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Double helical structure

From Tajima and Shibata (1997) Plasma Astrophysics Miyazaki (1993)
Chapter 2
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CME height vs. SXR light
curve (Zhang 2001)
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the position of the corresponding flare. The arrow in (b) points at the CME front.
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common flux ratio

o |%] radial position [m]

Laboratory experiment
(Ono et al. )

BAY— b (BAREIC) BB SN DE,
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length of current sheet radial position of X point
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Role of Plasmoid

. To store energy by inhibiting
reconnecuon

/;\ . Qarqer fp[mmo o
o B -

i o P arim energy vel fease

. To induce strong inflow into

reconn ;1




Plasmoid Velocity vs.
Reconnection Inflow Velocity

* Yohkoh/SXT observations (Shibata et
al 1995, Shimizu et al. 2008) show

V m 700 '
L gH—
plasmoid loop s0of é’-fu}f’;g:
500 | 3 q
_ : . & <o
)/ = apparentrise velocr 5 =
loop £ 11 | =T e
200} )
of flare loop e ;
' — :
of. : ] 1 . ]
loop = (B /B loop) o 11°k”5> R
Fl(;Ai—RcImionhcmccn the rise veloc h SXR loop a dh
velocity of the pl J nlS l d p ﬂ ( cle, q 'mvls'
d HJ d s represent L 107-15 -107, d y HXR

Shlmlzu et al. 2008, ApJL
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plasmoid- mduced-
reconnection:
nonlinear instability
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Analytical model of
pasmoid-induced-reconnection :
saturation of nonlinear instability

b=, explwt) |

UA Lf we consider an ef}ect
of increase in mass of
plasmoid , we g€t

P Lp
t;mpu/Sn/e, f’ Va



Typical analytical solution
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(Ohyama and Shibata
1997)
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Plasmoid height vs.
reconnection rate

 |f we inhibit
reconnectio
n, fast
mass
ejection

- | can not

s OCCUr

/7,




ILT7HAX(1Akm) ESIHATSAT
DAT—)L(1m)
DXy, LWAZHRART HH ?
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HENHHDTIEELY
M ? (Tajima and
Shibata 1997)




Fractal \/cxw/cr
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Observations of emerging flux

triggering filament eruption
(Feynman and Martin 1994)
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=R KIL7
GOES flare class C M X
1986— 1996
SRS 39.7% 14.4 % 2.2 %
(3089)
OBLAMNDERE 322% 71% 0.3%
(2698)
OB E R EF 91.3% 64.5% 15.9%
(391)

From Ishi1 (2001)
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|IAU Symposium No. 226
Coronal and Stellar Mass Ejections
Sep 13-17, 2004, Beijing, China

Theories of Eruptive Flares
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1. Introduction

« Recent space observations such as Yohkoh,
SOHO, TRACE have revealed various evidence
of magnetic reconnection and common
properties in flares/CMEs, leading to unified view
of flares/CMEs.

11:26TT

Impulsive flares LDE flares Giant arcades (CMEs)
(Masuda) (Tsuneta) (McAllister)



Plasmoid (flux rope) ejections

5-Oct-92

coronal mass

large flares

ol Nort ~10M0 cm (CMEs) from |z
ozt (Hudson) ~10M1 cm ([
small flares
~ 1079 cm

(Ohyama-Shibata)




Plasmoid Acceleration
during impulsive phase
(Ohyama and Shibata
1997) observed with
Yohkoh/SXT

(see also

Kahler et al. 1988,

Sterling et al. 2003,,,) <
There is evidence of
Preflare heating ~10MK
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CME height vs. SXR light
curve (Zhang 2001)

CME/Flare {GOES M1.4)
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FiG. 1—Running difference images of EIT 4195 (upper three panels) and LASCO/C1 (lower three panels), which show carly evolution of the CME on 1998
June 11. Their timings arc indicated at the top of each panel. The white circle in each panel indicates 1.OR;, solar limb. The plus sign in each panel indicates
the position of the corresponding flare. The arrow in (b) points at the CME front.
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Laboratory experiment
(Ono et al. 2000 )

