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Introduction (flux rope)
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Flux rope — twisted magnetic tube structure

The stability of flux rope < flare, CME
flare, CME < substorm, geomagnetic disturbance

—This stability is important issue for space weather.
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mThe axisymmetric current loop model
oKliem & Toeroek [2006]: Torus Instability

oDemoulin & Aulanier [2010]
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green line: magnetic field
torus: axi. current loop

levol (flux
conservation)

{ critical decay index |-
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S:
Introduction (tether-cutting )L .

However, how the unstable state is realized is not elucidated
and several scenario were proposed.

m*tether-cutting” reconnection (Moore et al. [2001])

Before Onset Eruption Onset

internal reconnection between P —.

sheared magnetic loops

destabilization of flux rope K@f i

l Confined Eruption, Ending Ejective Eruption, Midlife
magnetic explosion in eruptive
flares and CMEs

Moore et al. [2001]
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Introduction (two-arc)

Some observational and numerical studies
show consistent results for tether-cutting:

Kusano et al. [2012]
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These results show two-arc flux rope in
the onset phase of eruption.

However, the stability of two-arc flux rope
has not yet been analyzed. Chen et al. [2014]
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Objectives

To reveal the stability and equilibrium condition for the
two-arc flux rope in the solar corona

To develop current loop model to calculate the stability
for the two-arc flux rope

D 4

As a result, we found that,

Two-arc flux rope is much easier to destabilize than the
axisymmetric torus, and the decay index is not necessarily
an adequate criterion for the onset of eruption.
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Two-arc model

o ideal MHD

O neglect pressure and
gravity (low-5)

o shape: two-arc connected
two circular tori

h: joint height |

coronal
current

o flow uniform current along
inner the loop

o line-tied assumption: fix
footpoints “d”

O we can determine the
shape uniquely by
parametrizing joint height “h”.

image
current

d: half interval of

fixed footpoints
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coronal
current

Equations

The energy of the loop
U=1/2 LIT2 +/dlex

Generalized force

image

F=38U/8h=1/2 [12 3L/dh +10® lex /S (equilibrium condition)
—/leq (h)=—20dlex (/) /dh JOL(K) /dh
Magnetic flux through the loop:

dltotal =11+ ® lex =const (conservation of magnetic flux)
—/evol (h)=1/L(A) (Pltotal —Dlex (A))
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Setting B

We calculated 7/eq and 7levo/ for two-arc loop
numerically.

External magnetic field is given by a point source bipole
at a point distant D from the polarity inversion line.

—FBlex=—4@¢D(yT2 +zT2 +DT12 )1-3/2 x B lex

Z - |"
< > -
y

2d/D

Parameter
Toroidal grid number 4000
Poloidal grid number 5*30
2a/D (width) 0.002

2d/D (interval between 2.0
footpoints)
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h: joint height
D: distance of external
field source from PIL

dlrotal =0.7d L0
dltotal/=1.00030J0
dlrotal =1.3D L0

4000*5*30
0.002

Grid number
width (2a/D)

distance between 2.0
footpoints (2d/D)
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Compare critical height... -

Torus instability Two-arc model

Ricrit | D=0.9!

Y. 2

crit [/=U.103

critical radius #icrit /p=0.95 critical height #icriz /p=0.105

There is lower critical height for two-arc
loop than torus inst.
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Other parameter case

We also calculate %zicrir by changing & (the interval b/w Blex

footpoints), and for three types of # e

1. point source bipole
Blex=—4@D(yT2 +2zT2 +D72 )T-3/2 x

2. decaying field exp.

with altitude
B lex =—Bl0 el—|z| /710 z
X

3. uniform field

(“zero decay” field)
Blex=—FI0x
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Critical height for three

different cases

~

footpoints
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|S=E

h: joint height

d: interval b/w footpoints

D: distance of external field
source from PIL (bipole)

zJ0 . scale length for exp. field

o Two-arc loop can be
destabilized even for
uniform (zero decay) field.

oThe critical joint height is
much lower than the
footpoint interval d.
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These dashed two-arc
loop in initial phase could
be already unstable!

