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Dedicated to Masaaki Yamada-San on his 70th Birthday	


•  I have had the privilege of knowing Masaaki from 1977 

when I began as a graduate student at Princeton.	


•  Through a broad range of experiments in spheromaks, 

tokamaks, and MRX (too many to be reviewed here), 
Masaaki’s work has done much to illuminate the concepts 
of magnetic relaxation and reconnection in plasmas, both 
in collisional as well as collisionless regimes.	



•  He has been known to treat theorists with a healthy 
combination of skepticism and grudging respect. (Having 
Russell Kulsrud around surely helps the theorist’s cause.)	



•  I look forward to his continued involvement and leadership 
in demolishing some old theories and inspiring new ones.	
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Sweet-Parker (Sweet 1958, Parker 1957) 	



Geometry of reconnection layer : Y-points (Syrovatsky 1971)	



Length  of the reconnection layer is of the order of the system 
size >> width 	



 Reconnection time scale 	
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Onset of fast reconnection in large, high-
Lundquist-number systems	



•  As the original current sheet thins down, it will 
inevitably reach kinetic scales, described by a 
generalized Ohm’s law (including Hall current and 
electron pressure gradient). 	



•  A criterion has emerged from Hall MHD (or two-
fluid) models, and has been tested carefully in 
laboratory experiments (MRX at PPPL, VTF at 
MIT). The criterion is:	


	

 	

        (Ma and Bhattacharjee 1996, Cassak et 
al. 2005) or               in the presence of a guide 
field (Aydemir 1992; Wang and Bhattacharjee 
1993; Kleva, Drake and Waelbroeck 1995)	
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Transition from Collisional to Collisionless Regimes in MRX	



 	





Investigation of Electron Diffusion Layer Made in MRX: 
Comparison with 2D PIC Simulations	



All ion-scale features reproduced, but electron-layer is 5 times 
thicker in MRX. Importance of 3D effects?"

MRX:	


δe = 8 c/ωpe "

2D PIC Sim:"
δe = 1.6 c/ωpe	





Fast Reconnection in Large Systems	


•  Extended thin current sheets of high Lundquist 

number are unstable to a super-Alfvenic tearing 
instability (Loureiro et al. 2007), which we call the 
“plasmoid instability,” because it generates a large 
number of plasmoids. 	



•  In the nonlinear regime, the reconnection rate 
becomes nearly independent of the Lundquist number, 
and is much larger than the Sweet-Parker rate.     	





���
A little history	



•  Secondary tearing instability of high-S current 
sheet has been known for some time (Bulanov et 
al. 1979, Lee and Fu 1986, Biskamp 1986, 
Matthaeus and Lamkin 1986, Yan et al. 1992, 
Shibata and Tanuma 2001), but its precise scaling 
properties were determined only recently.	



•  The instability has been studied recently 
nonlinearly in fluid (Lapenta 2008, Cassak et al. 
2009; Samtaney et al. 2009) as well as fully 
kinetic studies with a collision operator (Daughton 
et al. 2009).	











Scaling: heuristic arguments	


•  Critical Lundquist number for instability 	


•  Each current sheet segment undergoes a hierarchy 

of instabilities until it is marginally stable, i.e.,	


	

 	



•  Assuming each step of the hierarchy is Sweet- 
Parker-like, the thickness is 	



•  Reconnection rate, independent of resistivity ~ 	


•  Number of plasmoids scales as  	
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Qualitatively similar results by Ji and Daughton (2012)	











Largest 2D Hall MHD simulation to date	



























Summary	



Onset of fast reconnection, mediated by the dynamics of thin 
current sheets, in high-Lundquist-number laboratory and space 
plasmas. Two mechanisms:	



•  Hall MHD, seen in theory and laboratory experiments of 
moderate size, when the Sweet-Parker width falls below the ion 
skin depth.	



•  Fast plasmoid instability of thin current sheets in large systems, 
substantially exceeding Sweet-Parker rates within the realm of 
resistive MHD, without invoking Hall current and/or electron 
pressure tensor effects, or 2D/3D turbulence (Matthaeus and 
Lamkin 1986, Loureiro et al. 2009, Lazarian and Vishniac 1999, 
Kowal et al. 2009). The peak reconnection rate ~ 0.01VA.	





Summary (continued)	



	


•  Hall MHD effects can enhance the peak reconnection rate an 

order of magnitude higher ~0 .1VA.	


•  Hall MHD does not inevitably produce a single X-point. In an 

intermediate regime of fast reconnection, the system can 
alternate between a single X-point state and a state with multiple 
X-points produced by the plasmoid instability.	



•  In geometries such as the tokamak or the Earth’s magnetotail, 
secondary ballooning instabilities can also halt or quench 
reconnecting instabilities. In these cases, the further evolution of 
the system may be controlled by ideal instabilities.	



•  3D evolution of such systems is a subject of great future interest.  	


	






