
ASTR 7500: Solar & Stellar Magnetism
Hale CGEG Solar & Space Physics

Sarah Gibson, Prof. Juri Toomre  +  HAO/NSO colleagues
Lecture 18    Thurs 21 Mar 2013
zeus.colorado.edu/astr7500-toomre !"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

!"#$%&'

&9%"4&$"1&4%5&+:1&45"$%&:/&".0:4&4%5&/40#"65&"13&5;<20/-=5&#525"/5&0>&
8"6157$&515#6?&-1&"/4#0<%?/-$"2&<2"/8"/@

A0B&305/&8"6157$&515#6?&.:-23&:<&-1&4%5&/02"#&$0#01"@

()*#+*,'+#)'+-*.&'/0+#),'1)2$31+*&3+#242$2.%'1+52,+',"4/2&6

A0B&$"1&B5&:/5&0./5#="701/&40&:135#/4"13&"13&<#53-$4&
8"6157$"22?C3#-=51&5#:<701/@

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

7'$'*1'+25+-*.&'/0+'&',.8+9*&3+)'$%0%#8:

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

7'$'*1'+25+-*.&'/0+'&',.8+9*&3+)'$%0%#8:

D!E&F55</&5;<"13-16&
"/&-4&80=5/&4%#0:6%&
-145#<2"154"#?&/<"$5

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

;),'1)2$3+52,+-*.&'/0+'&',.8

Many models that start with flux ropes trigger a loss of 
equilibrium by evolving the boundary condition in various 
ways to effectively increase the detached flux relative to 
the anchored flux (Lin et al. 1998; Amari et al, 2000; 
2003, 2004, 2005; Linker et al., 2003; Roussev, 2004; Fan 
and Gibson 2006)

What do I mean by detached vs anchored flux?

Upper limit on magnetic energy for a 
given radial flux at lower boundary 
(Chandrasekhar Virial Theorem). Zhang, Low and Flyer 2006
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equilibrium by evolving the boundary condition in various 
ways to effectively increase the detached flux relative to 
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•“hoop force” of toroidal flux rope 
pushes outwards, external poloidal 
loops confine it, until!

• magnetic kink instability threshold 
crossed

• flux rope writhes

• changes orientation relative to 
overlying field

• EQUILIBRIUM IS LOST!

Kink-instability triggered (Fan, 2005)
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If overlying field falls off more quickly:

• “hoop force” of toroidal flux rope 
pushes outwards, external poloidal 
loops confine it, until!

• enough flux rope emerges to trigger 
“torus instability” to lateral expansion

• eruption happens before kink 
instability threshold is crossed

• little writhing, but..

• EQUILIBRIUM IS STILL LOST!

Torus-instability triggered (Fan and Gibson, 2008)
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Observations show both types of eruptions 
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KINK INSTABILITY

• At onset of eruption:

Fan & Gibson (2007)
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TORUS INSTABILITY

• At onset of eruption:

THRESHOLD FOR MAGNETIC HELICITY? (Zhang et al. 2006)
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X line in sheared, reconnection leads to flux 
rope formation - but is unstable and erupts

Amari, 2003
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Breakout: X point above sheared field

Is a flux rope necessary pre-eruption?

No - sheared field stores magnetic energy 

Antiochos et al., 1998; 
Lynch et al. 2008)

However, a rope forms during eruption 
through reconnections below
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Reconnections are not required 
for eruption driven by an ideal 
instability (Rachmeler et al., 2009)

Both ideal-instability and reconnection-driven eruptions have 
been demonstrated with simulations, and there is 
observational evidence for both

Just how ideal is ideal?

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

@,%A',B+%3'*$+%&1#*>%$%#8+2,+,'02&&'0/2&6+
Both ideal-instability and reconnection-driven eruptions have 

been demonstrated via simulations, and there is 
observational evidence for both

But generally it is accepted that 
reconnections occur behind the 
erupting rope (whether formed 
in situ or not)

Shibata et al., 1995!
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Flux rope formed in situ (reconnection-driven)
 Reconnections happen between sheared field lines and with overlying 

fields, forming rope
 Field lines of escaping rope are all products of reconnection
 Magnetic cloud properties can be influenced by both sheared lines and 

overlying arcade
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Total eruption of pre-CME flux rope (Ideal): 
 Reconnections happen below escaping rope
 Field lines of escaping rope have not experienced reconnection
 Magnetic cloud should match properties of pre-CME rope
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Regardless of trigger, observations indicate that reconnection 

plays a significant role in eruptions

Poloidal flux/twist in magnetic cloud may largely arise from mutual 
helicity between source region fieldlines and overlying fields  
(Leamon et al., 2002; 2004;  Qiu et al., 2007)