: . g A
[ Fast compression of current sheet causes J

BAY— b (BAREIC) BB SN DE,
VAR aVEENIERTS

its mechanical ejection in high-Bx MHD regime.
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2. Present Status of Reconnecton
Theory

» Basic physics of magnetic reconnection
has not yet been established

* Now is the stage that laboratory, space,
and solar plasma physicists are
collaborating to solve this basic physics



Puzzles of Magnetic Reconnection

* Reconnection rate (~ 1/t...) ?
— What is the condition for fast reconnection ?

« Structure of Reconnection Region ?
— Sweet-Parker vs Petschek
(i.e., no shock vs slow shock)

 How much fraction of energy goes to nonthermal
particles ?



Sweet-Parker model Petschek model
(1957,58) (1964)

1/2 ! =t logR
t zt R rec A g m
© s g, el 02100
6 7 ~ —
Slow reconnection Fast reconnection

Which is occurring ? Other models ?



Further Questions

How are energy stored ?
shearing motion ?
emergence of twisted flux tube ?

* What is the triggering mechanism for
flares/CMEs ?

* What is the role of magnetic helicity
in flares/CMEs ?

=> Talks by Kusano, Hu



3. Standard Model

(CSHKP model : Carmichael (1964)-Sturrock
(1966)-Hirayama (1974 )-Kopp-Pneuman (1976))

Brief history

» At first, US people called “Kopp-Pneuman”
model

« Shibata proposed to change it to "SHKP
model” in 1991

» Sturrock added “C” just in front of "SHKP”
in 1992



Carmichael (1964)

« Carmichael, H., "A process for flares," in AAS-NASA
Symposium on the Physics of Solar Flares, NASA SP-
30, p. 451 (1963).

SOLAR
I
\ = S WIND /
\ r

http://solarmuri.ssl.berkeley.edu/~hhudson/cartoons/



Sturrock (1966)

Sturrock, P. A., Nature 211, 695 (1966)
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PINCH /'l'-TYPE
" NEUTRAL
LINE
g N
{a}
“H-ENEAGY — ——u
Hl%:ﬂ“mCELEG ~EJECTED PLASMA

-RECONNELTION
- EVAFPORATLON

< @RIGHT nLA«EN?E“b-
w CHROMOSPHERE

(b)

/ EJECTEC PLASMA

ZTR&ILING MAGHETIC FIELD

X-RAY EMITTING
HQT PLASMA — L7

lel



leayama a) Pre-flare ¢) Late Phase

(1974) / \ %l

Hirayama, T., TN T

Solar Phys.
34,

323, 1974

N pising
 prominence



Kopp-Pneuman (1976).

« Kopp, R. A., and Pneuman, G. W., Solar
Phys. 50, 85 (1976).

(a) (b}

OPEN FIELD LINES SUBSEQUENT RECONNECTION WITH CAPTURE OF
AFTER TRANSIENT MATERIAL ON CLOSED FIELD LINES



Evoluton of models
(Priest-Forbes 2001)

Slow-mode MHD
shock

Gas dynamic
shock

(a) 7 (b) ‘
Kopp-Pneuman Cargill-Priest
| g



T

Standing
Fast-mode conduction front [sothermal slow
termination shock
* .\'hOCl\' \
L ]
(c) (d)
Forbes-Priest Forbes-Malherbe

Fig. 37. Developments of the models for flare loops



First MHD Simulation of Reconnection including
Heat Conduction and Evaporation

(Yokoyama and Shibata 1998, 2001)

T e B6/7L2/7

Temperature
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Density
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Talk by Yokoyama



4. Aly-Sturrock Theorem

Is this a real difficulty ?



