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Pressure-Gradient Driven ���
MHD Instabilities

Rayleigh-Taylor 
-Parker Interchange Ballooning 
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Substorm Onset: ���
Where does it occur?
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Substorm Onset: Auroral Bulge 

•  Formed close to the midnight 
sector, and characterized by 
rapid poleward motion.

A sudden, intense bulge in the 
auroral oval signals the start of 
an auroral substorm.

  VIS Earth Camera/Polar, 07:13 
UT, May 15, 1996. L. Frank 
and J. Sigwarth, University of 
Iowa

Auroral bulge
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Substorm Onset:���
When does it occur?

Growth Expansion Recovery(Ohtani et al., 1992)



Substorm Onset:���
How is it triggered?

Mid-Tail Reconnection [e.g. Shiokawa et al., 1998]

1. X-line formation 
(20-30 RE) 

2. High speed
Earthward flow3. Flow braking; 

flux pile-up
(~10 RE)

Near-Tail Instability [e.g. A. Roux et al., 1991, Lui et al., 1992; Erickson et al., 2000]

1. Internal instability 
(~10 RE) 2. Tailward 

rarefaction wave
3. X-line formation

(20-30 RE)

Ballooning 
Instability



Substorm Onset:���
The “2-minute” problem

 “This year's substorm conference (ICS-4, 1998) was one of the 
most successful yet with over 250 in attendance. All existing 
paradigms were discussed at length and during the wrap-up 
session it was realized that only the time of the events within 2 
minutes of onset were still seriously under debate. Since it 
seems somewhat foolish for a couple of hundred scientists to 
travel half way around the world to argue over two minutes of 
geomagnetic activity, the substorm problem was declared solved 
and no more substorm conferences are being planned.” 

     --- Y. Kidme (Kamide?) 
 

(AGU-SPA Newsletter, April 1, 1998) 



Is Near-Earth Magnetotail
Ballooning Unstable?
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Is Near-Earth Magnetotail
Ballooning Unstable? Yes …

)100()1(~
)10~7( Tail-Near

OO
R

eq

E

−β

But only when beta, field line length, gamma, CS width, ky is  in 
the unstable parameter regime: near-tail, growth phase

(Cheng and Zaharia, 2004)



Nonlinear Ballooning:���
Detonation or Saturation?

•  Linear growth too weak – sub-Alfvenic
•  Current sheet disruption is nonlinear

–  δB ~ B0

–  Nonlinear spectrum of δB (Chen, Bhattacharjee, et al., 2003)

•  Detonation model: explosive growth of nonlinear 
instability --- (tc-t)-α (Cowley and Artun, 1997)
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Nonlinear Rayleigh-Taylor-Parker (RTP) 
Instability
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Nonlinear RTP: formation of 
contact discontinuity 

(Zhu et al, 2005)
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The Linear MRI involves a force operator 
that is non-self-adjoint 

•  Ideal MHD problems involving sheared plasma flows are non-self-
adjoint (Frieman and Rotenberg, 1960) 

•  Non-self-adjointness persists in the presence of dissipation.
•  Eigenmodes are non-orthogonal.
•  Non-orthogonality of ���

eigenmodes allows for ���
transient faster than the ���
least unstable eigenmode.

•  Method: choose a norm and maximize the solution at a chosen time.

ρ
∂2ξ
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A toy example (Trefethen and Embree 2005, Schmid 
2007, Camporeale 2012)