Chen et al. [2014]
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Twist criteria

strongly sheared loop

NE=

——

two-arc loop

Kl[n it

injecting flux
(L.F.F.F.)

reconnection

&

by
-\ -\

D

llcrit

\

PIL

(721/2 Cblrec/}
—7=0.5

PIL
([ 5 T T
- m| . F.F.F.
41 Tl | PXB=akB
I IS S T TS~ | ™ Ampere’s law
£ =1 PxB=pul0]
T2 ' 1 m The definition of twist
 awd0 Hcrit /¢ =4 \ 7=[1#a dl/An
o 01 02 03 04 05 06 07 08 09 1
L h/D y
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Twist criteria

flare occur

©
~

- '.
7~0.5 \)

7>1.0
N...00.-.

17:00 UT 03:50 UT 17:40UT 20:30 UT 04:30UT
on Dec.11 on Dec.12 on Dec.12 on Dec.12 on Dec.13

N |
time

Our result (7=z0.5) is consistent with
magnetic measurement by Inoue et
al.

[ 1SIM] JUI171.L0 D UDY] 340U PISIMY X11] [ 2179UL DL
=
S
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Summary T

We developed a numerical model to calculate the
stability of two-arc flux rope.

The critical height of instability of two-arc flux rope is
much lower than that of torus instability.

Under the two-arc constraint, decay index is not
necessarily adequate criterion for the onset of eruption.

More than half turn twist (7>0.5) of magnetic field is
the necessary condition of the two-arc loop instability.
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subslide
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LALARELRERBRRN—TAICEDETCOBREREF IS ON DTV,

5l Z [Ftether-cuttingEFII @< > 7 UL R OBRETO ) XD
2AVICKYN TSV IOAO—THFTLEENNEND L ZRR

ChilconsistentZEDHABAETNTHY) ( RIATIEChen et al.
2014 ) . FKusano et al. 2012DHHEETE £ E#k (Z consistent’x
BRZRLTWVWS

TR aAVICEtwo-arcEDIL—THEEEhBH T
Eh. HAFLZEHRFERENATVEY., FPRFEMEDT

SChZX55
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guestion_memo

BERBZN1HT That's a good question. Let me think about that...

| need some time to consider that question. Could | discuss it with
you after this session?

How say...
EfZORRTHEFNIZ-HEAZFEETEH S

BRNOEW®RZSRS I'msorry, but | didn’t fully understand your
question. Would you mind repeating it?

Could you repeat that question, please?

E2ERERBRFTHEITLSLETRD I'msorry, | didn’'t catch your
guestion. Please could you speak a little louder?

EVHATBEANETD I'mnot sure but... ~~~
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Take home message
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question

DR EEOBEEBSASALLEZVDONL ?
R R EBTOFEOFHBALN, oHh V) DS

EFRNBENEARHRTIEED 25 ?Criteriald 2 HEOLH
& ?ZEME ?

s SEORER?

udJtotal =D3RDREESIWVWS & ?
muniform fieldDRELIF ESBZ>TBDDH ?
RTEAEESBITAD?

SERFIABRADOIRED) ST, ChSA VB IRANR
£5., —ATHBRELLAZ2ATVEVN, ATCOFEOENM
FEIE T —AZ{REL =Demoulinl &K 2 SN RN Z EV -
FITHREROERIC—HITBH&zERLTVDS
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question

mtwo-arclk FERKEERAN S U IR I aAVICKYAIC@EASHAD
TETVBDTH ?

R R DB ARFEDIR2>TRHBTVWEIDOH ?

iRa, bOZREFERNBAL (MRENEHULE ) BEICKEL
2OTIE?

S>—BICEBTABVARESZEASIAEVRY KLBOLEFE
RIZBITIDEEZASND,

s ERNAZEATVWAA? 7TV VAO—-7&VS QTRES
EEZBDNETRHBELVDOL?

>F 175 £ E U < current loop modelldforce-free2Zx TWLW2 M
THBIFZEABLSTELL
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Torus Instability Two-arc model

Because the time-scale for eruption phenomenon is shorter
than the time-scale varying the magnetic distribution on
photosphere, we should use line-tied assumption.
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SUf is the distance between the fixed footpoints at the base of
solar corona.

EWS DA Chen, J. & Krall, J. [2003]Dfigure 5SORLEICRE ST
W3,

Two-arcEFINELRT D &, SifF=24E V5 B
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S:
Introduction (stability tc)rusrI .

Demoulin & Aulanier [2010] analyzed the stability of
axisymmetric current loop using these equations.