Barnes and Sturrock 1972

. force free field VxB=aB

a=0/(x,),z) =non-constant

v+ CURVES
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F16. 1.—Current-free magnetic-field configuration associated with “photospheric” boundary condi-
tions. Curves are field lines with equally spaced values of magnetic flux.

F16. 2.—Force-free magnetic-field configuration associated with the same values of B, at z = 0 as
in fig. 1, but with differential rotation about the z-axis.



Barnes and Sturrock 1972
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F16. 4,—Open-field configuration associated with the same values of B; at 2 = 0 as in fig. 1. The
broken line indicates the current shect.

F16, 5.—Magnetic energy W of the force-free magnetic-field configurations as a function of maximum
rotation angle yar. The current-free field corresponds to yu = 0. The energy W, of the open-field con-
figuration is shown for comparison.



Aly (1984)

» Aly (1984) presented a conjecture

“the energy of any smooth force free field
occupying a “half coronal space” should

be smal
open fie
on the p

er than the energy of the so-called
d having the same flux distribution

ane photospheric boundary”



Yan, Sturrock, Antiochos (1986)

 “Our new results differ from the earlier results of
Barnes and Sturrock and we conclude that the
earlier article was in error.”

YANG, STURROCK, AND ANTIOCHOS Vol. 309

» | OPEN FIELD N Sturrock (1991)
showed

w
| FORCE FREE FIELD “Aly’s conjecture
Is valid”
0 ! | ] |
0.0 .om 207 Aly-Sturrock theorem
"

—The energy of the cylindrical force-free model of § V as a function of 3y, which measures the relative rotation of the positive polarity region and the
jolarity region. Also shown is the energy of the corresponding open-field configuration.



Flare scenario

X

i > %
a
1 2 3
b
A
1 metaable st
£
ey
=
4 »
= -
o

¥

From Priest-Forbes

Fig. 21a—¢. Two scenanios which have been proposad for opening the magnetic fizld. a In the first scenano
an ideal-MHD process changes the closed-field configuration [ 1] into an open configuration [2] during the
impulsive phase. and then reconnection recloses the field [3] during the gradual phase. b In the second
scenario an ideal-MHD process creates a relatively short current sheat without opening the field, but
magnetic flux can still escape into space if rapid reconnection occurs in this shedt. If there is no input
of magnetic energy during the eruption. then the magnetic energy continually decreases during both the
impulsive and gradual phases of the flare, as shown in ¢

-



possible ways out of this dilemma

* True opening of field line is not necessary

for reconnection and mass ejections (Aly
1991)

* Non-force free (e.g., gas pressure,
gravitational) (Sturrock 1991)

* Initially partly open, partly closed field
(Sturrock 1991)



Other ways out of the dilemma

Cylindrical axisymmetric geometry with
spherical boundary (Lynden-Bell and Boily
1994)

Resistive process (Mikic and Linker 1994)

Quadrupole magnetic field (Antiochos et
al. 1999)=> break out model, many
models

wo bipole sources (Choe and Cheng
2002)




Why multipolar flux system is

favorable ?
o\
Large energy
Bipolar e
Flux system

Multipolar Err;il(l)sgﬁrgy
Flux system a (r: (E To escape




5. Current Sheet Formation
(Energy Storage) Model

« Converging flux Model |
(Sweet 1958, Uchida 1981, 1996, |
Priest et al. 1994, Parnel et al. 1994) | ,

—k 9

* Emerging flux Model
(Heyvaerts et al. 1977, Forbes-Priest 1984, \
Shibata et al. 1992, Yokoyama-Shibata 1995 (\3

A

« Sheared or Converging Arcade Model
(Mikic et al. 1988, Biskamp and Welter 1989,

Forbes 1990, Kusano et al. 1995,
Choe and Lee 1996, Magara et al. 1997, |
Hu 2001, Choe-Cheng 2001) |
(=> emergence of twisted flux tube)

4



Emergng flux model

Shibata, Nozawa, Matsumoto (1992)
(see Yokoyama-Shibata 94, 95, 96)

Temperature




Unified model

(plasmoid-induced
reconnection model)

(a,b): giant arcades,
LDE/impulsive
flares, CMEs

(c,d) :impulsive flares,
microflares, jets

Energy release rate=




Plasmoid Acceleration
during impulsive phase
(Ohyama and Shibata
1997) observed with
Yohkoh/SXT

(see also

Kahler et al. 1988,

Sterling et al. 2003,,,) <
There is evidence of
Preflare heating ~10MK
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Which is
cause and
effect ?
plasmoid
ejection or
reconnecton ?