Observations of soft X-ray loops and chromospheric flare ribbons 
indicate reconnections occur closing down magnetic fields,  initally 
along highly sheared loops, then later transition to potential arcade 
(Martin & McAllister 1995; Canfield et al., 2000; Su et al. 2006a, b)

Flare-associated heating along filament-mass-carrying fieldlines 
indicated in magnetic clouds  (Skoug et al., 1999; Gloeckler et al., 
1999; Reinard 2005)

Does this rule out ideal-instability driven eruptions?
No, but it may rule out ideal-driven TOTAL eruption 

(at least for most cases)
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Although eruption driver was ideal, reconnection played many 
roles throughout flux rope’s evolution

Let’s revisit kink-instability-driven eruption

Rope kinks during eruption, forming an internal current sheet where it splits in two.

Part of the flux rope with entrained filament is carried away, part remains behind.

Reconnections between rope and surrounding arcade -->  escaping rope rooted in external fields

Gibson and Fan, 2006
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• Rope-arcade reconnection
• Transfers mutual helicity to self-helicity

Van Ballegooijen & 
Martens, 1989

Poloidal flux/twist in magnetic cloud may largely arise from mutual 
helicity between source region fieldlines and overlying fields 
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• Flux-breaking reconnection
• Rope writhes and expands upwards

Observations of soft X-ray loops and chromospheric flare ribbons indicate 
reconnections occur closing down magnetic fields,  initally along highly 
sheared loops...

Gilbert et al. (2002)
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...then later transition....

Gosling et al., 1995

• Flux-detaching reconnection
• Increasing winding number
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Shibata et al., 1995

...to potential arcade

• Flux-close-down reconnection
• Final detachment of escaping rope from sun
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Observational arguments:!

3)  Flare-associated heating along filament-mass-carrying field-lines indicated in magnetic clouds 
(Skoug et al., 1999; Gloeckler et al., 1999; Reinard 2005)!

ALL the field lines in the escaping rope have undergone reconnection 

Flare-associated heating along filament-mass-carrying fieldlines 
indicated in magnetic clouds  
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CME partial eruption of filament and cavity: HAO/MLSO 
Mk4 coronagraph, November 19, 1999 CME partial eruption of filament and  cavity: splitting flux rope model. 

Isocontours show density; cool, dense filament mass location shown in brown.

3-part structure created by magnetic flux rope (filament core, surrounding cavity, circular front).  

This 3-part structure erupts as coronal mass ejection (CME).

Some of the filament and cavity erupts -- but a portion remains behind
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Rotates flux rope axis by approximately 115 degrees
Can explain subset of interplanetary CMEs that don’t 
line up with source orientation
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Reconnections occur at:
 Sigmoid separatrix surface 

(similar to quiescent case)
 Between rope and arcade; At 

current sheet within rope (split 
it in two)

Behind escaping rope, classic 
cusped arcade
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End state:  Soft X-ray cusp over reformed sigmoid with surviving filament below.
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Magnetic energy/helicity remains:  likely to re-erupt
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• Rooted in “external” fields -- completely detached from original bipole
• Includes some of original rope helicity, also mutual helicity from rope-arcade
• Pre-eruption configuration: 38% rope self-helicity, 62% mutual helicity
• Escaping rope carries away 41% of total helicity of pre-eruption configuration
• About the same amount of helicity as original rope -- but much more twist!
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• Grey field lines -- poloidal axes 
• Red field lines -- many times toroidally winding

Writhing and reconnection has created a new topology: 
Tethered Spheromak

Analytic modelEnd-state of numerical model !"#$%&'(&)'*%+,'-../



!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

!,J+%5+5*%$'3+',"4/2&+DD+02&K&'3+14)',2-*F6

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

M"#F&$514#"2&$0#5I
NK+&";-/

M"#F&#-16I
NK+&0:45#&L523

H#-6%4&#-16I
JK+&L523

G22&*&>5"4:#5/&"#5&#0.:/4&/-61"4:#5/&
0>&4%-/&80352

strong L (bright): POS field
weak L (dark): LOS field

L*A%#8+M+N4)',2-*F
+<%5#08"F&O:;&#0<5&80352&<02"#-P"701&Q25RS&"13&0./5#=53&$"=-4?&<02"#-P"701&Q#-6%4S

0%12'23'(45,'67--

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

O&3+12+D+>*0F+#2+0*A%/'1
•&D"=-75/&T.03-2?U&5#:<4&"/&D!E/&C&5=51&->&104&
15$5//"#-2?&T404"22?U&5#:<4

•&V%5-#&5=02:701&4522/&:/&".0:4&8"6157$&
40<0206-$"2&$%"165/&&25"3-16&:<&40&4%5&D!E&

!"#$%&'(&)'8(&,'677/
!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

!"#$%&'()*+,-.+)/..&'