Heq (h)=167/1l0 PDR(RT2 +D12)1-3/2 /nBR/a)—1+lLf

Demoulin & Aulanier [2010] analyzed the stability of
axisymmetric current loop using these equations.

167 $DR(R2+D2) "%/ Sforce>0-—>expand . .

O lea(t) =74, In(8R/@)—1+17/2’ lewor ()= (¥ = JJ Bexxdydz);;
-

]

-

D g

= Heg (force=0)

Hevol (flux
conservation)

[force<0-shri

Major radius R
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Z coronal
current

Equations

HNeqg (h)=—200lex /dh /OL /0%
HNevol (h)=1/L (®ltotal—dlex)

image X
Llex=® /[=[1EF dS /I=[T&(xA ) d3Went
= [T#A -dr /I=u/Ar [JTE1/Ir—r T | dr T dr
Liin=ulll /8B
L=Llex+Llin
dlex=[Ti4 lex-dr
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Decay index

We check “decay index” under the two-arc loop.

Definition of decay index: n=—dnZlex /dn/z|

—>n={W3272 /(yT2 +2T2 +D712 ) [z]/ZJ0 O
Wdipole@exp@uniform

Typically, critical decay index becomes 7#>nlcrit =1.5 In
torus instability (Demoulin & Aulanier [2010]).
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Decay index

14}

10 b e e e e e e e e e i e e e e i e = ]
1t
Nn 0.8
0.6
04

0.2 |-

0

© The decay index on the loop is below about 0.6.
o =0 _everywhere in the case of uniform field.

- decay index is not necessarily an adequate
criterion for the onset of eruption.
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Twist criteria

We can derive the twist criterion for the onset of eruption
from the critical current 7lcrit 4l0 D/ =4.

We assume that linear force-free field, use Ampere’s law
and definition of twist T for flux rope, then obtain following
equation,

ADIcrit /p=1/2T

where A# is flux injected to flux rope and ¢ is flux of external
field.

From this relationship,
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Derivation of twist criteria

critical current Loop length
Lerit ;1d0 D/gp =4 (1) [=7d/2 -+ (6)
Assuming linear force-free field, | Substituting (6) for (5),
VXB=aPB - (2) a=87/d(7)

By Ampere’s law, Here, we define D=/,
[=ad /10 ---(3) dlrec /Pp=1/2T

From eq. (1), (3),
Dad /¢ =4---(4)
The definition of twist
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Simulation-1 (Torus)

First, we calculate for axisymmetric flux rope,

- to compare with the Demoulin result

- to check whether this model is able to calculate correctly

Length is normalized by the D.

/|

\.Z

IS =E

Parameter
Setting 1 Setting 2
Toroidal grid 1000 1000
Poloidal grid 10*30 10*30
minor radius (a) 0.01 0.1

Major radius (R) 0.15~2.2 0.15~2.2

Aspect ratio(=R/ 15~220 1.5~22
a)

2015/11/04 APSPM2015
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current

Result-1 (code check)

current vs Hajor radius {minor radius a = 6,61}
eq(Denoulin)I L]
| eq{this nodel)
1.2 flux conserv
flux conserve-2
1y [>0>expand
8.8
8.6
8.4
8.2

2015/11/04

1.0
Major radius R/D

—Rlloss of equilibrium =1.0

APSPM2015

2.0

IS =E

Red point: equilibrium curve
for Demoulin equation

. equilibrium curve
for this model
Blue line: evolution curve for
#40 =1.0
Purple line: evolution curve
for ¢J0=0.766

Toroidal grid 1000
Poloidal grid 10*30
minor radius (a) 0.01

Major radius (R) 0.15~2.
2

Aspect ratio(=R/ 15~220
a)
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current

Result-2 (code check)

current vs Hajor radius {(minor radius a = 6,1}
eq(nenoulin)l
1,2 eq{this nodel)
1 -
8.8
8.6
0.4
8.2

2015/11/04

° 0 1.0

Maijor radius R/D

APSPM2015

2.0

IS =E

Red line: equilibrium curve
for Demoulin equation

- equilibrium
curve for this model

—~When the aspect ratio
K/a =10, this model is
validated.

Toroidal grid 1000
Poloidal grid 10*30
minor radius (a) 0.01

Major radius (R) 0.15~2.
2

Aspect ratio(=R/ 15~220
a)
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