Role of Plasmoid

(1) to store energy by inhibiting

Yeconnection

5 % Qarﬁer 'yiasmoio(
C Eé;} > v
JL ; Qarﬁer energy velease

(2) to induce Strong, inflow nto

véconnéction region
T Up

.
5 R
()

reconnection m pamo:d ejectwn

\'
J*__ \ strong inflow /

Ohyama- Shka —» 70n)inear
17 //zstabf/ éV

(



Fractal Observed fractal-like hard X-ray and

reconnection microwave emissions may be a result
(Shibata and of fractal plasmoid ejections ?
Tanuma 2001)
An-1

>/\</\Q/\ i On-1

=osd@ | 5

NEN
/

W | Suit

(Tajima and Shibata 1997)



6. Flare Triggering Mechanism

* Break Out Model (Antiochos)
» Tether-Cutting Model (Moore)

» Catastrophe Model (Forbes, Lin)
=>talk by Forbes

Two-step Reconnection Model
(Wang-Shi, Chen-Shibata)



Break-Out model
(Antiochos, DeVore, Klimchuk 1999)

Frame 001 | 4 May 2001 | Fielddines time = 0.E+0
|

Fig. 27. 2.5
configuratio
polarity vy
current lave
the sheared

the torce-free
field near the
I time when a
s layer allows




Two step reconnection model

(Wang-Shi 1993, Chen-Shibata 2000,
Kusano et al. 2004)

reconnection (cancellation) associated with emerging flux

mm) sudden decrease in magnetic pressure

m=) downflow m=) infow mmm) fastreconnection at
upper X-point

Emerging flux



/. Chen-Shibata (2000) model

* Chen et al.
(2002, 2004)

 Shiota et al.
(2003, 2004"

 Nishida et al.
(20047)

-y o -]
]|||j|.fl,|||!; --l' Tc;ll”-l:l-]'lnr. |l|(,]|,“|l‘|,|(L ”ljl-] .\}, ".N'l(){';l‘\,’

(see also Lin et al. 2001)



Discovery of Spiral Slow shocks and Dimming
associated with magnetic reconnection
(Shiota et al. 2004)

current density plasma density

current t= 20 density t= 20

| o.o10

{1 0.005
.4 0.000

—0.005

1-0.010

e X e
Y= 1.00000 Y= 1.00000



Propagation of slow shock (Shiota)

pressure t= 60 pressure t= 80

pressure t= 100

gas pressure

-1 1 -2 - Q 1 208
X

pressure t= 180

x
____pressure t= 120

0.6
0.4
Q.2

The white line
1s the slow
shock front

-2 -1 a 1 2

Slow shocks continue to propagate and make a discontinuity
along the field lines around the flux rope || inside the flux rope




Three-Part Structure

~ density 2100 SOHO/LASCO

- -
e

The numerical results reproduce the three-part structure.



Model of impulsive flares

t= 10

-20 —-10 0 10 20

% velocity of plasmoid |-

— > L

V= 1.00000

onnection rate

Nishida et al. 2004 in preparation

time



Low and Zhang, M. (2002)
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8. Remaining Questions

» Condition of fast reconnection ?
(=> plasmoid ejection ?)
* Energy storage mechanism,
trigger mechanism ? (=> emerging flux ?)

» Detection of reconnection jet,
inflow, and MHD shocks

= >Solar B (2006)