L2,2&*$+?*11+IP'0/2&1

W045&4%5&1)*4'&
Q45"#C3#0<SX&1">D
1#,"0#",'&Q%0#1/SX&
"13&1$2H+,%1'+

.5>0#5&5#:<701

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

L*A%#8+0$"'1+#2+L?I1

W045&4%5&1)*4'&
Q45"#C3#0<SX&1">D
1#,"0#",'&Q%0#1/SX&
"13&1$2H+,%1'+

.5>0#5&5#:<701

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

L*A%#8+0$"'1+#2+L?I1B+#'*,3,24+1)*4'

8%94(&)'23'(45'67-:

QRS+1'-%0%,0"$*,+',"4#'3
TUS+'$$%4/0*$+',"4#'3
VWS+25+#'*,D1)*4'3+',"4#'3



!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

V%-/&015&B01&85&"&30P51&
301:4/

L*A%#8+0$"'1+#2+L?I1B+#'*,3,24+1)*4'

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

V%-/&015&B01&85&"&30P51&
301:4/

L*A%#8+0$"'1+#2+L?I1B+#'*,3,24+1)*4'

;%<932$='>5'?2212$

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

L*A%#8+0$"'1+#2+L?I1B+#'*,3,24+1)*4'

8%94(&)'23'(45'67-:

O14'0#+,*/2+1F%&&%',+52,+
',"4/A'+0*1'1

X2+L?I
L?I

O14'0#+,*/2
!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

L*A%#8+0$"'1+#2+L?I1B+)'%.)#

W0&D!E
D!E

G/
<5

$4
&#"

70

D"=-4?&$5145#&%5-6%4
/F-11?

>"4
8%94(&)'23'(45,'67-6

QYZ+71"&

Y

9-34%&Q"4&B-35/4&<0-14S

A5
-6
%4
&Q0

>&$
"=
-4?

&40
<S

Z<<5#&2-8-4&C&.:4&104&=5#?&/4#016&$0##52"701&B-4%&5#:<701&C&
1553&40&$01/-35#&%0B&8"6157$&L523&3#0</&0[&B-4%&%5-6%4

8<4429'@'!"#$%&5,'677.

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

+4".25&$"=-4?I&
-135;&\&](^a&"4&
$"=-4?&$5145#

L*A%#8+0$"'1+#2+L?I1B+)'%.)#

!"#$%&'()&*+,(-(*./'*#'-+*0$+-'012+)&(#)'(&'*$(330$04'560)'$#20'+1(&'$0+760&'+'7$(87+-'
60(36*'*6+*'4020)4&'#)'*60'$+*0'#9'9+--#:'#9'*60'#;0$-.()3'2#*0)8+-'<0-4='()401'
01207*04'*#'$0+76'*6$0&6#-4',0*500)'>'+)4'?'@-(0A'+)4'"#0$#0BC'?DDE'

W5"#C5#:<716&
$"=-4?I&-135;&\&])^_&
"4&$"=-4?&$5145#

E"#2?&#5/:24/I&40#:/&
-1/4".-2-4?&/:`$-514X&.:4&
104&15$5//"#?&>0#&
5#:<701 )2'A%B('(45,'67-:

!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

!"6157$&40<0206?&Q%?<5#.02-$&O:;&4:.5S&!&45"#C3#0<&/%"<5
J#5/51$5&0>&AbV&!&#5$0115$701cO"#5

L*A%#8+0$"'1+#2+L?I1

0+,12&,+)&%)+345)6786

D:##514/&Q40<C=-5B&25RX&/-35C
=-5B&#-6%4S&"//0$-"453&B-4%&
5;4#"<02"701&0>&=5$40#&
<%040/<%5#-$&L523&QB-4%&
58.53353&O:;&#0<5S&>0#&b5.&d&
'((d&Q40<S&"13&b5.&)'&'((d

b2"#5/&0$$:##53&"4&20$"701/&Q"S&
"13&Q$S&>0#&4%5&4B0&3"?/&Q45"#C
3#0<&/%"<53&-1&=5#7$"2&$:4/S



!"#$%&'()* +"#"%&,-./01&&&&&&&&+02"#&"13&+4522"#&!"6157/8

D:##514&/%554&>0#8/&.520B&O:;&#0<5&!&#5$0115$701/&Q%0#1/S
M#-=5/&/20B&#-/5&0>&O:;&#0<5&Q45"#C/%"<5&>0#8/S
e5"$%5/&%5-6%4&>0#&40#:/&-1/4".-2-4?&!&D!E

L*A%#8+0$"'1+#2+L?I1B+L2&0$"1%2&

9#3+.-&$)&%)+345)6787

93'"5)0+,12&,+)&%)+35)6786:);+.5)6786


