traced from seed points in the
vicinity of a coronal null point reveals a fan-spine topology, with
the spine connecting the null point with the underlying parasitic
polarity.

Consider the scenario in which magnetic twist is injected
into the corona by a vertically aligned twisted flux tube
rising through the photopsheric layer (z = 0) with speed
U

0

. Over a time period �t, the number of turns injected
is N = U

0

�t�(2⇡R)�1. By inspecting the HMI vector
magnetograms (fig. 7), we find that the horizontal com-
ponents of the current-carrying field in the vicinity of
the parasitic pore to be comparable to the vertical field
strength inside the pore (approaching 1 kG). So for rough
estimates we can take � ⇠ 1. Taking the size of the pore
as R ⇠ 1500 km, we find that the time taken to reach

(a) Magnetic field at 12:59 UT

(b) Magnetic field at 13:37 UT

Figure 10. Jet-like magnetic evolution in the data-driven model
(with U0 = 1.1 km s�1). Pink magnetic field lines are traced from
a static grid of points. At 12:59 UT, they show a horizontal twisted
flux rope structure. At 13:37 UT, field lines traced from the same
set of points reveal a set of inclined twisted field lines aligned with
the background inclined field. Green field lines are traced from
z = 0 from the parasitic polarity. The semitransparent orange/red
surfaces indicate regions of strong current density.

the critical threshold of N = 0.85 to be �t = 2.2U�1

0

hr,
where U

0

is in units of km s�1. Within the 4-hour period
in the simulations (10:00 UT and 14:00 UT), the number
of jet-like reconfigurations in our data-driven simulations
with U

0

= 0, 1.1 and 2.2 km s�1 are 0, 2 and 4, respec-
tively. So the amount of twisting required to drive jet-like
episodes in the data-driven model is consistent with what
it required in the MHD model of Pariat et al. (2010).

5. DISCUSSION

Over a four-hour period on July 21st 2013, recurrent
jets emanating from NOAA AR 11793 were simultane-
ously observed by IRIS, SDO and Hinode. Doppler shift
maps in the IRIS Si IV 1394 Å transition region line
shows all four jets exhibiting helical motion of the same
sign. The IRIS Doppler shift maps share considerable
resemblance to synthetic Doppler maps in Fang et al.
(2014), who carried out MHD simulations of jets result-
ing from the interaction of a twisting flux tube emerging
from the solar convection zone into a coronal layer with
ambient inclined field.
Photospheric vector magnetograms from Hinode/SOT

and SDO/HMI show that the source region of the ho-
mologous jets consists of predominantly negative polar-
ity field concentrated at the boundary of a supergran-
ule. Embedded inside the supergranule is a parasitic pore


